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Preface

Broad derangements of oxygen metabolism, such as oxidative stress and hypoxia,

have been implicated in the genesis of kidney disease, independently of hemody-

namic and metabolic abnormalities. They further impact various biological reac-

tions linked to oxygen metabolism, such as nitrosative stress, advanced glycation,

carbonyl stress, and endoplasmic reticulum stress. This causal role of impaired

oxygen metabolism in kidney disease has implications for our understanding of

current therapeutic benefits accruing from antihypertensive agents, the control of

hyperglycemia/hyperinsulinemia or of hyperlipidemia, and the dietary correction of

obesity. The defense mechanisms against oxidative stress (e.g., the Nrf2-Keap1

system) and hypoxia (e.g., the HIF-PHD system) have been recently explored in

various cells, including kidney cells, and they include intracellular sensors for

oxidative stress and hypoxia. Novel approaches targeting these sensors may offer

clinical benefits in several disorders in which oxidative stress or hypoxia is a final,

common pathway. Leading basic researchers and clinical scientists have contrib-

uted to this book and provide up-to-date, cutting-edge reviews on recent advances

in the pathobiology of oxygen metabolism in kidney disease, especially oxidative

stress and hypoxia.

Sendai Toshio Miyata, MD, PhD

Erlangen Kai-Uwe Eckardt, MD

Tokyo Masaomi Nangaku, MD, PhD

February 8, 2010
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Part I

Oxidative Stress



Chapter 1

Oxidative Stress Injury in Glomerular

Mesangium

Josef Pfeilschifter and Karl-Friedrich Beck

Abstract The renal mesangium consists of glomerular mesangial cells and their

surrounding extracellular matrix. This highly specialized pericapillary tissue con-

stitutes the inner part of the glomerulus that supports the structure of the glomerular

capillaries. In the healthy glomerulus, mesangial cells act by synthesis and control

of extracellular matrix, by a well-organized production of a series of different

growth factors, and by a fine-tuned cross-talk with the neighboring glomerular

cells, namely the podocytes and the endothelial cells, as a regulatory device for

the maintenance of glomerular structure and function. Besides invading immune

cells, resident mesangial cells are considered the key players in modulating inflam-

matory signaling processes within the glomerulus. After exposure to cytokines,

mesangial cells amplify the inflammatory process by synthesizing high amounts of

cytokines, reactive oxygen species (ROS), and nitric oxide (NO). Oxidative and

nitrosative stress affects surrounding glomerular cells that subsequently may col-

lapse by apoptotic or necrotic mechanisms. We describe the sources and action of

oxidative and nitrosative signaling processes in the mesangium and we discuss

therapeutic strategies for the treatment of stress-induced cell damage in the course

of glomerular diseases.
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Abbreviations

AA Arachidonic acid

ACE Angiotensin converting enzyme

Ang II Angiotensin II

AP-1 Activator protein 1

ELAV Embryonal lethal abnormal vision

eNOS Endothelial NO synthase

ET-1 Endothelin-1

FeTSPP 5,10,15,20-Tetrakis (4-sulfonatophenyl) porphyrinato iron III chloride

FP15 Fe(III)Tetrakis-2-(N-triethylene glycol monomethyl ether) pyridyl

porphyrin

H2O2 Hydrogen peroxide

HIF Hypoxia-inducible factor

IL-1b Interleukin-1b
IL-8 Interleukin 8

iNOS Inducible NO synthase

L-NIL L-N6-(L-iminoethyl) lysine dihydrochloride

L-NMMA NG-Monomethyl-L-arginine

LPS Lipopolysaccharide

MAPK Mitogen-activated protein kinase

MCP-1 Monocyte chemoattractant protein1

MIP-2 Macrophage inflammatory protein

MMP-9 Matrix metalloproteinase 9

Mox1 Mitogenic oxidase 1

NADPH Nicotinamide adenine dinucleotide phosphate

NFkB Nuclear factor kB
NIK NFkB-Inducing kinase

nNOS Neuronal NO synthase

Nox NADPH oxidase

O2
� Superoxide peroxynitrite

PDGF Platelet-derived growth factor

PDGFRa PDGF receptor a
PKB Protein kinase B

PKC Protein kinase C

PPAR Peroxisome poliferator activated receptor

PTK Protein tyrosine kinase

PTP Protein tyrosine phosphatase

RNS Reactive nitrogen species

ROS Reactive oxygen species

RT-PCR Reverse transcription polymerase chain reaction

sGC Soluble guanylyl cyclase

SOD Superoxide dismutase

TIMP-1 Tissue inhibitor or metalloproteinases 1
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1 Introduction

The renal mesangium consists of glomerular mesangial cells and their surrounding

extracellular matrix. This highly specialized pericapillary tissue constitutes the

inner part of the glomerulus that supports the structure of the glomerular capillaries.

Mesangial cells are able to contract, and this helps to maintain the structure of

capillary loops and to regulate the capillary flow and ultrafiltration surface (for

review see [1–4]). However, the major regulation of the single-nephron glomerular

filtration rate (SNGFR) is conferred by the efferent and afferent arterioles. There-

fore, mesangial cell contraction is currently considered to contribute to the fine

tuning of SNGFR. In the healthy glomerulus, mesangial cells act by synthesis and

control of extracellular matrix, by a well-organized production of a series of

different growth factors and by a fine-tuned cross-talk with the neighboring glo-

merular cells, namely the podocytes and the endothelial cells, as a regulatory device

for the maintenance of glomerular structure and function [4, 5]. However, disease

states, caused by diabetes, autoimmune disorders, or inflammatory processes,

dramatically disturb the glomerular homeostasis, and this processes may lead to

necrosis, apoptosis, excessive production of extracellular matrix, fibrosis, and,

subsequently, loss of glomerular function [4]. In an inflammatory setting, polymor-

phonuclear cells and macrophages, which produce large amounts of inflammatory

mediators such as interleukin-1b (IL-1b) and tumor necrosis factor a (TNFa), but
also reactive oxygen species and nitric oxide, invade the glomerulus and activate

glomerular cells to participate in the production of these mediators. Besides invad-

ing immune cells, resident mesangial cells are considered the key players in

modulating inflammatory signaling processes within the glomerulus [4, 5]. After

exposure to cytokines, mesangial cells amplify the inflammatory process by synthe-

sizing themselves into high amounts of cytokines, reactive oxygen species (ROS),

and nitric oxide (NO). The primary ROS synthesized enzymatically is the radicalic

superoxide anion O2
�, which is decomposed to H2O2 or the highly reactive

hydroxyl radical. NO can react with different ROS or even molecular oxygen to

form the most prominent mediators of nitrosative stress, namely peroxynitrite or

N2O3, respectively. Oxidative and nitrosative stress affects surrounding glomerular

cells that subsequently may collapse by apoptotic or necrotic mechanisms. Here we

describe the sources and action of oxidative and nitrosative stress in the mesangium

and we discuss therapeutic strategies for the treatment of stress-induced cell

damage in the course of inflammatory glomerular diseases.

2 Sources of Oxidative and Nitrosative Stress in Mesangial Cells

Generally, all enzymes that use molecular oxygen as a substrate are potentially

generators of ROS. In most cases, ROS formation is undesirable and occurs when

the respective enzymatic reaction runs under adverse conditions such as substrate
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or cofactor deficiency. In contrast, nicotinamide adenine dinucleotide phosphate

(NADPH) oxidases produce exclusively ROS to kill invading micro-organisms or

to trigger mitogenic signaling cascades. Most of ROS-producing enzymatic reac-

tions result first in the generation of the superoxide anion, which is rapidly further

processed to more reactive compounds such as hydrogen peroxide, hydroxyl

radical, or hypochlorite. The synthesis of NO occurs – with few exceptions in –

in a more coordinated manner by the action of three different NO syntheses that are

tightly regulated at expression and activity levels and that fulfill specific physiolog-

ical tasks [6, 7]. Subsequently, reactive nitrogen species (RNS) are formed by the

reaction of NO with ROS.

The first evidence that rat mesangial cells are capable of producing ROS was

shown in 1983 [8]. Baud et al. demonstrated that phagocytosis of serum-treated

zymosan particles by mesangial cells was accompanied with the production of

superoxide anion (O2
�) and hydrogen peroxide (H2O2). Intriguingly, ROS produc-

tion was associated with the activation of lipoxygenase. Inhibition of lipoxygenase

activity by three different inhibitors attenuated ROS production, thus identifying

lipoxygenase as a source of ROS in mesangial cells. Later, ROS production was

also observed in human mesangial cells after stimulation with the cytokines IL-1b
and TNFa [9], and an NADPH-dependent oxidase has been characterized to be the

responsible enzyme for mesangial ROS production [10]. Importantly, cytokine-

induced ROS production is responsible for TNFa-induced apoptosis in rat mesan-

gial cells [11, 12]. Meanwhile, we know that a series of mediators such as high

glucose, angiotensin II, and many others induce ROS formation in mesangial cells,

indicating these glomerular pericytes as targets in diabetic nephropathy and hyper-

tension (reviewed in [13, 14]). At the molecular level, in particular NADPH

oxidases but also mediators derived from the arachidonic acid metabolism are the

responsible devices in ROS generating processes. It is worth mentioning that even if

NADPH oxidases have been known as the main source of ROS for a long time, the

catalytic subunit of the classical phagocytic NADPH oxidase p91phox or Nox2 has

never been detected immunologically in mesangial cells. This was amazing, as all

accessory subunits such as p22phox, p47phox, and p67phox, which are a prerequisite

for a functional NADPH oxidase complex, are expressed in mesangial cells (for

review see [15]). This enigma was deciphered in 2003 when Nox4 (formerly

renox), a catalytic subunit that can replace gp91phox that was first characterized

in 2000 in the renal cortex [16]. Nox4 has been demonstrated to confer angiotensin

II-mediated activation of protein kinase B/Akt in mesangial cells [17]. Nox1

(formerly Mox1 for mitogenic oxidase), an NADPH oxidase subunit with high

homology to Nox2 and Nox4, was first characterized in vascular smooth muscle

cells and different tissues [18]. Nox1 was also found to trigger ROS formation in rat

mesangial cells. Interestingly, Nox1 is expressionally controlled at the mRNA and

protein level by nitric oxide (NO) via a cyclic GMP (cGMP)-dependent mechanism

in rat mesangial cells [19].

The synthesis of NO by the inducible form of NO synthase (iNOS, also referred

to as NOSII or macrophage type of NOS) in mesangial cells was first described

indirectly by the measurement of cGMP, the main downstream effector of
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NO-induced signaling in rat mesangial cells that were stimulated with IL-1b and

TNFa [20, 21]. iNOS expression is also induced by cyclic AMP (cAMP) [22]

and cytokine or cAMP-induced expression of iNOS is drastically inhibited by

growth factors such as platelet-derived growth factor (PDGF), transforming growth

factor b (TGF-b), or endothelin-1 (ET-1) [23–26] and glucocorticoids [27, 28]. By

contrast, cytokine-induced iNOS expression is upregulated in rat mesangial cells by

basic fibroblast growth factor [29] and ROS donors such as the hypoxanthine/

xanthine oxidase system or the redox-cycler DMNQ [30]. In human mesangial

cells considerable iNOS expression occurs only when combinations of cytokines

were administered as a cocktail [31]. Cloning and analysis of the 5’-flanking

regions of murine, rat, and human iNOS revealed a high species and cell specificity.

In mouse macrophages, induction of iNOS by interferon-g or lipopolysaccharide

(LPS) is mediated by g-activated sites, IFN-g-responsive elements, and nuclear

factor kB (NFkB) [32–34]. In rat mesangial cells, binding of the NFkB at the

appropriate site on the iNOS promoter is essential for the induction of iNOS by

IL-1b [35, 36] in rat mesangial cells. In contrast, ET-1 inhibits cytokine-induced

iNOS expression without affecting NFkB binding capacity, suggesting additional

mechanisms that are essential for cytokine-induced iNOS expression [37]. For the

induction of iNOS by cAMP, enhanced binding of the transcription factors CAAT/

enhancer-binding protein (C/EBP) and cAMP-responsive element-binding protein

(CREB) on the iNOS promoter has been reported [36]. The most important mecha-

nism that triggers human iNOS expression is obviously the IFN-g-JAK-2-STAT1a
pathway [38]. The role of NFkB in the expression of iNOS is possibly restricted to

warrant basal expression that is strongly modified by factors that confer posttran-

scriptional iNOS expression by regulating iNOS mRNA stability [39]. Probably the

synthesis of NO by mesangial cells occurs exclusively via the iNOS. Conflicting

results exist regarding the role of the so-called constitutive isoforms of NOS,

namely the neuronal form (nNOS, also referred to as bNOS or NOSI) and the

endothelial form (eNOS, also referred to as ecNOS or NOSIII) in mesangial cells.

So far, there is only one report describing the activity of eNOS in mesangial cells

[40]. Owada et al. [40] describe the formation of cGMP after activation of the

endothelin B receptor. In contrast, another report demonstrates that ET-1 induces

NO formation in the glomerulus but not in mesangial cells [41].

Interestingly, NO and ROS have a strong impact on the expression of their own

sources in mesangial cells. As exemplified for iNOS, both ROS and NO are able to

amplify cytokine-induced iNOS expression and NO synthesis in rat renal mesangial

cells [30, 42]. Importantly, in the same cell system cytokine-induced NO inhibits

the expression of Nox1 and the formation of ROS [19]. These results further

corroborate the hypothesis that ROS and NO – by modulating the expression of

their generating enzyme systems – shift the ROS/NO balance to a NO-dominated

chemistry in the course of an inflammatory process in mesangial cells [43].

At this point, it is important to note that the description of the sources of

mesangial ROS and NO production as mentioned above does not necessarily

mean that mesangial cells react exclusively in an autocrine/paracrine manner to

ROS or NO produced by their own synthesis machinery. The situation in the
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glomerulus is much more complex. The main glomerular source of oxidative and

nitrosative stress is invading immune cells that produce high amounts of ROS and

NO predominantly by the activity of Nox2 and iNOS in the glomerulus. Moreover,

the contribution of resident glomerular cells (e.g., endothelial cells by the activity of

Nox4 or eNOS) or the macula densa by the activity of nNOS on glomerular ROS/

NO production has to be considered.

3 Actions of Oxidative and Nitrosative

Stress in Mesangial Cells

Both ROS and NOmodulate a series of signaling pathways that finally may alter the

susceptibility to cell death by necrosis and apoptosis or that affect other phenotypic

changes as cell growth or migration. At the molecular level, ROS and NO deter-

mine the constitution of the phosphoproteome by affecting protein kinases or

phosphatases, they modify protein activity by oxidation, nitration, or nitrosation,

or they directly change the transcription by influencing the activity of several

transcription factors [44–46]. Intriguingly, ROS and NO may counteract their

specific functions by scavenging each other or they act together forming reactive

metabolites such as peroxynitrite or other reactive compounds that exert toxic

effects by nitrating proteins or lipids [43]. However, the synthesis of ROS and

NO occurs timely and spatially separated within the glomerulus and, as mentioned

above, the machineries of NO and ROS synthesis are potently influenced by their

own products. Taking these phenomena into account, we developed the hypothesis

that, for example, in the inflamed mesangium, the chemistry of oxidative and

nitrosative stress is dominated in the early phases by the action of “classical”

ROS such as O2
� and H2O2 mainly via the activation of NADPH oxidases,

followed by a phase of nitrosative stress after the induction of iNOS with

subsequent formation of peroxynitrite and N2O3, and finally a resolution phase

with suppressed ROS production and with the presence of high amounts of NO. We

hypothesized that the activity of iNOS is eventually inhibited by substrate depletion

or NO-mediated inhibition of the iNOS enzyme, leading to the resolution of the

inflammatory process and retaining a balanced synthesis of small amounts ROS and

NO within the glomerulus [43, 47].

3.1 Oxidative and Nitrosative Stress and Apoptosis

Removal of dispensable or injured cells by apoptosis is a prerequisite for the

homeostasis in healthy tissue, but also for the resolution of many diseases. A role

for apoptosis in removing mesangial cells in areas of mesangial hypercellularity

was first demonstrated in 1994 by Baker et al. [48] in a rat model of anti-Thy1.1
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mesangioproliferative nephritis. However, whether mesangial apoptosis has

beneficial or detrimental effect depends on the biological context (e.g., the presence

of growth factors, cytokines, ROS, NO, or the composition of the extracellular

matrix) [49]. The participation of NO and ROS in apoptotic or necrotic cell death in

cultured mesangial cells has been shown by several reports [11, 12, 50–52].

Remarkably, whereas ROS and NO donors dose-dependently increased apoptotic

or necrotic cell death in rat mesangial cells, exposure of mesangial cells to equimo-

lar amounts of NO and ROS had no toxic effects indicative for high susceptibility of

mesangial cells to oxidative stress or NO. Otherwise, peroxynitrite, a most promi-

nent anticipated mediator of nitrosative stress that is formed by the reaction of O2
�

with NO, does not obviously exert toxic effects. This reflects the potent intrinsic

defense system against RNS in rat mesangial cells [51]. These results were later

corroborated by a report that describes enhanced formation of ceramide after

stimulation with NO or ROS, indicating a potential role for ceramide as a potential

mediator of NO- and ROS-induced cell death [53]. Remarkably, SIN-1, a substance

that produces equimolar amounts of NO and O2
� and that is therefore accepted as a

peroxynitrite generator, had no effect on ceramide formation and cell death, and

this clearly indicates that peroxynitrite is not toxic to mesangial cells. In contrast,

glomerular endothelial cells showed enhanced ceramide formation and cell death

after treatment with SIN-1. Obviously, endothelial cells lack a protective system

against nitrosative stress comparable to that of mesangial cells

3.2 Effects of ROS and NO on the Phosphoproteome

Phosphorylation and dephosphorylation of serine/threonine or tyrosine residues in

target proteins by protein kinases or protein phosphatases determine the final

outcome of most important cellular signaling processes. Consequently, the activity

of the responsive kinases and phosphatases governs the constitution of the cellular

phosphoproteome. Analysis of the human genome revealed the existence of about

500 protein kinases that represent the so-called kinome [54]. Moreover, alternative

splicing of many of these genes may result in a high structural diversity of protein

kinases [55]. Nearly 200 genes encode for protein phosphatases representing the

phosphatome. Notably, around 700 genes control the phosphoproteome of a cell,

and this indicates the high complexity of physiologic and pathophysiologic pro-

cesses triggered by these important groups of enzymes.

Intriguingly, ROS and NO greatly affect the constitution of the cellular

phosphoproteome. In a recent review, Chiarugi and Buricchi propose an elegant

model for the effects of ROS on protein tyrosine phosphorylation [56]. Protein

tyrosine phosphatases (PTPs) are commonly downregulated by oxidation of their

sulfhydryl groups by hydrogen peroxide or other ROS [57]. In most cases this

process is reversible by the action of antioxidants, and therefore, constitutes a well-

defined regulatory mechanism [58]. In contrast, many protein tyrosine kinases

(PTKs) are upregulated by oxidation. Mechanistically, as exemplified for the
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insulin receptor kinase, activation by ROS is achieved by a conformational change

of the enzyme after oxidation of several cysteine residues [59]. Since many PTKs

regulate their activity by autophosphorylation, ROS-mediated downregulation of

PTPs strongly contributes to a ROS-induced activity of PTKs. Importantly, this

process is reversible, and a decrease of the intracellular redox potential by a reduced

activity of ROS-producing enzymes or by an oxidant-mediated increase of protec-

tive mechanisms results in the reconstitution of the phosphoproteome. In this

scenario PTPs become hyperactive due to their high phosphorylation state (as a

result of high activity of PTKs in the presence of ROS) and the recovery of their

activity by reduction of cysteine residues. Simultaneously, cysteine residues of

PTKs were reduced and – due to the high activity of PTPs – PTKs become depho-

sphorylated, leading to an inhibition of PTK activity and subsequently to the

abrogation of a series of signaling pathways induced by growth factors and cyto-

kines. Taken together, a fine-tuned redox balance determines induction and resolu-

tion of PTK-mediated signaling cascades. As exemplified for PKCg, a classical

calcium- and diacylglycerol-dependent form of protein kinase C, ROS are also able

to activate serine/threonine kinases [60].

Nitric oxide and peroxynitrite are also able to modulate kinase or phosphatase

activity, leading to changes, for example, in the three main mitogen-activated

protein kinase (MAPK) pathways [44, 61, 62]. Changes in the phosphorylation

pattern by NO or peroxynitrite are triggered by different mechanisms, affecting,

for example, sulfhydryl groups by nitrosation or tyrosine residues by nitration.

However, in contrast to ROS, which exert their effects mainly by oxidative

processes, NO bears additionally the ability to act via a well-defined physiological

receptor, the soluble guanylyl cyclase (sGC). Cyclic GMP produced by the activity

of sGC triggers phosphorylation cascades that may counteract the oxidative

response. In rat mesangial cells, elevated cGMP levels as evoked by stimulation

with atrial natriuretic peptide (ANP) augment the expression of MAP kinase

phosphatase in glomerular mesangial cells, thereby affecting phorbol ester-

induced mesangial cell proliferation [63] and inhibiting endothelin-1-induced

activation of c-Jun, NH2-terminal kinase (JNK), and p42/p44 (ERK-1/ERK-2)

MAPK pathways [64, 65]. In contrast, both NO and ROS are able to activate

p42/p44 (ERK-1/ERK-2) MAPK-mediated pathways in mesangial cells. Nitric

oxide activates p42/p44 MAPK via cGMP-dependent and -independent mechan-

isms by inhibition of tyrosine phosphatases [66], whereas ROS formation induced

by angiotensin II treatment stimulates phosphorylation of p42/p44 MAPK via the

activity of Nox4 [67]. It is worth mentioning that angiotensin II also triggers

PKB/Akt-dependent signaling [17], phosphorylation of 3-phosphoinositide-

dependent protein kinase-1 (PDK-1) [68], and JNK [69] in a ROS-dependent

manner, indicating that angiotensin II-evoked redox signaling triggers nearly

all pathways required for mesangial cell matrix formation or proliferation.

Augmented PDGF receptor phosphorylation by NO-dependent inhibition of

PDGF receptor phosphotyrosine phosphatase by NO may counteract cGMP-

mediated anti-proliferative effects in mesangial cells [70].
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3.3 Effects of Oxidative and Nitrosative Stress
on the Transcription Pattern of Mesangial Cells

Besides their ability to potently impact signaling processes that alter the gene

expression pattern, both autacoids NO and ROS are able to directly affect

gene expression at the transcriptional, posttranscriptional, and posttranslational

levels [44–46, 71]. A series of so-called redox-sensitive transcription factors are

responsive to nitrosative or oxidative stress, and such effects were best characterized

for nuclear factor kappa B (NFkB), activator protein 1 (AP-1), and hypoxia-induc-

ible factor 1 (HIF-1) [45, 71–74]. A series of reports describe the action of ROS or

NO on the gene expression pattern inmesangial cells of murine, human, or rat origin.

For these investigations, some authors administered ROS or NO exogenously using

compounds such as the redox cycler 2,3-dimethoxy-1,4-naphthoquinone (DMNQ)

or the xanthine oxidase/(hypo)xanthine system for the production of the superoxide

anion, glucose oxidase for the production of H2O2, or different NO-producing agents

such as diethylenetriamine/NO (DETA/NO) or S-nitrosoglutathione (GSNO). To

assess the effects of endogenously produced ROS or NO, mesangial cells were prone

to conditions mimicking (a) activation of the renin-angiotensin-aldosterone system

(RAAS), (b) diabetic nephropathy by elevated glucose levels, or (c) inflammation by

the cytokines IL-1b and TNF-a or aggregated immunoglobulin. The resulting

expression patterns were then compared with that of mesangial cells that were

additionally treated with suitable inhibitors for NADPH oxidases or inducible

NO-synthase such as diphenylene iodonium (DPI) or NG-monomethyl-L-arginine

(L-NMMA), respectively, or with scavengers of ROS such as N-acetyl-cysteine.
To our knowledge, the first report that describes the action of endogenously

produced ROS on gene expression in mesangial cells was published by Satriano

et al. in 1993 [75]. The authors demonstrate that ROS, produced by murine mesan-

gial cells after stimulation with TNF-a and aggregated immunoglobulin, enhanced

the expression of monocyte chemoattractant protein 1 (MCP-1) and moncyte

colony-stimulating factor 1 (CSF-1). The same group also observed later a ROS-

dependent upregulation of the genes for RANTES (regulated upon activation,

normal T cell expressed and secreted) and ICAM-1 (intercellular adhesion mole-

cule-1), further corroborating a prominent role for ROS in mesangial chemokine

signaling [76]. Intriguingly, originally noninflammatory pathways are able to induce

the expression of proinflammatory chemokines. Ha et al. [77] demonstrated that

high glucose induced the expression of MCP-1 via the activation of the transcription

factor NFkB and the production of ROS, clearly indicating a proinflammatory effect

of high glucose conditions. In fact, ROS-induced activation of MAP kinases,

followed by activation of the transcription factors NFkB andAP-1, is a key signaling

pathway induced by ROS in mesangial cells as exemplified for the expression of the

matrix metalloprotease 9 gene [78]. Moreover, a further target that exerts chemo-

kine-like functions, namely osteopontin, has been characterized to be upregulated

via aldosterone/cytokine-induced ROS formation in rat mesangial cells [79].
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High glucose potently induces generation of ROS via activation of protein

kinase C (PKC) in mesangial cells [80]. Besides activation of the transcription

factors AP-1 and NFkB by PKC-induced ROS, elevation of TGF-b levels is a main

feature of ROS activity in mesangial cells. TGF-b-induced SMAD signaling cas-

cades, in turn led by an upregulation of collagens 1, 3, and 4, fibronectin, and

plasminogen activator inhibitor 1 (PAI-1) to an excessive formation of ECM, which

caused glomerular fibrosis as a cardinal symptom of diabetic nephropathy not only

by a enhanced expression of matrix components [81, 82] but also by a reduced

expression of ECM-degrading factors [83]. Importantly, PKC is not only a prereq-

uisite for high glucose-induced ROS formation. Activation of PKC is also regulated

by a fine-tuned redox mechanism that may under certain circumstances constitute a

positive regulatory loop, further amplifying the actions of ROS on cell death or

gene regulation [84, 85].

It is worth mentioning that one of the first cell systems that was used to analyze

NO-mediated gene expression were human renal mesangial cells. Brown et al. [86]

found that protein and mRNA expression of the inflammatory chemokine IL-8 was

drastically upregulated by NO. Meanwhile, a series of genes were found to be under

expressional control by NO or ROS in mesangial cells. In our lab, we could

demonstrate that certain genes are regulated in a coordinated fashion by NO and

ROS [30, 42], whereas others are regulated in an opposite manner by the autacoids

NO and ROS [78, 87].

The aim of most studies performed to analyze NO-dependent gene expression

was to define a more or less unique and ubiquitous signaling machinery that triggers

NO-mediated gene expression. This goal has so far not been attained. By contrast,

the analysis of NO-modulated mRNA and protein expression revealed that a variety

of signaling cascades are involved in NO-evoked cell responses.

Nevertheless, our current understanding of the biology of NO signaling focuses

on three different pathways that are involved in triggering NO-driven responses

directly to the transcriptional machinery of the cell or in mediating posttranscrip-

tional or posttranslational mechanisms and, subsequently, to changes in the gene

expression pattern. These pathways include (a) the cGMP signaling pathway [88],

(b) interference with hypoxia-mediated signaling [89], and (c) interference with

redox signaling (e.g., posttranslational changes of proteins by nitration of tyrosine

residues or nitrosation of cysteine residues) [47].

During the past 15 years, several so-called differential display methods have

been developed or improved to analyze the mRNA and protein expression

patterns of cultured cells and tissues. We successfully used the RNA arbitrarily

primed reverse transcription–polymerase chain reaction (RAP-PCR) to analyze

NO-mediated gene expression on the mRNA level [90]. We also directly focused

on NO-driven protein expression using a two-dimensional protein gel electropho-

resis protocol. Besides these “arbitrary” approaches, we also investigated the NO-

dependent regulation of gene products that are considered as key players in several

forms of glomerulonephritis. These experiments revealed a series of genes that

were expressionally controlled by NO. As exemplified for the NO-dependent

regulation of SPARC (secreted protein acidic and rich in cysteine), SMOC-1
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(secreted modular calcium-binding protein-1), biglycan, PDGF receptor a
(PDGFRa), MnSOD, and Nox1, relatively small amounts of NO (20–100 nM) are

sufficient for the activation of GC, which in turn drives the expression of these

genes that in general provide mesangial cells with a protective capacity, namely

antifibrotic, antiapoptotic, or antioxidative in nature [19, 91–95]. In contrast, as

shown for macrophage inflammatory protein (MIP-2), high amounts of NO are

redox-active and mediate proinflammatory signals, targeting redox-sensitive tran-

scription factors such as AP-1 or NFkB [95] in mesangial cells. Obviously, cGMP-

independent signaling by high amounts of NO triggers proinflammatory gene

expression as shown for iNOS and MIP-2 [42, 95]. Another group found the gene

for connective tissue growth factor to be downregulated by NO in a cGMP-

dependent manner [96]. Recently, we could demonstrate that this effect may be

driven by a cGMP-dependent downregulation of SMOC-1, a matricellular protein

that we have found to support TGF-b-mediated signaling devices [91]. cGMP- and

redox-dependent effects of NO on gene expression are summarized in Fig. 1.

Importantly, we could demonstrate that NO is able to act on gene expression at

transcriptional, posttranscriptional, and post-translational levels in mesangial cells.

By analyzing the effects of NO on MMP-9 expression in more detail, we found that

decreased levels of MMP-9 mRNA are due to a reduced expression of the mRNA-

stabilizing protein HuR, which belongs to the group of embryonal lethal abnormal

vision (ELAV) proteins [97]. Remarkably, as mentioned above, ROS act on MMP-

9 expression in an opposite manner by activating the transcription factors NFkB
and AP-1 in the rat MMP-9 promoter [77]. Furthermore, we could demonstrate that

NO affects the expression of neutral ceramidase, an enzyme that plays a central role

Fig. 1 The role of cGMP- and redox-mediated gene expression by nitric oxide. Low amounts of

nitric oxide are sufficient for the activation of sGC and subsequent elevation of cGMP levels.

Enhanced cGMP levels regulate gene expression in a protective direction as exemplified PDGF

receptor a, MnSOD, Nox1, and SMOC-1, respectively. High levels of nitric oxide induce redox-

dependent signaling mechanisms that induce inflammatory genes such as MIP-2 and iNOS

independently of changes in cellular cGMP levels. PDGFRa PDGF receptor a; PKB/Akt protein
kinase B; MIP-2 macrophage inflammatory protein-1; Nox1 NADPH oxidase 1
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for the homeostasis of the important lipid second messenger ceramide by the

induction of its proteosomal degradation [98, 99].

Taken together, ROS and NO potently act on gene expression. Both autacoids

induce redox-dependent signaling processes acting via protein modifications, in

particular on protein phosphatases, which usually results in a diminished activity of

the affected protein. Furthermore, ROS and NO trigger gene expression mainly by

affecting redox-sensitive transcription factors. Both autacoids are able to scavenge

each other and form reactive nitrogen species that have been identified to cause

apoptotic or necrotic cell death in many cell types. However, mesangial cells are

obviously well protected against nitrosative stress. It is worth noting that NO acts

via a physiological receptor, namely sGC, that drives the gene expression pattern in

mesangial cells into a protective direction, thereby antagonizing adverse redox

actions of ROS and NO.

4 Therapeutic Opportunities

Diseases such as diabetes, hypertension, hyperlipidemia, and several forms of

systemic or local inflammation may cause oxidative or nitrosative stress within

the renal mesangium, but also in many other tissues. Proper conventional and

systemic treatment of these diseases (e.g., with insulin, angiotensin converting

enzyme inhibitors, lipid-lowering, or anti-inflammatory agents) is usually sufficient

not only to decrease local mesangial but also systemic ROS and NO production.

The effects of such treatments on oxidative and nitrosative stress in the mesangium

are excellently and comprehensively reviewed elsewhere [14, 74, 100–103].

Therapeutic intervention to target a massive and detrimental production of ROS

and RNS can principally be achieved by (a) direct scavenging or neutralization of

radicals, (b) by blocking expression or activity of ROS or RNS producing enzymes,

and (c) by the inhibition of signaling pathways that increase expression or activity

of enzyme systems and cause oxidative or nitrosative stress. However, ROS and

RNS represent mediators of ubiquitously expressed important signaling pathways,

and total blockage of ROS and RNS action bears the hazard of inhibiting essential

physiologic processes as well. In particular, pharmacologic manipulation of NO

levels, which are protective in low amounts and toxic (mainly via the reaction with

superoxide to form peroxynitrite) in high amounts, may result in severe adverse

effects. This is best documented in experiments using different animal models for

mesangioproliferative nephritis.

The first report that definitely indicates a role for NO in the progression of

glomerulonephritis has been provided by Weinberg et al. [104]. The authors used

MRL-lpr/lpr mice, which spontaneously develop a lupus-like disease with the

symptoms of arthritis and immune complex glomerulonephritis. Administration

of the unspecific NOS inhibitor L-NMMA blocked the development of glomerulo-

nephritis and ameliorated inflammatory arthritis, indicating a pro-inflammatory role

of NO in this animal model. Members of the same group reported more recently that
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the specific iNOS inhibitor L-N6-(l-iminoethyl) lysine dihydrochloride (L-NIL) is

more effective than L-NMMA to ameliorate glomerulonephritis in MRL-lpr/lpr

mice [105]. Similar results were also reported in a rat model of glomerulonephritis.

Narita et al. [106] used the anti-Thy.1 model of glomerulonephritis, an acute

inflammatory rat model that resembles the human form of mesangioproliferative

glomerulonephritis like immunoglobulin A (IgA) nephritis. This model is charac-

terized by a complement-dependent early loss of mesangial cells and a subsequent

immense accumulation of matrix. Remarkably, all symptoms of anti-Thy.1-induced

glomerulonephritis disappear in a time period of about 6 weeks, resulting in a

complete resolution of the complement-induced disease. Blockage of NO synthesis

by L-NMMA or a dietary reduction of L-arginine availability reduced both mesan-

giolysis and matrix deposition, clearly suggesting a detrimental role for NO in this

model. The same group further corroborated these data by showing that a high

L-arginine diet supports mesangiolysis and matrix formation in the same experi-

mental model [107]. In contrast, the Lewis rat substrain (LEW/Maa) develops a

chronic form of glomerulonephritis after the injection of an anti-Thy.1 antibody

[108]. Interestingly, pretreatment with the iNOS-specific inhibitor L-NIL enhanced

proteinuria and fibronectin deposition by nearly 50%, indicating a protective role of

iNOS-derived NO. Most importantly, the use of the iNOS-specific inhibitor L-NIL

did not affect blood pressure or the glomerular filtration rate, further indicating that

the activity of iNOS is protective at least in this rat model of chronic glomerulone-

phritis. A protective role of iNOS-derived NO in attenuating hypercellularity during

the glomerular repair phase has also been documented [109]. Interestingly, admin-

istration of Bay 41-2272, an activator of the soluble guanylyl cyclase (sGC), to

nephritic rats slowed progression of anti-Thy.1-induced glomerulosclerosis in

LEW/Maa rats, suggesting that the protective action of iNOS is at least in part

mediated by sGC [110].

In summary, a series of publications describe protective or deleterious actions of

NO in different models of inflammatory glomerular diseases. Whether NO is a

beneficial or deleterious mediator in an inflammatory process is still a matter of

debate. Nevertheless, it is obvious that specific inhibition of iNOS is superior to a

nonspecific inhibition of all NOS isoforms. Particularly, it is necessary to leave the

protective role of the eNOS enzyme in regulating vascular homeostasis untouched.

Moreover, NO-independent activation of sGC may be sufficient to mimic the

protective effect of NO, irrespective of whether it is produced by eNOS or iNOS.

This indicates that the protective effects of NO are mainly mediated by sGC [111].

Treatment of diseases accompanied by oxidative stress with classic antioxidants

such a vitamins A, C, and E or selenium has been shown to be effective in some

animal models, but antioxidant therapy in humans has, with only a few exceptions,

no or even adverse effects [14, 112]. Also the use of peroxynitrite decomposition

catalysts such as the metal porphyrin complexes 5,10,15,20-tetrakis (4-sulfonato-

phenyl) porphyrinato iron III chloride (FeTSPP), Fe(III) tetra-mesitylporphyrin

octasulfonate, or Fe(III)tetrakis-2-(N-triethylene glycol monomethyl ether) pyridyl

porphyrin (FP15) to reduce nitrosative stress has been proven only in animal

models. Nevertheless, by scavenging peroxynitrite as a main effector of nitrosative
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stress but not influencing the bioactivity of beneficial NO, such compounds may

represent a promising tool to treat conditions accompanied with nitrosative stress.

Another strategy to avoid oxidative and concomitantly nitrosative stress is the

inhibition of superoxide synthesis and its toxic metabolites. Due to the various

enzyme systems that generate ROS in disease conditions, blocking of the expres-

sion or activity of a specific enzyme is not sufficient in most cases to totally block

ROS production. Nonetheless, inhibition of NADPH oxidase by apocynin, a

methyl-substituted catechol that blocks assembly of the p47phox subunit to the

membrane, has importance in treating inflammatory diseases in the traditional

medicine of Peruvian Indians [113]. Since NADPH oxidases (Nox2 in invading

neutrophils and macrophages, Nox1 and Nox4 in mesangial cells) are the most

prominent ROS sources within the mesangium, treatment with apocynin could also

help to treat glomerular diseases accompanied with oxidative stress, but one has to

consider that Nox4 activity is not inhibited by apocynin, since this isoform does not

require p47phox for activity. As for NO, ROS have detrimental effects but they also

act as important second messengers. The detailed knowledge of the subcellular

distribution and the special tasks of the different isoforms are prerequisites to

develop future specific devices to inhibit NADPH oxidase by small molecules or

by silencing their expression using appropriate siRNA protocols that target directly

the mesangium. To date, we can consider several potent pharmaceuticals that may

help to avoid the deleterious effects of oxidative stress in the mesangium upstream

from the activity of NADPH oxidases. Since angiotensin II signaling produces high

amounts of ROS via activation of NADPH oxidases, angiotensin II receptor 1 (AT1)

blockade or inhibition of angiotensin converting enzyme may be useful to avoid

oxidative stress within the mesangium. Moreover, statins could diminish glomerular

Fig. 2 Therapeutic opportunities for inhibition of ROS and RNS formation and activity. Reduced

formation of ROS or NO can be achieved by treatment of the causation of ROS- of NO-forming

pathways, by direct inhibition of ROS- or NO-producing enzymes, or by scavenging ROS and

RNS. Using total inhibition of iNOS, rescue of protective cGMP-signaling by administration of

cGC activators has to be considered. AT1R angiotensin II type 1 receptor; cGMP cyclic GMP;

FP15 Fe(III)tetrakis-2-(N-triethylene glycol monomethyl ether) pyridyl porphyrin; FeTSPP
5,10,15,20-tetrakis (4-sulfonatophenyl) porphyrinato iron III chloride; sGC guanylyl cyclase
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oxidative stress by inhibiting NADPH oxidase activity in mesangial cells

[114–116]. A further potent approach to limit oxidative stress in the mesangium,

particularly in diabetic nephropathy, is the inhibition of PKC. Since ROS activate

PKC isoforms and, in turn, activation of PKC triggers ROS production, blockage of

this vicious cycle may drastically reduce oxidative stress. However, different PKC

isoforms fulfill obviously different tasks in renal cells, and the expression of

the isoform PKCe is even protective in diabetic nephropathy, resulting in the

need for isotype-specific PKC inhibitors. The therapeutic potential to treat glomer-

ular diseases by PKC inhibition is comprehensively reviewed elsewhere [117, 118].

Possible pharmacological interventions of oxidative and nitrosative stress are

summarized in Fig. 2.

5 Conclusion

The synthesis and action of reactive oxygen and nitrogen metabolites is a complex

and tightly regulated facet of the signaling systems operative in higher organisms.

Even if our knowledge about redox regulation processes has grown dramatically

within the past two decades, this interesting field of biomedical research is far

from being fully understood. In particular, the translation of the immense amount of

data obtained from cell culture studies and animal models to pharmacological

therapy represents a main challenge for the next decade. Nonetheless, further

efforts have to be undertaken to fully characterize all enzyme systems responsible

for ROS and NO synthesis to be able to develop specific inhibitors. Moreover, the

detailed knowledge of transcriptional or posttranscriptional mechanisms that

trigger the expression of enzymes, which produce ROS or NO, could help to

develop strategies to manipulate ROS and NO synthesis in a direction that favors

the resolution of glomerular diseases accompanied by imbalanced oxidative or

nitrosative stress. In addition, we have to learn in more detail which signaling

pathways and ROS/NO producing enzymes are responsible for oxidative and

nitrosative stress in the mesangium as a prerequisite to successfully use inhibitors

in the clinical practice.
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Chapter 2

Transition Metals and Other Forms of Oxidative

Protein Damage in Renal Disease

Vincent M. Monnier, Ina Nemet, David R. Sell, and Miriam F. Weiss

Abstract Oxidative and carbonyl stresses are dramatically increased in chronic

renal disease, whereby an inverse relationship usually exists between renal clearance

and the accumulation of low molecular weight compounds ultimately responsible

for the damage to plasma constituents. Damage to proteins results from primary

attack to protein residues by reactive oxygen species with or without metal catalyst,

or via myeloperoxidase and hypochlorous acid. Secondary, indirect forms of dam-

age result from oxoaldehydes and lipid peroxidation products involved in glycation

and glycoxidation reactions with nucleophilic residues. The chemical oxidative

pathways responsible for protein damage and its biological and clinical significance

are discussed, emphasizing end stage renal disease. Interventions that improve or

worsen oxidant stress, such as intravenous iron therapy, are reviewed.

Keywords Oxidative stress � Carbonyl stress � Glycation � Catalytic metals

� Myeloperoxidase � Methylglyoxal � Ascorbic acid

1 Introduction

Oxidative modifications of proteins are strongly associated with renal disease.

The presence of high levels of protein carbonyl, advanced oxidation protein

products (AOPP), metal catalyzed oxidation products, and other oxidative modifi-

cations has been understood to be a sign of oxidant stress markers, a vague term that

provides little information regarding mechanisms of formation. In addition to metal

catalyzed oxidation (MCO), oxidative modifications in renal disease can involve

hypochlorous acid, peroxide, peroxinitrite, hydrogen peroxide, and hydroxyl

radicals.
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To clarify these diverse mechanisms, the first part of this chapter will be

devoted to the chemistry of protein oxidation with the ultimate question of which

modifications should be measured in order to unequivocally implicate a particular

pathway of protein damage. It is useful to distinguish between primary damage to

proteins (i.e., oxidative modifications of amino acid residues and peptide backbone

fragmentation reactions) vs. secondary forms of damage involving modifications

of nucleophilic amino acids (such as lysine, arginine, and cysteine) by carbonyls

from lipoxidation or the Maillard reaction. Thus, carbonyl and oxidative stress

are often tightly linked. However, protein modifications resulting from the latter,

and in particular those from the Maillard reaction, will be reviewed elsewhere in

this book.

The second part of this chapter will be devoted to clinical, biological, and

structural aspects of metal catalyzed oxidation, focusing primarily on advanced

oxidation products that are common to MCO and related mechanisms of oxidation.

2 Chemical Pathways of Protein Damage by Oxidation

A number of biomarkers for protein oxidation have been identified in recent

years that demonstrate not only the extent of oxidative injury but also provide

evidence for the source of the oxidant. Knowledge of the latter is essential for

developing adequate interventions to stop or slow down damage. Figure 1 sum-

marizes the major sources of protein oxidants in vivo (i.e., hypochlorous acid

[HOCl], peroxynitrite [ONOO�], and free radicals), resulting from a combination

of different enzymatic and nonenzymatic reactions.

Fig. 1 Major pathways leading to formation of reactive oxidants via the myeloperoxidase (MPO),

NADPH oxidase, nitric oxide synthase (NOS), and redox active metal ions — free (Mnn+) and

protein bound metals (Pr(Mnn+))
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Sulfur containing amino acids, Cys and Met, are the major sites of oxidation

within proteins. They can be oxidized easily by radical-mediated or two-electron

pathways, typically involving HOCl, peroxides, peroxynitrite, or singlet oxygen.

The resulting products are primarily disulfides (cystine or mixed disulfides) and

methionine sulfoxide (MetSOX), respectively, regardless of the nature of the oxi-

dant. Cysteine reacts with a thiyl radical (RSl) that dimerize with another cysteine or

sulfhydryl residue to form the disulfide. The thiyl radical, in a competitive reaction

with oxygen, gives a peroxy radical, which usually forms oxyacids (RSO2H and

RSO3H). The same products are formed in the two-electron mediated oxidation

process where the initial adduct species (e.g., RSCl, RSOH, RSNO) form from

HOCl, peroxides, and nitric oxide (NO+), respectively, and then react with another

thiol group to produce disulfides or hydrolyze into the oxyacids. These intermediate

compounds are usually too labile and complex for quantification in vivo.

Methionine invariably gets oxidized into MetSOX, regardless of whether it is

oxidized by free radicals, peroxide, or peroxynitrite [1]. The latter rapidly reacts

with Met residues and gives MetSOX, however, in the presence of physiological

levels of CO2 an ONOOCO2
� adduct is formed that oxidizes Met into MetSOX at a

much slower rate than ONOO�, suggesting that the extent of Met oxidation

observed in vivo will be modulated to a major extent by local CO2 levels. MetSOX

can be subjected to further oxidation and give of sulfone, however, this reaction

occurs to a much lesser extent [1, 2].

In summary, the major end products of Cys and Met oxidation expected in vivo

are cystine and methionine sulfoxide. Further oxidation of cystine into cysteic acid

requires much more drastic conditions that are not easily achieved in vivo, except

by the HOCl system.

2.1 HOCl Mediated Pathways

In vivo HOCl is formed from hydrogen peroxide and chloride ions (Cl�) in

a reaction catalyzed by myeloperoxidase (see Fig. 1). In reactions with protein

residues, HOCl generates oxidized (disulfide, MetSOX, carbonyls, and dityrosine)

and chlorinated products (chloramines, 3-chlorotyrosine, and 3,5-dichlorotyrosine)

(Fig. 2).

Oxidative reactions by HOCl are several orders of magnitude faster than

chlorination reactions and therefore more common under physiological conditions.

However, the oxidative products can also be generated by other oxidants (Figs. 3

and 4), making chlorinated products specific biomarkers for HOCl mediated protein

modifications. The most favored chlorination reaction of HOCl is with amine

groups. However, formed chloramines with typical half-lives of about 10 min at

37�C are readily reduced back to parent amines by biological reductants (thiols,

ascorbate, or methionine) or spontaneously broken down to aldehydes [3]. Chlori-

nation of tyrosyl residues, although less favored than chlorination of amines,
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produce stable end products: 3-chlorotyrosine and to a much lesser extent

3,5-dichlorotyrosine, which can be used as biomarkers of HOCl generation [4].

2.2 Free Radicals Oxidation

Highly reactive free radicals, such as HOl, initiate oxidation by abstracting a

hydrogen atom from an amino acid residue and generating carbon-centered

radicals. These radicals react further with O2, producing peroxy radicals (see

Fig. 3). If the peroxy radical is formed on an a-carbon it undergoes decomposition

and forms an amino derivative, which spontaneously hydrolyses and yields two

peptide fragments. Peroxy radicals formed on amino-acid side chains rearrange,

through incompletely defined reaction pathways, into alcohols or aldehydes. Expo-

sure of tryptophan to HOl results in indole ring opening and kynurenine formation,

while histidine generates 2-oxohistidine, asparagine, and aspartate. In a reaction

with tyrosyl residues free radicals generate tyrosyl phenoxy radicals. The major fate

of these structures is self-dimerization and formation of di-tyrosine crosslinks.

Oxidation of phenylalanine, on the other hand, produces ortho- (2-hydroxypheny-
lalanine) and meta-tyrosine (3-hydroxyphenylalanine) as well as tyrosine.
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Stable modifications that are commonly measured in vivo include kynurenine,

2-oxohistidine, di-tyrosine, and o-tyrosine.

2.3 Metal-Catalyzed Oxidation (MCO)

Redox-active metal ions, such as Fe(III) and Cu(II), catalyze oxidative damage of

proteins in the presence of oxygen and an electron donor or by generating hydroxyl

or alkoxyl radicals through Haber-Weiss and Fenton-type chemistry from hydrogen

or organic peroxides, respectively. Highly reactive radicals, as described above,

nonselectively abstract hydrogen. Basically, this reaction can occur at all available

sites, though His, Arg, Lys, Pro, and to a lesser extent Met, and Cys residues are the

most common. On the other hand, aromatic amino acid residues, Trp, Tyr, and Phe,

are not the major targets for this oxidation system, most probably because these

residues are not commonly present at metal-binding sites of proteins [5].

As discussed above, carbonyls can also be generated by Lys and Arg oxidation

with HOCl. However, the overall yield of carbonyls through HOCl oxidation
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represents a relatively low percentage of the total [6]. Taken together, protein-bound

carbonyls are the major products of oxidation catalyzed by metal ions. Therefore,

protein-bound carbonyls can be considered important markers of the MCO, with one

notable exception. Allysine can be formed in vivo by lysine oxidation with lysyl-

oxidase (particularly in collagen), as well as through a-oxoaldehydes mediated Cu(II)

catalyzed lysine deamination (Suyama’s pathway) [7] (see Fig. 4). This latter possi-

bilitymust be recognized in biologic settings characterized by significant participation

of dicarbonyls, as in end stage renal disease (ESRD). The extent towhich lysyl oxidase

can oxidize proteins other that nascent collagen is unclear, if not doubtful [8].

A number of assays have been developed for the measurement of total carbonyl

compounds in proteins. Although suitable for quantification of the carbonyls in

simple oxidation systems, the assays are not accurate for proteins isolated from

complex biological samples because of possible interference with protein-bound

carbonyls generated by glycation/lipoxidation.

A better approach includes reduction of the carbonyls with NaBH4 into

corresponding alcohols followed by protein hydrolysis and analysis by isotope

dilution gas chromatography-mass spectrometry (GC/MS) [9, 10]. However, the

carbonyl compounds are not the final oxidation products (AOPPs) since they are

prone to further oxidation into corresponding carboxylic acids, either by auto-

oxidation or by reaction with H2O2 or HOCl. Thus, for the complete oxidation

profile, parallel measurements of the carboxylic acid, such as 2-aminoadipic acid,

should also be included [10].

2.4 Oxidation by Peroxynitrite (ONOO�/HONOO)

The weak oxidants nitric oxide and superoxide, which are produced by several cell

types, rapidly combine to form a strong oxidant – peroxynitrite. Due to nitric

oxide’s longer biological half-life and facile diffusion in comparison with super-

oxide, peroxynitrite generation will predominantly occur nearer to sites of O2
�

formation [11]. Peroxynitrite anion is relatively stable, but its acid, peroxynitrous

acid (HONOO), quickly rearranges to form nitrate. Two major mechanisms of

oxidation by peroxynitrite and its acid are accepted. The first mechanism includes
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Fig. 4 Suyama’s pathway of lysine deamination by a-oxoaldehydes
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homolysis of peroxynitrite and formation of HOl and lNO2. This pair of radicals can

either diffuse apart, giving free radicals that can perform oxidations, or react

together to form nitrate or to reform peroxynitrite. Because hydroxyl-radical sca-

vengers do not completely block peroxinitrite reactions, it is thought that the

peroxide bond O-O in peroxynitrous acid (HO–O–N¼O) can result in a transfer

of an HO� or an oxygen atom by electron donors [12].

Peroxynitrite also promotes nitration of amino acid residues Fig. 5. Most notably,

protein tyrosine residues represent the major targets for peroxynitrite-mediated nitra-

tions where 3-nitrotyrosine represents a marker of such modifications. Other mechan-

isms of biological nitrations exist (such H2O2/NO2
� heme peroxidase, reaction of

�NO2 and NO nitration with concomitant oxidation). However, these alternative

reactions are more restricted than the nitration reactions mediated by peroxynitrite.

Peroxynitrite reacts with carbon dioxide (ubiquitous in biological systems) to form

ONOOCO2
� (nitroso-peroxocarboxylate). The latter homolyses further into a rela-

tively strong one-electron oxidant carbonate radical and nitrogen dioxide – amoderate

oxidant and nitrating agent. The net consequence of the reaction of CO2 on peroxyni-

trite is to reduce peroxynitrite half-life and distance of diffusion, effects that reduce

one-electron oxidation and enhance nitration [11].

From a practical viewpoint, one of the most frequently determined markers of

peroxynitrite activity is 3-nitrotyrosine [13]. Not considered here is the broad field

of sulfhydryl nitrosylation, which has regulatory effects on protein function as well

as stochastic effects [14].

In summary, several oxidative mechanisms lead to protein damage. It is clear

that metal catalyzed oxidation cannot be considered entirely separately from other
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oxidative mechanisms. Below, we present selected human and animal in vivo

studies that help shape the “oxidative landscape” in renal disorders.

3 Protein Carbonyls (PCs) and Advanced Oxidation

Products (AOPPs) in Renal Disorders

Much of the understanding of the role of AOPPs in renal disease comes from the

pioneering work of Witko-Sarsat et al. [15]. The first assay was based on the notion

that in renal disease lysines in serum proteins have been oxidized into chloramines

by HOCl, which upon reaction with potassium iodide at acidic pH generates yellow

tri-iodide, I3
�. Therefore, a standard curve is produced using chloramine T, a

widely used reagent for the radio labeling of proteins with the 125 or 131 isotopes

of iodine. Since chloramines are not very stable and tend to decompose into protein

carbonyls (see Figs. 2 and 6), it is not exactly clear what the assay measures nor is

the exact nature of the color generated known, since multiple secondary reaction

products might be expected. In the aggregate, however, yellow color is measured

photometrically at 340 nm immediately after the reaction. This assay has been

adapted for microtiter plates [15].

The “protein carbonyls” that are assayed in most publications reviewed below

are all based on the reaction of protein with 2,4-dinitrophenylhydrazine (DNP). The

resulting hydrazone is quantitated spectrophotometrically or using Western blotting

with an anti-DNP antibody. Several methods have been developed based on this

reaction [17]. Similar to the assay for AOPP, these methods are generally not

specific, as they measure carbonyls from both oxidation and glycation. Mass spec-

trometry methods involving reduction of the protein with sodium borohydride to

Fig. 6 Relationship between advanced oxidation protein products (AOPPs) and protein carbonyls

(PCs). AOPPs are difficult to quantitate by chromatographic methods because they easily decom-

pose into PCs. PCs can be assayed by the hydrazine method, which is not specific. The two major

protein PCs formed during protein oxidation by metals are adipic semialdehyde (allysine)

and glutamic semialdehyde. These compounds spontaneously oxidize into 2-aminoadipic acid

(2-AAA) and glutamic acid, respectively. (Note: glutamic acid is not a product of myeloperox-

idase [MPO] or lysyl oxidation.) In highly oxidizing environments, PC levels may remain low

because of rapid oxidation to 2-AAA and glutamic acid, respectively [16]. The presence of 2-AAA

and the borohydride reduction products of allysine PC (i.e., 6-hydroxynorleucine) are evidence

that lysine oxidation occurred. The relative importance of MCO, myeloperoxidase, and lysyl

oxidase (if at all) in renal disease and ESRD remains to be determined. In contrast the finding of

the borohydride reduction product of glutamyl semialdehyde (i.e., 5-hydroxy-2-aminovaleric acid)

is specific for MCO
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measure the alcohols of adipic semialdehyde (allysine) and glutamic semialdehyde

have greater specificity [9, 10].

In the sections that follow, we will use the terms AOPPs and protein carbonyls

(PCs), as they are used by the authors, without going into technical details as to

what assay was used and which chemical entity was measured. The relationship

between these products is summarized below:

3.1 Clinical Studies

3.1.1 Oxidation Markers in End Stage Renal Failure and Earlier

Stages of Renal Disease

Numerous compounds accumulate when kidneys fail, disturbing the function of

multiple organ systems [18]. At the top of the list of organs systems affected by

uremia is the heart and vasculature. Cardiovascular disease is the leading cause of

death in all age groups of patients with ESRD [19]. In uremia, the association

between traditional risk factors, such as high cholesterol and accelerated heart

disease, is weak. Instead, cardiovascular complications correlate with markers of

inflammation and malnutrition [20, 21] and the presence of a markedly increased

oxidative burden [22]. In an otherwise puzzling pathogenetic process, oxidative

stress has been proposed as the key evidence linking uremia to cardiovascular

complications [23].

Direct measurements have been made of increased oxidative activity in the

circulation of patients treated by hemodialysis using electron-spin resonance spec-

troscopy (ESR) and spin-traps. ESR activity is localized to the middle molecular

weight range (~3,000 Da) of dialyzable toxins and is reduced significantly by

dialysis [24]. Reactive oxidants have short half-lives, and direct measurements

are difficult and cumbersome. Therefore, the devastation caused by oxidative stress

is evidenced by extensive protein damage (i.e., thiol oxidation, amine oxidation,

and carbonyl modification) (Table 1) present on circulating, cellular [30], and tissue

proteins as well as lipids [22]. Because reactive oxidants have short half-lives,

oxidative stress is better measured clinically as stable oxidized compounds, such as

advanced oxidation (AOPPs) and glycation end products (AGEs), which some

workers believe represent a form of uremic toxin [31, 32].

Exhaustion of antioxidant defense systems is a distinctive feature of uremia. For

example, in patients with ESRD treated by hemodialysis, levels of the antioxidant

ascorbate are low, and the ratio of reduced to oxidized ascorbate is several-fold

greater than normal [33–35]. In addition to massive oxidant stress there is massive

carbonyl stress [36], resulting in a five- to tenfold increase in dicarbonyl adducts to

plasma proteins, such as those of glyoxal, methylglyoxal and 3-deoxyglucosone

[37, 38]. Thus ascorbate oxidation and accumulation of metabolites such as
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dehydroascorbic acid and diketogulonic acid contribute to carbonyl stress and

further increase the generation of AGEs [39].

Even patients with mild kidney disease show evidence of increased protein

damage, i.e., decreased free sulfhydryl groups on proteins [25], oxidized low-

density lipoprotein (LDL) [40], the buildup of advanced oxidation protein products

(AOPPs) [41], and AGEs [42–44]. AGE-modified proteins are removed by glomer-

ular filtration followed by tubular reabsorption and degradation [45–47]. Thus

impaired renal function itself is an important mechanism of accumulation in renal

disease. Mild chronic kidney failure is associated with impaired antioxidant defense

systems as well [48]. A strong proof that systemic oxidant stress (and formation of

AGEs) is dependent on renal function is that protein carbonyls and other plasma

markers of oxidant and carbonyl stress increased following development of chronic

allograft nephropathy, but decreased in complication-free transplant patients [49].

Similarly, in the Project to Improve Care in Acute Renal Disease (PICARD) study,

plasma PCs and proinflammatory cytokines were increased in patients with acute

renal failure (ARF), and protein carbonyls were higher in ARF than in critically ill

and ESRD patients and controls [50].

In the presence of renal disease, oxidation reactions form one part of a vicious

circle [51]. In turn, modified proteins induce oxidative stress through several

mechanisms. At the cellular level, AGEs bind to specific receptors, activate intra-

cellular signals (such as nuclear factor kB [NFkB]) and stimulate cytokine release

and inflammation [52, 53]. Neutrophils and other inflammatory cells produce

numerous reactive oxygen species, including superoxide anion, hydrogen peroxide,

hydroxyl radical, and hypochlorous acid [54]. Thus oxidized proteins and lipids

interact with inflammatory cells to generate reactive oxidants, particularly in the

vascular endothelium [22].

In renal disease oxidized proteins are both the result of oxidative stress, and one

of its major causes, but patterns of protein modifications differ in different disease

settings. In a Chinese study of type 2 diabetes, erythrocyte antioxidants stress

enzymes and plasma vitamin C were decreased while plasma indices of lipid

peroxidation and AOPPs were increased, and were much higher in presence of

nephropathy where they correlated with each other [55]. Conversely, while plasma

protein carbonyls were found increased in ESRD, they were not in complication-

free diabetes (see Table 1) [28]. This suggests that diabetes per se does not increase

MCO. However, the more specific MCO marker 2-aminoadipic acid Fig. 6 was

elevated in skin collagen from diabetic individuals even in the absence of renal

failure, suggesting increased metal catalyzed oxidation in diabetes [10].

Likewise, serum levels of oxidized proteins were elevated in systemic lupus

erythematosus (SLE), but not related to renal involvement (i.e., lupus nephritis)

[56]. Thus, both in lupus and diabetes there may be an independent systemic effect,

one linked to an autoimmune process and hyperglycemia, respectively, the other

linked to severity of the renal disease. In further support of a dual mechanism for

oxidation, increased serum levels of AOPPs and AGEs were found in patients with

amyloid A–related rheumatoid arthritis compared to rheumatoid arthritis patients

without amyloidosis, whereby AGE levels were related to kidney function but
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AOPPs were not [57]. In another study, protein carbonyl formation was strongly

dependent on renal function, but not on essential hypertension alone [58]. This

surprising dichotomy may mean that protein carbonyl formation in renal disease

proceeds primarily via MCO rather than via MPO and AOPP (Fig. 6). However,

when ESRD is reached, both MCO and MPO are expected to contribute to protein

PCs and 2-aminoadipic acid, whereby H2O2 is a dramatic catalyst for the latter [16].

3.1.2 Relationship Between Oxidation and Complications in ESRD

Patients with ESRD experience an increased risk of cardiac complications, more

than 10–20 times the incidence of the general population [59]. Although many

patients start dialysis with conditions that predispose to atherosclerosis (such as

diabetes mellitus, hypertension, or advanced age), these classic cardiac risk factors

are insufficient to explain the extraordinary prevalence of cardiovascular disease

and death in uremia [60].

Dialysis patients appear to be chronically in higher inflammatory states,

compared to normal subjects, as suggested by high serum levels of C-reactive

protein (CRP) [61] and pro-inflammatory cytokines [62, 63]. While inflammation

is a source of oxidative stress [64] and high serum CRP levels have been associated

with higher mortality in dialysis patients (including those without documented

ischemic heart disease) [65], it is unclear which inflammatory mechanisms are

involved and how they are related to specific types of clinical cardiovascular

disease (CVD) (e.g., coronary artery disease vs. cardiomyopathy).

Specific protein modifications have been associated with the pathophysiology of

uremic complications, including arterial calcification [44, 66, 67], carotid athero-

sclerosis [68], and cardiac hypertrophy [68, 69]. In ESRD, plasma protein carbonyls

and oxidant stress markers were elevated in symptomatic chronic heart disease

(CHD) patients compared to those without [70]. Carotid artery intima-media

thickness (CIMT), serum PCs, and markers of oxidant stress are significantly

increased in hemodialysis patients, but only serum thiobarbiturate reactive sub-

stances (TBARS) and serum nitrite/nitrate levels actually correlated with CIMT

[71]. These observations suggest that MCO in the blood poorly reflects the process

in the artery.

Albumin is a major protein target of oxidative activity in uremic plasma as well

as a critical defense against oxidative stress [72]. When inflammation or malnutri-

tion leads to low serum albumin levels in renal disease, this protection is impaired

or lost [73]. Patients with low albumin levels develop marked increases in the

peroxidation of erythrocyte membrane lipids [30]. How sick albumin is in ESRD is

exemplified in Fig. 7, which depicts a simple serum protein electrophoresis in

which the albumin band is thickened and blurry because of damage by oxidation

and glycation. Such albumin from ESRD patients has impaired drug-binding

properties [74]. Albumin from hemodialysis (HD) patients was found to have not

only decreased antioxidant activity, to be more oxidized, negatively charged, and

conformationally altered, but also triggered oxidative burst when incubated with
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human neutrophils [27]. Also, some of the compounds that impair albumin activity

appear to be extractable with charcoal [75]. A comprehensive review of the impact

of albumin oxidation and other modifications on its function is available else-

where [76].

From the above, it is not surprising that mortality risk is inversely related to

albumin levels [77]. In that regard, plasma PCs and inflammatory stress markers are

worse in hypo- than normo-albuminemic patients on HD [78], and it is the com-

bined oxidant and carbonyl stress that is thought to be an important event in the

pathogenesis of atherosclerosis [79, 80], the leading cause of morbidity and mor-

tality in uremic patients [81].

Finally, only few efforts have been made to map the target amino acids

of oxidative plasma protein damage in patients on hemodialysis. Besides the studies

on albumin mentioned above, Alhamdani et al. found elevated levels of plasma

alkanals and other lipid peroxidation products [29]. Using GC/MS these authors

succeeded in identifying and quantifying up to 11 alkanals, alkenals, and

hydroxyl-alkenals in plasma, in addition to the other already known modifications

(see Table 1).

3.1.3 Interventions That Decrease Plasma Oxidation Products in Humans

Dialysis Therapy

Multiple compounds accumulate when kidneys fail. Because dialysis is not

selective, uremic toxins are classified commonly by their molecular weight

[18, 82]. Dialysis removes solutes by diffusion, convection, or adsorption onto

the dialyzer membrane surface. Blood levels of markers could be affected directly

by any of these mechanisms, with measurable changes occurring during the hemo-

dialysis session, or indirectly by removal of other solutes that are precursors of their

metabolic pathways (e.g., glycation pathways) [37, 83]. These indirect effects could

occur during the HD session or over longer intervals, depending on the kinetics of

chemical reactions and biological events that affect biomarker levels.

Fig. 7 Appearance of the albumin band from patients with chronic renal failure or end stage renal

disease (ESRD) in non-denaturing serum protein electrophoresis in agarose gel. The band is

thickened and streaks toward the anode, indicating increased negative charge due to oxidative

deamination, CML formation, and loss of arginines from modification by dicarbonyl compounds
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Beta-2 microglobulin (b2M) (11,800 Da) is a convenient marker of molecular

size because it can be readily measured and has relevance in the pathogenesis of

dialysis-related amyloidosis [84, 85]. Numerous studies over the past decade have

shown that high-flux dialysis membranes are associated with higher clearances of

b2M than low-flux membranes [84, 86]. Importantly, b2M is rendered more toxic by

oxidative modification to form AGE-modified b2M [87].

Predialysis circulating levels of protein-bound AGEs have been reported to be

lower in patients treated with high-flux HD than those treated with low-flux HD [37,

88, 89]. In a cross-over study, protein-bound pentosidine (by high-performance

liquid chromatography [HPLC]) and AGE-modified b2M levels were reduced by

long-term HD (�6 months) with high-flux membranes. High flux (F60S, Fresenius)

caused a slight to moderate decrease, in contrast to the more pronounced effect of

superflux F800S [90]. A recent study used protein-leaking dialyzers (MW cut-off

>70 kDa) and demonstrated further decreases in albumin-bound pentosidine levels.

Interestingly, these decreases were correlated with significant improvements in

levels of inflammatory cytokines (interleukin [IL]-1b, IL-6, tumor necrosis factor

[TNF] a), oxidative markers (AOPP, protein carbonyls), and immune-modulating

cytokines (IL-10 and interferon [INF] g) [91].
AGEs are difficult to study in clinical settings because (a) they are chemically

and biologically diverse [92, 93], and (b) AGE assays by immunologic methods (e.

g., enzyme-linked immunosorbent assay [ELISA]) are not directly comparable to

analytic methods (HPLC, liquid chromatography-mass spectrometry [LC/MS])

[88]. In addition, after gastrointestinal digestion, AGEs and glycation adducts

present on proteins in food are absorbed as low molecular weight (LMW) or free

adducts, which can be removed by HD [94, 95]. Because of the variability in

epitope structure and antibody binding characteristics, it is likely that ELISA

more readily detects dietary free and LMW AGEs, while underestimating the

total AGE content of serum proteins [88]. Thus, while ELISA methods are widely

used, analytic chemistry methods are considered the standard of accuracy for

detecting AGE proteins [88].

These points are illustrated by two studies of HD patients that yielded apparently

contradictory findings. In a Swedish study of 90 patients, pentosidine measured by

HPLC positively correlated with inflammatorymarkers (CRP, fibrinogen, and IL-6),

although there was no association between pentosidine and survival [96]. In a

German study, baseline AGEs were measured using an ELISA, with the result that

higher AGE levels were paradoxically associated with better survival [97].

A potential explanation of the results of the second study is that the intake of highly

glycated (better-tasting) food leads to better nutrition and better survival. Food

scientists were the first to take interest in the chemistry of AGE formation [98]. In

general, foods cooked at high temperatures undergo more “browning” reactions

[99], and tasty food has a high content of aromatic, flavorful AGE compounds.

Foodstuffs high in AGEs and AGE precursors undergo proteolysis in the intestine

and are absorbed as LMW fragments termed glycotoxins [99]. After a meal high in

AGEs, an increase in circulating LMWAGEs is readily detected by ELISA [53, 99].

In the absence of kidney clearance, these products accumulate in the circulation
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[100]. Thus, patients who have high dietary protein intake would also be expected to

have higher circulating levels of LMW AGEs as detected by ELISA [97].

Although dialysis removes filterable low molecular compounds that may have

toxicity, dialysis itself can trigger oxidant stress, therefore acting against the

desirable effect. In one study protein carbonyls were not decreased immediately

after dialysis in contrast to dialyzable molecules such as malonyldialdehyde [101].

Dursun et al. measured protein carbonyls in patients with diabetes and ESRD

patients before and after hemodialysis [102]. Baseline plasma protein carbonyls

were increased in diabetic patients and further increased in diabetic ESRD patients.

Surprisingly, the dialysis procedure contributed to further increase in protein

carbonyl levels. The highest levels were observed in patients with diabetes after

dialysis. Simultaneously dialysis improved depressed protein-SH levels in patients

treated by hemodialysis. Similar observations were made by Ward et al. who found

that neutrophil reactive oxygen species (ROS) production was increased in the first

30 min of dialysis with high flux membranes, but then decreased postdialysis [103].

Though protein-SH normalized postdialysis, there was no change in PCs and

AOPPs.

These results are best interpreted as follows: protein-SH oxidation is strongly

dependent on ROS production and highly reversible. In contrast in a recent study,

our laboratory showed that H2O2 was not a requirement for protein carbonyl

formation via the MCO [16]. However, oxidation of lysine by either MOP/HOCl

or metals is quasi-irreversible. Thus, it is likely that dialysis decreases ROS species

responsible for SH oxidation, but not those species inducing MCO, including

peptide-bound redox active metals.

Antioxidants and Other Drugs

Two small randomized trials respectively suggested the beneficial effect of

antioxidants, vitamin E, and N-acetylcysteine on CVD outcomes in HD patients

[104, 105], in contrast to the lack of benefit shown in large prospective studies in the

general population [106, 107]. Thus proponents of antioxidant therapy argue that

greater benefit might be found in the setting of abnormal levels of oxidative stress,

such as in patients with ESRD [108]. Indeed, protein and DNA oxidation was

decreased in hemo- and peritoneal dialysis patients treated with 300 mg vitamin E

[109]. Yet, in hemodialysis patients treated with a-tocopherol, circulating levels of
anti-inflammatory g-tocopherol decreased markedly. There were no net changes in

oxidative protein modifications (including pentosidine, iso(4)-levuglandin E2 and

(E)-4-oxo-2-nonenal) [110].

Further evidence of dissociation between effects of inflammation and oxidation

was revealed when g-tocopherol was administered together with docosahexaenoic

acid to hemodialysis patients. Plasma IL-6, white blood cell (WBC), and neutrophil

counts decreased. But CRP, F2 isoprostanes, and protein carbonyls remained

unchanged. Moreover, hemodialysis per se did not influence plasma levels of

protein carbonyls, CRP, IL-6, and IL-10 [111]. Similarly, in patients with advanced
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diabetic nephropathy, the hypoglycemic agent and peroxisome proliferator-

activated receptors (PPAR) agonist pioglitazone improved plasma inflammatory

markers, such as TNFa, but not protein carbonyls, suggesting that inflammation and

oxidation pathways have independent effects [112].

We conclude that in patients with renal disease, the balance of oxidant/

antioxidant systems is highly complex. Both chemical pathways and inflammatory

components appear to be involved in the formation of glycoxidation and protein-

bound lipid oxidation products [110].

Transplantation

Rapid decreases in PC and F2 isoprostanes and levels of pro-inflammatory

proteins IL-6, TNFa, and CRP were observed upon renal transplantation in ESRD

patients [113]. Yet surprisingly, in the 24-h period following renal transplantation,

plasma protein carbonyls and lipoxidation markers increased due to ischemic stress.

At 7 days’ posttransplant, lipoxidation markers decreased while the protein

carbonyls further increased [114]. Nevertheless, most studies show that renal trans-

plantation is the most efficacious long-term intervention for decreasing AOPPs,

AGEs, and proinflammatory markers, especially with normalization of renal func-

tion [115–118].

4 Metal Catalyzed Oxidant (MCO) Stress in End Stage

Renal Disease and the Impact of Iron Supplementation

What is the source of increased oxidative activity in uremia? As reviewed above,

current evidence points to the retention of oxidative compounds as renal function

deteriorates. Once oxidative damage is extensive, cause and effect become much

more difficult to distinguish from each other. The systemic response to oxidative

damage results in accelerated atherosclerosis, and the resultant chronic inflamma-

tion leads to malnutrition [22, 23]. When malnutrition leads to low albumin levels, a

critical defense against oxidative stress is lost [73].

To complicate the picture, dialysis activates production of reactive oxidants by

inflammatory cells directly [119], and it leads to peroxidation of lipids [120].

Capeillere-Blandin et al. investigated whether their original data on AOPPs/protein

carbonyl formation could be explained by myeloperoxidase [121]. Incubation of

albumin with this enzyme in the presence of H2O2/Cl
� lead to chlorination of the

protein, suggesting this oxidizing system could explain the data in ESRD patients.

Myeloperoxidase, a hemoprotein stored in the azurophilic granules of neutrophils

and macrophages, functions to catalyze the conversion of chloride and hydrogen

peroxide to hypochlorite. Clinical studies have demonstrated the predictive value of

directly measured myeloperoxidase for the presence of coronary artery disease in

the general population [122].
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Activation of neutrophils to release pro-oxidant molecules is an important

concern [123]. However, it is generally accepted that the oxidative burst is transient

in dialysis using biocompatible dialysis membranes [124]. Therefore, the net

effect of dialysis is to reduce the production of oxidants [103] and to improve

reversible biomarkers of oxidation (e.g., high-flux dialysis regenerates free

sulfhydryl groups on albumin) [25, 103, 125]. These observations suggest that in

the clinical setting dialyzable compounds with oxidative activity are the most

important cause of oxidative stress in renal failure.

Oxoaldehydes like methylglyoxal are five- to tenfold elevated in ESRD and can

oxidize lysine by the Suyama pathway [126]. This pathway involves complex

formation between Fe3+ or Cu2+ and a methylglyoxal-lysine adduct leading to

allysine formation. Moreover, the same damage results from the traditional Stadt-

man pathway of MCO. Previously, in patients with ESRD, we elucidated the

mechanisms leading to accelerated formation of two distinct structurally identified

AGEs: the glycoxidation products Ne(carboxymethyl)lysine (CML) and pentosidine

[37]. Though formation of these two modifications proceeds by different pathways,

it is markedly enhanced by metal catalyzed oxidation reactions. Conversely, proteins

with high AGE content readily bind redox active metal in a dose-dependent fashion

[51, 127, 128], taking up three to four times asmuch iron or copper as in the unglycated

state [127]. In the healthy state, metal ions are tightly sequestered in the functional

core of hemoglobin and enzymes, or stored and transported on specific binding

proteins. In addition, a biologic defense exists against their action as hydroxyl radical

generators through the Fenton reaction [129]. In contrast to physiologic iron-binding

proteins like transferrin, “glycochelates” are highly oxidative, leading to a vicious

circle of increased AGE formation via oxidative pathways [127, 130, 131].

Therapeutic infusion of iron plays an important role in the management of

anemia in patients with ESRD. During and immediately after infusion, temporary

oversaturation of transferrin is seen, resulting in transient release of redox-active

labile iron [132–135]. Increased levels of free iron induce oxidative stress [136],

causing oxidation of circulating and cellular lipids [137] and proteins [138], with an

increase in plasma MDA, a decrease in nonprotein SH groups [139], and increased

albumin protein carbonyl formation and sulfhydryl oxidation [140].

Tovbin et al. similarly reported that intravenous (IV) iron saccharate induced a

37% increase in AOPP level, which correlated positively with prehemodialysis

CRP level and was TNFa related [141]. Intravenous iron administration did not

affect tetraethylammonium chloride (TEAC), thiol, dityrosine, or TNFa levels.

These authors concluded that intravenous iron administration induces an increase

in protein oxidation (AOPP levels) that was related to the baseline degree of

inflammation. At present the long-term dangers of iron infusion and the safest

formulations, dosages, and strategies to minimize iron toxicity remain undefined

in ESRD [142–144].

These observations raise the question of how to distinguish between the

oxidative toxicity of metal catalyzed and myeloperoxidase pathways of oxidation.

For example, in one study, peroxide concentrations significantly increased during

HD but were not correlated to IV iron administration and seemed to result from
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other sources of oxidative stress related to HD [145]. Cavdar et al. [146] observed

that IV administered iron in 20 and 100 mg doses did not cause additional

deteriorating effect on oxidant stress (plasma MDA) and EDEF (erythrocyte

deformability) and was even improved by IV iron. Finally, Driss et al. conducted

a study on the effects of intravenous polymaltose iron on oxidant stress and

nontransferrin-bound iron (NTBI) in hemodialysis patients [147]. The serum iron

and transferrin saturation index increased during iron infusion and NTBI transiently

appeared in some patients, but markers of oxidative stress were not significantly

affected. They concluded that although ESRD patients have a high prevalence of

NTBI in their serum, no correlation could be established between the presence

of NTBI and an increased oxidative stress. The slow infusion of maltofer did

not promote a significant increase in the plasma concentration of oxidative

stress markers.

The apparent quandary may be best explained based on differences in the

concentration of infused iron. Michelis et al. determined carbonyls on fibrinogen

in hemodialysis patients on maintenance iron [138]. During a dialysis session,

carbonyls further increased when 125 mg but not when 62.5 mg or no iron

gluconate was administered. The changes in fibrinogen-PC during dialysis showed

a significant linear correlation with the calculated values of transferrin saturation

and free transferrin.

5 Conclusions and Therapeutic Implications

The first and foremost impression emanating from this review is that plasma protein

oxidation remains low if not negligible as long as renal function is not impaired,

whether acutely or chronically. There may be some exceptions for diabetes and

septicemia and any other massive ubiquitous systemic stress such as SLE

and amyloidosis. However, even in these conditions minor impairment of renal

function contributes to protein oxidation. It is also well recognized that chronic

renal failure and end stage renal disease are associated with massive combined

oxidant and carbonyl stress and various specific AGEs, and oxidation products have

been shown to be markedly increased in ESRD (see Table 1).

The more difficult question raised by this review is the relative importance

of two disparate chemical mechanisms. To what extent is the formation of

AOPPs related to MPO/HOCl, and to what extent is the formation of protein

carbonyls directly related to metal catalyzed oxidation or to MPO? There is not

only a need to confirm the molecular nature of AOPP by mass spectrometric

methods, but also to determine the relative roles of myeloperoxidase vs. redox

active metals in the formation of PCs. A strong though circumstantial evidence for

MCO is the fact that ESRD serum and dialysis fluid specimens easily glycoxidize

in vitro [37]. However, myeloperoxidase activity is increased in all renal failure

patients, and there is more activation and “priming” of leukocytes in patients treated
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by hemodialysis [148]. In addition, there is an increase in nicotinamide adenine

dinucleotide phosphate (NADPH) oxidase dependent superoxide formation [149].

Some clues might come from the administration of vitamin E. Alpha-tocopherol

is a known inhibitor of lipid peroxidation. However, there is a paradoxical effect

in that both catalytic metals and lipid peroxides can enhance a-tocopherol oxidation
by a similar mechanism, possibly explaining the inability of a-tocopherol to

prevent secondary modification of serum proteins by iso[4]-levuglandin E2,

4-hydoxynonenal (HNE), and 4-oxo-2-nonenal (ONE) [110]. As for MPO a-
tocopherol was also ineffective against MPO-mediated oxidation and peroxynitrite.

Kamgar et al. [150] treated HD patients with a cocktail of vitamins including

vitamin E and observed no decrease in PCs. However, since they included

250 mg vitamin C, a classical substrate for MCO, they might have induced rather

than suppressed MCO. Nevertheless, the results were similarly negative with g-
tocopherol [151]. In view of the fact that tocopherol is primarily an antioxidant in

the lipid phase, while MCO occurs primarily in the aqueous, the most efficient way

to differentiate between MPO and MCO will be to carry out interventions with

chelating agents, such as desferrioxamine or iron. Although desferrioxamine has

been used to treat aluminum overload in ESRD, we did not come across studies on

the impact of chelators on PCs in ESRD. Such studies are urgently needed.

Thus far, currently the most efficient therapy to decrease oxidant stress, besides

renal transplantation, appears to be the utilization of high flux dialysis membranes.

The fact that they decrease levels of methylglyoxal [152], a cofactor for MCO via

the Suyama pathway, provides support for this mechanism of protein damage in

ESRD. However, current dialysis modalities are altogether still insufficient for the

elimination of the AGE, PC, and AOPP burden that is in part responsible for

the complications of uremia.
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Chapter 3

Cyclooxygenase in the Kidney

and Oxidative Stress

Raymond C. Harris

Abstract The kidney is a rich source of prostanoids (prostaglandins and

thromboxane). In addition to high levels of expression of the constitutive rate-

limiting enzyme responsible for prostanoid production, cyclooxygenase-1

(COX-1), the inducible isoform of cyclooxygenase, COX-2, is also constitutively

expressed in the kidney and is highly regulated in response to alterations in

intravascular volume. COX metabolites have been shown to exert important physi-

ologic functions in maintenance of renal blood flow, mediation of renin release, and

regulation of sodium excretion. In addition to physiologic regulation of COX

expression in the kidney, increases in COX expression are also seen in a variety

of inflammatory renal injuries, and COX metabolites may serve as mediators of

inflammatory injury in renal disease. A common factor in many forms of renal

disease is increased production of reactive oxygen species (ROS), and prostanoids

have been shown to modulate ROS in various renal diseases. In addition, increased

cyclooxygenase activity may itself serve as a source of free radical production.

Keywords COX � Free radical � Prostaglandin � Thromboxane

1 Introduction

In the mammalian kidney, prostaglandins are important mediators of physiologic

processes, including modulation of vascular tone and salt and water. Prostaglandins

arise from enzymatic metabolism of free arachidonic acid, which is cleaved from

membrane phospholipids by phospholipase A2 activity. The cyclooxygenase enzyme

system is the major pathway for metabolism of arachidonic acid in the kidney.
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Cyclooxygenases (COX, prostaglandin synthases G2/H2) are the enzymes responsible

for the initial conversion of arachidonic acid to prostaglandin G2 and subsequently to

prostaglandin H2, which serves as the precursor for subsequent metabolism by

prostaglandin and thromboxane synthases (Fig. 1).

Two COX isoforms exist in mammals: “constitutive” COX-1 and inflammatory-

mediated and glucocorticoid-sensitive COX-2. COX-2 expression is highly regu-

lated at the level of transcription, mRNA export from the nucleus, message stabil-

ity, and translational efficiency [1, 2], thereby controlling the expression of COX-

2 in response to many of the same cellular stresses that activate arachidonate release

(e.g., cell volume changes, shear stress, hypoxia, oxidative stress), as well as in

response to a wide range of pro-inflammatory cytokines and growth factors [3, 4].

In many cases, COX-2 gene transcription is mediated by activation of consensus

sequences in the 5’ flanking region of the COX-2 gene for nuclear factor kB
(NFkB), and nuclear factor interleukin (IL) 6/C-EBP and a cyclic adenosine

monophosphate (AMP) response element (CRE) [5]. For example, induction of

COX-2 mRNA transcription by endotoxin (lipopolysaccharide) involve CRE

sites [6] and NFkB sites [7]. Other pathways for transcriptional regulation of

COX-2 have also been described. Suppression of COX-2 expression and prosta-

glandin synthesis by glucocorticoids represents an additional important mechanism

of regulation and appears to be an important mechanism underlying the anti-

inflammatory effects of glucocorticoids.

Fig. 1 The arachidonic acid cascade. Either COX-1 or COX-2 convert arachidonic acid (AA) to

the common precursor, PGH2, which is then acted upon by specific synthetases to produce the

different prostaglandins (PGs) and thromboxane A2 (TxA2)
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2 Cyclooxygenase Distribution in the Kidney

COX-1 is expressed in normal adult mammalian kidney in vasculature, glomerular

mesangial cells, and collecting duct, while COX-2 expression is highest in the

macula densa (MD) and adjacent cortical thick ascending limb (cTAL) in the cortex

and in lipid-laden medullary interstitial cells in the medulla [8]. Lower levels of

expression are also detected under basal conditions in podocytes, mesangial cells,

and renal arterioles in some species, including humans [9] (Fig. 2).

In the mammalian kidney, the macula densa is involved in regulating renin

release and afferent arteriolar tone (via tubuloglomerular feedback). COX-2 expres-

sion in the macula densa increases in response to a low salt diet (Fig. 3), and COX-

2 derived prostanoids in the macula densa are mediators of renin expression and

release [10–12]. Administration of nonspecific cyclooxygenase inhibitors or selec-

tive COX-2 inhibitors prevents the increases in renin release mediated by macula

densa sensing of decreases in luminal NaCl. Induction of a high renin state by

imposition of a salt deficient diet, ACE inhibition, diuretic administration, or

experimental renovascular hypertension all significantly increase macula densa

COX-2 expression [13–17].

Macula densa COX-2 expression is modulated by components of the renin-

angiotensin system, with both positive and negative feedback mechanisms. In vivo

studies indicate that angiotensin II, through AT1 receptors, inhibits macula densa

COX-2 expression. ACE inhibitors or angiotensin receptor blockers (ARBs) increase

cortical COX-2 mRNA and immunoreactive protein [14]. In adult wild type mice

on a control diet, minimal renal cortical COX-2 immunoreactive protein was

detected, while in AT1R knockout mice (Agtr1a-/-; Agtr1b-/-), abundant COX-2

Fig. 2 Localization of expression of cyclooxygenases in the adult mammalian kidney

3 Cyclooxygenase in the Kidney and Oxidative Stress 53



immunoreactivity was observed in the macula densa [14]. Furthermore, chronic

administration of either hypertensive or nonhypertensive concentrations of angioten-

sin II inhibits macula densa COX-2 expression, indicating a direct inhibition of

enzyme expression through AT1 receptors [18], which have been shown to be present

in macula densa cells [19]. In addition to COX-2 inhibition by AT1 receptor activa-

tion, angiotensin II can also stimulate macula densa COX-2 expression via AT2

receptor signaling, although the AT2-mediated effects are only detected in the

presence of AT1 inhibition, suggesting that under physiologic conditions, the AT1-

mediated inhibitory effects predominate [18]. In addition, the macula densa expresses

prorenin receptors, and transgenic rats overexpressing the prorenin receptor have

increased macula densa COX-2 expression and hyperfiltration [20, 21].

In addition to renal cortex, COX-2 is expressed in the renal medulla, with the

greatest concentrations found in the medullary interstitial cells. Although salt

loading downregulates COX-2 expression in renal cortex, it upregulates COX-2

expression in renal medulla (see Fig. 3) [13, 22], and COX-2-derived prostanoids

inhibit medullary salt and water reabsorption. In experimental animals, systemic or

selective medullary COX-2 inhibition leads to sodium retention [23, 24]. COX-2-

derived prostanoids also inhibit vasopressin-mediated water reabsorption.

Fig. 3 Regulation of COX-2 expression in the kidney. In the cortex, a sodium deficient diet

increases COX-2 expression in the macula densa, while in the inner medulla, high salt increases

COX-2 expression in the medullary interstitial cells
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Furthermor, in lithium-induced nephrogenic diabetes insipidus, lithium-induced

decreases in GSK-3b activity lead to increased renal COX-2 expression and

COX-2-derived urine PGE2 excretion, and suppression of COX-2 activity blunts

lithium-associated polyuria [25]. PGE2 synthesis is also altered in central

diabetes insipidus. Recent studies have indicated that mice with genetic deletion

of the PGE2 receptor subtype EP1 have a urinary concentrating defect secondary

to decreased hypothalamic vasopressin release, indicating that neurally derived

PGE2 may mediate vasopressin synthesis and release in response to water

deprivation [26].

3 Potential Roles of Cyclooxygenases in Kidney Injury

COX-2 expression increases in a number of animal models of renal disease, as well

as human disease. These include anti-Thy-1 glomerulonephritis [27], Heymann

nephritis [28], reflux nephropathy [29], lupus nephritis [30, 31], anti-glomerular

basement membrane (GBM)–induced experimental nephritis [32], chronic heart

failure [33], and hypertension [33, 34].

COX-derived arachidonic acid metabolites mediate altered renal hemodynamic

function in response to inflammatory renal diseases, and studies have indicated that

cyclooxygenase metabolites may also be mediators of altered renal function seen

in models of diabetes and high protein feeding [35, 36]. Macula densa COX-2

expression is increased in models of hyperfiltration, such as a high protein diet,

remnant kidney, and diabetes, and COX-2 inhibition decreases hyperfiltration

[35, 36]. The prostanoids involved have not yet been completely characterized,

although it is presumed that vasodilatory prostaglandins are involved in mediation

of the altered renal hemodynamics.

In addition to hemodynamic effects, COX-2 inhibitors decrease proteinuria and

inhibit development of glomerular sclerosis in the remnant kidney model (Fig. 4)

and in experimental diabetes [37–39]. COX-2 inhibition was also found to slow

progression in the Han rat model of polycystic kidney disease [40].

Increased podocyte COX-2 expression is seen in rats after renal ablation and

Thy-1 nephritis and in cultured murine podocytes in response to mechanical stress

[38, 41, 42]. Komers et al. detected podocyte COX-2 expression in rats with

streptozotocin-induced diabetes [35]. Recent studies in transgenic mice selectively

overexpressing COX-2 in podocytes have indicated increased albuminuria and

glomerular injury [43]. In cultured podocytes, mechanical stress–induced COX-2

and EP4 mRNA/protein expression through a p38 MAP kinase pathway and PGE2

stimulation of stretched cells resulted in a dramatic loss of actin stress fiber organi-

zation [44]. When COX-2 activity was inhibited by selective COX-2 inhibitors,

proteinuria and progressive renal injury were significantly decreased [45–49].
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4 Glomerular Inflammatory Injury

Cyclooxygenase metabolites have been implicated in functional and structural

alterations in glomerular and tubulointerstitial inflammatory diseases [50]. Essen-

tial fatty acid deficiency totally prevents the structural and functional consequences

of administration of nephrotoxic serum (NTS) to rats, an experimental model of

anti-GBM glomerulonephritis [51]. Changes in arteriolar tone during the course of

this inflammatory lesion are mediated principally by locally released COX and

lipoxygenase (LO) metabolites of arachidonic acid (AA) [51].

Thromboxane A2 (TxA2) release appears to play an essential role in mediating

the increased renovascular resistance observed during the early phase of this

disease [52]. Subsequently, increasing rates of PGE2 generation may account for

Fig. 4 Effect of COX-2 inhibition on progressive renal damage. In rats subjected to subtotal renal
ablation, the highly selective COX-2 inhibitor (SC58236) decreased proteinuria and glomerulo-

sclerosis
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progressive dilation of renal arterioles and increases in renal blood flow at later

stages of the disease. Consistent with this hypothesis, TxA2 antagonism ameliorated

the drop in renal blood flow (RBF) and glomerular filtration rate (GFR) at 2 h post-

NTS administration, but not at 1 day. During the later, heterologous, phase of NTS,

COX metabolites mediate both the renal vasodilation as well as the reduction in

ultrafiltration coefficient (Kf) that characterize this phase [51]. The net functional

result of COX inhibition during this phase of experimental glomerulonephritis,

therefore, would depend on the relative importance of renal perfusion vs. the

preservation of Kf for the maintenance of GFR. Evidence also indicates that COX

metabolites are mediators of pathologic lesions and the accompanying proteinuria

in this model [52]. COX-2 expression in the kidney increases in experimental anti-

GBM glomerulonephritis [32, 41] and after systemic administration of lipopoly-

saccharide [53].

A beneficial effect of fish oil diets (enriched in eicosapenataenoic acid), with an

accompanying reduction in the generation of COX products, has been demonstrated

in genetic murine lupus (MRL-lpr mice). In subsequent studies, enhanced renal TxA2

and PGE2 generation was demonstrated in this model, as well as in NZB mice,

another genetic model of lupus [52]. In addition, studies in humans demonstrated an

inverse relation between TxA2 biosynthesis and glomerular filtration rate and

improvement of renal function following short-term therapy with a thromboxane

receptor antagonist in patients with lupus nephritis [52]. More recently, studies have

indicated that in humans, as well as NZBmice, COX-2 expression was upregulated in

patients with active lupus nephritis, with colocalization to infiltrating monocytes,

suggesting that monocytes infiltrating the glomeruli contribute to the exaggerated

local synthesis of TxA2 [30, 31]. COX-2 inhibition selectively decreased thrombox-

ane production, and chronic treatment of NZB mice with a COX-2 inhibitor, and

mycophenolate mofetil significantly prolonged survival [30]. Taken together, these

data, as well as others from animal and human studies, support a major role for the

intrarenal generation of TxA2 in mediating renal vasoconstriction during inflamma-

tory and lupus-associated glomerular injury.

The demonstration of a functionally significant role for COX metabolites

in experimental and human inflammatory glomerular injury has raised the question

of the cellular sources of these eicosanoids in the glomerulus. In addition to

infiltrating inflammatory cells, resident glomerular macrophages, glomerular

mesangial cells, and glomerular epithelial cells represent likely sources for eicosa-

noid generation. In the anti-Thy1.1 model of mesangioproliferative glomerulone-

phritis, COX-1 staining was transiently increased in diseased glomeruli at day 6 and

was localized mainly to proliferating mesangial cells. COX-2 expression in the

macula densa region also transiently increased at day 6 [54, 55]. Glomerular COX-2

expression in this model has been controversial, with one group reporting increased

podocyte COX-2 expression [41] and two other groups reporting minimal, if any,

glomerular COX-2 expression [54, 55]. However, it is of interest that selective

COX-2 inhibitors have been reported to inhibit glomerular repair in the anti-Thy1.1

model [55]. In both anti-Thy1.1 and anti-GBM models of glomerulonephritis, the

nonselective COX inhibitor, indomethacin, increased monocyte chemoattractant
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protein-1 (MCP-1), suggesting that prostaglandins may repress recruitment of

monocytes/macrophages in experimental glomerulonephritis [56].

A variety of cytokines have been reported to stimulate PGE2 synthesis and

COX-2 expression in cultured mesangial cells. Furthermore, complementary com-

ponents, in particular C5b-9, which are known to be involved in the inflammatory

models described above, have been implicated in the stimulation of PGE2 synthesis

in glomerular epithelial cells. Cultured glomerular epithelial cells predominantly

express COX-1, but exposure to C5b-9 significantly increased COX-2 expression

[52].

5 Glomerular Noninflammatory Injury

Studies have suggested that prostanoids may also mediate altered renal function and

glomerular damage following subtotal renal ablation, and glomerular prostaglandin

production may be altered in such conditions. Glomeruli from remnant kidneys, as

well as animals fed a high protein diet, have increased prostanoid production [52].

These studies suggested an increase in cyclooxygenase enzyme activity per se

rather than, or in addition to, increased substrate availability, since increases in

prostanoid production were noted when excess exogenous arachidonic acid was

added.

Following subtotal renal ablation, there are selective increases in renal cortical

and glomerular COX-2 mRNA and immunoreactive protein expression, without

significant alterations in COX-1 expression [38]. This increased COX-2 expression

was most prominent in the macula densa and surrounding cortical thick ascending

limb of Henle (cTALH). In addition, COX-2 immunoreactivity was also present in

podocytes of remnant glomeruli, and increased prostaglandin production in isolated

glomeruli from remnant kidneys was inhibited by a COX-2 selective inhibitor but

was not by a COX-1 selective inhibitor [38]. Of interest, Weichert et al. have reported

that in the fawn-hooded rat, which develops spontaneous glomerulosclerosis,

there is increased cTALH/macula densa COX-2 and neuronal nitric oxide synthase

(nNOS) and juxtaglomerular cell renin expression preceding development of

sclerotic lesions [34].

When given 24 h after subtotal renal ablation, a nonselective nonsteroidal

anti-inflammatory drug (NSAID), indomethacin, normalized increases in renal

blood flow and single nephron GFR; similar decreases in hyperfiltration were

noted when indomethacin was given acutely to rats 14 days after subtotal nephrec-

tomy, although in this latter study, the increased glomerular capillary pressure

(PGC) was not altered because both afferent and efferent arteriolar resistances

increased [52]. Previous studies have also suggested that nonselective cyclooxy-

genase inhibitors may acutely decrease hyperfiltration in diabetes and inhibit

proteinuria or structural injury [52]; more recent studies have indicated selective

COX-2 inhibitors will decrease the hyperfiltration seen in experimental diabetes or

increased dietary protein [35, 57]. Of note, both nonselective NSAIDs and selective
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COX-2 inhibitors have also been reported to be effective in reducing proteinuria

in patients with nephrotic syndrome [52, 58].

Administration of COX-2 selective inhibitors decreased proteinuria and

inhibited development of glomerular sclerosis in rats with reduced functioning

renal mass (see Fig. 4) [45, 59]. In addition, COX-2 inhibition decreased mRNA

expression of tumor growth factor (TGF)-b1 and types III and IV collagen in the

remnant kidney [45]. Similar protection was observed with administration of

nitroflurbiprofen (NOF), a nitric oxide (NO)–releasing NSAID without gastrointes-

tinal toxicity [60]. Prior studies have also demonstrated that thromboxane synthase

inhibitors retarded progression of glomerulosclerosis, with decreased proteinuria

and glomerulosclerosis in rats with remnant kidneys and in diabetic nephropathy, in

association with increased renal prostacyclin production and lower systolic blood

pressure [61]. Studies in models of type 1 and type 2 diabetes have indicated that

COX-2 selective inhibitors retarded progression of diabetic nephropathy [37, 62].

Schmitz et al. confirmed increases in thromboxane excretion in the remnant kidney

and correlated decreased arachidonic and linoleic acid levels with increased throm-

boxane production, since the thromboxane synthase inhibitor U63557A restored

fatty acid levels and retarded progressive glomerular destruction [61].

Enhanced glomerular synthesis and urinary excretion of both PGE2 and TxA2

have been demonstrated in passive Heymann nephritis (PHN) and adriamycin-

induced glomerulopathies in rats. Both COX-1 and COX-2 expression are increased

in glomeruli with PHN [63]. Both thromboxane synthase inhibitors and selective

COX-2 inhibitors also decreased proteinuria in PHN [52]. As noted, transgenic

mice selectively overexpressing COX-2 in podocytes have indicated increased

albuminuria and glomerular injury [43], and more recent studies have indicated

an important role for thromboxane A2 to mediate the injury [64]. In addition, PGE2

has also been implicated in podocyte injury [44], which is of interest since Stra l3, a
PGE2-induced gene, has been shown to be a regulator of the redox state of

podocytes [65].

In contrast to the putative deleterious effects of TxA2, the prostacyclin analogue

cicaprost retarded renal damage in uninephrectomized dogs fed a high sodium and

high protein diet, an effect that was not mediated by amelioration of systemic

hypertension [66].

Prostanoids have also been shown to alter extracellular matrix production

by mesangial cells in culture. TxA2 stimulates matrix production by both TGF-

b-dependent and -independent pathways [67]. PGE2 has been reported to decrease

steady state mRNA levels of alpha 1(I) and alpha 1(III) procollagens, but not alpha

1(IV) procollagen and fibronectin mRNA, and to reduce secretion of all studied

collagen types into the cell culture supernatants. Of interest, this effect did not

appear to be mediated by cyclic adenosine monophosphate (cAMP) [68]. PGE2 has

also been reported to increase production of matrix metalloproteinase-2 (MMP-2)

and to mediate angiotensin II-induced increases in MMP-2 [69]. Whether vasodi-

latory prostaglandins mediate decreased fibrillar collagen production and increased

matrix degrading activity in glomeruli in vivo has not yet been studied; however,

there is compelling evidence in nonrenal cells that prostanoids may either mediate
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or modulate matrix production [70]. PGE2 derived from COX-2 has also been

shown to decrease platelet-derived growth factor (PDGF)-mediated mesangial

cell proliferation by inhibiting production of reactive oxygen species [71].

6 COX-2 in Hypertension

COX-2-derived PGE2 can decrease angiotensin II-mediated hypertension by

inhibiting nicotinamide adenine dinucleotide phosphate (NADPH)-mediated pro-

duction of ROS [72], while in a high salt/elevated aldosterone model of hyperten-

sion, COX-2 inhibitors exacerbate hypertension [73]. COX-2 inhibition elevates

blood pressure in both SHR and WKY rats on a high salt diet, but not in rats on low

salt intake, indicating that the hypertension induced by COX-2 inhibition can occur

independently of a genetic predisposition to hypertension and can be prevented by

salt deprivation [74]. In animals on a high salt diet, selective medullary infusion of

COX-2 inhibitors will also induce hypertension [24].

The mechanisms underlying upregulation of medullary COX-2 expression in

response to volume expansion are probably mutifactorial. There is clear evidence

that increased medullary tonicity increases medullary COX-2 expression. Different

studies have indicated that a role for NFkB [75], epidermal growth factor receptor

(EGFR) transactivation [76], and mitochondrial-generated ROS [77]. Whether

these represent parallel pathways or are all interrelated is not yet clear; however,

it should be noted that the described EGFR transactivation is mediated by cleavage

of the EGFR ligand, TGF-a by ADAM17 (TACE), which is known to be activated

by src, which can be activated by ROS. In addition to medullary COX-2, cortical

COX-2 expression increases in salt sensitive hypertension, especially in the glo-

merulus and is inhibited by either the superoxide dismutase mimetic, 4-hydroxy-

2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPOL), or an ARB [78].

7 Acute Kidney Injury (AKI)

Acute kidney injury in response to sepsis or accompanying acute administration

of endotoxin is characterized by progressive reductions in RBF and GFR, even in

the absence of hypotension. Renal histology in such animals is normal, but cortical

generation of COX metabolites is markedly elevated. Both medullary and cortical

COX-2 expression have been shown to increase in a model of sepsis. This increase

appeared to be mediated by activation of Toll-like receptor 4 (TLR4), and in

TLR4-/- mice, juxtaglomerular apparatus renin expression was absent [79].

A number of reports have provided evidence for a role for TxA2-induced renal

vasoconstriction in this model of renal dysfunction [80].

In contrast, COX-2 expression decreases in the kidney in response to acute

ischemic injury [81]. There is some controversy about the role of cyclooxygenase
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products in ischemia-reperfusion injury. Roles for prostaglandins and TxA2 in

modulating or mediating renal injury have been suggested in ischemia/reperfusion

[82] and in models of toxin-mediated acute tubular injury, including those induced

by uranyl nitrate [83], amphotericin B [84], aminoglycosides [85], and glycerol

[86]. Furthermore, fibrosis resulting from prolonged ischemic injury has been

shown to be ameliorated by nonspecific COX inhibition [87]. In contrast, renal

injury in response to ischemia reperfusion is worsened by COX-2 selective inhibi-

tors or in COX-2-/- mice [88], and administration of vasodilator prostaglandins has

been shown to ameliorate injury [89], possibly through a PPARd-dependent mech-

anism [90].

8 Urinary Tract Obstruction

Following induction of chronic (more than 24 h) ureteral obstruction, renal

prostaglandin and TxA2 synthesis is markedly enhanced, particularly in response

to stimuli such as endotoxin or bradykinin. Enhanced prostanoid synthesis likely

arises from infiltrating mononuclear cells, proliferating fibroblast-like cells, inter-

stitial macrophages, and interstitial medullary cells. Considerable evidence, derived

from studies utilizing specific enzyme inhibitors, suggests a causal relationship

between increased renal generation of TxA2 and the intense vasoconstriction that

characterizes the hydronephrotic or postobstructed kidney [50]. In this sense,

therefore, hydronephrotic injury can be regarded as a form of subacute inflamma-

tory insult in which intrarenal eicosanoid generation from infiltrating leukocytes

contributes to the pathophysiologic process. Finally, TxA2 has been implicated in

the resetting of the tubuloglomerular feedback mechanism observed in hydrone-

phrotic kidneys [91]. Recent studies have also suggested that selective COX-2

inhibitors may prevent renal damage in response to unilateral ureteral obstruction

[92, 93].

9 Diabetes Mellitus

In the streptozotocin-induced model of diabetes in rats, COX-2 expression is

increased in the macula densa region [35, 37]. COX-2 immunoreactivity has also

been detected in the macula densa region in human diabetic nephropathy [33].

Studies suggest that vasodilator prostanoids, PGI2 and PGE2, play an important

role in the hyperfiltration seen early in diabetes mellitus [94]. In streptozotocin-

induced diabetes in rats, previous studies indicated that nonselective cyclooxygen-

ase inhibitors acutely decrease hyperfiltration in diabetes and inhibit proteinuria

or structural injury [95], and more recent studies have also indicated that

acute administration of a selective COX-2 inhibitor decreased hyperfiltration [35].

The increased COX-2 expression appears to be mediated at least in part by increased
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ROS production in diabetes, since the superoxide dismutase analogue TEMPOL

blocks the increased expression [96]. At least in cultured mesangial cells, the ROS

that mediate increased COX-2 expression in response to high glucose are derived

from the mitochondria [97].

Chronic administration of a selective COX-2 inhibitor significantly decreased

proteinuria and reduced extracellular matrix deposition, as indicated by decreases in

immunoreactive fibronectin expression and in mesangial matrix expansion.

In addition, COX-2 inhibition reduced expression of TGF-b, PAI-1, and vascular

endothelial growth factor in the kidneys of the diabetic hypertensive animals [37].

TxA2 may play a role in the development of albuminuria and basement membrane

changes with diabetic nephropathy. In addition, administration of a selective PGE2

EP1 receptor antagonist prevented development of experimental diabetic nephropa-

thy [98]. In contrast to the proposed detrimental effects of these “vasoconstrictor”

prostanoids, administration of a prostacyclin analogue decreased hyperfiltration

and reduced macrophage infiltration in early diabetic nephropathy by increasing

eNOS expression in afferent arterioles and glomerular capillaries [99].

10 Role of Reactive Oxygen Species as Mediators

of COX-2 Actions

In addition to NADPH oxidase, nitric oxide synthase, and xanthine oxidase, COX-2

can also be a source of oxygen radicals [100]. COX-2 enzymatic activity is

commonly accompanied by associated oxidative mechanisms (co-oxidation) and

free radical production [101]. The catalytic activity of cyclooxygenase consists of a

series of radical reactions that use molecular oxygen and generate intermediate

ROS [102]. Elevated levels of COX-2 protein are associated with increased ROS

production and apoptosis in cultured renal cortical cells [103] and human mesangial

cells [97]. It has been recently suggested that COX-2–mediated lipid peroxidation,

rather than prostaglandins, can induce DNA damage via adduct formation [104].

A COX-2 specific inhibitor, NS-398, was able to reduce the oxidative activity, with

prevention of oxidant stress [105].

In addition to ROS generated by cyclooxygenase per se, prostanoids may also

activate intracellular pathways that generate ROS. Locally generated ROS

may damage cell membranes, leading to lipid peroxidation and release of arachi-

donic acid. Prostanoids released during inflammatory reactions cause rapid degen-

erative changes in some cultured cells, and their potential cytotoxic effect

has been suggested to occur by accelerating intracellular oxidative stress [106].

Thromboxane [107] and PGE2 acting through the EP1 receptor [108] have been

reported to induce NADPH oxidase and ROS production. Of interest, PGE2 acting

through the EP4 receptor inhibits macrophage oxidase activity [72, 109]. As men-

tioned previously, there is also evidence for cross-talk between COX-2 and ROS,

such that ROS may induce COX-2 expression [104]. Interestingly, during aging

there is ROS-mediated NFkB expression, which increases COX-2 expression in the
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kidney [110]. Furthermore, this appears to induce a vicious cycle, since COX-2 then

serves as a source of ROS. The amount of renal ROS resulting from COX activity

increases with age, such that up to 25% of total kidney ROS production in aged rat

kidneys is inhibited by NSAID administration.

11 Nonenzymatic Metabolism of Arachidonic Acid

It has long been recognized that oxidant injury can result in peroxidation of lipids.

In 1990, Morrow and Roberts reported that a series of prostaglandin-like com-

pounds could be produced by free radical catalyzed peroxidation of arachidonic

acid that is independent of cyclooxygenase activity [111]. These compounds, which

are termed “isoprostanes,” are increasingly utilized as a sensitive marker of oxidant

injury in vitro and in vivo [112]. In addition, at least two of these compounds,

8-iso-PGF2a (15-F2-isoprostane) and 8-iso-PGE2 (15-E2-isoprostane), are potent

vasoconstrictors when administered exogenously [113]. It has been shown that

8-iso-PGF2a will constrict the renal microvasculature and decrease GFR, an effect

that is prevented by thromboxane receptor antagonism [114]. However, the role of

endogenous isoprostanes as mediators of biologic responses remains unclear.

12 Conclusion

In summary, cyclooxygenase-derived prostanoids play important physiologic roles

in the normal kidney but may also be mediators of inflammatory injury in renal

disease. A common factor in many forms of renal disease is increased production of

reactive oxygen species, and prostanoids have been shown to modulate ROS in

various renal diseases. In addition, increased cyclooxygenase activity may itself

serve as a source of free radical production.
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Chapter 4

Renin-Angiotensin System in the Kidney

and Oxidative Stress: Local

Renin-Angiotensin-Aldosterone System

and NADPH Oxidase-Dependent

Oxidative Stress in the Kidney

Hideyasu Kiyomoto, Hiroyuki Kobori, and Akira Nishiyama

Abstract The renin-angiotensin system (RAS) plays an important role in the

pathogenesis of renal diseases. All of the RAS components can be found in the

kidney, and intrarenal angiotensin II (AngII) is formed by multiple independent

mechanisms. There is also increasing evidence implicating aldosterone as an

important factor besides AngII in the pathogenesis of renal diseases. Therefore,

we should include aldosterone as one of the key components of the renin-angioten-

sin-aldosterone system (RAAS) when trying to understand how renal diseases are

induced and augmented and, in turn, how they can be suppressed. Although

multiple pathways are involved in the RAAS-dependent renal injury, there is

increasing evidence supporting the roles of reactive oxygen species (ROS), which

contribute to renal functional aberrations and pro-inflammatory or pro-fibrotic

tissue damages. Animal studies have shown that AngII- and aldosterone-dependent

renal injury is associated with increased ROS production and nicotinamide adenine

dinucleotide phosphate (NADPH) oxidase activity. Furthermore, preclinical and

clinical studies have indicated that the reno-protective effects of RAAS inhibitors

are associated with their antioxidative effects. In this chapter, we will briefly

summarize our current understanding of the role of ROS in mediating RAAS-

dependent renal injury with special emphasis on the role of NADPH oxidase.
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1 Introduction

Angiotensin II (AngII) is the most powerful and biologically active product of the

renin-angiotensin system (RAS), which regulates renal hemodynamics and func-

tions [1, 2]. AngII exerts substantial direct effects on the renal microvasculature and

glomerular mesangium by constricting vascular smooth muscle cells and mesangial

cells [3–6]. Intrarenal AngII also regulates renal hemodynamics by modulating the

sensitivity of the tubuloglomerular feedback mechanisms [7–9]. The roles of AngII

in regulating sodium transport by renal epithelial cells are also well documented

[10–14]. High intrarenal AngII levels contribute to salt and water retention through

direct actions on renal tubular transport function when it is inappropriately stimu-

lated [12, 15–17]. AngII also stimulates the zona glomerulosa of the adrenal cortex

to produce the sodium-retaining hormone aldosterone. Aldosterone stimulates ionic

transport in the principal cells by increasing the number of open sodium and

potassium channels in the luminal membrane and the activity of the Na+/K+-

ATPase pump in the basolateral membrane [18–20]. These effects of aldosterone

are mediated through mineralocorticoid receptors (MRs). Thus, aldosterone pro-

motes sodium chloride reabsorption and potassium secretion in the principal cells

of the cortical collecting tubular segment of the nephron via activation of

MR. Arima et al. showed that aldosterone constricts afferent and efferent arterioles,

eliciting greater vasoconstriction in the efferent arteriole than in the afferent arteri-

ole [21, 22]. However, there is still no evidence for the specific role of aldosterone

in the regulation of renal hemodynamics.

In addition to their physiological roles, AngII and aldosterone induce tissue

inflammation, cell growth, migration, apoptosis, and differentiation by regulating

the gene expression of many bioactive substances and activating multiple intracel-

lular signaling pathways [23, 24]. Among these pathways, reactive oxygen species

(ROS) act as important mediators for AngII- and aldosterone-induced renal injury

[1, 25–30]. In the kidney, ROS are necessary for normal physiologic processes and

signal transduction systems, which include the development of nephrons, erythro-

poiesis, and the regulation of tubular transport and hemodynamics [1, 2]. However,

the loss of redox homeostasis forms excessive ROS, which activate pro-inflamma-

tory and pro-fibrotic pathways, leading to the impaired renal function and renal cell

injury [1, 25, 27, 29]. In addition to their direct actions, ROS also induce the above

effects by impairing nitric oxide (NO) bioactivity [23, 31–33].

In this chapter, we will briefly review the recent findings related to the regulation

of the intrarenal renin-angiotensin-aldosterone system (RAAS) and the role of ROS

in mediating RAAS-dependent renal injury, with particular emphasis on the role of

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase. Blockade of the

RAAS to target ROS will be reviewed elsewhere in this book and will not be

discussed in detail in this chapter.
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2 Regulation of Circulating RAAS and Its Role

The “classic” RAAS was discovered as a unique endocrine system and is predomi-

nantly regulated by the activity of renin secreted from the juxtaglomerular appara-

tus (JGA) on the afferent arterioles of the kidney [1, 2]. On release into the

circulation, renin cleaves angiotensinogen (AGT) at the N-terminus to form the

decapeptide angiotensin I (AngI) [1]. AGT is mainly formed and constitutively

secreted by hepatic cells. As shown in Fig. 1, the circulating concentrations of AGT

is very high, more than 1,000 times greater than the plasma levels of AngI and

AngII in anesthetized rats [34–36]. Thus, although some species variation exists,

changes in plasma renin activity mainly determine the rate of AngI formation in the

plasma from the huge stores of circulating AGT. AngI is easily converted to AngII,

not only via the circulating angiotensin converting enzyme (ACE), but also because

of the ubiquitous expression of ACE in endothelial cells in most vascular beds,

including the lung [37]. Circulating AngII causes peripheral vasoconstriction and

tubular sodium reabsorption, and it stimulates aldosterone production in the adrenal

gland [1, 2].

AGT
500-600 nmol/L

Ang I
50-150 pmol/L

Ang II
50-100 pmol/L

renin prorenin

Ang 1-7

endopeptidases

ACE
Chymase

endopeptidases
ACE2

Trypsin
Kallikrein
Cathepsin G
Tissue plasminogen activator
etc.

tPA
Cathepsin G
etc.

Ang 1-9ACE2

ACE

Aldosterone

Fig. 1 Brief scheme of the circulating RAAS. The representative plasma concentrations of AGT,

AngI, and AngII in anesthetized rats are shown
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3 Intrarenal RAAS

The RAS and RAAS have been suggested to be endocrine, paracrine, autocrine, and

intracrine systems [38]. Substantial evidence has demonstrated that the local for-

mation of AngII is of major significance in the regulation of AngII levels in the

kidney [39–41]. It has been suggested that aldosterone is also produced in renal

cells [42–44]. Thus, the local RAAS plays an important role in regulating renal

function, but contributes to deranged renal function and tissue injury when it is

inappropriately activated [31, 45].

3.1 Regulation of Intrarenal AngII and Aldosterone Levels

Locally produced AngII in the kidney plays an important role in the regulation

of renal function, and when inappropriately activated, it contributes to the progres-

sion of renal injury by inducting cell activities such as inflammation, cell growth,

mitogenesis, apoptosis, migration, and differentiation by activating multiple intra-

cellular signaling pathways [23, 24, 46, 47]. Renal tissue AngII levels are much

greater than can be explained by the concentrations delivered by the arterial blood

flow [35, 36, 48]. The kidney has all of the RAS components with compartmentali-

zation in the tubular and interstitial networks and intracellular accumulation.

Although most of the circulating AGT is produced and secreted by the liver,

AGT is also produced in the kidney [41, 49–51]. In the kidney, AGT is predomi-

nantly localized in proximal tubules, but it is also expressed in other renal cells,

including glomerular endothelial cells, mesangial cells, podocytes, and distal

convoluted tubules [1, 25, 29]. In normal conditions, circulating AGT cannot

cross the glomerular membrane [52], suggesting that intrarenally produced AngII

originates from AGT produced in the kidney. Chronically infusing normal rats with

AngII significantly increased intrarenal AGT levels, which was associated with

increased renal AngII content but not with plasma AngII levels [52], indicating that

intrarenal AGT is an important factor for determining AngII levels in the kidney. It

is also suggested that intrarenal AngII positively increases local AGT levels. Recent

studies have suggested that AngII increased intrarenal AGT levels through ROS

production, as described below.

Renin that is secreted by the JGA cells and delivered to the renal interstitium

provides a pathway for local generation of AngI [53, 54]. Renin is also expressed in

cells in the glomeruli and tubular segments [1, 55]. It is well established that AngII

negatively decreases renin expression and secretion from the JGA [56–58]. How-

ever, renin expression is significantly increased in the connecting ducts and the

collecting tubules of AngII-infused hypertensive rats [55]. Thus, it is possible that

increased distal nephron renin associated with increased proximal tubular AGT

contributes to elevated and sustained intratubular AngI and AngII formation during

the development of AngII-dependent hypertension. In addition to the enzymatic

action to cleave AGT, renin and prorenin also exert direct effects on AngII
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generation by binding to the (pro)renin receptor [59]. The existence of the (pro)

renin receptor in the kidney suggests the potential for local generation of AngII

[60, 61]. Ichihara et al. demonstrated that blocking the (pro)renin receptor with

handle region peptide prevents the augmentation of internal AngII levels and renal

injury in diabetic rats [62]. These data suggest that (pro)renin receptor-dependent

intrarenal AngII generation contributes to the development of diabetic nephropathy.

Interestingly, the stimulation of the (pro)renin receptor by renin and prorenin

directly activates intracellular signal transduction through AngII-independent

mechanisms [59, 60, 63]. However, it is still unclear how intimately the AngII-

dependent and -independent effects of (pro)renin receptors are involved in the

pathogenesis of renal injury.

In the rodent kidney, ACE is abundantly expressed on vascular endothelial cells

and on various renal cells, including the brush border membranes of proximal

tubules, and rapidly converts AngI into AngII [64–67]. ACE also converts Ang1-9

to Ang1-7 (see Fig. 1). However, vascular endothelial cells in normal human kidneys

express very low levels of ACE [68]. AngI is also converted into AngII by chymase,

a chymotrypsin-like serine protease [69]. Chymase is inactivated in plasma

because abundant chymase inhibitors, including serine protease inhibitors, are

mostly contained in the blood, indicating that chymase is only enzymatically

active in local tissues [70]. Since rodents have less chymase activity than humans,

there are fewer experimental data on the role of chymase in AngII formation within

the kidney [71]. Another carboxypeptidase, ACE2, converts AngI into Ang1-9 and

AngII into Ang1-7 [1] (see Fig. 1). Therefore, it is possible that ACE2 negatively

regulates ACE-dependent AngII formation by stimulating an alternative pathway

for AngI degradation. It has been reported that the administration of Ang1-7

decreased NADPH oxidase activity and ameliorated proteinuria in diabetic and

hypertensive rats [1].

3.2 AngII Receptors and MR in the Kidney

Intrarenal AngII levels are much higher than can be explained by the circulating

concentrations of AngII, which is not distributed in a homogeneous manner but

is compartmentalized in tubular fluid, interstitial fluid, and intracellular compart-

ments [1, 17, 35, 36, 51, 72]. Some AngII is internalized via AngII receptors

type 1 (AT1R)-mediated endocytosis [73, 74]. Studies have indicated that inter-

nalized AngII is relatively protected from peptidase-induced degradation and

activates intracellular signal transduction through intracellular AT1R [47, 75].

Furthermore, intracellular AngII also binds to nuclear receptors [15, 74, 75].

Because AngII stimulates AGT and renin expression in proximal tubules and distal

nephrons, respectively [54, 76], it is possible that intracellular AngII may exert

genomic effects to regulate AGT or renin mRNA expression. It has also been

suggested that intracellular AngII is recycled and secreted by binding to AngII

receptors on the cell membrane to mediate its subsequent effects [14, 51, 77].
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Two major categories of AngII receptors, AT1R and type 2 (AT2R), have been

pharmacologically characterized and cloned [78–80]. The AT1R is widely

expressed in proximal tubules, the thick ascending limb of the loop of Henle,

glomeruli, arterial vasculature, vasa recta, juxtaglomerular cells, distal tubules,

collecting ducts, macula densa cells, and interstitial cells, for example [81].

On the other hand, the AT2R is highly expressed in humans and rodents in the

renal mesenchyme during fetal life, and its expression decreases dramatically after

birth [82]. The AT2R is localized to the glomerular epithelial cells, proximal

tubules, collecting ducts, and renal vasculature [83]. Most of the actions of AngII

on renal function and injury are due to activation of the AT1R [83, 84]. Although

the role of the AT2R remains uncertain, it has been suggested that AT2R activation

counteracts the effects of the AT1R [85]. The regulation of intrarenal AT1R and

AT2R in pathophysiological conditions is extremely complex and is not

fully clarified.

Aldosterone is a steroid hormone that is also secreted from the adrenal gland and

regulates body fluid homeostasis by activating the MR in the distal nephron.

However, recent studies have indicated that aldosterone is also produced in the

kidney [42, 43]. Aldosterone is produced and secreted in response to AngII in

cultured human mesangial cells [42]. In diabetic rats, the renal aldosterone contents

is significantly increased, and this is associated with increased glomerular expres-

sion of CYP11B2, a steroidogenic enzyme [42–44, 86, 87]. However, the amount of

intrarenally produced aldosterone and its pathophysiological roles are not clear.

Our preliminary experiments using renal microdialysis in normotensive rats

showed that the aldosterone concentrations in the renal interstitial fluid are below

the detectable range (data not shown). Thus, it is possible that intrarenal aldosterone

is mainly derived from circulating aldosterone, whereas the intrarenal generation of

aldosterone is negligible in physiological conditions. However, intrarenal produc-

tion of aldosterone may be augmented in some pathological conditions.

Accumulating evidence suggests that aldosterone is a key factor in mediating

cardiovascular injury [31, 88]. Chronic administration of aldosterone with salt

loading elicits proteinuria, glomerular mesangial injury, and tubulointerstitial fibro-

sis in rats [27, 89, 90]. Since these aldosterone-induced renal injuries were pre-

vented by treatment with MR antagonists, it is possible that aldosterone directly

induces renal tissue injury by activating locally expressed MR. Based on these

observations in aldosterone-infused rats [90, 91], we investigated the existence of

MR in cultured rat mesangial cells [92, 93] and renal fibroblasts [94] by Western

blotting. An MR-specific antibody detected significant MR protein expression in

mesangial cells and renal fibroblasts [92–94]. In fluoro-labeling experiments using

confocal microscopy, MR protein expression was observed in both the cytoplasm

and the nuclear fraction, with barely detectable levels in the membrane fraction.

Administration of aldosterone induces nuclear translocation of cytosolic MR

(Fig. 2). MR expression was also detected in podocytes [92–94] and renal tubular

cells [95–97]. Taken together, MR is localized not only in distal tubular cells but

also in other renal cells to mediate aldosterone-induced renal tissue injury. On

the other hand, aldosterone-independent MR activation has also been reported.
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Shibata et al. demonstrated that constitutively activated Rac1 directly activates

MR-dependent activity and induces glomerular injury [98]. Nevertheless, the

precise molecular mechanisms responsible for aldosterone/MR-dependent renal

injury remain unclear.

4 NADPH Oxidase-Dependent ROS Production in Renal Injury

The mechanisms of ROS production will be described in detail later in this chapter.

RAAS activation leads to the activation of ROS-generating enzymes, including the

principal metabolic oxygenases such as NADPH oxidase [23, 31, 45]. In terms of

quantity, although the mitochondrial respiratory chain system can generate much

more superoxide anions, the NADPH oxidase complex is known to be the principal

source of abnormal cellular signaling [23, 99]. All of the components necessary for

the NADPH oxidase complex to function in the kidney are expressed in the various

kidney segments (Table 1). Enhanced ROS production via NADPH oxidase was

known to be closely associated with various kidney diseases, including glomerulo-

nephritis in human and experimental animals [100]. All of the components of

NADPH oxidase are required for generation of superoxide anions in the kidney.

The composition of the membranous subunits are expressed differently in the

various kidney cell types [99]. For example, Nox4 is expressed at high levels

throughout the kidney. By contrast, other members of the Nox family, including

Nox1 and Nox2, are expressed at lower but quantitatively significant levels [101].

Therefore, Nox enzymes have become attractive candidates for the source of ROS

generation in the kidney [102, 103].

At least, three isoforms of NADPH oxidase have been discovered in membra-

nous fraction from the kidney, including Nox1, gp91phox, and Nox4 [104]. The

other NADPH oxidase components, p22phox, p47phox, and p67phox, are

Fig. 2 Effects of aldosterone and eplerenone on nuclear translocation of mineralocorticoid

receptors (MR) in cultured rat mesangial cells. Administration of aldosterone induces nuclear

translocation of cytosolic MR (green). Eplerenone inhibits aldosterone-induced nuclear transloca-
tion of cytosolic MR. Original magnification, �1,600
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expressed in cultured human mesangial cells [105]. It seems that no consensus has

been reached for the corticomedullary differences between the different subunits, as

the literature to date contains results for different animals undergoing different

treatments. Few studies have demonstrated none or very low expression of the

regulatory subunits in the medulla. Schluter et al. [106] reported that the differential

expression of NADPH oxidase components between renal cortex and medulla in

spontaneously hypertensive rats (SHR), in terms of Nox1, Nox2, and p67phox, is

higher in the renal medulla than in cortex, and the expression of Nox4 and p22phox

is higher in the cortex than in the medulla. On the other hand, the expression of

p47phox is ubiquitous in the renal cortex and medulla. In glomeruli, the mesangial

cells are unique in that they express Nox1, Nox4, p22phox, p47phox, and p67phox,

but not Nox2 [92, 105, 107, 108]. These findings obtained in mesangial cells may be

similar to those in vascular smooth muscle cells, which are also deficient in Nox2 or

at least express Nox2 at very low levels. It is very important to consider the

relationships between ROS production systems and other bioactive substances

such as NO. In mesangial cells, there is a putative crosstalk between NO and

superoxide production systems because NO inhibits the expression of Nox1

[109]. The antioxidative effect of AngII AT1R blocker (ARB) ameliorated glomer-

ular injury through suppressing mRNA expressions of p22phox and p47phox in the

renal cortex in obese rats [110].

Table 1 The local expression of NADPH oxidase components in the kidney

Membranous

components Cytosolic components References

Whole kidney Nox1, gp91phox, Nox4 p47phox [101, 105]

Cortical tissues Nox1, Nox2, Nox4,

p22phox

p67phox, p47phox,

Rac1

[32, 106, 110,

117]

Medullar tissues Nox4, p22pho p47 [106]

Glomeruli Nox2, Nox4 p47phox, p67phox,

Rac1

[45]

Endothelial cells n/a n/a n/a

Mesangial cells Nox1, Nox4, p22phox Rac1, p47, p67 [105, 107, 108,

165]

Epithelial cells

(podocytes)

n/a Rac1 [98]

Tubules

PCT p22phox, Nox1, Nox2,

Nox4

p47, p67 [105, 111–115]

DTL/ATL/TAL n/a n/a n/a

DCT Nox4, p22phox p47, p67 [105]

DCN n/a n/a n/a

CCD gp91phox, Nox2,

p22phox

p47, p67 [105, 166, 167]

MCD Nox4 n/a [103, 109]

Macula densa cells p22phox p47, p67 [105]

PTC, proximal convoluted tubules; DTL, descending thin limb; ATL, ascending thin limb; TAL,

thick ascending limb; DCT, distal convoluted tubules; DCN, distal connecting tubules; CCD,

cortical collecting duct; MCD, medullary collecting duct.
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The NADPH oxidase components, p22phox, p47phox, and p67phox, are all

expressed in the proximal convoluted tubules (PCT), distal convoluted tubules

(DCT), cortical collecting duct (CCD), and the macula densa cells [111–115].

Expression of the most major component Nox1 is detected in PCTs, which shows

differential regulation of redox control within the cortex. The gene expression of

Nox2 in PCTs and CCDs has been confirmed. Nox4 was first reported to be

expressed in the PCTs and DCTs. However, the existence and localization of

Nox4 in the kidney has remained controversial. Nox4 mRNA was initially detected

by in situ hybridization in the renal cortex, but its expression was much lower in the

renal medulla [103, 109]. However, immunohistochemical studies for the human

kidney revealed the existence of Nox4 in the distal nephron, and specifically, Nox4

mRNA was found in the medullary collecting ducts (MCD) [103, 109]. Nox4, one

of the membranous components of NADPH oxidase, is unique because it enables

cells to use NADPH as a substrate for superoxide generation [116]. The gene

expression of Nox4 was increased in the cortex and the outer medulla. These

regions may predominantly use NADPH as a substrate for generating superoxide,

which might be relevant to the kidneys [117].

In addition, renal Nox4 plays a pivotal role in the renal dysfunction in

hypertension and insulin resistance [45, 118]. The accumulation of 8-hydroxy-

deoxyguanosine (8-OHdG), a representative marker for ROS-dependent DNA

damage, occurred concomitantly with increased gene expression of Nox4 and

p22phox in the kidney of streptozotocin-induced diabetic rats, and those abnorm-

alities were reversed by daily injection of insulin for 2 weeks [119]. Another group

that used the same animal model showed that infusing antisense oligonucleotides

targeting Nox4 mRNA for 2 weeks was effective in decreasing ROS in cortical

and glomerular homogenates, organelle hypertrophy, and fibronectin expression,

which are characteristic markers of diabetic kidney disease [120]. Nistala et al.

reported that perivascular fibrosis decreased concomitantly with reduced oxidative

stress, as assessed by 3-nitrotyrosine in glomeruli and 8-OHdG in urine [31, 99].

The enzymatic activity of NADPH oxidase is dependent on the translocation of

cytosolic enzyme subunits (i.e., Rac1 translocation to the plasma membrane), as

confirmed by Western blotting and immunohistochemistry [121].

There is also some evidence for relatively high levels of hydrogen peroxide

observed in urine samples [109, 122]. Although infiltrated polymorphonuclear

leukocytes and monocytes should be considered an important source of ROS

production in renal injury, the resident kidney cells, including mesangial cells,

podocytes, and endothelial cells, also release oxidants in response to various

substances against glomerulus via immunological and nonimmunological stimuli,

including excess ROS associated with RAAS [45, 123, 124].

Welch and Wilcox have demonstrated that ROS impair renal function and NO

generation in the kidney [125]. ROS can convert NO to the ROS derivative,

peroxynitrite (ONOO�). The reduction in NO decreases tubuloglomerular feedback

(TGF), which controls the retention of sodium until the body extracellular fluid is

restored. On the other hand, peroxynitrite acting on the JGA promotes the TGF,

which leads to the retention of sodium by the tubules, even if the body is replete
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with sodium. Those reactions involved in the TGF contribute to the development of

hypertension and volume overload. Importantly, blocking the AT1R with an ARB

ameliorated ROS-induced increases in TGF, which links RAAS activation to ROS-

mediated redox changes [125]. It has been suggested that the Rho/Rho-kinase

pathway might be involved in the induction of Nox4 in the kidney because the

administration of Fasudil, a Rho-kinase inhibitor, and statins could inhibit this

phenomenon [126].

5 Renal ROS Production Associated with Activation

of the RAAS

5.1 AngII

There is much evidence that AngII plays a key contribution to progression of renal

injury, such as the development of kidney hypertrophy, excess production of

oxidative stress, and incidental inflammation, and thus promotes fibrosis in the

kidney. Many of the downstream signaling molecules involve AT1R pathways that

are invoked in the vasculature in the kidney. For example, the calcium-dependent

protein kinase C (PKC), G-protein/Rac1, mitogen-activated protein kinase

(MAPK)/transforming growth factor (TGF)-b1, insulin growth factor-1/insulin

receptor substrate-1, and NADPH oxidase/ROS signaling pathways are involved

in the response to excess RAAS activity . Even though the agonistic stimuli are

widespread throughout the renal cells, the signaling crosstalk among these mole-

cules is complicated and is dependent on the disease condition and the type of cells

whose receptors are expressed predominantly.

Studies in streptozotocin-induced diabetic rats, SHRs, and Zucker obese rats have

indicated that ARBs ameliorate glomerulosclerosis, probably by suppressing ROS

production [99]. The Ren2 transgenic rat is a unique model for investigating the

influence of kidney AngII and the RAAS on redox control of the kidney [45, 99,

124]. The Ren2 rat overexpresses the mouse renin transgene and exhibits increased

tissue AngII, which activates the local renal tissue RAAS. The activated tissue RAAS

was shown to increase oxidative stress in these animals, which contributes to insulin

resistance, hypertension, and proteinuria. Whaley-Connell et al. reported that AngII

increased Nox4 expression in the kidney, particularly in podocytes, and that this was

associated with proteinuria and hypertension in Ren2 rats [45, 124]. Moreover, the

levels of Nox2, p47phox, p67phox, and Rac1, in addition to Nox4, are increased as a

result of activated NADPH oxidase activity in glomeruli. Electron microscopic

morphological examination in Ren2 transgenic rat revealed podocyte abnormalities,

such as increased podocyte effacement, basement membrane thickening, slit pore

diaphragm widening, and decreased slit pore numbers. These defects were improved

by treatment with a superoxide dismutase mimetic, TEMPOL (hydroxy-2,2,6,6-tetra-

methylpiperidine-1-oxyl), and ARBs [45, 124]. Thus, these data suggest that the dual
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blockade of ROS production and RAAS ameliorates proteinuria, supporting a poten-

tial role of the RAAS-mediated redox imbalance pathway [45]. The dual blockade of

RAAS and ROS also abrogated changes of nephrosclerosis at the structural level.

Importantly, these experiments indicate that modulation of the RAAS had favorable

effects on renal function independent of a blood pressure lowering effect.

5.2 Aldosterone

Chronically administering aldosterone and salt to rats caused severe glomerular

injury and tubulointerstitial fibrosis [26, 27, 89, 92, 127, 128]. Increases in multiple

factors, including MAPKs [90, 94], Rho-kinase [129], plasminogen activator

inhibitor-1 [27, 130], TGF-b1 [131], connective tissue growth factor [91], proin-

flammatory cytokines such as osteopontin [132] and monocyte chemoattractant

protein-1 [132], and ROS [90, 128, 130], have been observed in the renal tissues of

aldosterone-infused rats. Among those factors, ROS are thought to be essential

for mediating aldosterone-induced renal injury [89, 91, 95, 133]. It was shown

that administration of aldosterone with high salt loading induces severe

glomerulosclerosis and that this renal injury was associated with increased ROS

production concomitant with the upregulation of mRNA of NADPH oxidase

components, p22phox, Nox4, and gp91phox in renal cortical tissues [90, 91].

Treatment with eplerenone, a selective MR antagonist, or TEMPOL, a superoxide

dismutase mimetic, suppressed aldosterone-induced ROS production via NADPH

oxidase [90]. Other studies have reported that TEMPOL or eplerenone markedly

attenuated salt-induced podocyte injury and proteinuria in animal models of salt-

sensitive hypertension and metabolic syndrome [128]. These findings suggest that

aldosterone-induced podocyte injury contributes to the pathogenesis of proteinuria,

possibly through local MR activation and ROS production [89, 95, 133–135].

The observations in the animal models described above prompted us to investi-

gate whether aldosterone and MR have direct effects on NADPH oxidase activation

and superoxide anion generation in cultured rat mesangial cells. We found that

aldosterone directly stimulates superoxide anion generation in rat mesangial cells.

Aldosterone-induced superoxide anion production was accompanied by increased

NADPH oxidase activity and translocation of p47phox and p67phox, cytosolic

components of NADPH oxidase, to the rat mesangial cell membrane [92].

6 ROS-Dependent RAAS Activation in the Kidney

It is well known that ROS pathways are located downstream of the AT1R

[136, 137]. On the other hand, several previous studies have implied that AGT

expression is augmented by ROS activation via several pathways. Rao showed
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that hydrogen peroxide induces ERK1/2 in vascular smooth muscle cells [138].

Yoshizumi et al. showed that hydrogen peroxide activates JNK via c-Src-dependent

mechanisms in vascular smooth muscle cells [139]. Suzaki et al. showed that

hydrogen peroxide activates c-Src-mediated BMK1 in PC12 cells [140]. They

also demonstrated c-Src-dependent BMK1 activation in glomeruli of diabetic rats

and in glomerular mesangial cells by high glucose conditions [141]. It was also

shown by Perona et al. that Rho activates nuclear factor kB (NFkB) in 3T3 cells

[142]. Schreck et al. showed that hydrogen peroxide and oxygen radicals activate

NF-kB in a human T cell line [143]. Interestingly, all three of these mediators

(MAPK, ROS, and NFkB) were reported to activate AGT expression. Zhang et al.
showed that AGT gene expression is stimulated via a p38 kinase pathway in

immortalized proximal tubular cells of rat kidney [144]. Hsieh et al. showed
that AGT gene expression is activated via ROS in a proximal tubular cell

line [145]. AGT gene expression is activated by the NFkB p65 transcription factor

in hepatocytes [146]. Moreover, recent studies have suggested a link between

MAPK activation and NFkB pathways [147, 148]. These data suggest that the

augmentation of AGT expression by ROS activation may involve several pathways.

Interestingly, using a cell line of rat immortalized renal proximal tubular cells,

Chan et al. demonstrated that high glucose augments AGT gene expression [144,

145, 149–152]. Using the same cell line, they also reported that rat AGT gene has

a putative insulin-responsive element in its promoter region [153, 154]. These data

suggest that high glucose regulates AGT gene expression in vitro. However, there

is a lack of evidence in vivo to demonstrate a link between ROS and AGT in

the kidneys.

Importantly, it was recently demonstrated that ROS-dependent activation of

intrarenal AGT plays an important role in hypertensive rats [49, 155]. Temporary

blockade of the RAS at the prediabetic stage was shown to attenuate renal injury in

type 2 diabetic rats later in life [135, 156, 157]. Moreover, it was recently demon-

strated that elevated ROS and the ROS-associated augmentation of intrarenal AGT

initiate the development of diabetic nephropathy in type 2 diabetic rats [158, 159].

The critical role of ROS-dependent AGT/RAS activation was also reported in

immunoglobulin-A (IgA) nephropathy patients [41, 160] and in IgA nephropathy

mice [161–163]. These data suggest that ROS pathways are located upstream of the

AGT/AT1R axis.

To demonstrate that the administration of an ARB blocks the vicious high

glucose-ROS-AGT-Ang II-AT1R-ROS cycle by suppressing ROS and inflamma-

tion, and thus suppresses diabetic nephropathy, 13 hypertensive diabetic nephropa-

thy patients who received ARBs were recruited and the following parameters were

evaluated before and 16 weeks after the administration of ARBs: urinary AGT,

albumin, 8-OHdG, 8-epi-prostaglandin F2a, monocyte chemoattractant protein-1

(MCP-1), and interleukin (IL)-6 and IL-10 levels [164]. ARB treatment reduced the

blood pressure and urinary levels of AGT, albumin, 8-OHdG, 8-epi-prostaglandin

F2a, MCP-1, and IL-6, but increased urinary IL-10 levels. The rate of reduction of

urinary AGT was correlated with the rate of reduction of blood pressure and urinary

levels of albumin, 8-OHdG, 8-epi-prostaglandin F2a, MCP-1, and IL-6 and the

82 H. Kiyomoto et al.



increase in urinary IL-10 levels. These results suggest that the mechanisms by

which ARBs exert their renoprotective effect may involve the suppression of

intrarenal AGT levels in association with their anti-inflammatory and antioxidant

properties in patients with type 2 diabetes [164]. The roles of ROS in the regulation

of other RAAS components have not been well investigated.

7 Conclusion

In this review, we briefly summarized the evidence supporting the roles of the

RAAS and NADPH oxidase-dependent ROS in the pathogenesis of renal dysfunc-

tion and disease. In terms of the preclinical and clinical evidence, it seems clear that

RAAS blockade offers a potential therapeutic target for controlling renal injury

through inhibiting ROS. On the other hand, ROS regulate the renal RAAS activity.

Thus, a vicious cycle of activation of the RAAS and ROS plays a pivotal role in the

progression of renal injury.
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Chapter 5

Thiamine in Diabetic Renal Disease: Dietary

Insufficiency, Renal Washout, Antistress Gene

Response, Therapeutic Supplements, Risk

Predictor, and Link to Genetic Susceptibility

Paul J. Thornalley and Naila Rabbani

Abstract Thiamine (vitamin B1) has a key role in protection against renal disease by

providing the thiamine pyrophosphate cofactor for transketolase and thereby main-

taining oxidative and reductive pentosephosphate pathway activities key in countering

oxidative and metabolic stress. The link to renal disease is amplified by increased

washout and deficiency in renal disease, which in diabetic nephropathy may be linked

to tissue-specific downregulation of thiamine transporters. Transketolase is part of the

antistress gene response coordinated by transcription factor NF-E2–related factor-

2 (nrf2) and activated by dietary bioactive and synthetic activators. Such activators

have been found to be beneficial in the treatment of diabetic nephropathy wherein

increased transketolase activity may have a key role. High dose thiamine supplements

prevented the development of nephropathy in experimental diabetes and in a recent

pilot scale trial reversed early stage nephropathy in patients with type 2 diabetes.

Transketolase gene TKT variability and increased fractional excretion of thiamine

were linked to susceptibility and progression of diabetic nephropathy. A definitive,

large-scale trial of thiamine supplements for treatment of early stage diabetic nephrop-

athy is now desirable.
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1 Introduction: Role of Thiamine in Metabolism

and Nutritional Sufficiency in Renal Disease

Thiamine (vitamin B1) is a water-soluble vitamin and essential micronutrient.

Thiamine is absorbed from the gastrointestinal tract and taken up into tissues and

converted to thiamine pyrophosphate (TPP) catalysed by thiamine pyrophosphoki-

nase. Thiamine pyrophosphate plays a major role in carbohydrate metabolism as the

cofactor of pyruvate dehydrogenase (PDH), a-ketoglutarate dehydrogenase

(KGDH), and transketolase (TKT). As a cofactor for PDH and KGDH, it is vital

for pyruvate entry into and maintenance of the citric acid cycle and aerobic

glycolysis. As a cofactor for TKT in the nonoxidative branch of the pentose

phosphate pathway, it has a key role in supporting the oxidative branch of the

pentosephosphate pathway forming nicotinamide adenine dinucleotide phosphate

(NADPH) for biosynthetic and enzymatic maintenance of antioxidant and detoxifi-

cation capacity – via glutathione reductase, aldoketo reductases, and others – and

also driving the reductive branch to divert excess fructose-6-phosphate and triose-

phosphates to ribose-5-phosphate. The saturation of red blood cell TKT with TPP

cofactor has conventionally been used as an indicator of thiamine status. The assay

measures the increase of TKT activity in red blood cells lysates after addition of a

saturating amount of TPP [1]. The increase has also been called erythrocyte-

transketolase TPP effect or “thiamine effect.” A thiamine effect less than 15%

indicates thiamine sufficiency; higher values have been defined as a sign of

thiamine deficiency (>15%, moderate thiamine deficiency;>25%, severe thiamine

deficiency). Recent investigations, however, suggest that TKT saturation in red

blood cell and thiamine excretion may not be adequate parameters to assess

thiamine availability in diabetes [2]. It is also an inappropriate assessment in tissues

with significant proteasomal proteolysis as apo-TKT has increased susceptibility to

proteolysis [3]. Nutritional sufficiency of thiamine has also been defined on the

basis of a threshold urinary excretion of thiamine greater than 0.20 mmol/24 h

(>60 mg/24 h) [4]. Nutritional intake of thiamine relates to the urinary excretion of

thiamine [5].

Dietary reference intake (DRI) of thiamine amounts to 1.3 mg/day in adult men

and 1.1 mg/day in adult women. The European Population Reference Intake (PRI)

for thiamine is 1.2 and 0.9 mg/day for adult males and females, respectively. In

most other countries recommended intake is 1.0–1.4 mg/day for adult males and

0.8–1.1 mg/day for adult females. Estimates based on food intake indicate that

reported mean intake of vitamin B1 in some European countries varied from 1.1 to

2.3 mg/day. In Europe high level intake (95th percentile) varied from 1.9 to

6.4 mg/day. In the United States, the median daily intake of thiamine from food

is approximately 2 mg/day and the 95th percentile of intake from both food and

supplements was approximately 6.1 mg/day [6]. On this basis of urinary excretion

of thiamine, diabetic patients in two recent studies in the United Kingdom

and Pakistan had adequate nutritional intake of thiamine [2, 7]. There is concern,

however, for inadequate thiamine intake of patients on renal replacement
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therapy [8] and renal transplant patients [9], including in some cases producing

thiamine-responsive Wernicke syndrome [10].

2 Thiamine Transporters and Impaired Renal Handling

of Thiamine in Diabetic Nephropathy and Renal Failure

Thiamine is an organic cation and utilizes high affinity organic cation transporters

to cross cell membranes at normal physiological concentrations. At high concen-

trations, thiamine may also cross cell membranes by passive diffusion of the

thiazolium ring-opened, unionized form. Genes for thiamine transporters are mem-

bers of the solute carrier SLC family. Four members of this family have been

identified: SLC19A2 and SLC19A3 – encoding thiamine transporters THTR1 [11]

and THTR2 [12]; SLC19A1 – encoding the reduced folate transporter RFC-1, which
transports folic acid and also thiamine monophosphate (TMP) and TPP across cell

plasma membranes [13–15]; and SLC25A19 – encoding the mitochondrial TPP

transporter (mTHTR) [16], previously thought to be a mitochondrial deoxynucleo-

tide carrier [17].

Thiamine is absorbed mainly in the proximal part of the small intestine with

some absorption also in the stomach and colon by THTR2 on the luminal surface of

gastrointestinal epithelial cells and THTR1 on the basolateral surface [18]. It is then

distributed throughout the body and taken into tissues by THTR1 and THTR2

transporters: THTR1 has particular high expression in skeletal muscle, placenta,

heart, liver, and kidney [11, 19], and THTR2 has high expression in placenta,

kidney, and liver [20]. The KM for thiamine transport by THTR1 is 2.5 mM [11]

and by THTR2 is 27 nM [18]. RFC-1 is widely expressed in human tissues,

including in the mitochondrial membrane [14, 21]. It has affinities for TMP and

TPP of 26 and 32 mM, respectively [14, 15]. TMP and TPP in blood plasma and

cerebrospinal fluid arise from cellular efflux probably by RFC-1 [22–24]. mTHTR

is expressed and localized to mitochondria of all human tissues, with particularly

high levels in the kidney [25]. Thiamine in the glomerular filtrate is reabsorbed by

renal brush border membrane high affinity transporters where influx is increased by

an outward directed H+ gradient [26]. RFC-1 is expressed on the apical and

basolateral surface of proximal tubular epithelial cells [27] and likely mediates

reuptake of TMP and TPP. Proton antiport membrane transport may operate in both

intestinal and renal proximal tubular thiamine uptake [28].

Mutations in SLC19A2 cause malfunction of THTR1, thiamine deficiency, and

thiamine-responsive megaloblastic anaemia syndrome [29–32]. High-dose thia-

mine therapy overcomes this deficiency, consistent with passive diffusion mem-

brane transport of the ring-opened, unionized form of thiamine at high

concentrations [31]. Mutations in SLC25A19 cause Amish lethal microcephaly,

which markedly retards brain development and leads to a-ketoglutaric aciduria and
premature death, usually by 6 months of age [33]. Knockout of SLC25A19 in mice

produced a similar phenotype with low mitochondrial TPP [16].
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Thiamine and TMP transport may be abnormal in diabetes. Human tubular

epithelial cells in vitro cultured with high glucose concentration show decreased

levels of THTR1 protein [34]. In experimental diabetes, there was decreased

intestinal absorption of thiamine and TMP [35] and an eightfold increase in renal

clearance associated with decreased tubular reuptake of thiamine [22, 36]. High-

dose supplementation of thiamine prevented increased clearance of thiamine and

also the development of incipient diabetic nephropathy [36]. Experimental diabetes

has recently also been associated with decreased expression of RFC-1 [37]. In

clinical diabetes we also found increased renal clearance of thiamine in type 1 and

type 2 diabetic patients. Renal mishandling of thiamine precedes the development of

microalbuminuria [2]. Nutritional thiamine deficiency usually leads to increased

THTR1 expression to scavenge available thiamine [38]. This effect was found in

red blood cells of diabetic patients, presumably relating to reticulocytes and erythro-

blasts sensing a thiamine-deficient environment [2] and also mononuclear leukocytes

of diabetic patients [39]. There is a dichotomy of response of THTR1 expression in

cell types in diabetes; therefore, renal cells appeared unable to upregulate THTR1
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expression in response to increased renal washout of thiamine. This is likely linked to

dysfunctional signaling of tubular epithelial cells in hyperglycemia. Basal expression

of THTR1, THTR2, and RFC-1 transporters is dependent on transcription factor SP1.

In diabetes, cells suffering high cytosolic glucose concentrations activate the hex-

osamine pathway, leading to increased glycosylation and inactivation of SP1. This is

now implicated in tissue-specific decrease in expression of THTR1, THTR2, and

RFC-1 transporters in diabetes, including glomerular endothelial cells, mesangial

cells and podocytes, and tubular epithelial cells. RFC-1 is also downregulated by

phosphorylation by protein kinase C (PKC) [40]. A similar downregulation of

THTR1 expression has now been discovered by THTR1 proteins containing PKC

phosphorylation sites [11] (Fig. 1).

Decline of glomerular filtrate rate (GFR) in renal disease may decrease washout

of thiamine, whereas dialysis renal replacement therapy may exacerbate it. Hemo-

dialysis with low and high flux membranes and peritoneal dialysis (PD) produced a

washout and decreased plasma levels of thiamine [41, 42]. Hence, thiamine status is

a general concern and supplements are considered for patients receiving renal

replacement therapy. Washout of thiamine is thought to contribute to the increased

risk of thiamine deficiency and Wernicke encephalopathy in dialysis patients [10].

3 Transketolase: Countering Oxidative and Metabolic Stress

and the Antistress Gene Response in Diabetic Nephropathy

Transketolase has a pivotal role in glycolytic metabolism in sustaining both the

oxidative and reductive pentosephosphate pathways. Maintenance of NADPH

production in the oxidative branch sustains reductase activities for antioxidant

capacity, metabolism of carbonyl compounds formed from lipid peroxidation, and

the degradation of glucose and glycolytic intermediates (e.g., the metabolism of

5-hydroxynonenal, glyoxal, methylglyoxal, and 3-deoxyglucosone) [43–45]. By

this function, TKT has a critical indirect role in enzymatic antioxidant defenses

and the enzymatic defense against glycation, particularly by endogenous dicarbo-

nyls (“dicarbonyl stress”) and glucose degradation products in PD. The reductive

pentosephosphate pathway counters the accumulation of fructose-6-phosphate and

triosephosphates and thereby prevents activation of hexosamine and protein kinase

C pathways, mitochondrial dysfunction driven by the glycerophosphate shuttle, and

increased formation of methylglyoxal and related advanced glycation end products

(AGEs) [46]. By this function, TKT has a critical indirect role in countering

metabolic stress (Fig. 2).

In thiamine deficiency, TKT and PDH are considered to be the TPP-dependent

enzymes most susceptible to rapid loss of TPP cofactor. Thiamine deficiency

in vivo induced decreased activity of TKT and PDH [47]. Apo-TKT has a short

half-life (approximately 25 min) [3] and so decreased tissue concentrations of TPP

are expected to lead to a prompt decrease in TKT protein.
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ACEI or ARB therapy. Median values are shown with significance: * and **, P < 0.05 and

P < 0.01, respectively. Data from Refs. [7, 62]
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Transketolase and the partner enzyme of the pentosephosphate pathway,

transaldolase, both have antioxidant response elements in their gene promoter

sequences and have expression inducible by activation of transcription factor

NF-E2-related factor-2 (nrf2) [48]. Transcription factor nrf2 coordinates the antis-

tress gene response associated with inducible increased defense against oxidative

stress, glycation, metabolic stress, dyslipidemia, and protein damage [48, 49]. It is

activated by a wide range of dietary bioactive compounds with health beneficial

effects: glucosinolate-derived dietary isothiocyanates [50] and indoles [51],

thioethers and disulfides [52], polyphenols [53], flavonoids [54], and carotenoids

[55], and omega-3 fatty acids via formation of J3-isoprostanes [56]; and also novel

synthetic compounds such as methyl-2-cyano-3,12-dioxooleana-1,9(11)dien-28-

oate (CCDO methyl ester or Bardoxolone) [57]. Both bioactive and synthetic nrf2

activators have recently been found to prevent and reverse renal disease, particu-

larly diabetic nephropathy [58–61]. Increased expression of TKT was a critical

factor in prevention of hyperglycemia-induced metabolic dysfunction in microvas-

cular endothelial cells [44] and likely contributes to the emerging benefit of nrf2

activators in renal disease. It is likely that induction of TK expression and activity

contributed to these effects. Inducible TK expression cannot have a manifest

benefit, however, without access to its obligatory cofactor TPP.

4 Thiamine in Early Stage Diabetic Nephropathy:

Therapeutic Supplements, Risk Predictor,

and Link to Genetic Susceptibility

From the above considerations it may be concluded that a novel strategy to counter

biochemical dysfunction linked to the development of diabetic nephropathy is high-

dose thiamine therapy. We tested this hypothesis and found that thiamine therapy

prevented the development of diabetic nephropathy in experimental diabetes without

improvement of glycemic control [36]. Other remarkable characteristics of the

intervention were correction of increased diuresis and glucosuria [22], features also

associated with activators of nrf2 [60]. Thiamine supplements corrected decreased

expression and activity of TKT in glomeruli, activated the reductive pentosepho-

sphate pathway, and countered activation of PKC and increased AGE formation [36].

In a recent clinical intervention, we were able to translate this therapeutic effect

successfully to clinical diabetes.

In a pilot-scale study, we evaluated the effect of oral high dose supplements of

thiamine on urinary albumin excretion (UAE), a marker of early stage diabetic

nephropathy, in type 2 diabetic patients with microalbuminuria. Patients were given

three 100 mg capsules of thiamine or placebo per day for 3 months with a 2-month

follow-up washout period. The primary endpoint was change in UAE. Other

markers of renal and vascular dysfunction and plasma concentrations of thiamine

were determined. Urinary albumin excretion was decreased 41% from baseline in
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patients receiving thiamine therapy for 3 months with respect to baseline; all

patents showed a decrease in UAE after treatment. There was no significant

decrease in UAE in patients receiving placebo. There was no effect of thiamine

treatment on glycemic control, dyslipidemia, or blood pressure [7]. The treatment

of patients with angiotensin converting enzyme inhibitors (ACEIs) and angiotensin

receptor blockers (ARBs) in this study was distributed equally between placebo and

thiamine treatment groups. After 3 months’ treatment with thiamine, UAE was

decreased significantly in patients with and without ACEI/ARB therapy [62]. This

suggests that the benefits of thiamine supplementation on the renal function of

patients with type 2 diabetes with microalbuminuria are available to both those

receiving and not receiving ACEI/ARB therapy, supporting the importance of

pursuing further thiamine supplementation therapy for diabetic nephropathy. Addi-

tion of thiamine supplementation therapy may further improve best current therapy.

Thiamine supplements at high dose may provide improved therapy for early stage

diabetic nephropathy (Fig. 3).

In extension of these studies, we investigated the link of renal handling of

thiamine to decline in renal function in diabetic nephropathy. In collaboration

with the Joslin Kidney Study, where patients with type 1 diabetes were identified

at the point of development of microalbuminuria and had over 12 years of follow-

up study, we found that patients with microalbuminia and early decline in GFR had

higher fractional excretion of thiamine compared to patients with stable renal

function. This suggested that abnormal handling of thiamine by the kidney may

be a risk predictor of decline of renal function in diabetic nephropathy [63].

The above studies have suggested that mishandling of thiamine and related

transketolase expression and activity may be related to risk of diabetic nephropathy.

This has prompted recent search for genetic polymorphism in the TKT gene. TKT
maps to site 3p14.3 [64], close to a locus of susceptibility for decline in GFR in

diabetic nephropathy at 3p14.2 [65]. In a study of 231 diabetic subjects, 15 single

nucleotide polymorphisms in TKT were genotyped and haplotypes inferred using

Bayesian-based algorithm. Plasma thiamine, plasma and red blood cell TPP, and

red blood cell activity of TKT differed significantly between diabetics with

and without diabetic nephropathy. Haplotype distribution of TKT differed signifi-

cantly between case vs. control groups. Carrier state of the risk haplotype was

associated with significantly accelerated onset of diabetic nephropathy and lower

thiamin concentrations but not with TKT activity. This suggests that TKT varia-

bility and thiamine status modify susceptibility and progression of diabetic

nephropathy [66].

5 Future Prospects

Recent research suggests that dietary thiamine intake is linked to maintenance of

normal glycemic control in normal healthy subjects [67] and endothelial progenitor

cell number in type 2 diabetic patients [68], and thiamine supplements may improve
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vascular health, as judged by flow-mediated dilatation response [69]. This suggests

that dietary and supplementary thiamine may be determinants of vascular health.

We now need a definitive study of the effect of thiamine supplements on

progression of early stage diabetic nephropathy to build on the encouraging pilot

scale trial outcome [7]. It is not clear if TMP pro-drugs for thiamine therapy will be

as effective as thiamine; the outcome of recent pilot-scale trials with S-benzoyl-

TMP (Benfotiamine) are awaited. A trial with Benfotiamine (600 mg/day for 6

months) in patients with type 2 diabetes and microalbuminuria showed no benefit

on urinary albumin excretion and GFR [70]. A recent report of a similar trial of

Benfotiamine in patients with type 2 diabetes and microalbuminuria aslo failed to

show beneficial effect [71]. Benfotiamine may load tissues with TMP to levels that

inhibit thiamine pyrophosphokinase and may thereby be less effective in trapping

thiamine in target tissues than thiamine [22].

Further studies are required on the assessment of thiamine status in patients with

renal disease as a predictor of risk of decline in renal function and requirement for

thiamine supplement therapy. The link of TKT to genetic susceptibility is also

deserving of further study, as well as the importance of inducible TKT expression

in the likely benefit of dietary bioactive and synthetic activators of nrf2 in treatment

of diabetic nephropathy and other renal disease.
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Chapter 6

Novel Members of the Globin Family

and Their Function Against Oxidative Stress

Hiroshi Nishi and Masaomi Nangaku

Abstract Globin has been a fundamental research target in the study of evolution,

biochemistry, structural biology, genetics, and medicine. Conventional knowledge

holds that hemoglobin in erythrocytes and myoglobin in skeletal and cardiac

myocytes play an essential role in oxygen handling. Recently, however, this idea

has been challenged with new findings that hemoglobin and myoglobin are

expressed in visceral organs and play a role in nitric oxide metabolism. Further,

neuroglobin and cytoglobin were discovered as novel mammalian globin members

with unique tissue distribution. In addition, accumulating evidence supports the

idea that all these globin members could share a protective role against oxidative

stress. In this chapter, we provide a broad overview of the four types of globin, with

particular focus on their sites of expression and scavenging properties against

reactive oxygen species.

Keywords Hemoglobin � Cytoglobin � Superoxide � Hypoxia

1 Introduction

2 Globins, Hypoxia, and Oxidative Stress

The globin family of proteins are essential proteins that occur in bacteria, protists,

fungi, plants, and animals [1]. This molecule has a heme domain that binds to

oxygen molecules, dependent on specific physiological conditions. As oxygen is
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indispensable to the life and activity of aerobic organisms, a shortage in oxygen, or

hypoxia, induces in response multiple cellular and molecular protective mechan-

isms. The globin family is thus a key player in helping supply oxygen molecules to

the aerobic metabolism of the respiratory chain [1–5]: as hemoglobin, it transports

oxygen in erythrocytes of the circulatory system, and as myoglobin it stores and

buffers oxygen in the myocytes of cardiac and skeletal tissues.

In addition to these two conventional globin family members, the two novel

globins, neuroglobin and cytoglobin, have recently been discovered as new mem-

bers of the globin superfamily. From an evolutionary viewpoint, these members

have the same origin, named ancestral globin (Fig. 1). In contrast to conventional

globins, the molecular function of these two novel globins remains inconclusive

and is presently under intensive research. Whatever the outcome, however, the long

history of globin biology has resulted in a conventional idea that will be challenged

only with great difficulty.

Oxygen is both vital and deleterious [6]; the latter derives from its central role in

the generation of reactive oxygen species (ROS), which can participate as benevo-

lent molecules in cell signaling processes but can also induce irreversible cellular

damage and death. Numerous findings support the idea that, by their interaction

with oxygen, globins play a protective role in the body [4, 5]; the specific working

hypothesis is that globins may be beneficial in scavenging ROS induced by severe

hypoxia.

3 Hemoglobin

Hemoglobin facilitates the transport of oxygen in erythrocytes of the circulatory

system. The globin molecule is an assembly of four globular protein subunits. The

most common type in adult humans is hemoglobin A, which normally accounts for

more than 95% of the total blood supply. Hemoglobin A consists of two a- and two
b-subunits (a2b2). Additionally, d chain synthesis, which begins late in the third

trimester and lasts into adulthood, results in the formation of hemoglobin A2 (a2d2),
with a normal range of 1.5�3.5%. In contrast, hemoglobin F (a2g2) is the major

ancestral globin

neuroglobinβ-globinα-globin myoglobin

Million years ago
0

1000

500 hemoglobin

cytoglobin

Fig. 1 An evolutionary model of mammalian globins. Hemoglobin a- and b-subunit, myoglobin,

cytoglobin, and neuroglobin have the same origin of an ancestral globin. Modified from Burmester

et al. [55]
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type in fetuses, while Gower 1 (z2e2), Gower 2 (a2e2), and hemoglobin Portland

(z2g2) are the primary hemoglobins in the embryo [7]. Each subunit has a molecular

weight of about 17,000 Da, for a total molecular weight of the tetramer of about

68,000 Da [8]. Each protein chain arranges into a set of a-helix structural segments

connected together in a globin fold arrangement, the motif of which is the same

arrangement used in other combinations of heme and globin proteins. This folding

pattern contains a pocket that strongly binds the heme group, which in turn binds

reversibly to oxygen molecules through its iron atom and thereby enables hemo-

globin to perform its primary role of picking up oxygen in the lungs and releasing it

in the tissues. In 1959, Perutz et al. determined the molecular structure of hemoglo-

bin by X-ray crystallography [9], for which with Kendrew et al. [10] he jointly

received the Nobel Prize in Chemistry in 1962.

Accumulating evidence in evolutional biology has revealed that the distribution

of hemoglobin in invertebrates and microbes is diverse. It also suggests that some

vertebrate globins might have novel functions, such as that of a dioxygenase,

oxygen sensor, or terminal oxidase [1, 8, 11–13]. In 1999, Liu et al. challenged

the long-standing notion that the expression of mammalian hemoglobin genes was

limited to cells of erythroid lineage [14]. They found that treatment of murine

peritoneal macrophages with lipopolysaccharide and interferon-g led to the activa-

tion of the b-globin gene in these nonerythroid cells. Seven years later, two groups

independently demonstrated that hemoglobin was also expressed in alveolar epi-

thelial type II cells of the lung [15, 16]. In the kidney, several microarray analyses

indicated the presence of ectopic hemoglobin expression [17, 18], although these

studies lacked detailed analyses and did not exclude the possibility of contamina-

tion. To better understand local hemoglobin expression in the normal kidney, we

performed reverse transcriptase-polymerase chain reaction for glomeruli obtained

by sieving of extensively saline-perfused rat kidneys, and showed expression of a-
and b-globin with identical sequences to those of the corresponding globin mRNA

[19]. These expressions were confirmed in manually dissected and laser capture

microdissected glomeruli samples. Glomerular globin expression was also demon-

strated by immunoblotting. Furthermore, in situ hybridization studies showed

globin subunit expression in the mesangial region, and immunostaining with two

different antibodies and double immunostaining with antibody to OX-7, a marker of

rat mesangial cells, revealed mesangial localization of hemoglobin. We also con-

firmed globin expression in primary cultured rat mesangial cells, but not in cultured

rat glomerular endothelial or epithelial cells. The fact that the site of erythropoiesis

in fish is the kidney may suggest that ectopic expression of hemoglobin in mammals

is a natural consequence of evolution and provide an evolutionary rationale for the

role of the kidney in the regulation of bone marrow erythropoiesis in mammals [20].

Several groups subsequently observed ectopic hemoglobin expression in the central

nervous system (CNS) [21–24] and endometrium [25].

The biological function of hemoglobin expressed at nonerythroid sites in

mammals merits discussion but independent to its role in oxygen transportation

in erythrocytes. Several hypotheses about the role of tissue hemoglobin have been

proposed. First, as in invertebrates, this molecule may function as a heat transducer
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by virtue of its oxygenation–deoxygenation cycle, enzymatic activities, and

drug interactions [1]. Second, hemoglobin might be involved in interactions of

nitric oxide (NO) gas. Stamler et al. found that binding of oxygen to heme irons

promoted the rapid and tight binding of NO to Cys93 of b-globin, forming

S-nitrosohemoglobin, which contracted blood vessels and decreased cerebral per-

fusion in the R-structure and relaxed vessels to improve blood flow in the

T-structure [12, 26]. Although the question of whether NO-hemoglobin is indis-

pensable to hypoxic erythrocyte-dependent vasodilation remains unanswered [27].

This discovery raises the possibility that nonerythroid hemoglobin might play a role

in NO storage and buffering.

Third, hemoglobin might interact with ROS in nonerythroid tissues. Several

chemical structural analyses showed that hemoglobin effectively removes hydro-

gen peroxide [28] and that heme of hemoglobin detoxifies highly oxidizing radicals,

yielding the ferric state [29]. With regard to hemoglobin in erythrocytes, those

released during hemolysis react with endogenous oxidant hydrogen peroxide to

generate transient radicals during the peroxidative consumption of hydrogen per-

oxide. Thus, the net biologic effect of extracellular hemoglobin in a hydrogen

peroxide–rich environment will be determined by the balance of hydrogen peroxide

decomposition and radical generation [30]. In contrast, our recent study of none-

rythroid hemoglobin clarified that its antioxidant effect was an essential function

of hemoglobin expressed by rat kidney mesangial cells [19]. Overexpression of

hemoglobin a- and b-subunits in mesangial cells ameliorated oxidative stress

induced by the addition of hydrogen peroxide to culture media. In this experiment,

we utilized the internal ribosome entry site (IRES) vector, which expresses two

different genes in a single cell, on the basis that hemoglobin acts as a tetramer of

two different subunits. This finding is interesting because oxidative stress induced

by the generation of free radicals is a major inciting mechanism of renal injury

through which mesangial cell proliferation, fibrosis, and ultimately glomerulo-

sclerosis may progress [31]. Our results suggest that globin may physiologically

act in mesangial cells as an endogenous antioxidant defensive protein, in company

with uric acid, ascorbic acid, glutathione, and antioxidant enzymes.

4 Myoglobin

Myoglobin, another member of the conventional globin family, is the most

extensively characterized tissue globin. Myoglobin is a small monomeric cytoplas-

mic tissue globin that has a molecular weight of 16,700 Da [10]. It has eight

a-helices and a hydrophobic core and contains a heme prosthetic group in the

center, around which the remaining apoprotein folds. Kendrew shared the Nobel

Prize with Perutz [9] for identifying the structure. Myoglobin can act as a store of

oxygen to help maintain a constant supply during the rapidly fluctuating demands of

muscular contraction. This helps to explain why the concentration of myoglobin is

highest in the skeletal muscles of diving mammals such as whales and seals.
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Vertebrate myoglobin has been thought to occur solely in cardiac and skeletal

muscle. However, Fraser et al. reported that the hypoxia-tolerant common carp

(Cyprinus carpio) has myoglobin not only in muscle but also in other metabolically

active tissues, including liver, brain, and gills [32]. They identified two unique

myoglobins in carp tissue, Myg-1 and -2. Myg-1 is expressed not only in muscle but

also liver, kidney, and gill tissue. Interestingly, the concept of myoglobin expres-

sion in nonmuscular tissues gave researchers a key to its novel therapeutic applica-

tion. Indeed, by expressing myoglobin ectopically in lung tumor cells, hypoxic

status in tumor tissues was improved, which in turn delayed tumor engraftment and

decreased tumor growth following xenotransplantation into mice [33].

The discovery of Fraser et al. provided another assumption, namely that non-

muscular tissue myoglobin might function in ways not directly related to cellular

oxygenation [32]. In fish, Myg-1 expression in the brain was not upregulated under

hypoxia, in contrast to that in the liver. Garry et al. reported that myoglobin mutant

mice developed cellular and molecular adaptations to promote viability

and preserve cardiac function [34], although this was partially explained by the

activation of alternative compensatory mechanisms [35]. In addition, the structural

analyses led to the hypothesis that myoglobin may play a role in maintaining NO

homoeostasis [36, 37]. Another group pointed out that human myoglobin differs

from other known mammalian myoglobins in having the presence of Cys110 to

regulate NO in vivo [38]. Further, Frauenfelder et al. used mathematical structural

analyses to report that, in addition to NO, myoglobin has the capacity to bind with

free radicals such as hydrogen peroxide [37]. Thus, this protective role of myoglo-

bin against ROS, separate to its oxygen storage, indicates that the physiological

function of myoglobin has yet to be conclusively established.

5 Neuroglobin

Neuroglobin was discovered by Burmester et al. as a third member of the

mammalian globin superfamily [39]. These investigators found novel partial

globin-like sequences in the Expressed Sequence Tag (EST) database that did not

correspond to any known hemoglobin or myoglobin and cloned and sequenced the

coding regions of the human and mouse cDNAs. They also demonstrated that this

protein is predominantly expressed in the brain, and therefore called it neuroglobin.

Neuroglobin is a small monomeric cytoplasmic heme protein (151 amino acids)

that is also expressed in rat, puffer fish, and zebra fish brain [40–42]. Although

neuroglobin bears only a small sequence similarity to vertebrate myoglobin

(<21%) and hemoglobin (<25%), all key determinants of genuine globins are

nevertheless conserved: a proximal histidine residue His(F8) links the polypeptide

chain to the heme iron, a distal histidine residue His(E7) resides close to the binding

site of the diatomic ligand, and a phenylalanine residue Phe(CD1) is involved

in p–p stacking interactions with the heme [43]. It is also the first example of a

vertebrate globin that is hexacoordinate in the “deoxy” ferrous (Fe2+) form,
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a feature previously reported only for invertebrate and plant globins [40]. In other

words, the distal His(E7) of neuroglobin is coordinated to the heme iron in both the

ferrous and ferric forms, in contrast to the great majority of globins, in which the

met (Fe3+) state is hexacoordinate with an exogenous ligand at the sixth coordina-

tion, whereas the ferrous deoxy (Fe2+) form is generally pentacoordinate. This

explains why neuroglobin is conventionally referred to as “unliganded” [44].

Neuroglobin is expressed in focal regions of the brain at low concentrations (less

than 0.01% of total protein content) and reversibly binds oxygen, albeit less avidly

than myoglobin [39]. The biological function of neuroglobin was therefore initially

analyzed with regard to its interaction with oxygen molecules. Indeed, Hankeln

et al. described a close correlation between the concentration of neuroglobin and

metabolic activity [45], finding that the neuroglobin concentration of approximately

100 mM in mammalian retina, a tissue having among the highest rate of oxygen

consumption, was comparable to that of myoglobin in skeletal muscle. Neuroglobin

transcript and protein are induced in cultured primary cortical neurons during

the acute phases of a hypoxic challenge and in brain tissue in vivo after focal

cerebral ischemia [46]. By contrast, Mammen et al. observed no global changes in

neuroglobin expression in the brains of mice exposed to chronic hypoxic conditions

[47]. These conflicting results may suggest that neuroglobin functions during the

acute phases of an ischemic insult.

Next, serial experiments have suggested a potential role for neuroglobin in

the detoxification of ROS. In primitive in vitro experiments, human neuroblastoma

SH-SY5Y cells transfected with a neuroglobin-expressing vector showed enhanced

survival after oxidative insult [48]. In rats, the delivery of neuroglobin antisense

into the lateral ventricle, followed by occlusion–reperfusion of the middle cerebral

artery, produced a 60% increase in cerebral infarct volume, whereas induction of

neuroglobin overexpression via adenoviral vector resulted in a 50% decrease in the

size of the cerebral infarct [49]. Further, Kahn et al. engineered transgenic mice that

overexpressed murine neuroglobin constitutively [50]: compared with wild-type

littermates, cerebral infarct volume in these transgenic mice after arterial occlusion

was reduced by 30%, while the volume of myocardial infarcts produced by occlu-

sion of the left anterior descending coronary artery was reduced by 25%.

To understand the molecular mechanism of the protective role of neuroglobin

against hypoxic or oxidant injury, Wakasugi et al. used the surface plasmon

resonance phenomenon to show that ferric neuroglobin, which is generated sponta-

neously as a result of rapid autoxidation, binds exclusively to the guanosine

diphosphate (GDP)-bound form of the a subunit of heterotrimeric G protein

(Gai) [51]. They reported that ferric neuroglobin behaved as a guanine nucleotide

dissociation inhibitor (GDI), inhibiting the rate of exchange of GDP for guanosine

50-triphosphate (GTP). The interaction of GDP-bound Gai with ferric neuroglobin

liberates Gbg, leading in turn to protection against ROS-induced neuronal death.

Another microscope study indicated that neuroglobin might play a preventive role

against actin assembly and death-signaling module polarization in hypoxic neurons

[52]. Taken together, these findings indicate that the key role of neuroglobin in the

CNS may be ROS scavenging.
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The pioneering study of Kahn et al. expanded the known protective

mechanisms of neuroglobin beyond the antioxidant effect [53]. They found that

cultured cortical neurons isolated from neuroglobin-transgenic mice were resistant

to the toxic effects of b-amyloid. In addition, compared with Alzheimer’s disease

(AD) model mice, double-transgenic (neuroglobin-transgenic � AD mice) mice

showed reductions in extracellular b-amyloid deposits and an improved dementia

phenotype.

6 Cytoglobin

In 2001, Kawada et al. used proteomic analysis to identify a heme-containing

protein upregulated in stellate (Ito) cells of fibrotic liver, which they termed stellate

cell-activated protein (STAP) [54]. Human, mouse, and zebra fish homologues

were identified in the EST databases by different groups and subsequently named

cytoglobin [55, 56]. The size of mammalian (190 amino acids) and fish (174 amino

acids) cytoglobin exceeds that of vertebrate myoglobin and hemoglobin, which

typically comprise 140–150 residues [55–57]. Sequence conservation among

mammalian cytoglobin is extremely high, with mouse and human cytoglobin

differing by only 4% of their aminoacid sequences. The structural differences

relative to hemoglobin and myoglobin are mainly located in the unusually long

N- and C-terminal regions, whereas structural features of the classical globin fold

can be recognized in the cytoglobin core region. Further, the key residues important

for structure and function in respiratory globins, Phe(CD1), His(E7), and His(F8),

are conserved in cytoglobin and neuroglobin. Following neuroglobin, cytoglobin is

the second vertebrate hexacoordinated globin identified [55, 56].

Discussion of the sites of expression of cytoglobin has been bumpy and fraught

with detours. According to a pioneering paper, the main cell type expressing this

fourth globin appeared to be splanchnic fibroblasts [54]. An immunohistochemical

analysis suggested that cytoglobin-positive cells are also positive for HSP47, a

collagen-specific molecular chaperone, in the normal rat kidney and intestine, and

for a-smooth muscle actin (a-SMA), a marker for activated myofibroblast, in the

fibrotic rat kidney and pancreas [58]. They reported that the cells are also positive

for CD73, a marker for renal cortical fibroblast-like cells in the normal rat kidney

interstitium, and for OX-7, a marker for mesangial cells in the normal kidney

glomerulus. Recently, our group also used immunostaining with two different

antibodies against independent peptide sequences of cytoglobin and observed

essentially the same staining pattern in the kidney interstitium, accompanied by

merged immunostaining of 50-ectonuleotidase, a rat kidney fibroblast marker [59],

and cytoglobin (Nishi, Nangaku: in submission). In their immunohistochemical

studies with four different antibodies, Schmidt et al. noted cytoglobin-positive cells

from connective and supportive tissues, represented by not only fibroblasts but also

chondrocytes and osteoblasts [60]. Cytoglobin is also reported to be expressed in
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neurons of the brain [61, 62], like neuroglobin, and in several layers of the retina

[63, 64]; and more recently in cardiac myocyte [65], vascular endothelial cell [66],

and epithelial cell lineages in a broad range of organs [67]. These controversial

results might be attributable to a lack of established immunostaining methods

optimized for this protein, extremely low levels of expression in the cells, and

possibly also to species differences.

The biological role of cytoglobin has been the subject of intense study. Various

functions have been proposed, including oxygen storage [57], radical scavenging

[48, 61, 68], collagen synthesis [58, 69, 70], and tumor suppression [71]. Given that

its structure indicates the same level of binding affinity for oxygen as myoglobin, an

oxygen-storing property is reasonable, suggesting in turn that it may facilitate

oxygen diffusion to the mitochondrial respiratory chain in various tissues [56].

Indeed, the marked upregulation of cytoglobin has been reported in hypoxic tissues,

including brain, kidney, and connective tissues [60]. Further, Fordel et al. observed

that hypoxia-induced upregulation of cytoglobin is attenuated in hypoxia-inducible

factor (HIF)-1 heterozygous mutant mice and suggested that cytoglobin is regulated

by HIF and its responsive element pathway [72]. On this basis, upregulation of

cytoglobin in hypoxic tissue may be an adaptive response to increase the efficiency

of mitochondrial respiration under oxygen deprivation states.

Second, given that hypoxic tissue is a major source of ROS, recent studies have

suggested that cytoglobin may not only sense oxygen concentration but also act as a

regulatory protein that protects cells from ROS. In the kidney, the main target of

hypoxic injury is the tubulointerstitial area [31]. Given that oxidative stress

mediates many of the deleterious effects of ischemia-reperfusion (IR) injury, we

investigated expression of cytoglobin in a kidney IR injury model. Results showed

an increased number of cytoglobin-positive cells in tubulointerstitium subjected to

IR injury (Nishi, Nangaku: in submission). In addition, several interventional

studies support an antioxidant effect of cytoglobin. Fordel et al. demonstrated

that overexpression of cytoglobin was protective in human neuroblastoma

SH-SY5Y cells exposed to oxidant insults [48], while Li et al. demonstrated that

cytoglobin-siRNA transfection exacerbated cell death induced by hydrogen

peroxide in N2a neuroblastoma cells [68]. Our experiments with cytoglobin-

overexpressing rats more clearly demonstrated its ROS-scavenging properties

in vivo (Nishi, Nangaku: in submission): while no pathological phenotypes were

observed under normal conditions, overexpression of cytoglobin prevented IR

injury of the kidney in experimental rats, accompanied by the decreased deposition

of oxidative stress markers such as 4-hydroxy-2-nonenal and nitrotyrosine in the

kidney interstitium.

Third, a cloning study provided the initial suggestion of a pro-fibrotic effect of

cytoglobin [54]. Tateaki et al. analyzed the immunohistochemistry of fibrotic liver

and found that fibrotic change is characterized by a dramatic increase in the number

of cytoglobin-positive but fibulin-2-negative cells [70], while Nakatani et al.

reported that forced overexpression of cytoglobin in NIH3T3 fibroblasts attenuated

cell migration and upregulated collagen a1(I) [58]. In contrast, Xu et al. demon-

strated using a recombinant adeno-associated virus (AAV) vector that toxic and
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cholestatic liver fibrotic injury was prevented by overexpression of exogenous

cytoglobin [69]. Although apparently conflicting, these study results suggested

a cause-effect association of cytoglobin with the progression of fibrosis, regardless

of pro- or antifibrotic property. Further, we recently found that cytoglobin-trans-

genic rats showed a decrease in chronic kidney fibrosis after 5/6 nephrectomy

(Mimura, Nishi, Nangaku: in submission). The milder histological findings in

both studies were accompanied by lower deposition of nitrotyrosine in the liver

and kidney, implying that the improvement in tissue fibrosis may be mediated by

antioxidant properties of cytoglobin.

Finally, the role of cytoglobin as a tumor suppressor is a fascinating possibility,

although evidence is scarce. This idea was originally derived from an observational

epigenetic study in a human cohort with oral cancer, which reported the enhance-

ment of promoter methylation of cytoglobin genes in tumors compared to control

tissue [73]. Another clinical study of lung cancer patients also noted the hyper-

methylation of cytoglobin promoter and downregulation of cytoglobin gene in

tumor tissues [74]. The subsequent gain-of-function and loss-of-function study

in vitro with several cultured cancer cell lines suggested that cytoglobin affects

colony formation [71].

7 Conclusion

Globin biology is a traditional category of basic and clinical science, and knowl-

edge is expanding. Recent intensive studies have suggested nontraditional functions

for hemoglobin and myoglobin and new functions for neuroglobin and cytoglobin,

such as their role in redox regulation, nitric oxide metabolism, and regulation of

vascular tone and protection against oxidative stress. These findings also provoke

interesting speculation with regard to physiology and pathology and will certainly

stimulate further investigation of the globin and oxygen biology of microbes

for humans.
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Chapter 7

Hypertension

Bernardo Rodriguez-Iturbe and Nosratola D. Vaziri

Abstract Studies in animals have shown that oxidative stress precedes

hypertension, and a variety of antioxidant treatments prevent or ameliorate genetic

and acquired hypertension. Human studies have demonstrated deficiencies in sev-

eral antioxidant mechanisms in patients with essential hypertension, but significant

difficulties exist in designing conclusive therapeutic trials and a causal relationship

between oxidative stress, and hypertension remains unproven. Increased intravas-

cular pressure, shear, and oscillatory stress induce oxidative stress that results in a

reduction in nitric oxide availability and endothelial dysfunction. In addition,

oxidative stress activates kinases and phosphatases that induce vascular remodel-

ing. The effects of reactive oxygen species on vascular tone are not uniform, but in

the kidney they favor sodium retention. The mechanisms by which a high salt intake

increases oxidative stress are reviewed. The interrelation between oxidative stress,

inflammation, and angiotensin II activity in the kidney results in a tendency to

sodium retention, which is the hallmark of salt-sensitive hypertension. The possible

participation of a low-grade autoimmune reactivity in the kidney in the pathogene-

sis of essential hypertension is discussed.

Keywords Oxidative stress �Nitric oxide � Endothelial dysfunction �Angiotensin II

1 Introduction

Substantial quantities of reactive oxygen species (ROS) are produced in the course

of normal metabolism, cell signaling, and innate immunity. ROS play an essential

role in regulation of cell growth, gene expression, protein biosynthesis, host defense
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against microbial infections, fetal development, intercellular signaling and cellular

senescence, apoptosis, and necrosis. The primary ROS generated in the body is

superoxide (O2
�), which is formed from single electron reduction of molecular

oxygen. The bulk of superoxide produced in the body originates in the mitochondria,

representing about 2% of the mitochondrial electron-chain generated by-products [1].

In addition several cytosolic oxidases, principally nicotinamide adenine dinucleotide

phosphate (NADPH) oxidase as well as xanthine oxidase (XO), lipoxygenase (LOX),

and cyclooxygenase (COX), are involved in generating ROS. Superoxide is converted

toH2O2 by superoxide dismutase (SOD), andH2O2 is in turn converted to O2 andH2O

by glutathione peroxidase and catalase. However, when present, electron donors

(such as iron, copper, or uncontained superoxide) convert H2O2 to hydroxyl radical,

which is themost reactive/cytotoxic free radical known. In addition,myeloperoxidase,

which is a highly abundant enzyme in the phagocytes, converts H2O2 to hypochlorous

acid (HOCl�), a highly reactive chlorine species. Finally, interaction of superoxide

and nitric oxide (NO) leads to formation of peroxynitrite (OONO�), which is an

exceedingly reactive nitrogen species. All the primary ROS and their potent deriva-

tives such as HOCl�, OH� radicals, and OONO� have the potential of inducing

cellular toxicity. Authoritative reviews [2–4] have addressed the participation of redox

balance in physiologic process, and previous chapters of this book covered the role

played by oxidative stress in renal biology and pathobiology. In this chapter we will

review the evidence that associates oxidative stress and hypertension, discuss the

mechanisms sustaining this two-way relationship, and examine the interaction

between oxidative stress, inflammation, and angiotensin activity within the kidney

and the role it plays in the pathogenesis of hypertension.

2 Association Between Oxidative Stress and Hypertension:

Experimental and Clinical Evidence

The relationship between hypertension and the disturbances in redox balance

that result in oxidative stress have been the subject of intense investigation

(Table 1). In experimental animal models it has been amply demonstrated that,

first, oxidative stress precedes the development of hypertension and, second, that

the reduction of oxidative stress prevents or ameliorates hypertension. Observations

that indicate that oxidative stress antecedes hypertension include the finding that

genetic deficiency of mitochondrial SOD results in hypertension [6] and the dem-

onstration that increment in renal NADPH oxidase [6], overproduction of O2
� and

endothelial dysfunction [7, 8] in the spontaneously hypertensive rat (SHR) precede

hypertension.

Antioxidant treatments have been used to prevent and to correct hypertension.

The administration of TEMPOL (hydroxy-2,2,6,6-tetramethylpiperidine-1-

oxyl), a SOD mimetic compound to young prehypertensive SHR, prevents the

development of hypertension [9] and for hypertensive SHR it ameliorates
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hypertension [10, 11]. Other antioxidant strategies that have been found to amelio-

rate hypertension include antioxidant-rich diets [12–15], apocynin (inhibitor of

NADPH oxidase) [16], melatonin (free radical scavenger) [17], L-arginine supple-

mentation [18], and the administration of the tetrahydrobiopterin (BH4), a cofactor

that would prevent or minimize the O2
� generation by NO synthase (NOS) uncou-

pling [19, 20]. The role played by NADPH oxidase and its subunits (NOX1, NOX2,

NOX4, p22phox) in the generation of ROS has been established in angiotensin

II-induced hypertension [16, 21–25], the SHR, in stroke-prone SHR, and deoxycor-

ticosterone acetate (DOCA)-salt-induced hypertension [10, 26, 27]. It should

be noted that in specific models of hypertension, some antioxidants failed to correct

hypertension; for instance, Zhang et al. [28] found that in acute angiotensin II-

and phenylephrine-infusion studies, TEMPOL prevented phosphorylation of mito-

gen-activated protein kinase (MAPK) and reduced oxidative stress but did not lower

Table 1 Oxidative stress and hypertension: experimental and clinical evidence

References

Experimental evidence

Oxidative stress precedes hypertension
Superoxide dismutase deficiency [6]

Increase in NADPH oxidase [6, 7]

TEMPOL to normotensive SHR prevents hypertension [9]

Antioxidant treatment improves/controls hypertension

Antioxidant diets [12–15]

Apocynin [16]

TEMPOL [10, 11]

Melatonin [17]

Tetrahydrobiopterin (BH4) [20]

Antioxidant treatment does not modify hypertension

TEMPOL in angiotensin II and phenylephrine infusion [28]

TEMPOL in SD rats treated with high salt [29]

Apocynin in SD rats treated with high salt [29]

Human studies

Oxidative stress in prehypertension (120–138/80–89 mmHg)
Lower total antioxidant capacity [30]

High oxidized lipoproteins [30]

High plasma carbonyl levels [31]

Low plasma ascorbic acid levels [32]

Oxidative stress in hypertension
Reduced levels of SOD, glutathione peroxidase, catalase [33–35]

Increased superoxide production (platelets and leukocytes) [36, 37]

Increased ADMA, increased 13-HODI acid [38]

Increased ROS production in resistance vessels [39]

Clinical trials of antioxidants for hypertensiona

Vitamin C improved hypertension [40, 41]

Vitamin C worsened hypertension [42]

Vitamin E inconclusive effects on hypertension [13]

ADMA asymmetric dimethylarginine; 13-HODA 13-hydroxyoctadecadienoic acid
aOnly trials specifically designed to evaluate effects of antioxidant vitamins on blood pressure
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blood pressure. Likewise Elmarakby et al. [29] reported that in Sprague-Dawley rats

treated with a high salt diet, TEMPOL and apocynin prevented endothelin-mediated

increase in plasma 8-isoprostane but did not reduce blood pressure. However, the

vast majority of investigations cited before have conclusively shown improvement

of hypertension with antioxidant treatments.

In human studies the causal relationship between oxidative stress and

hypertension remains unproven (see Table 1). It has been shown that individuals

with so-called prehypertension (blood pressure 120–138/80–89 mmHg) have 7%

lower total antioxidant capacity and 15% higher levels of oxidized low-density

lipoproteins [30], higher plasma protein carbonyl levels, decreased erythrocyte

catalase content, increased glutathione peroxidase activity (attributed to a compen-

satory response to oxidative stress) [31], and reduced plasma levels of ascorbic

acid, which inversely correlated with systolic blood pressure [32]. In addition,

patients with well-defined hypertension have reduced levels of SOD, glutathione

peroxidase and catalase [33–35], increased superoxide production in platelets and

leukocytes [36, 37], and increased plasma asymmetric dimethylarginine (ADMA)

and the lipid peroxidation product of linoleic acid, 13-hydroxyoctadecadienoic

acid, both of which are positively correlated with mean blood pressure [38].

Furthermore, vascular smooth muscle cells from resistance arteries of hypertensive

patients exhibit increased ROS production and upregulation of NADPH oxidase

[39]. Nevertheless, there is no definitive demonstration of causality in these asso-

ciations. Small therapeutic trials that evaluated the effects of vitamin C have

reported improvement [40, 41] as well as worsening of hypertension [42], and

vitamin E supplementation has also given inconsistent results [13]. Several large

trials have examined the cardiovascular effects of antioxidant vitamins and have

uniformly failed to show significant improvement in cardiovascular outcomes

[43–47], but these trials were not designed to evaluate effects of these treatments

on blood pressure and the patients included in these studies were patients with

arteriosclerosis and other cardiovascular risk factors not ideal when examining

isolated effects on hypertension.

There are significant difficulties in designing conclusive therapeutic trials aimed

at determining if antioxidant treatment improves hypertension in humans [reviewed

in 48–50]. Briefly, from a conceptual viewpoint, many oxidant reactions are

designed for the defense against infective organisms and by necessity are relatively

resistant to physiological antioxidant systems; this important characteristic makes

them equally resistant to exogenous antioxidant therapy. In fact, antioxidant effec-

tiveness against O2
� production requires a combination of cell permeability and

catalytic activity, which explains why vitamins C and E have low efficacy [51]. It

is also important to realize that antioxidants given in excess can increase oxidative

stress by the formation of their oxidized or free radical form, and, therefore, the

dose of a given antioxidant is a critical and essentially undefined element in its

therapeutic potential. An example of the necessary balance in antioxidant defenses

has been highlighted in the renal ablation model in which a ROS-scavenger therapy

with melatonin, which acts as an scavenger of free oxygen radicals, ameliorates

renal damage [52], while the administration of a SOD mimetic, TEMPOL, reduces
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superoxide by shifting the reaction toward hydrogen peroxide, but the existing

deficiency in catalase and glutathione peroxidase [53] results in the accumulation of

the latter and unchanged ROS-induced nephrotoxic damage [54]. Finally, there is

the central fact that although some studies demonstrate a deficiency of antioxidant

defense systems in hypertensive patients [33–35], increased production of ROS is a

critical element in the inflammatory reactivity associated with a variety of condi-

tions, such as arteriosclerosis, chronic kidney disease, obesity, and hyperglycemia,

which are frequent companions of hypertensive cardiovascular disease. Focusing

only on the increment of the antioxidant defenses, without improving these condi-

tions, is unlikely to have a favorable effect on oxidative stress.

In summary, while the existence of a two-way causal relationship between

oxidative stress and hypertension is difficult to prove in humans, there is compel-

ling evidence supporting this relationship in animal studies [55].

3 Mechanisms Involved in the Relationship

Between Oxidative Stress and Hypertension

3.1 Intravascular Pressure, Shear Stress, and Oscillatory Stress

Redox-sensitive mechanisms are activated by hemodynamic forces within the

arterial vascular wall. In isolated arteries, increase in intraluminal pressure has

been shown to induce a protein kinase C-mediated activation of NADPH oxidase,

resulting in enhanced superoxide production [56]. The effects of raised intraluminal

pressure have also been explored in vivo in the experimental model of aortic

coarctation, and these studies have also shown upregulation of the expression of

NADPH oxidase subunits above the coarctation [57].

Shear stress, resulting from the movements of blood through the vessels, is likely

beneficial since it upregulates NO production by inducing an increase in eNOS

mRNA transcription triggered by activation in MAPK pathways [58]. Furthermore,

shear stress stimulates compensatory increments in cytosolic SOD [59] and intra-

cellular levels of glutathione peroxidase [60]. In contrast, oscillatory stress induces

oxidative stress by increasing O2
� and H2O2 production derived from NADPH

oxidase, xanthine oxidase, and mitochondrial enzymes [61, 62]. These effects are

particularly evident at sites where atherosclerosis lesions are present [63].

3.2 Reduction of NO Availability and Endothelial Dysfunction

Oxidative stress reduces the availability of the NO by several mechanisms. First,

the affinity of NO and superoxide is very high, and their reactivity and consequent

generation of peroxynitrite is only limited by the availability of superoxide; thus
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oxidative stress causes avid inactivation of NO and generation of reactive nitrogen

species. In addition, oxidative stress oxidizes NO cofactor tetrahydrobiopterin

(BH4), which not only impairs generation of NO but also results in further incre-

ments in oxidative stress since it causes NOS to generate superoxide instead of NO

(NOS uncoupling).

Reduction in NO bioavailability results in increased vascular resistance,

increased adrenergic tone due to depressed NO-mediated inhibition of sympathetic

outflow, and attenuation of NO-mediated pressure natriuresis. While all these

effects are pro-hypertensive [48, 64], the most important effect of oxidative stress

relative to blood pressure is the reduction of NO-mediated modulation of vascular

tone. NO abundance is critical for both active vasodilatation and for counterbalan-

cing the effects of vasoconstrictors such as angiotensin II and endothelin-1. There-

fore, endothelial dysfunction is an expected consequence of oxidative stress and

reduced NO bioavailability [65]. Endothelial dysfunction precedes the develop-

ment of hypertension in the SHR [7], is independently associated with adverse

cardiovascular outcomes [66, 67], and is a relevant feature of the abnormal hemo-

dynamic responses in aging rats [68, 69] and elderly individuals [70].

Antioxidant treatment improves endothelial function, which contributes to the

amelioration of hypertension observed with TEMPOL [71–73], with the adminis-

tration of antioxidant-rich diet and vitamins [12, 74–76], and with melatonin [17]

in the SHR.

The generation of ROS in the endothelial cells, vascular smooth muscle cells,

adventitial fibroblasts, and inflammatory cells is not only involved in reduction of

NO availability and endothelial dysfunction, but it is also a stimulus for endothelial

activation, which involves changes in endothelial phenotype with cell-to-cell inter-

actions and expression of adhesion molecules [77]. As mentioned earlier, genera-

tion of ROS in the endothelium depends in a large measure on NADPH oxidases

that may also be involved in modulating the activity of other vascular sources of

ROS [78]. A large number of stimuli have been found to increase NADPH oxidase

activity, including metabolic factors such as glucose, insulin, advanced glycated

end products, and oxidized lipids, as well as angiotensin II, ET-1, and inflammatory

cytokines [78], which, in turn, can be stimulated by the generated oxidative stress,

thereby closing the self-sustaining cycle of oxidative stress, inflammation, and

angiotensin II activity [48, 79].

3.3 Reactive Oxygen Species, Vascular Tone,
and Arteriolar Remodeling

The direct effects of different ROS on the vascular tone are not the same and can

cause either vasoconstriction or vasodilation [80]. Hydrogen peroxide can activate

potassium channels and induce hyperpolarization and vasodilation in the cerebral

and coronary vessels [81–84], and since H2O2 is generated by flow [85], it likely
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plays a physiological role controlling vascular tone. In fact, the beneficial effects of

TEMPOL, a SOD mimetic that both acutely and chronically has been found to

ameliorate hypertension [86], have been ascribed to the generation of H2O2 [87].

Within the kidney the vascular effects of ROS are of physiological relevance in

hypertension because they favor sodium retention. The effects of H2O2 in the renal

medullary blood flow are different from the vasorelaxing effects observed in other

vascular beds. Intramedullary infusions of H2O2 reduce medullary blood flow and

sodium excretion in a dose-dependent manner [88]; moreover, as noted in a later

section, chronic intramedullary H2O2 infusion produces salt-sensitive increments in

blood pressure [89].

Superoxide causes vasoconstriction in renal cortical and in medullary circula-

tion. NADPH oxidase is likely the most important source of superoxide in vascular

smooth muscle cells, while mitochondrial respiration and other metabolic oxidases

are of minor importance [90]. Angiotensin II-induced superoxide formation is

mediated by AT1 receptor activation and results from upregulation of NOX1 and

activation of protein kinase C [91]. In isolated renal afferent arterioles, superoxide-

induced vasoconstriction is inhibited by the SODmimetic TEMPOL [92], and since

TEMPOL increases the medullary, but not the cortical renal blood flow [93], it is

likely that superoxide helps to maintain the basal tone in medullary circulation.

The vasoconstriction induced by ROS results from the increment in intracellular

calcium in vascular smooth muscle cells [94], but in addition to its direct effects,

several additional mechanisms may contribute to superoxide-induced vasoconstric-

tion. Superoxide increases the production of adenosine, which is a potent renal

vasoconstrictor [95], and its modification of the prostaglandin system aggravates

renal vasoconstriction. Superoxide inhibits prostacyclin synthase and, thereby,

impairs the production of vasodilating PGI2 [96]. ROS reaction with arachidonic

acid produces 8-isoprostane PGF2a, and this compound, by activating the throm-

boxane A2 receptor, causes preglomerular vasoconstriction [97]. Finally, oxidative

stress may also have an indirect influence in vascular tone since it modifies the

response to a variety of vasoactive agents. For instance, TEMPOL partially blocks

the renal vasoconstriction induced by endothelin-1 and norepinephrine and signifi-

cantly reduces angiotensin-induced vasoconstriction in aorta and mesenteric

vessels [98, 99] and in human forearm [100].

Vascular remodeling is a feature of hypertensive states that may contribute to the

severity and maintenance of hypertension. Vascular remodeling is induced by

MAPK, protein tyrosine (PT) kinases, and phosphatases and metalloproteinases

that are activated by ROS. Angiotensin II activation of p38MAPK is dependent on

H2O2 [101], and the constrictor effect of angiotensin II is mediated by activation of

p38MAPK and H2O2. Oxidative stress-induced p38MAPK activation results in

vascular smooth muscle cell proliferation and collagen synthesis [102]. Hydrogen

peroxide production is required for signal transduction of epidermal growth factor

receptor and platelet-derived growth factor receptor [103], and oxidation of cyste-

ine residues by H2O2 inactivates PT phosphatases in a reversible process that

maintains PT phosphatase in both active and inactive forms [104]. In addition,

oxidative stress modulates the activity of metalloproteinases capable of degrading
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extracellular matrix; both MMP2 and MMP9 may be activated by ROS in vascular

smooth muscle cells [22]. Therefore, ROS are capable of inducing functional as

well as structural modifications of the vasculature, and oxidative stress is critically

involved in the vascular remodeling in hypertensive states.

4 Oxidative Stress in the Kidney, Inflammation,

Angiotensin Activity, and Salt Retention

4.1 Salt and Oxidative Stress

The relationship between salt intake and hypertension has been recently reviewed

[105]. Pertinent to the present chapter, a high salt intake increases oxidative stress

not only as a consequence of increased blood pressure levels but also by several

additional and related mechanisms. A high salt diet stimulates renal NADPH

oxidase activity and increases superoxide production [106]. Chronic consumption

of a high salt diet results in a marked downregulation of iNOS and nNOS in

renal cortex and renal medulla and downregulation of eNOS expression in the

renal cortex; these changes were associated with the development of hypertension

in normotensive Sprague-Dawley rats [107]. In experimental models of salt sensi-

tive hypertension, a high salt diet results in a complex pattern of pro-hypertension

responses that include upregulation of the renal renin-angiotensin system with the

generation of pro-inflammatory and pro-fibrotic cytokines and an inability to raise

antioxidant enzyme systems [108]. A high salt diet also increases renal endothelin

production by the thick ascending limb of the loop of Henle and ET(B) receptor

activation and increases thick ascending limb eNOS expression by increasing the

outer medullary osmolarity, which may represent a regulatory response to incre-

ments in salt intake [109]. In addition, a high salt intake reduces the cationic amino

acid transporter, leading to inhibition of L-arginine transport in the renal medulla;

however, this effect may not be critical for raising blood pressure because changes

in the sodium content of the diet did not modify the hypertension despite reduction

of L-arginine uptake [110].

4.2 Oxidative Stress and Renal Medullary Blood Flow

Studies by Cowley and his associates [reviewed in 111] have investigated the role

of oxidative stress in the modulation of renal medullary blood flow and its relation-

ship with the pressure natriuresis and salt-sensitive hypertension. The vulnerability

to oxidative stress of the medulla and papilla of the kidney, which may contribute to

tubulointerstitial injury in the early stages of hypertension [112], is the result of

oxygen shunting between the descending and ascending vasa recta, which leads to a
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large pO2 gradient between these structures and the cortex. Medullary blood flow

modulates pressure natriuresis by inducing changes in the renal interstitial hydro-

static pressure. Reduced medullary blood flow has been demonstrated in SHRs and

is increased by chronic infusions of captopril in the medullary interstitial space

without changes in cortical blood flow. This maneuver is associated with improve-

ment of hypertension and a correction (shift to the left) of the pressure natriuresis

relationship [113]. In salt-sensitive Dahl rats, salt administration causes a decrease

in medullary blood flow that is corrected with L-arginine as NO precursor [114].

Increased ROS activity in the renal medulla results in a reduction in sodium

excretion [111]. Both O2
� and H2O2 generation have an influence in medullary

blood flow. Increased O2
� production induced by the intramedullary infusion of a

SOD inhibitor results in a reduction in medullary blood flow and hypertension

[115], and similar effects have been demonstrated with H2O2 infusion [115, 116].

The role played by NO in the modulation of medullary blood flow is demon-

strated by the profound reductions in medullary blood flow observed with the

inhibition of NOS with NG-nitro-L-arginine methyl ester (L-NAME) administration

[117]. However, the slope of pressure natriuresis is unchanged with inhibition of

NOS, indicating that NO may participate, but is not essential, for a normal pressur-

e–natriuresis relationship [118].

4.3 Oxidative Stress, Renal Angiotensin Activity,
and Inflammation

It has been amply demonstrated that angiotensin II infusion stimulates ROS

production [119, 120], and that the NADPH oxidase system is involved in the

production of O2
� induced by angiotensin II [121]. NADPH in endothelial cells is

composed of gp91phox (Nox2), p22phox, p47phox, p67phox, and Rac1, and their

contribution to the generation of oxidative stress in the pathogenesis of hypertension

has been extensively reviewed [3, 4, 122] and will not be discussed here. Pertinent to

the present discussion, angiotensin infusion induces mRNA and protein expression

of gp91phox and p22phox [123] and p67phox is activated in angiotensin-induced ROS

production in aortic adventitial fibroblasts [124]. The smooth muscle cells have a

low or absent NOX2, and in these cells NOX1 is involved in the O2
� generated by

angiotensin II [3]. Within the kidney, the activity of the renal angiotensin system

plays a central role in the tendency toward sodium retention, which is the hallmark of

salt-sensitive hypertension. All elements of the renin-angiotensin system are present

in the kidney [125], and intrarenal angiotensin activity stimulates sodium reabsorp-

tion [126]. It should be emphasized that intrarenal angiotensin activity is indepen-

dent of circulating angiotensin levels. Not only is it unmodified by plasma expansion

[127], but it is stimulated by salt ingestion in salt-sensitive hypertension models that

present, in contrast, suppressed plasma levels of angiotensin II [128]. Several studies

have shown that resident, as well as infiltrating, immune cells in tubulointerstitial

areas of the kidney express angiotensin II [12, 129–132], that renal angiotensin II
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content [132] and interstitial fluid angiotensin II concentration [128] are directly

related to the severity of inflammation, and, as will be discussed later, immune cells

produce angiotensin II [133].

The activity of the renal angiotensin system in humans cannot be studied

directly, but recent studies by Kobori et al. [134] have demonstrated that it is

reflected in the urinary angiotensinogen content, and they have provided evidence

of enhanced activity in hypertensive states [135, 136].

In the kidney, oxidative stress, angiotensin II activity, and inflammation are

inseparably linked, support one another, and are critical in the pathogenesis of

hypertension [48, 79]. ROS promote inflammation by stimulating redox-sensitive

signal transduction pathways and activating pro-inflammatory transcription factors,

including nuclear factor kappa B and activator protein-1 [137–139]. In addition,

oxidative stress induces a heat shock protein (HSP) response that results in further

induction of pro-inflammatory cytokines and intercellular adhesion molecules

[140]. Enhancement of leukocyte migration and activation in turn increases ROS

production and amplifies the pro-inflammatory response.

The importance of renal inflammation in the pathogenesis of hypertension is

not only due to the local disturbance of the pressure natriuresis mechanism but also

because within the kidney, the interrelation between inflammation, oxidative stress,

and angiotensin II activity promotes a tendency to sodium retention (Fig. 1) [48, 79].

A universal feature of experimental models of hypertension is the existence of

Fig. 1 Interrelation between

oxidative stress,

inflammation, and

angiotensin II activity in the

kidney results in a tendency

to salt retention and

hypertension. 1 Direct O2
�

production by activated

inflammatory cells and

resident renal cells (mediated

by angiotensin II, PDGF and

TNF-a). 2 Activation of

NFkB, upregulation
of MCP-1, MAPK, and

intercellular adhesion

molecules (E-selectin,

ICAM-1, and VCAM-1), and

increased expression of heat

shock proteins. 3 Activation

of NFkB, overexpression of

intercellular adhesion

molecules and

overproduction of MCP-1. 4
Vasoconstriction, ischemia,

upregulation of NADPH

oxidase
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intrarenal inflammation [105, 141] and a series of studies from our laboratories [12,

17, 129–131, 142–145] and from other research groups [146–156] have demon-

strated that reduction of inflammation results in amelioration or prevention

of hypertension in genetic and acquired models of hypertension (Table 2). The

relationship between immune cells and the renal angiotensin system was suggested

in early studies that showed angiotensin II staining in a significant number of

infiltrating lymphocytes in experimental models of hypertension [130] and a corre-

lation between tubulointerstitial inflammation and angiotensin II-positive cells in

renal biopsies of models of salt-sensitive hypertension and in SHRs [12, 129, 131].

Subsequently, in the Page (cellophane-wrapped) kidney model of hypertension,

the renal content of angiotensin II was found to be related to the intensity of the

inflammatory infiltration [132]. Franco et al. [128] demonstrated that in salt-

sensitive hypertension, the renal interstitial angiotensin II concentration and

angiotensin-mediated effects in glomerular hemodynamics may be suppressed by

the use of mycophenolate mofetil (MMF) in a manner similar to that observed with

angiotensin receptor (ATR) blockade. Recent studies have elegantly demonstrated

that T-lymphocytes express angiotensinogen, angiotensin I-converting enzyme, and

renin and are equipped to produce physiological levels of angiotensin II; further-

more, inhibition of T-cell angiotensin converting enzyme reduced tumor necrosis

factor-alpha (TNF-a) production, indicating that endogenously produced angioten-
sin II has a regulatory role in this process. Both AT1R and AT2R are involved in this

process, and superoxide was a critical mediator of T-cell TNF-a production [133].

Table 2 Experimental and clinical conditions in which hypertension was ameliorated or

prevented with measures directed to reduce renal tubulointerstitial inflammation (updated from

references [105, 141])

Experimental/clinical condition References

Genetic strains of hypertensive rats
SHR [12, 17, 131, 143,

152, 165]

Transgenic dTGF rats (double-transgenic rats harboring both human

renin and angiotensinogen genes)

[148]

Dahl salt-sensitive rats [147, 150]

Hypertensive Lyon rats [153]

Hypertensive NZB mouse [154]

Prenatally-induced hypertension [149]

Experimental models of hypertension
Renal infarct hypertension [155]

Page (cellophane wrap) hypertension [132]

Chronic low-dose lead intoxication [145]

Experimental salt-sensitive hypertension
DOCA-salt hypertension [146, 162]

Angiotensin II infusion [130, 151]

Inhibition of nitric oxide synthase [142]

Protein overload [129]

Human studies
Grade I hypertension [159]
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The importance of T-lymphocytes in the pathogenesis of hypertension has been

recently highlighted by studies of the same investigators showing that mice lacking

T-cells are unable to develop angiotensin II-induced hypertension, and adoptive

transfer of T-lymphocytes restored blood pressure responsiveness [157].

The abundant experimental evidence that relates renal inflammation and hyper-

tension is in contrast with the few studies that support this association in clinical

studies. This is logical since the use of immunosuppressive drugs for essential

hypertension is ethically unjustified. In the field of renal transplantation, patients

treated with MMF and rapamycin have a lesser incidence of hypertension [158], but

these data may not be extrapolated to essential hypertension. Nevertheless, there are

now two studies that support the possibility that renal inflammation may be relevant

in the pathogenesis of hypertension in man (see Table 2). Herrera et al. [159]

studied eight patients with grade 1 essential hypertension and normal renal function

who received MMF for the treatment of rheumatoid arthritis or psoriasis. These

patients were studied before, during, and after a course of MMF treatment.

Although there were no changes in antihypertensive medication or sodium intake,

the blood pressure was significantly reduced during MMF and returned to the

pretreatment levels after this immunosuppressive therapy was discontinued.

Urinary cytokine determinations suggested a reduction in renal inflammatory

reactivity during MMF treatment. A role for intrarenal inflammation in the patho-

genesis of hypertension is also suggested by data presented by Hughson et al. [160],

who examined autopsy kidneys of 107 African Americans and 87 white hyperten-

sive patients, excluding premorbid kidney disease and pathological findings of

severe atherosclerosis and diabetic glomerulosclerosis. While not stated by the

authors, their data show that hypertensive subjects, irrespective of race, had a

significantly higher number of CD68 positive cells infiltrating the kidney (a mea-

sure of inflammation) than their normotensive counterparts and, furthermore, the

most significant correlation found with mean blood pressure levels in their study

was the intensity of renal infiltration of CD68 positive cells.

The importance of inflammation in the pathogenesis of hypertension has been

recently recognized by Ruiz-Ortega et al. [161], who suggested that the antihyper-

tensive effects of ATR blockers and angiotensin converting enzyme inhibitors

could be partially mediated by blockade of the pro-inflammatory effects of angio-

tensin II.

4.4 Autoimmune Reactivity as a Potential Cause of Oxidative
Stress in Hypertension

More than three decades ago, Svendsen [162] reported that the salt-dependent

phase in the DOCA-salt experimental model of hypertension was not observed in

the athymic nude mice. Subsequently, a series of investigations reported association

between immune dysfunction [163, 164] and hypertension in the SHR, interpreted

as an adaptive response to counteract the potentially fatal effects of severe
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hypertension [165]. Other studies, in contrast, found that immunosuppression with

cyclophosphamide and antithymocytic serum ameliorated hypertension [152].

These studies went largely ignored until recently when studies from several labora-

tories (summarized in Table 2) demonstrated that immune suppression was asso-

ciated with reduction in intrarenal inflammation, reduction in oxidative stress, and

correction or prevention of hypertension. Furthermore, experiments previously

cited [133, 157] have demonstrated that the participation of T-lymphocytes is

necessary for the development of angiotensin II-induced hypertension.

Based on this collective evidence, we have postulated that persisting renal

inflammation, upregulation of intrarenal angiotensin system, and oxidative stress

in salt-sensitive hypertension could be the result of low-grade autoimmune reactiv-

ity [48, 79, 166]. Since renal overexpression of HSP is a common finding in

experimental models of hypertension [167, 168], we raised the possibility that

HSP could be involved in the putative local autoimmunity, as shown to occur in

experimental models of autoimmune arthritis, multiple sclerosis, and diabetes

[169, 170]. Indirect support for this possibility was obtained in experiments that

show that splenocytes from animals in several models of salt-sensitive hypertension

present a proliferative response, characteristic of delayed hypersensitivity reaction,

when challenged with HSP70 [171]. Further experiments are needed to explore the

potential participation of autoimmune reactivity in the pathogenesis of salt-

sensitive hypertension.
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W. Enhancement of T cell receptor signaling by mild oxidative shift in the intracellular thiol

pool. J Immunol 2000; 165: 4319–4328.
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Chapter 8

Uric Acid and Oxidative Stress

Yuri Y. Sautin, Witcha Imaram, Kyung Mee Kim, Alexander Angerhofer,

George Henderson, and Richard Johnson

Abstract Biological effects of uric acid, generated in the human body either from

food or resulting from the purine degradation pathway via xanthine oxidoreductase,

are extremely pleiotropic. They are paradoxically opposing under different experi-

mental conditions. Some of these effects are beneficial and some of them are

deleterious. The key feature of uric acid is the ability to be either an antioxidant

or pro-oxidant depending on a variety of factors. The complexity of the urate

chemistry, including its ability to quench or form various radicals, is a crucial

component of the mechanisms underlying the ability of uric acid to induce opposing

biological effects. In addition, uric acid is a powerful signaling molecule that can

affect intracellular signal transduction, leading to oxidant production via nicotin-

amide adenine dinucleotide phosphate (NADPH) oxidase and expression of proin-

flammatory mediators. Beneficial antioxidant effects are manifested in the

protection of endothelial cells from external oxidative stress and protection of the

central nervous system from oxidative damage in several conditions. Detrimental

pro-oxidative effects of uric acid are associated with the metabolic syndrome and

cardiovascular and renal diseases.

Keywords Xanthine oxidoreductase � Metabolic syndrome � Endothelium

Uric acid was long thought to be primarily a waste product of purine metabolism

that provided a means for efficiently removing nitrogenous wastes [1]. Indeed,

animals could be classified based on how they excreted their nitrogenous wastes,

with ammonotelic organisms excreting ammonia (NH4
+), ureotelic organisms

excreting urea (which has two nitrogens per molecule), and uricotelic organisms

that excreted uric acid (which has four atoms of nitrogen per molecule). Ammo-

notelic organisms need a lot of water to excrete ammonia (such as freshwater
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amphibians and fishes), whereas ureotelic organisms that excrete urea as their main

product includes most mammals, and uricotelic organisms includes reptiles and

birds in which the uric acid could be excreted via the cloaca with minimal water

loss. For humans, who are ureotelic, the excretion of uric acid does not account for

much of the nitrogen excretion. However, humans have higher levels of uric acid

than most other mammals since they lack the enzyme uricase, which degrades uric

acid to allantoin (Fig. 1). As such, uric acid excretion accounts for only a small

percentage of overall nitrogen excretion in humans.

The viewpoint of uric acid as primarily a waste product was held for decades.

Indeed, the primary concern about uric acid was the well-known observation that

high levels can exceed the known solubility (which is 6.8 mg/dL in water) and that

it could precipitate into crystals that then could induce a severe inflammatory

reaction in joints, causing the disease gout [2]. However, there was then the

surprising discovery that, while uric acid is proinflammatory in its crystalline

form, it can actually function as an antioxidant [3, 4]. Indeed, Ames et al. docu-

mented that it was extremely effective as an antioxidant in multiple settings and in

fact may represent the principal antioxidant in the circulation [5]. They also

suggested that the genetic mutation that led to a loss of uricase may have provided

a survival advantage through its benefit of increased uric acid levels to overall

antioxidant potential. Indeed, they proposed that uric acid may help protect animals

from the oxidative stress associated with aging and cancer, and that this could

explain the increasing longevity observed in species with high uric acid levels.

Furthermore, the studies by both Proctor [4] and Ames et al. [5] also suggested that

the uricase mutation may have provided an important survival advantage to replace

the decrease in vitamin C levels that resulted from the mutation in ascorbate

synthesis that had occurred millions of years earlier.

While these studies suggested that uric acid might have a beneficial role in

preventing disease, a gnawing and consistent observation was the frequent associa-

tion of elevated uric acid with cardiovascular disease. Over time, numerous epide-

miological studies documented an association of uric acid with increased risk for

myocardial infarction, stroke, hypertension, metabolic syndrome, chronic kidney

disease, and overall cardiovascular mortality [reviewed in 6, 7]. While some studies

found uric acid to be an independent risk factor for cardiovascular disease, other

studies could not demonstrate such independence. The inability to resolve the role

of uric acid in cardiovascular risk led to great controversies in the literature on

the role of uric acid in these conditions, with some authors suggesting that it

Fig. 1 The enzymatic conversion from uric acid to allantoin by uricase
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is simply a marker of risk [8, 9], others stating that it may be a compensatory

beneficial response [10–13], and others suggesting that it may increase the risk for

cardiovascular complications [14].

The inability to resolve the issues by epidemiology has been followed by a series

of experimental studies in cell culture, in animals, and most recently, in humans.

Interestingly, some studies suggest that uric acid, while an antioxidant under some

conditions, may also function as a pro-oxidant in other situations, especially in the

intracellular environment [15, 16]. In this chapter, we review some of these

interesting studies that document the paradoxical and opposing effects uric acid

may have under different experimental conditions.

1 Uric Acid the Antioxidant

Uric acid is a reactive water soluble antioxidant that will react with a variety of

oxidants [17, 18]. Unlike other antioxidants, such as ascorbate, the reaction of uric

acid with an oxidant results in its stepwise degradation with the formation of

signature end products. Some studies suggest uric acid may be one of the most

important antioxidants in the plasma [5, 19].

1.1 Antioxidant Chemistry of Uric Acid

Pioneering experiments by Ames et al. [5] showed that when uric acid is exposed to

a variety of different radicals it is degraded, and the authors suggested that allantoin

was a product of this degradation. More recently, numerous studies confirmed that

antioxidant activity of uric acid is always associated with a certain level of

degradation of the urate molecule by a variety of mechanisms depending on the

nature of the oxidant [20–22].

1.1.1 Reaction with Superoxide and Hydroxyl Radical

The classical reaction of uric acid is with superoxide (O2
��) and the hydroxyl

radical (lOH), resulting in the formation of allantoin (Fig. 2). The observation that

allantoin can be detected in the serum and urine of individuals with oxidative stress

suggests that this reaction occurs in vivo. Indeed, allantoin levels have been

elevated in a variety of conditions, including severe exercise [23, 24], in congestive

heart failure [25], in those with arthritis [26], and in subjects with diabetes [27].

We and others [27] have also detected high levels of allantoin in hemodialysis

subjects in which oxidative stress is known to be high (unpublished observations).
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Finally, allantoin has also been detected in atherosclerotic plaque [28], consistent

with the possibility that uric acid is acting as an antioxidant in inflamed and

atherosclerotic tissues.

In mammals that have uricase, uric acid is degraded with the release of oxidants.

While most studies have suggested that the uricase product is also allantoin, more

recent studies by Kahn et al. suggest the product is 5-hydroxyisouric acid, which is

subsequently degraded to allantoin by nonenzymatic reaction (Fig. 3) [29].

1.1.2 Reaction with Peroxynitrite

Peroxynitrite is an important oxidant in biological systems that is formed by the

reaction of nitric oxide (NO) with superoxide anion [30]. Peroxynitrite can nitro-

sylate tissues, which can be detected by the appearance of nitrotyrosine residues as

evidenced by mass spectrometry experiments combined with specific antibodies. In

this regard, uric acid is known to have very high affinity for peroxynitrite [31, 32],

resulting in the formation of triuret (Fig. 4) [31, 33]. Triuret levels have been

detected in subjects with oxidative stress, including in preeclampsia [33], smokers

[34], and in hemodialysis patients (unpublished observations). In addition to triuret,

Skinner et al. reported that uric acid can react with peroxynitrite to form a vasoac-

tive NO donor, likely from a nitrated uric acid derivative [35]. However, triuret

appears to be the primary product [31, 36].

1.1.3 Reaction with Nitric Oxide

Uric acid has also been reported to react directly with NO under various conditions.

Suzuki reported that uric acid can react with NO under aerobic conditions to form a

Fig. 3 Non-enzymatic degradation of uric acid to allantoin

Fig. 2 Reaction of uric acid with superoxide (O2
��) and hydroxyl (

�
OH)
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nitrosated product that is capable of donating NO [37]. In contrast, Gersch et al.

reported that uric acid had a reaction with NO that consumed the NO and generated

6-aminouracil [38] (Fig. 5). In preliminary studies, we have also observed elevated

levels of 6-aminouracil in preeclampsia patients and subjects on hemodialysis

(unpublished data).

1.1.4 Other Antioxidant Reactions

Uric acid may also have other antioxidant actions. For example, uric acid can block

ferrous (Fe2+)-catalyzed oxidation reactions [39] as well as copper-mediated

oxidation of human low density lipoprotein [40, 41]. Uric acid may also increase

extracellular superoxide dismutase activity by blocking its degradation by hydro-

gen peroxide [42]. Finally, an important function of uric acid may be to preserve

ascorbate levels by chelating with iron and hence blocking iron-catalyzed ascorbate

oxidation [43, 44]. Indeed, ascorbate is preferentially utilized over uric acid in

plasma during oxidative stress [45].

1.2 Evidence for Antioxidant Actions of Uric Acid

1.2.1 Preservation of Endothelial Function

Several studies have reported that uric acid may have acute effects to preserve

endothelial function, and in particular, endothelial NO production. For example,

Kuzkaya et al. reported that uric acid could protect cultured endothelial cells from

oxidative stress and that the antioxidant effects were potentiated in the presence of

ascorbate [32]. The administration of uric acid to humans has also been associated

with an immediate improvement in endothelial dependent (NO-dependent) vasodi-

lation [46–48]. Finally, at least one study has reported that increasing uric acid

levels can improve endothelial function in a model of renal insufficiency [49].

Fig. 5 Formation of 6-

aminouracil from uric acid

Fig. 4 Peroxynitrite-mediated uric acid oxidation forming triuret
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1.2.2 Protection of the Central Nervous System

Epidemiological studies also suggest that uric acid may be protective for a variety

of neurological diseases, but particularly Parkinson’s disease [50, 51] and multiple

sclerosis [52]. The administration of uric acid, for example, has been found to be

protective in experimental allergic encephalomyelitis (EAE), which is pathogeni-

cally similar to multiple sclerosis [52]. Much of the protection in these disorders has

been posited to be secondary to the antioxidant properties of uric acid. Uric acid

may function in part by preventing the oxidation of dopamine [53–55]. Another

mechanism of the protective role of uric acid in EAE is by blocking the blood–brain

barrier permeability, thereby preventing the infiltration of inflammatory cells into

the brain with a consequent reduction in neuron damage [56]. This latter protective

effect has been attributed to the inhibition of peroxynitrite-induced nitrotyrosines

[56]. However, ascorbate also blocks nitrotyrosine formation in the CNS in this

model but did not block the blood–brain barrier and did not provide neuronal

protection. While the authors suggested this may be due to an increased ability

for uric acid to block the oxidizing effects of peroxynitrite in the presence of iron,

the data would also be consistent with the possibility that the protective effects of

uric acid in this model may not be via its antioxidant actions [57]. Uric acid, at least

acutely, may also provide some protection against stroke. For example, rats admi-

nistered uric acid prior to middle artery occlusion show reduced brain injury [54].

In contrast, most studies suggest that chronic hyperuricemia increases the risk for

stroke [58].

1.2.3 Other Possible Antioxidant Functions

Several other studies suggest uric acid may function as an antioxidant in disease.

For example, uric acid appears to protect the liver from injury during hemorrhagic

shock [59]. Uric acid has also been reported to block oxidant mediated cardiac

dysfunction in the guinea pig [60].

1.3 Summary

In summary, uric acid can function as a potent antioxidant in plasma, particularly in

the setting where ascorbate levels are low [45]. Uric acid can also synergize with

ascorbate in some of its antioxidant actions [32]. Most of the antioxidant effects of

uric acid can be demonstrated in the test tube by mixing uric acid with oxidants, and

in the circulation by the immediate infusion of uric acid. However, an important

issue is whether uric acid functions as an intracellular antioxidant. In recent years it

has been shown that uric acid can enter cells via various organic anion transporters,

most notably URAT1 [61, 62]. As will be discussed below, uric acid acts more

commonly as a pro-oxidant inside the cell [16, 41].
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2 Uric Acid the Pro-Oxidant

The possibility that uric acid may function as a pro-oxidant has been demonstrated

in several in vitro systems. Most notably, under some conditions uric acid can act as

a pro-oxidant in the Cu-mediated oxidation of low-lipid density (LDL) cholesterol

[63, 64]. Furthermore, a potential deleterious effect of uric acid is that its reaction

with oxidants may result in the generation of free radicals. For example, both

Santos et al. [22], as well as our group [65] have found that the reaction of uric

acid with peroxynitrite results in the formation of at least two carbon-based

radicals, most likely the aminocarbonyl radical and the triuretcarbonyl radical

(Fig. 6). The observation that radicals can be formed during the reaction of an

antioxidant and oxidant has also been observed in other systems, such as with

reactions of oxidants with ascorbate or tetrahydrobiopterin. Whether these gener-

ated radicals actually induce oxidative injury remains unknown.

2.1 Intracellular Effects of Uric Acid

Many of the pro-oxidative effects of uric acid have been shown in cell culture

studies. For example, Corry et al. reported that cultured vascular smooth muscle

cells incubated with uric acid produce oxidants and angiotensin II [66]. This is also

consistent with the studies by Kanellis et al. in which antioxidants were able to

prevent uric acid stimulated expression of monocyte chemoattractant protein-1

(MCP-1) [67]. We have also found that uric acid potently stimulates oxidants in

cultured endothelial cells, beginning within 5 min of exposure (Min et al., submit-

ted). Sautin et al. also found that uric acid stimulated oxidant production in

adipocytes, and this was associated with increased production of oxidized lipids

[16]. In the latter study the mechanism was shown to be due to the stimulation of

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase. This study also

found that the production of oxidants was associated with a reduction in intracellu-

lar NO levels with the generation of peroxynitrite-associated nitrotyrosine residues.

Thus, in this setting uric acid was inducing peroxynitrite formation as opposed to its

classical role to inactivate it.

Evidence that these effects were mediated by intracellular uric acid was shown

by experiments in which probenecid was added to the incubation mixture. Proben-

ecid is an organic anion transporter that blocks the uptake of uric acid into the cell

[61, 62] and was found to block the effects of uric acid to induce oxidative stress in

these cells [16, 67].

Fig. 6 Aminocarbonyl and

triuretcarbonyl radicals
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2.2 Animal Studies

We have also found that the administration of a uricase inhibitor to rat can result in

oxidative stress. The blockade of uricase will actually reduce oxidant generation in

the liver, as uricase releases superoxide anion on reaction with uric acid. Neverthe-

less, we found that the induction of hyperuricemia in rats by uricase inhibition

resulted in evidence for intrarenal oxidative stress, as noted by the appearance of 3-

nitrotyrosine and 4 hydroxynonnenol adducts in the kidney. An increase in Nox4

expression [68] suggests that the oxidative stress may be secondary to activation of

NADPH oxidases, as was demonstrated in the adipocyte cell culture studies [16].

The oxidative stress was associated with the development of systemic and glomer-

ular hypertension and could be reversed by treatment with the superoxide dismutase

mimetic, TEMPOL (4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl) [68].

3 Xanthine Oxidoreductase and Uric Acid

While uric acid can have both pro-oxidative and antioxidative effects, many studies

examining the role of uric acid in diseased states utilize xanthine oxidoreductase

(XOR) inhibitors as a means to evaluate the role of uric acid. XOR is a complex

enzyme that may occur either as a xanthine dehydrogenase or xanthine oxidase

[69]. The former isoform utilizes NAD as its substrate to form uric acid and NADH,

whereas the latter enzyme is used to convert hypoxanthine to xanthine with the

production of a superoxide molecule, and a second reaction of xanthine to form uric

acid with a second superoxide molecule (Fig. 7) [70, 71]. As such, the two-step

reaction will form two oxidant molecules (superoxide) and one uric acid molecule.

Thus, xanthine oxidase inhibitors have the ability to reduce both uric acid

formation and xanthine oxidase induced superoxide formation. Interestingly, allo-

purinol substitutes for xanthine and results in the formation of oxypurinol as

opposed to uric acid [72]. As such, allopurinol itself does not block xanthine

oxidase-induced oxidants [72]. However, its product, oxypurinol, then acts to

irreversibly inhibit xanthine oxidase, thereby reducing superoxide formation [73].

Hence, in this situation it becomes unclear if any benefits observed with xanthine

oxidase inhibitors are due to the lowering of uric acid or the reduction in xanthine

oxidase-associated oxidants. One approach to resolving these issues is to determin-

ing if equivalent benefit can be obtained by lowering uric acid with recombinant

Fig. 7 Reaction catalyzed by xanthine oxidase. Adapted from [71]
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uricase or with a uricosuric agent. As will be discussed, most studies in animals

suggest it is the uric acid itself that is causing the disease manifestations (to be

discussed below), whereas studies in humans have been conflicting. These are

briefly summarized below.

4 Uric Acid and Its Role in Hypertension, Metabolic

Syndrome, and Renal Disease

4.1 Uric Acid and Hypertension

Hyperuricemia is common in subjects with hypertension and may be present in

25–50% of patients [74]. In adolescents with newly diagnosed primary hyperten-

sion, the prevalence is even higher and approaches 90% [75]. Evidence that

hyperuricemia may have a causal role in the condition is supported by the finding

that elevating uric acid with a uricase inhibitor causes systemic and glomerular

hypertension in rats [76]. Importantly, in this model the use of either a uricosuric

(benziodarone) or a xanthine oxidase inhibitor (allopurinol) was protective [76].

The mechanism for the hypertension was shown to involve the development of

oxidative stress, with a reduction in endothelial NO levels and a stimulation of the

local and renal angiotensin system [66, 68, 77, 78]. Evidence that uric acid may also

cause hypertension in humans is just emerging. In one small pilot study, the

lowering of uric acid in adolescents with newly diagnosed hypertension resulted

in a normalization of blood pressure in 86% of children if the uric acid was lowered

to less than 5 mg/dL (300 mM); in contrast, only 3% of placebo-treated controls

became normotensive [79]. The possibility that the allopurinol was acting by

blocking xanthine oxidase-associated oxidants should be considered, as George

et al. reported that allopurinol treatment improved endothelial function in subjects

with congestive heart failure, whereas the uricosuric, probenecid, did not, despite

equivalent lowering of uric acid [80]. However, a recently conducted trial in

prehypertensive obese adolescents does appear to confirm a significant blood

pressure lowering effect if uric acid is lowered, regardless of whether probenecid

or allopurinol is used (Dan Feig, personal communication).

4.2 Uric Acid and Metabolic Syndrome

An elevated uric acid is also common in subjects with metabolic syndrome. Indeed,

hyperuricemia and low urinary uric acid excretion are so common in subjects with

metabolic syndrome that these features have been considered part of the syndrome

[81]. While historically the hyperuricemia was thought to be a consequence of the

effects of hyperinsulinemia [82], more recent studies suggest that uric acid may

have a role in causing this syndrome. In particular, one of the most effective ways
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to induce metabolic syndrome in animals is with fructose [83]. Interestingly, one

unique feature of fructose is that it generates uric acid. When fructose is metabo-

lized, it undergoes rapid and unregulated phosphorylation with adenosine triphos-

phate (ATP) consumption and adenosine monophosphate (AMP) accumulation,

and the breakdown of the adenine nucleotides coupled with a stimulation of AMP

deaminase results in uric acid generation. Serum uric acid rises shortly after a

fructose-rich meal [84].

Studies in animals have found that lowering uric acid can ameliorate many

features of the metabolic syndrome induced by fructose [85, 86]. Lowering uric

acid by either a uricosuric or a xanthine oxidase inhibitor is protective [85]. Uric

acid causes metabolic syndrome likely via several mechanisms. First, the ability of

uric acid to inhibit endothelial function could contribute to insulin resistance, as

insulin requires endothelial NO for maximal effects by increasing blood flow to

target organs such as skeletal muscle [85]. Second, uric acid may have direct effects

on the adipocyte. We found, for example, that uric acid could induce a proinflam-

matory state in the adipocyte [16] similar to what has been shown in subjects with

metabolic syndrome [87]. Cheung et al. have also reported that XOR is a key

enzyme in the adipocyte that is critical for adipogenesis [88]. Furthermore, recent

studies suggest uric acid may also regulate the key enzyme in fructose metabolism,

fructokinase, as well as augment the effects of fructose to induce ATP depletion

(Sanchez-Lozada et al., unpublished).

Few studies in humans have been performed to date. Our group has recently

evaluated the effect of lowering uric acid with a xanthine oxidase inhibitor in

healthy adult males administered large doses of fructose (200 g/day) [89]. Fructose

induced multiple features of metabolic syndrome as well as a significant increase in

serum uric acid levels. However, whereas allopurinol was effective at blocking the

rise in blood pressure in response to fructose, it had no observable benefits on

insulin resistance. In contrast, in a recent controlled study, a Japanese group found

that lowering uric acid with a uricosuric could markedly improve insulin sensitivity

in subjects with congestive heart failure (Hisatome, personal communication). One

potential explanation is that the effects of uric acid to potentiate fructose effects

might be less evident under conditions in which very high doses of fructose are

used. Obviously, further studies are needed prior to making any conclusion on

the role of uric acid in metabolic syndrome in humans.

4.3 Uric Acid and Renal Disease

There is also emerging evidence that lowering uric acid may be beneficial in kidney

disease. It has been known for a long time that most patients with chronic

kidney disease have high uric acid levels, and it was ascribed to the well-known

finding that a reduction in glomerular filtration rate (GFR) will reduce uric acid

excretion. Nearly half of dialysis patients have hyperuricemia [90–92]. The possi-

bility that the hyperuricemia might have a role in chronic kidney disease was
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suggested by experimental studies in animals in which the raising of uric acid was

found to induce kidney disease in normal animals [76, 93] and to accelerate chronic

kidney disease such as the remnant kidney model [94]. In the latter model both

uricosuric agents and xanthine oxidase inhibitors were effective. The mechanism

was shown to involve the induction of renal microvascular disease with an alter-

ation in renal autoregulation, the development of renal vascular vasoconstriction,

and the stimulation of inflammation within the kidney [95–98]. Further studies

showed that lowering uric acid could prevent or ameliorate renal injury in a wide

variety of experimental models, including the hyperuricemic remnant kidney model

[94], cisplatin associated acute renal failure [99], and diabetic nephropathy [100].

Clinical studies also suggest that uric acid could have a role in causing renal

disease. For example, numerous epidemiological studies suggest that an elevated

uric acid level can predict the development of renal disease in the general popula-

tion [101, 102], in subjects with type 1 diabetes [103, 104], and in subjects with

glomerular disease and normal renal function [105, 106]. Interestingly, it has been

more difficult to show that uric acid is an independent risk factor for renal

progression in subjects with preexisting chronic kidney disease [107]. Nevertheless,

lowering uric acid with allopurinol has been reported to slow renal disease progres-

sion in subjects with chronic kidney disease and asymptomatic hyperuricemia

[108]. Talaat et al. also reported that there was a marked exacerbation of hyperten-

sion, proteinuria, and renal progression when allopurinol was withdrawn from

subjects with chronic kidney disease if they were not on angiotensin-converting

enzyme (ACE) inhibitors [109]. This latter study suggests that the use of ACE

inhibitors may function similar to a xanthine oxidase inhibitor on renal disease, and

this is consistent with experimental studies that suggest that some of the actions of

uric acid are via stimulation of the renin angiotensin system [66, 77]. However,

there are also some data that uric acid may have effects in addition to stimulating

the renin angiotensin system, such as by stimulating endothelin 1 levels [110, 111].

In this regard, in experimental models the addition of ACE inhibitors with allopu-

rinol has been reported to have synergistic effects on blood pressure in rats with

fructose-induced metabolic syndrome [112].

5 Conclusion

Uric acid is a molecule with complex chemistry with multiple biological effects.

It is not simply a purine waste product that aids in the removal of nitrogenous

wastes. Rather it has a mixture of biological effects, of which some are likely

beneficial and some are deleterious. The variety of the effects of uric acid and their

implications in human disease are summarized in Fig. 8. The antioxidant effects of

uric acid are most clearly evident in the extracellular environment immediately

after an increase in its concentration. Uric acid acts as a strong secondary reactant

with oxidants after ascorbate. It seems possible that the antioxidant effects of uric

acid may be most apparent in the circulation and possibly in the central nervous
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system (CNS). In contrast, most studies suggest uric acid functions primarily as

a pro-oxidant in the intracellular environment. In this setting uric acid may induce

oxidative stress indirectly via stimulation of NADPH oxidase [16]. However, an

equally tenable mechanism could be via the generation of oxidants, radicals, and

alkylating agents during the detoxification of peroxynitrite [33] or possibly as a

consequence of lowering intracellular NO via direct inactivation [38]. Whatever the

mechanism, most data suggest that the intracellular effects of uric acid may be in

general deleterious, and this could provide a potential mechanism by which uric

acid may contribute to the development of hypertension and microvascular disease,

metabolic syndrome and diabetes, and chronic kidney disease.

Fig. 8 Pro-oxidant and antioxidant effects of the extracellular and intracellular uric acid. XOR
xanthine oxidoreductase; URAT1 major urate reabsorptive transporter; SLC2A9 sugar transport

facilitator family protein, also known as GLUT9; OAT organic anion transported family of

proteins, which play an important role in the transport of urate; MCP-1 monocyte chemotactic

protein 1
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Chapter 9

Reactive Oxygen and Nitrogen Species,

Oxidative and Nitrosative Stress, and Their Role

in the Pathogenesis of Acute Kidney Injury

Eisei Noiri, Francesco Addabbo, and Michael S. Goligorsky

Abstract This chapter briefly summarizes the existing evidence implicating

reactive oxygen (ROS) and nitrogen (RNS) species in renal injury and offers

insights into the mitochondrial generation of ROS, signaling functions of ROS

necessary for survival as well as death decisions, the role of ROS in hormesis, and

therapeutic strategies attenuating ROS- and RNS-induced renal injury. Along with

this discussion we emphasize the complexity of regulation of ROS and RNS

formation and detoxication, physiological functions of these products, as well as

molecular mechanisms responsible for caspase-dependent and -independent cell

death. Considering the universality of ROS and RNS mechanisms of cell regulation,

these data should illuminate basic processes of cell and organ dysfunction.

1 Definitions

The term reactive oxygen species (ROS) encompasses all reactive species derived

from the one-electron reduction of molecular oxygen. It includes a short-lived and

poorly diffusible across biological membranes superoxide (O2
�), as well as a long-

lived, uncharged, and diffusible hydrogen peroxide (H2O2). ROS are produced by

plasma membrane-encored enzymes such as nicotinamide adenine dinucleotide

phosphate (NADPH) oxidase and uncoupled endothelial nitric oxide synthase

(eNOS), cytosolic enzymes like xanthine oxidoreductase (XOR), inducible NOS,

cytochrome P450 systems, and mitochondrial enzymes (electron transport chain

complexes I and III, uncoupling proteins). Approximately 1–2% of molecular

oxygen consumed by mitochondria is converted to O2
� under physiologic condi-

tions, and this proportion is significantly increased under pathologic conditions

such as hypoxia. Protection from cytotoxic effects of ROS is accomplished

by antioxidant systems of superoxide dismutases (SOD) (extracellular, cytosolic,
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and mitochondrial isoforms), peroxisomal catalase, glutathione peroxidase,

peroxiredoxin, thioredoxin, and glutaredoxin. When net production of ROS out-

weighs the capacity of antioxidant systems to neutralize them, oxidative stress
ensues. Reactive nitrogen species (RNS) refers to nitric oxide (NO), the product

of either of three NOS enzymes: endothelial, neuronal, and inducible. NO mod-

ulates the activity of multiple enzymes by binding to their heme moiety, such as

soluble guanylate cyclase, or binding to cysteine thiols to form S-nitrosothioles
(R–S–NO). Biological reduction of oxidized or nitrosated cysteine thiols is accom-

plished by thioredoxin and glutaredoxin, respectively. The term nitrosative stress

implies that NO production has increased to a degree that it overcomes the

reductive capacity of antinitrosative systems.

2 Redox Signaling Functions

Generation of ROS is a hallmark of aerobic organisms where they perform multiple

signaling functions, as long as processes are reversible. When this precondition is

unachievable due to the oxidative stress or depletion of antioxidant defenses,

cytotoxic and genotoxic actions of ROS become dominant.

ROS and RNS are critically involved in modulation of functional properties of

several diverse families of proteins [1] (Fig. 1). This is accomplished via oxidation

of cysteines within a protein (intraprotein disulfide formation), between

different proteins (interprotein disulfide formation), and between cysteine

and glutathione (S-glutathionylation) and NO-modification of sulfhydryl groups

(S-nitrosothioles). Trx is capable of reducing protein disulfides, Grx reduces

S-glutathiones, whereas both enzymes can reduce S-nitrosothioles.
These types of protein modification impart on protein phosphatases, protein

kinases, transcription factors, other enzymes, and ion channels various signaling

functions. Oxidation by H2O2 of cysteines in protein phosphatases inhibits their

activity. Oxidation also results in the activation of Src kinase, with the subsequent

activation of mitogen-activated protein kinase (MAPK) signaling, which induces

nuclear export of telomerase reverse transcriptase, thus leading to cell senescence.

Protein kinase C activity is dually regulated: its activity is increased when

N-terminal regulatory domain cysteines are targeted, but its activity is inhibited

upon oxidation of cysteines in the C-terminal catalytic domain. Akt and JNK can

undergo S-nitrosylation, which results in inhibition of their activity. Among

transcription factors subjected to redox modification, nuclear factor kB (NFkB)
is activated by H2O2, but inhibited by S-nitrosylation. Oxidation of Keap-1 results

in the dissociation of NrF2/Keap-1 complex and increased transcription of

S-glutathione transferase and heme oxygenase-1. These examples clearly demon-

strate an important role of mild-to-moderate oxidative stress in physiological

signaling and cell survival.
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3 Mitochondrial ROS: Generation and Defenses

Mitochondria are intimately involved in energy metabolism of cells by utilizing the

products of glycolitic and lipolytic metabolism, play an important role in amino

acid metabolism and signaling functions, and regulate cell death pathways. These

organelles generate most of the eukaryotic cells energy supply primarily in the form

of universal energy currency, electrochemical proton gradient (DmH+), which fuels

adenosine triphosphate (ATP) production, and a wide range of other processes such

as ion transport, cellular metabolism [2], differentiation, growth, and cell death.

Generation of the DmH+ starts through the series of redox reactions conducted by

the four respiratory chain complexes at the ion-impermeable, almost cholesterol-

free inner membrane. Reduced nicotinamide adenine dinucleotide (NADH) is the

entry point to the complex I (NADH:ubiquinone reductase), whereas the reduced

ubiquinol enters the respiratory chain in the second point, complex III (ubiquinol:

cytochrome c reductase) to reduce cytochrome c, the electron carrier to the complex

IV, cytochrome c oxidase, which reduces molecular oxygen to water. Each of these

steps generates DmH+ by electrogenic pumping of protons from the mitochondrial

matrix to the intermembrane space and is coupled to electrons flowing through the

complexes, thus generating the electrical membrane potential of�180 to�220 mV

and a pH gradient of 0.4–0.6 units across the inner mitochondrial membrane.

Dissipation of the accumulated proton gradient (a net influx of H+ into the matrix)

drives ATP synthesis or protein transport, both prerequisites for maintenance of cell

O2
.-/H2O2

NO– R-S-NO

Phosphatases Inhibition

Protein kinases Usually inhibition

Transcription factors

(NF-κB activation in endothelial cells

NF-κB inhibition in epithelial cells

Keap 1, through release of Nrf2, promotes
transcription of antioxidant genes)

Peroxiredoxin Inhibition

Thioredoxin (S-NO) Activation

Ion channels (TRP) Activation

Akt, Jnk Inhibition

sGC, eNOS, Hsp90 Inhibition

Arginase Activation 

Fig. 1 Redox modifications of protein functions. Modified from [4]
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homeostasis as well as other metabolic pathways within the mitochondrial matrix:

tricarboxylic acid oxidation cycle and the fatty acid b-oxidation pathway. Each

component of this finely regulated system is a target for various harmful stimuli

(some of which can be generated within mitochondria themselves). The panoply of

noxious stimuli has been comprehensively reviewed by Wallace and Starkov [3].

Reactions in response to diverse noxious stimuli have been compared with the

exothermic oxygen combustion and free radical emission. This brief overview on

the mitochondrial oxidative stress, extensively reviewed elsewhere [4], is intended

to update findings related to the balance between mitochondrial ROS generation

and defense systems and mitochondrial targets of excessive ROS, and it discusses

their relevance to the pathophysiology of acute kidney injury (AKI).

3.1 Generation of Mitochondrial ROS

Electrons necessary for the generation of ROS are usually derived from the

mitochondrial electron transport chain, as well as NADPH oxidases, xantine

oxidase, uncoupled eNOS, and cytochrome P450 during univalent reduction of

molecular oxygen to superoxide anion (O2
�), which in turn undergoes spontaneous

or enzymatic dismutation to form H2O2. It is important to emphasize that all these

pathways of ROS formation are interactive and mostly amplify one another. Being

charged, O2
� poorly crosses biological membranes, whereas the uncharged H2O2 is

readily diffusing, propagating within and outside the organelle of origin.

In mitochondria, normal functioning of complex I (NADH dehydrogenase) and

complex III (ubiquinone-cytochrome bc1) of the electron transport chain results in

generation of O2
� in the amount of 1–2% of the total oxygen consumed and

represents the major source of ROS under physiological conditions. Various

stimuli, such as integrin ligation, angiotensin II, tumor necrosis factor-alpha

(TNF-a), H2O2, oxidized low-density lipoprotein (LDL), and electrophilic lipid

oxidation products, all induce mitochondrial ROS (reviewed in [1]).

The most notable recent breakthrough in the field is related to the demonstration

of the kinetics of superoxide production in mitochondria of living cells or organs [5].

In cultured cells transfected with a novel biosensor of superoxide that is unaffected

by H2O2, peroxynitrite (ONOO�), hydroxyl radical (OHl), or NO, a circularly

permuted yellow fluorescence protein (cpYFP), investigators detected fluorescence

flashes arising from individual or a group of functionally coupled mitochondria.

Flashes of superoxide production had peak frequency of 3.5 s and dissipated with a

half-time of 8.6 s, occurred randomly, and the frequency and amplitude were

reduced by a SOD-mimetic or a superoxide scavenger tiron. These superoxide

flashes were triggered by the transient openings of mitochondrial permeability

transition pores (mPTP) and were unrelated to Ca2+ sparks. Transient mPTP-

initiated superoxide flashes required functional electron transfer chain (ETC) and

were ATP-dependent. Superoxide flashes coincided with a transient decline in

mitochondrial membrane potential, matrix acidosis, and mitochondrial swelling.
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Anoxia or mild hypoxia decreased the frequency of superoxide flashes in cardiac

myocytes, suggesting that elevated ROS levels found under these conditions

originate extramitochondrially or are due to the defective antioxidant defense.

However, upon reoxygenation – the period of enhanced vulnerability of the cells –

flash activity increased and treatment with adenosine preconditioning prevented it.

This description of quantal, stochastic, and transient superoxide flashes, driven by

the flickers of mPTP in quiescent cells, should profoundly change the current

interpretation of such events as being necessarily pathologic, emphasizing the role

of graded spatiotemporary ROS production in the normal processes of cell signaling

via kinases, phosphatases, channels, and transporters and maintenance of ROS

scavenging and detoxifying systems. In addition, these discoveries feed into the

deeper appreciation of the complexity of mitochondrial ROS production. Integrating

these studies into the existing knowledge will represent the next challenge. Clearly,

the bidirectional effects of ROS generated in the cytosol on mitochondria and ROS

generated in mitochondria on cytosolic systems will receive additional details.

Furthermore, the concept of ROS-induced ROS release involving induction of the

mitochondrial permeability transition [6].

Most relevant to the subject of AKI, hypoxia also results in increased ROS

formation by the complex III. Importantly, mitochondrial ROS induce stabilization

of hypoxia-inducible factor (HIF)-1a in hypoxic endothelial cells [7]. Physiologic

concentrations of NO in endothelial cells inhibit cytochrome c oxidase and rever-

sibly increase ROS production and signaling, whereas high levels of NO may be

responsible for peroxynitrite formation and profound changes in mitochondrial

proteins. In this regard, it has been demonstrated that acute ischemic kidney injury

is accompanied by uncoupling of eNOS and induction of inducible nitric oxide

synthase (iNOS), resulting in a prolonged and supraphysiological generation of NO

[8] that, along with development of oxidative stress, is involved in enhanced

formation of peroxynitrite [9]. In endothelial cells, a fraction of cellular eNOS is

localized to the cytosolic face of the outer mitochondrial membrane [10], and

uncoupling of this enzyme would also result in the excessive generation of ROS

at the interface of mitochondria and the cytosol. The consequence of such an

unopposed oxidative stress would lead to damage of mitochondrial DNA and

mitochondrial dysfunction.

3.2 Defense Against Mitochondrial Oxidative Stress

Several enzymatic systems guard against accumulation of ROS. These include SOD,

catalase, the peroxiredoxin/thioredoxin (Prx/Trx) network, and the glutathione

peroxidase/glutathione reductase (Gpx/Grx) network. Mitochondria are endowed

with Mn-SOD, Gpx1, Prx3, Trx2, and Grx2. All these systems protect mitochondria

from uncontrolled formation of ROS and accumulation of ROS-induced injury to

proteins and mitochondrial DNA. Consumption or degradation of these enzymes

would inevitably translate into the enhanced oxidative stress.
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4 The Concept of Stress-Induced Hormesis

and ROS- and RNS-Induced Toxicity

Severity of oxidative or nitrosative stress is a key determinant of the outcome.

For instance, mild-to-moderate oxidative stress results in the activation of catalase

and Gpx and in the enhanced expression of Trx, whereas severe stress leads to the

enhanced degradation of catalase and cathepsin D-induced degradation of Trx.

Similarly, elevated levels of peroxynitrite result in the oxidation of BH4 and

Zn-thiolate cluster, uncoupling eNOS; whereas physiological levels of peroxyni-

trite are important for vasorelaxation by inducing reversible S-glutathionylation

of Ca-ATPase in the endoplasmic reticulum [11], and irreversible oxidation of

Ca-pump impairs NO-induced vasorelaxation. Hence, the level of ROS and RNS

determines cellular and functional outcomes.

4.1 Hormesis

“Stress-response hormesis” refers to the induction of stress-protective mechanisms

[12]. Given the toxicological axiom “the dose determines the poison,” sublethal

exposure to stressors induces a response that results in stress resistance, whereas

a lethal level of stressor accelerates cell demise. There are emerging data that a

nonlethal oxidative stress may stimulate mitochondrial biogenesis via activation

of leucine zipper transcription factors, nuclear factor-E2-related factor (Nrf2)

and ATF4, which regulate the expression of antioxidant response element-

containing genes such as glutathione-S-transferase, glutathione peroxidase, gluta-

thione reductase (all involved in glutathione biosynthesis and cycling), heme

oxygenase-1, among others [13]. This process is governed, at least in part, by the

mitochondrial ROS stimulating Nrf2 binding to the promoter region (rich in

antioxidant response element motifs) of the nuclear respiratory factor-1 (NRF-1)

in the Akt-dependent de-repression of Nrf2 nuclear translocation [14]. Activation of

NRF-1 is a prerequisite for transcriptional activation of mitochondrial transcription

factor A (Tfam) and induction of mitochondrial DNA replication/transcription and

mitochondrial biogenesis [15, 16]. Another recently discovered mechanism

stimulating mitochondrial biogenesis in response to etoposide-induced ataxia

telangiectasia mutated (ATM)-dependent pathway is attributed to adenosine mono-

phosphate activated protein kinase (AMPK) activation [17].

4.2 Oxidative Stress-Induces Programmed
Cell Death, Types I and II

High levels of ROS and RNS induce caspase-dependent and -independent cell

death via apoptosis and autophagy, respectively. Autophagy, in addition to
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representing a “self-cannibalism” of cells, is a finely regulated lysosomal pathway

involved in the degradation and recycling of oxidized proteins and damaged

organelles in the cells, thus providing a defense mechanism protecting cells against

oxidative stress [18–21]. There is accumulating evidence that autophagic proces-

sing of damaged or excessive organelles, such as peroxisomes, endoplasmic reticu-

lum, and mitochondria, can occur in response to ROS [21–23]. Excessive ROS in

quiescent mitochondria poses a risk to this organelle and to the viability of the cell

through opening of mitochondrial membrane channels, including the mPTP and the

inner membrane anion channel (IMAC) [24], leading to the collapse of mitochon-

drial membrane potential and a transient increase in ROS generation by the

ETC [5]. These events may result in autophagy, apoptosis, or necrosis [24].

In the kidney, autophagy plays an important role. Periyasamy-Thandavan et al.

[25] provided in vivo and in vitro evidence that cisplatin treatment induces, in a

dose–time dependent fashion, formation of autophagosomes in mouse kidneys and

in cultured proximal tubular cells. This effect was partially suppressed by a p53

inhibitor and attenuated in renal cells stably transfected with Bcl-2, suggesting that

these proteins play a role in autophagic signaling. These authors suggest that

autophagy in AKI plays a role as a protective mechanism for cell survival.

A somewhat different picture emerges from another recent report by Isaka et al.

[26] who examined the effect of Bcl-2 on renal ischemia/reperfusion (I/R)-induced

autophagy. I/R injury, which is associated with marked disruption of normal tubular

morphology, induced autophagosome formation. On electron microscopy,

the autophagosomes contained mitochondria. Bcl-2 augmentation suppressed the

formation of autophagosomes associated with a reduction of tubular damage,

confirming the important role for Bcl-2 in I/R injury by suppressing autophagoso-

mal degradation and inhibiting tubular apoptosis.

Apoptosis and autophagy could also be induced by photosensitization of

mitochondria or endoplasmic reticulum [27, 28] by employing low and intermediate

energy photodynamic treatment (PDT) to stimulate mitochondria ROS production

in cultured human epidermoid carcinoma A-431 cells. The approach was based on

the visible light excitation of a mitochondria-localized lipophilic cationic photosen-

sitizer (Safranin O), leading to generation of ROS and oxidative damage of cellular

components. In this study, low energy PDT of cells failed to show hallmarks of

apoptosis, necrosis, or senescence, and the detected loss of viability and reduced

proliferation of the cells was ascribed to the enhanced autophagy [28].

5 Mitochondrial Biogenesis

Mechanisms known to regulate mitochondrial biogenesis are multiple. This

long-term adaptive process depends on synthesis, mitochondrial protein import,

and replication of mtDNA [29]. NRF-1 and -2 control transcription of mitochon-

drial OxPhos genes in conjunction with a nuclear transcriptional coactivator,

PPAR-g coactivator-1a (PGC-1a), which ultimately integrates various signals to

9 Reactive Oxygen and Nitrogen Species, Oxidative and Nitrosative Stress 167



enhance mitochondrial biogenesis. Relevant signals include caloric restriction,

exposure to cold environment, exercise, employing mediators such as AMPK,

sirtuin-1, cAMP, neuregulin, and NO.

In a previous report we have demonstrated that chronic uncoupling of eNOS

with the concomitant oxidative stress, in a mouse model of “subclinical” endothe-

lial dysfunction using nonpressor doses of L-NMMA, was associated with the

reduction in mitochondrial mass (Fig. 2), as judged by the reduced fluorescence

of a fluoroprobe MitoTracker® in the microvascular endothelial cells in vivo

(intravital videomicroscopy) and diminished mitochondrial DNA [30].

6 Mitochondrial Oxidative Stress in Acute Kidney Injury

The pathological findings of tubular epithelial cell necrosis and apoptosis are

mostly seen in the developing stage of AKI. Many studies, including our own,

demonstrated the crucial role of ROS and successful amelioration of AKI using

strategies to reduce the level of ROS [9, 31–33].

Under physiological conditions, mitochondria are elongated and filamentous.

Upon stress or apoptotic stimulation, mitochondria become fragmented and may

contribute to mitochondrial outer membrane permeabilization and the release

of factors that induce apoptosis from the mitochondrial intermembrane space.

Mitochondrial outer membrane permeabilization is directly related to the change

of mitochondrial membrane potential. The proton motive force (Dp; equivalent to
DmH+) responsible for mitochondrial ATP production consists of DC and DpH.
Under physiological condition, DpH is a small part of Dp and negligible. DC is

considered the representative of Dp, and its measurement is sufficient for the

evaluation of mitochondrial capability to generate ATP. Under the pathological

condition like hypoxia reoxygenation, relative changes of DpH and DC will result

in the change of Dp. ATP depletion occurs after hypoxia reoxygenation and,

therefore, ATP-dependent potassium channels localized at the inner membrane of

mitochondria should open to increase potassium permeability. The increase in inner

membrane potassium permeability will decrease DC and simultaneously increase

DpH, which may leave Dp unchanged. If net Dp remained unchanged, it could not

Fig. 2 L-NMMA induced mitochondrial superoxide assessment in vitro in EOMA cells using

mito-SOX
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account for the energetic deficit after hypoxia reoxygenation. Feldkamp et al. [34]

measured Dp and DC and found that DC is still the predominant component of Dp,
even after hypoxia reoxygenation, because mitochondrial DpH is abrogated after

hypoxia reoxygenation, making DC the significant portion of mitochondrial Dp.
Thus, renal tubular epithelial cells develop energetic deficiency.

The dynamics of morphological changes in mitochondria may be related to cell

apoptosis. Mitochondrial fission involves the constriction and cleavage of mito-

chondria by fission proteins, such as dynamin-related protein 1 (Drp1) and Fission 1

(Fis1). On the other hand, mitochondrial fusion is the lengthening of mitochondria

by tethering and joining together two adjacent mitochondria. Mitofusin-1 and -2 are

mainly responsible for outer membrane fusion, while Opa1 is thought to mediate

inner membrane fusion. As mentioned above, mitochondria become fragmented

upon stress or apoptotic stimulation, as recently reported by Brooks et al. [35].

AKI-associated fragmentation involves the activation of mitochondrial fission via

Drp1. These authors provide evidence that the suppression of Drp1 and mitochon-

drial fragmentation abrogates mitochondrial damage, cytochrome-c release, apo-

ptosis, and renal/cellular injury both in vitro and in vivo. In this report, rat

renal proximal tubule of wild-type or dominant negative Drp1 was examined

under the effect of azide- or cisplatin-induced cell apoptosis. The mitochondrial

fragmentation, clearly induced with those stimuli, was reduced with the Bcl-2 but

not by pan-caspase inhibition by carbobenzoxy-valyl-alanyl-aspartyl-(O-methyl)-

fluoromethylketone. A fission protein Drp1 was translocated to mitochondria under

these stimuli, but the fragmentation was inhibited in cells with dominant-negative

Drp1 in association with decrease in apoptosis. They further demonstrated the

efficacy of Drp1 pharmacological inhibitor, mdivi-1, in AKI. As attractive as

these studies are, it has been argued that mitochondrial morphology may depend

on functional requirements: elongated mitochondria could facilitate signal trans-

duction or reflect the state of active respiration, whereas fragmented mitochondria

may be the preferred morphology for their recruitment to distant cellular

compartments (reviewed in [36]). Hence, future work should further elucidate the

significance of mitochondrial fragmentation in AKI.

Another prominent mechanism for development and perpetuation of mitochon-

drial dysfunction is related to the induction of an IMM protein, uncoupling

protein-2(UCP2) [37]. Oxidative stress results in the accumulation of UCP2 in

mitochondria, leading to the inward proton leak that competes with the function of

ATP synthase and results in reduction of ATP synthesis from adenosine diphos-

phate. This situation can be modeled in vitro by application of rotenone, antimycin

A, or diethyldithiocarbamate, all increasing mitochondrial O2
� production,

whereas oxidants produced outside mitochondria did not affect UCP2 abundance

[38]. This process did not require a parallel increase in ucp2 gene expression or

mRNA abundance; rather it is attributed to enhanced translational efficiency and

stabilization of UCP2.

In renal ischemia-reperfusion injury, we and others [9, 31, 32, 39] demonstrated

that the polyunsaturated fatty acyl group of membrane phospholipids are highly

susceptible to O2
� and a self-propagating chain of reaction produces a wide variety

9 Reactive Oxygen and Nitrogen Species, Oxidative and Nitrosative Stress 169



of aldehydes, alkenals, and hydroxyalenals, such as malondialdehyde, 4-hydroxy

hexenol (HHE), and 4-hydroxy-2-nonenal (HNE) (Fig. 3). Membrane-permeable

HNE is noxious and one of the best investigated mediators of free-radical damage.

Mitochondrial proteins are targets of HNE, and HNE inactivates the 2-oxoglutarate

dehydrogenase, pyruvate dehydrogenase complex, cytochrome-c oxidase, and

NADH-linked respiration in isolated mitochondria. Echtay et al. [40, 41] proposed

a kind of homeostatic role of HNE, inducing mitochondrial uncoupling by specific

and inhibitable interactions with UCP1, UCP2, and UCP3, and with the adenine

nucleotide translocase. This mild uncoupling decreases mitochondrial ROS gener-

ation, which can subsequently promote HNE production. Therefore, it is quite

possible that the renal involvement of UCPs might have a dual effect and that

UCPs might play a certain role in chronization of AKI.

7 Therapeutic Implications

Attempts to alleviate AKI by controlling renal oxidative and nitrosative stress have

been ongoing for more than a decade [31, 42, 43]. The involvement of the

Fig. 3 Antibodies to 4-hydroxy-2-nonenal (HNE)-modified proteins (a) and 4-hydroxy hexenol

(HHE)-modified proteins (b) proved those adduct formations for immunohistochemistry in rat

kidney subjected to ischemia-reperfusion. Kidneys were harvested 24 h later. I ischemic kidney.

Reproduced with permission from the American Physiological Society (a) [9] and from Nature

Publishing Group (b) [39]
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blood-derived polymorphonuclear and myelomonocytic cells as well as renal

parenchymal cells as the primary sources of renal oxidative stress in AKI poses

significant hurdles for targeted therapies. The duality of NO actions further aggra-

vates therapeutic intervention because of the role played by NO in physiological

and pathophysiological conditions in diverse cells, such as renal tubular epithelial

cells, macrophages, neutrophils, and endothelial cells. We have presented data

that demonstrate that an excessive amount of nitric oxide in AKI induced by

ischemia-reperfusion can be controlled by the antisense oligonucleotide targeted

to iNOS [8]. Mice with renal ischemia showed supra-physiological amount of nitric

oxide in ischemic kidneys that was alleviated with the use of antisense oligonucleo-

tide to iNOS (Fig. 4), resulting in functional and structural renoprotection. The his-

tological scoring further confirmed the improvement of ischemic damage when

treated by antisense (Fig. 5). The observed induction of iNOS in the face of ongoing

oxidative stress represents a powerful mechanism for excessive formation of

peroxynitrite. It has been found that hydroxyl radical-like activities are generated

from peroxynitrite [44]. We have demonstrated the involvement of oxidative and

nitrosative stress in ischemic kidney injury using a cell permeable lecithinized SOD

and a specific iNOS inhibitor, L-N6-(1-iminoethyl)lysine (L-Nil). While each of

these compounds, applied separately, produced a degree of renoprotection, their

combination exerted an additive effect [9]. Therapeutic efficacy of controlling

oxidonitrosative stress was further confirmed by the use of a potent antioxidant

and scavenger of peroxynitrite, ebselen (2-phenyl-1,2-benzinoselenazol-3

(2H)-one). Ebselen is a seleno-organic compound that has no direct effect on NO

or superoxide anions, but it acts through activation of glutathione peroxidase and

Fig. 4 In vivo nitric oxide monitoring within the renal cortex using an NO-selective electrode.

(a) A representative calibration curve. The representative recordings obtained from sham

(b), nontreated ischemic (c), and antisense-treated (d) ischemic kidneys. Arrowheads: single,
time of bradykinin infusion; double, time of L-NAME infusion. Reproduced with permission

from the American Society for Clinical Investigation [8]
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scavenging of peroxynitrite [45]. Ebselen treatment improved postischemic renal

function and prevented lipid peroxidation (see Fig. 3a).

Edaravone (3-methyl-1-phenyl-2-pyrazolin-5-one; norphenazone) is a potent

scavenger of hydroxyl and peroxyl radicals and has antioxidant actions (inhibition

of lipid peroxidation as shown in Fig. 6). In 2001, the Japanese Ministry of Health,

Labor and Welfare approved edaravone for clinical use in treating cerebral infrac-

tion; its neuroprotective efficacy had been clinically confirmed by using magnetic

resonance (MR) imaging and proton MR spectroscopy through multicenter, rando-

mized study on acute ischemic stroke in Japan [46]. However, as seen in Fig. 7,

edaravone is delivered to the kidney much better than to the brain or other organs,

as assessed at 5 min after injection. Therefore, we examined the effectiveness of

edaravone to renal ischemia-reperfusion injury [39]. Edaravone at concentrations 5

and 10 mg/kg reduced serum creatinine level in ischemic AKI in rats and prevented

morphologic abnormalities. The attenuation of lipid peroxidation products were

evaluated by measuring one of the major aldehyde products of lipid peroxidation

process, HHE, which modified the protein level. HHE originates exclusively

from phospholipid-bound omega-3 unsaturated fatty acids, such as eicosapentae-

noic and docosahexaenoic acids, and is one of the most reliable markers of

Fig. 5 Pathological scores of

acute kidney injury (AKI) in

ischemic kidneys and those

treated with antisense

oligonucleotide for inducible

nitric oxide synthase (iNOS).

Reproduced with permission

from the American Society

for Clinical Investigation [8]
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free-radical–induced lipid peroxidation. The increase of HHE modified the protein

level in the ischemic kidney and was alleviated in the edaravone-treated group

(see Fig. 3b).

In clinical practice, patients with AKI often progress to develop chronic kidney

disease (CKD), but the epidemiologic data were lacking until recently when

Hsu et al. reported the evidence of a carryover of AKI toward CKD and end stage

renal disease (ESRD) based on a study population of 39,805. According to their

study, CKD stage 3 (but less than 45 mL/min of eGFR) 42% of individuals suffered

an episode of dialysis-requiring AKI that developed to ESRD within 30 days of

hospital discharge [47]. The mechanistic factor related to the carryover of AKI to

Fig. 6 The scavenging pathway of edaravone to reactive oxygen species (ROS)
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CKD (or ESRD) has been recently identified by Kim et al. [48] as oxidative stress,

and consequently therapeutic reduction of renal fibrosis was achieved using cell-

permeable manganese superoxide dismutase (manganese (III) tetrak(1-methyl-

4-pyridyl) porphyrin).

Pharmacologic tools available to regulate mitochondrial respiratory chain

complexes and mPTP, both targets of anticancer therapy, are comprehensively

reviewed elsewhere and are beyond the scope of this chapter [49]. Here, we will

focus primarily on pharmacologic tools to counter mitochondrial oxidative stress.

One of the strategies to target antioxidants tomitochondria is based on the selective

accumulation of positively charged lipophilic substances, like triphenylphosphonium.

By conjugating this carrier to a-tocopherol (MitoVit E) or to ubiquinone (MitoQ),

these antioxidants can be effectively delivered into mitochondria [50].

Another group of mitochondrial antioxidants has been employed in studies by

Liu et al. [51]. These include mitochondrial metabolites acetyl-L-carnitine and

lipoic acid (ALCAR and LA, respectively) and antioxidants a-phenyl-N-tert-butyl
nitrone (PBN, a widely used spin-trapping agent) and N-tert-butyl hydroxylamine

[51], which have been shown to improve mitochondrial ultrastructure and function

in aged rodents and delay cell senescence in vitro.

Modest (but not a prolonged one) induction of mitochondrial biogenesis

has been shown to promote mitochondrial biogenesis in the heart [52] and can

be readily achieved using peroxisome proliferator-activated receptor gamma

(PPAR-g) coactivators. Another compound that acts on mitochondrial biogenesis

and exhibits antioxidant properties is the plant-derived polyphenol resveratrol

(reviewed in [53]). It improves mitochondrial functions in metabolic syndrome

by acting on AMPK and activating sirtuin-1 and PGC-1a [54].

Fig. 7 Organ distribution of Edaravone; 5 min after single injection. Tissues were harvested 5 min

after injection of 2 mg/kg to male rats and those radioactivities were converted to mg equivalent to
Edaravone per g wet tissue or mL. Graph was partially plotted from Table IV of Drug Metab

Pharmacokinet 1996;11:463–480 with permission from the Japanese Society for the Study of

Xenobiotics
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Recent studies demonstrated that nitrite anion results in the reduction of ROS

produced at the mitochondrial site [55] by inhibiting complex I activity of ETC

under conditions of postischemic oxidative stress (but not under normoxic condi-

tions) and by reducing the activation of mPTP. Nitrite anion acts, most probably,

via conversion to NO, either through direct reduction or enzymatically by XOR,

deoxyhemoglobin, or deoxymyoglobin [56]. This approach may represent a valu-

able pharmacologic tool to prevent acute postischemic mitochondrial oxidative

stress, but may potentially have deleterious effects upon chronic administration.

In ischemia-reperfusion, agents that control potassium at the opening of the

inner membrane of mitochondria should prove promising for maintaining mito-

chondrial membrane potential. Another candidate will be a pharmacologic inhibitor

of Drp1, mdivi-1, or an equivalent, which will reduce the possibility of mitochon-

drial fission during ischemia-reperfusion. This line of investigations awaits confir-

mation by other laboratories.

References

1. Thomas SR, Witting PK, Drummond GR. Redox control of endothelial function and

dysfunction: molecular mechanisms and therapeutic opportunities. Antioxid Redox Signal

2008;10:1713–65.

2. Skulachev VP. Chemiosmotic concept of the membrane bioenergetics: what is already clear

and what is still waiting for elucidation? J Bioenerg Biomembr 1994;26:589–98.

3. Wallace KB, Starkov AA. Mitochondrial targets of drug toxicity. Annu Rev Pharmacol

Toxicol 2000;40:353–88.

4. Lin MT, Beal MF. Mitochondrial dysfunction and oxidative stress in neurodegenerative

diseases. Nature 2006;443:787–95.

5. Wang W, Fang H, Groom L, et al. Superoxide flashes in single mitochondria. Cell

2008;134:279–90.

6. Zorov DB, Filburn CR, Klotz LO, Zweier JL, Sollott SJ. Reactive oxygen species (ROS)-

induced ROS release: a new phenomenon accompanying induction of the mitochondrial

permeability transition in cardiac myocytes. J Exp Med 2000;192:1001–14.

7. Guzy RD, Hoyos B, Robin E, et al. Mitochondrial complex III is required for hypoxia-induced

ROS production and cellular oxygen sensing. Cell Metab 2005;1:401–8.

8. Noiri E, Peresleni T, Miller F, Goligorsky MS. In vivo targeting of inducible NO synthase

with oligodeoxynucleotides protects rat kidney against ischemia. J Clin Invest

1996;97:2377–83.

9. Noiri E, Nakao A, Uchida K, et al. Oxidative and nitrosative stress in acute renal ischemia.

Am J Physiol Renal Physiol 2001;281:F948–57.

10. Gao S, Chen J, Brodsky SV, et al. Docking of endothelial nitric oxide synthase (eNOS) to the

mitochondrial outer membrane: a pentabasic amino acid sequence in the autoinhibitory

domain of eNOS targets a proteinase K-cleavable peptide on the cytoplasmic face of

mitochondria. J Biol Chem 2004;279:15968–74.

11. Adachi T, Weisbrod RM, Pimentel DR, et al. S-glutathiolation by peroxynitrite activates

SERCA during arterial relaxation by nitric oxide. Nat Med 2004;10:1200–7.

12. Gems D, Partridge L. Stress-response hormesis and aging: “that which does not kill us makes

us stronger.” Cell Metab 2008;7:200–3.

13. Motohashi H, Yamamoto M. Nrf2-Keap1 defines a physiologically important stress response

mechanism. Trends Mol Med 2004;10:549–57.

9 Reactive Oxygen and Nitrogen Species, Oxidative and Nitrosative Stress 175



14. Piantadosi CA, Suliman HB. Mitochondrial transcription factor A induction by redox

activation of nuclear respiratory factor 1. J Biol Chem 2006;281:324–33.

15. Wu Z, Puigserver P, Andersson U, et al. Mechanisms controlling mitochondrial biogenesis

and respiration through the thermogenic coactivator PGC-1. Cell 1999;98:115–24.

16. Gleyzer N, Vercauteren K, Scarpulla RC. Control of mitochondrial transcription specificity

factors (TFB1M and TFB2M) by nuclear respiratory factors (NRF-1 and NRF-2) and PGC-1

family coactivators. Mol Cell Biol 2005;25:1354–66.

17. Fu X, Wan S, Lyu YL, Liu LF, Qi H. Etoposide induces ATM-dependent mitochondrial

biogenesis through AMPK activation. PLoS One 2008;3:e2009.

18. Donati A, Cavallini G, Paradiso C, et al. Age-related changes in the autophagic proteolysis of

rat isolated liver cells: effects of antiaging dietary restrictions. J Gerontol A Biol Sci Med Sci

2001;56:B375–83.

19. Baehrecke EH. Autophagy: dual roles in life and death? Nat Rev Mol Cell Biol

2005;6:505–10.

20. Codogno P, Meijer AJ. Autophagy and signaling: their role in cell survival and cell death. Cell

Death Differ 2005;12(Suppl 2):1509–18.

21. Mathew R, Karp CM, Beaudoin B, et al. Autophagy suppresses tumorigenesis through

elimination of p62. Cell 2009;137:1062–75.

22. Lemasters JJ. Selective mitochondrial autophagy, or mitophagy, as a targeted defense against

oxidative stress, mitochondrial dysfunction, and aging. Rejuvenation Res 2005;8:3–5.

23. Kiffin R, Bandyopadhyay U, Cuervo AM. Oxidative stress and autophagy. Antioxid Redox

Signal 2006;8:152–62.

24. Lemasters JJ, Nieminen AL, Qian T, et al. The mitochondrial permeability transition in cell

death: a common mechanism in necrosis, apoptosis and autophagy. Biochim Biophys Acta

1998;1366:177–96.

25. Periyasamy-Thandavan S, Jiang M, Wei Q, Smith R, Yin XM, Dong Z. Autophagy is

cytoprotective during cisplatin injury of renal proximal tubular cells. Kidney Int

2008;74:631–40.

26. Isaka Y, Suzuki C, Abe T, et al. Bcl-2 protects tubular epithelial cells from ischemia/

reperfusion injury by dual mechanisms. Transplant Proc 2009;41:52–4.

27. Kessel D, Reiners JJ, Jr. Apoptosis and autophagy after mitochondrial or endoplasmic

reticulum photodamage. Photochem Photobiol 2007;83:1024–8.

28. Sasnauskiene A, Kadziauskas J, Vezelyte N, Jonusiene V, Kirveliene V. Apoptosis,

autophagy and cell cycle arrest following photodamage to mitochondrial interior. Apoptosis

2009;14:276–86.

29. Hock MB, Kralli A. Transcriptional control of mitochondrial biogenesis and function. Annu

Rev Physiol 2009;71:177–203.

30. Addabbo F, Ratliff B, Park HC, et al. The Krebs cycle and mitochondrial mass are early

victims of endothelial dysfunction: proteomic approach. Am J Pathol 2009;174:34–43.

31. Paller MS, Hoidal JR, Ferris TF. Oxygen free radicals in ischemic acute renal failure in the rat.

J Clin Invest 1984;74:1156–64.

32. Kato A, Hishida A, Nakajima T. Effects of oxygen free radical scavengers on uranium-

induced acute renal failure in rats. Free Radic Biol Med 1994;16:855–9.

33. Portilla D, Dai G, McClure T, et al. Alterations of PPARalpha and its coactivator PGC-1 in

cisplatin-induced acute renal failure. Kidney Int 2002;62:1208–18.

34. Feldkamp T, Kribben A, Weinberg JM. Assessment of mitochondrial membrane potential in

proximal tubules after hypoxia-reoxygenation. Am J Physiol Renal Physiol 2005;288:

F1092–102.

35. Brooks C, Wei Q, Cho SG, Dong Z. Regulation of mitochondrial dynamics in acute kidney

injury in cell culture and rodent models. J Clin Invest 2009;119:1275–85.

36. Chan DC. Mitochondria: dynamic organelles in disease, aging, and development. Cell

2006;125:1241–52.

176 E. Noiri et al.



37. Lowell BB, Shulman GI. Mitochondrial dysfunction and type 2 diabetes. Science

2005;307:384–7.

38. Giardina TM, Steer JH, Lo SZ, Joyce DA. Uncoupling protein-2 accumulates rapidly in the

inner mitochondrial membrane during mitochondrial reactive oxygen stress in macrophages.

Biochim Biophys Acta 2008;1777:118–29.

39. Doi K, Suzuki Y, Nakao A, Fujita T, Noiri E. Radical scavenger edaravone developed for

clinical use ameliorates ischemia/reperfusion injury in rat kidney. Kidney Int

2004;65:1714–23.

40. Echtay KS, Esteves TC, Pakay JL, et al. A signalling role for 4-hydroxy-2-nonenal

in regulation of mitochondrial uncoupling. EMBO J 2003;22:4103–10.

41. Echtay KS, Pakay JL, Esteves TC, Brand MD. Hydroxynonenal and uncoupling proteins: a

model for protection against oxidative damage. Biofactors 2005;24:119–30.

42. Linas SL, Whittenburg D, Parsons PE, Repine JE. Ischemia increases neutrophil retention and

worsens acute renal failure: role of oxygen metabolites and ICAM 1. Kidney Int

1995;48:1584–91.

43. Peresleni T, Noiri E, Bahou WF, Goligorsky MS. Antisense oligodeoxynucleotides to induc-

ible NO synthase rescue epithelial cells from oxidative stress injury. Am J Physiol 1996;270:

F971–7.

44. Beckman JS, Beckman TW, Chen J, Marshall PA, Freeman BA. Apparent hydroxyl radical

production by peroxynitrite: implications for endothelial injury from nitric oxide and super-

oxide. Proc Natl Acad Sci U S A 1990;87:1620–4.

45. Nakamura Y, Feng Q, Kumagai T, et al. Ebselen, a glutathione peroxidase mimetic seleno-

organic compound, as a multifunctional antioxidant. Implication for inflammation-associated

carcinogenesis. J Biol Chem 2002;277:2687–94.

46. Houkin K, Nakayama N, Kamada K, Noujou T, Abe H, Kashiwaba T. Neuroprotective effect

of the free radical scavenger MCI-186 in patients with cerebral infarction: clinical evaluation

using magnetic resonance imaging and spectroscopy. J Stroke Cerebrovasc Dis

1998;7:315–22.

47. Hsu CY, Chertow GM, McCulloch CE, Fan D, Ordonez JD, Go AS. Nonrecovery of kidney

function and death after acute on chronic renal failure. Clin J Am Soc Nephrol 2009;4:891–8.

48. Kim J, Seok YM, Jung KJ, Park KM. Reactive oxygen species/oxidative stress contributes to

progression of kidney fibrosis following transient ischemic injury in mice. Am J Physiol Renal

Physiol 2009;297:F461–70.

49. Toogood PL. Mitochondrial drugs. Curr Opin Chem Biol 2008;12:457–63.

50. Smith RA, Kelso GF, Blaikie FH, et al. Using mitochondria-targeted molecules to study

mitochondrial radical production and its consequences. Biochem Soc Trans 2003;31:1295–9.

51. Liu J, Atamna H, Kuratsune H, Ames BN. Delaying brain mitochondrial decay and aging with

mitochondrial antioxidants and metabolites. Ann N Y Acad Sci 2002;959:133–66.

52. Lehman JJ, Barger PM, Kovacs A, Saffitz JE, Medeiros DM, Kelly DP. Peroxisome prolif-

erator-activated receptor gamma coactivator-1 promotes cardiac mitochondrial biogenesis.

J Clin Invest 2000;106:847–56.

53. Schwartz DR, Sack MN. Targeting the mitochondria to augment myocardial protection. Curr

Opin Pharmacol 2008;8:160–5.

54. Lagouge M, Argmann C, Gerhart-Hines Z, et al. Resveratrol improves mitochondrial function

and protects against metabolic disease by activating SIRT1 and PGC-1alpha. Cell

2006;127:1109–22.

55. Shiva S, Sack MN, Greer JJ, et al. Nitrite augments tolerance to ischemia/reperfusion injury

via the modulation of mitochondrial electron transfer. J Exp Med 2007;204:2089–102.

56. Gladwin MT, Schechter AN, Kim-Shapiro DB, et al. The emerging biology of the nitrite

anion. Nat Chem Biol 2005;1:308–14.

9 Reactive Oxygen and Nitrogen Species, Oxidative and Nitrosative Stress 177



Chapter 10

Oxidative Stress in the Kidney: Proximal

Tubule Disorders

Sara Terryn and Olivier Devuyst

Abstract Redox changes initiate various cellular signals in the cells, and the redox

environment can determine if a cell will proliferate, differentiate, or die. Imbalance

of the redox status such as during oxidative stress can trigger a series of events,

leading to cellular dysfunction. Reactive oxygen species (ROS) are increasingly

considered as being involved in the initiation and progression of chronic renal

disease. The proximal tubule is a major site of ROS production, due to its high

transport activity supported by an oxygen consuming metabolism. Various

congenital and acquired renal disorders induce ROS in proximal tubule cells

(PTC), which are characterized by their capacity for receptor-mediated endocytosis

of albumin. Recent studies suggest that albumin exerts a dual effect on the proximal

tubule. In physiological conditions, endocytosis of albumin is a survival factor,

protecting the cells against oxidant injury. In case of glomerular proteinuria,

exposure of the PTC to an excess of albumin induces oxidative stress and causes

renal injury. Furthermore, defects in the receptor-mediated endocytic uptake of

albumin are also related to a state of increased oxidative stress, causing tubuloin-

terstitial fibrosis and renal failure. In this chapter, we review available evidence

about the nature of stimuli and initial events involved in ROS generation and

antioxidant mechanisms in PTC.
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1 Introduction

1.1 Redox Status Determines Cell Function

Increasing experimental evidence suggests that the redox status (i.e., the balance

between oxidants and antioxidants within cells), plays an important role in deter-

mining cell function by regulating the gene expression or modification of proteins,

lipids, enzymes, and transporters [1, 2]. Normally, cells preserve a reducing envi-

ronment through enzymes that maintain the reduced state with a constant input of

metabolic energy [3]. The cellular redox status is reflected by the ratio between

redox couples such as glutathione and oxidized glutathione (GSH/GSSG),

thioredoxin (TrxSS/Trx(SH)2), nicotinamide adenine dinucleotide phosphate

(NADP+/NADPH) or cysteine/cystine (Cys/CySS). A higher level of cellular per-

oxide (ROOH) will increase the level of oxidized cysteine residues, leading to

protein modification and cellular dysfunction. Therefore, cellular peroxide is kept

in a reduced state through the activities of catalase, glutathione peroxidases (GPx),

and the thioredoxin-assisted peroxidases (peroxiredoxins, Prx). Another important

factor is the reducing capacity of the redox couple, that is, the extent of the redox

buffering system and the availability of antioxidant enzymes (Fig. 1) [4]. Oxidants

are continuously produced by the oxidative metabolism that provides adenosine

triphosphate (ATP) for the cell. Oxidative stimuli are quickly captured by antioxi-

dant enzymes and, therefore, do not always move the cell to a more oxidized state.

Mild oxidant stimuli can induce normal cells to divide and seem to be normal

regulators of cellular transcription [5, 6], although whether reactive oxygen/nitrogen

species (ROS/RNS) can directly serve as signaling molecules is debated [7]. Impor-

tant physiological functions that involve free radicals or their derivates include

regulation of vascular tone, oxygen sensing (like erythropoietin (EPO) production

in renal cells, or ventilatory control by carotid bodies), enhancement of signal

transduction from various membrane receptors (like epidermal growth factor

signaling), and oxidative stress responses that aim to maintain redox homeostasis.

When the capacity to detoxify the produced oxidants is exceeded, the redox

status of a cell becomes imbalanced. An oxidized state can then trigger a series of

events that alter cell function and promote signals that direct targeted cells toward

proliferation, differentiation, transformation, or death by apoptosis (see Fig. 1) [8].

Fully differentiated tissues like the liver, kidney, brain, and intestine are charac-

terized by cells arrested in the quiescent state, and imposition of severe oxidative

stress often results in a cytotoxic endpoint. However, for the kidney, cell death is

not necessarily the endpoint of oxidative stress. In contrast to the brain and heart,

proximal tubule cells (PTC) can recover from an ischemic or toxic insult. After cell

death by necrosis and apoptosis, the surviving cells dedifferentiate and proliferate

to eventually replace the injured cells and restore tubular integrity [9, 10].

The mechanisms by which renal cells survive and repair tubular damage or

undergo cell death after an oxidant injury need to be determined. However, the

coordinated activation of a set of signaling pathways, transcription factors, and
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antioxidant defense mechanisms, which will be discussed in the following sec-

tions, might be involved in this capacity to recover.

1.2 Oxidative Stress

Oxidative stress is the result of an imbalance between the production of reactive

oxygen derived species (ROS/RNS) and the ability to detoxify the reactive
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Fig. 1 Cellular responses to GSH/GSSG redox status and steady-state redox potential (Eh) for the

cellular GSH/GSSG pool at different cell stages. (a) The cell steady-state peroxide (ROOH) levels

are largely maintained by the activities of glutathione peroxidases (GPx) and the thioredoxin-

assisted peroxidases (Prx). The system also maintains cellular protein cysteines (Prot-S2) in a

reduced state. During oxidative stress, where cellular peroxides are elevated, there is an increased

level of oxidized protein cysteines eventually leading to cellular dysfunction. GR glutathione

reductase; ThR thioredoxin reductase. (b) Fully differentiated cells are typically arrested in the

quiescent state (i.e., reduced cellular GSH/GSSG redox status). Cells undergo a progression from a

reduced to an oxidized state as they go from proliferation to growth arrest/differentiation to

apoptosis. An overwhelming oxidative stimulus results in apoptosis
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intermediates or repair the resulting damage. The ROS include the free radicals,

superoxide (�O2
�), hydroxyl (OH), and peroxyl (�RO2), and nonradical species,

hydrogen peroxide (H2O2) and hydrochlorous acid (HOCl) (Table 1). The

superoxide anion (O2
�) is formed by the univalent reduction of triplet state molec-

ular oxygen (3O2). This process is mediated by enzymes such as nicotinamide

adenine dinucleotide phosphate (NADPH) oxidases and xanthine oxidase or by

redox-reactive compounds such as those involved in the mitochondrial electron

transport chain (see below). Superoxide can be converted into the nonradical

species H2O2 and singlet oxygen (
1O2). In the presence of reduced transition metals

(e.g., ferrous or cuprous ions), H2O2 can be converted into the highly reactive

hydroxyl radical (�OH). Antioxidant enzymes can also convert H2O2 into water.

Most of the oxidative effects are not directly mediated by superoxide but rather by

its ROS derivates. Reactive nitrogen species can be produced by the same pathways

and include the radicals nitric oxide (�NO) and nitrogen dioxide (�NO2
�) as well as

the nonradical peroxynitrite (ONOO�), nitrous oxide (HNO2), and alkyl peroxyni-

trates (RONOO�). The nitric oxide radical (�NO) is produced by oxidation of one of

Table 1 Reactive oxygen species

Oxidant Description

O2
�, superoxide anion One-electron reduction state of O2, formed in many

autoxidation reactions and by the electron transport

chain. Rather unreactive but can release Fe2+ from

iron–sulfur proteins and ferritin. Undergoes dismutation

to form H2O2 spontaneously or by enzymatic catalysis

and is a precursor for metal-catalyzed lOH formation

H2O2, hydrogen peroxide Two-electron reduction state, formed by dismutation of lO2
�

or by direct reduction of O2. Lipid soluble and thus

able to diffuse across membranes
lOH, hydroxyl radical Three-electron reduction state, formed by Fenton reaction

and decomposition of peroxynitrite. Extremely reactive,

will attack most cellular components

ROOH, organic hydroperoxide Formed by radical reactions with cellular components such

as lipids and nucleobases

ROl, alkoxy and ROOl,

peroxy radicals

Oxygen centered organic radicals. Lipid forms participate in

lipid peroxidation reactions. Produced in the presence of

oxygen by radical addition to double bonds or hydrogen

abstraction

HOCl, hypochlorous acid Formed from H2O2 by myeloperoxidase. Lipid soluble and

highly reactive. Will readily oxidize protein constituents,

including thiol groups, amino groups, and methionine

ONOO�, peroxynitrite Formed in a rapid reaction between lO2
� and NOl. Lipid

soluble and similar in reactivity to hypochlorous acid.

Protonation forms peroxynitrous acid, which can

undergo homolytic cleavage to form hydroxyl

radical and nitrogen dioxide
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the terminal guanidonitrogen atoms of L-arginine, a process catalyzed by nitric

oxide synthase (NOS) isoforms. Depending upon the microenvironment, NO can be

converted to various other RNS.

There are different enzymatic and nonenzymatic sources of ROS/RNS (Fig. 2).

A major site for ROS production is the mitochondria. Under physiological
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Fig. 2 The formation of ROS and anti-oxidant defense systems in renal epithelial cells. Superoxide

(
�
O2

�) is primarily formed from different reactions, the most important being the mitochondrial

oxidative phosphorylation and the membrane-associated Nox4. This radical is highly unstable and

can rapidly react to form other ROS or is metabolized by SOD1 to H2O2. This reactive species can

be detoxified by CAII, CAT, or the glutathione peroxidases and the thioredoxin-assisted perox-

idases or induce various signaling pathways, leading to cellular dysfunction. Nox4 NADPH

oxidase; SOD superoxide dismutase; CAIII carbonic anhydrase type III; CAT catalase; Prx perox-
iredoxin; Trx(SH)2 reduced thioredoxin; TrxS2 oxidized thioredoxin; ThR thioredoxin reductase;

GPx glutathione peroxidase;GSH reduced glutathione;GSSG oxidized glutathione;GR glutathione

reductase; AsA ascorbate; DHA dehydroascorbate; DHA-R dehydroascorbate reductase; HO-1
heme oxygenase 1; Mn+ metal ion
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conditions, �O2
� is predominantly generated in the mitochondria through oxidative

phosphorylation of glucose and free fatty acids. Although the respiratory chain is

tightly regulated, up to 1–2% of oxygen is partially reduced to �O2
� instead of water

[11, 12]. Excessive ROS in quiescent mitochondria induces mitochondrial dysfunc-

tion through the opening of mitochondrial membrane channels, causing a collapse

of the mitochondrial membrane potential and further increasing ROS generation by

the electron transfer chain [13]. Besides the mitochondria, there are also cytosolic

sources of ROS. The enzyme xanthine oxidase catalyzes the oxidation of hypoxan-

thine to uric acid, using molecular oxygen as an electron acceptor, liberating �O2
�,

�OH, and H2O2 [14]. Under physiological conditions the levels of xanthine oxidase

are unmeasurable in most cells and xanthine oxidase accounts only for a minor

proportion of total ROS production [11]. However, cellular (oxidative) stress may

induce xanthine oxidase and the production of uric acid, which itself could play a

role in the progression of renal disease [15].

Another enzymatic source for ROS is cytochrome P450, a large and diverse

family of primarily membrane-associated hemoproteins that are detoxifying foreign

compounds by oxidation or hydroxylation reactions. The most common reaction

catalyzed by cytochrome P450 is a monooxygenase reaction (e.g., insertion of one

atom of oxygen into an organic substrate (RH) while the other oxygen atom is

reduced to water). In case of increased oxidative stress, cytochrome P450 can act as

an iron-donating catalyst for the production of hydroxyl ion (�OH), thereby

contributing to renal cell injury [16]. Another membrane-associated enzyme is

the reduced NADPH oxidase (Nox). This enzyme complex was initially discovered

in neutrophils, where it plays a role in pathogen defense by producing �O2
� by

electron transfer. However, Nox can also generate ROS in renal cells in various

pathological states such as diabetic nephropathy, hypertension, inflammation, and

others [17]. Lipo- and cyclooxygenase were also found to be involved in the

excessive production of oxidants during renal cell stress [18, 19]. Lipoxygenases

are nonheme containing dioxygenases that oxidize polyunsaturated fatty acids at

specific carbon sites to give hydroperoxy fatty acid derivates with conjugated

double bonds. Finally, the uncoupling of NOS is associated with not only a decrease

in NO availability but also with increased oxidative stress through the production of
�O2

�, which further decreases NO by forming peroxynitrite [20].

1.3 Antioxidant Defense

Cells are normally able to defend themselves against ROS damage through

antioxidant enzymes such as superoxide dismutase (SOD), catalases, GPx, thior-

edoxines (Trx), Prx, and heme oxygenases (HO-1) (see Fig. 2). Small antioxidant

molecules such as ascorbic acid (vitamin C), tocopherol (vitamin E), and the redox

couples of glutathione, thioredoxin, NADPH, and cysteine, also play important

roles as cellular antioxidants [2, 4]. The first line of defense against ROS is SODs.

Manganese SOD (SOD2) present inside the mitochondrion, the copper/zinc SOD
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(SOD1) in the cytosol and the extracellular copper/zinc SOD (SOD3) catalyze the

dismutation of lO2
� into O2 and H2O2 [21, 22]. Detoxification of lO2

� by SOD

produces H2O2, which is subsequently dismutated by catalase into O2 and H2O.

Besides catalase, the selenium-containing peroxidases – Prx, Gpx, and Trx – can

scavenge H2O2 [4]. As said above, these enzymes work in tandem to maintain the

cellular redox state and to keep the cysteine residues in a reduced state (see Fig. 1).

Another antioxidant enzyme that participates in the defense against a wide range of

cell injuries is heme-oxygenase 1 (HO-1). HO-1 (or Hsp32) belongs to the class of

heat-shock proteins and is the rate-limiting enzyme in heme degradation. It parti-

cipates in the defense against oxidative stress by catabolizing carbon monoxide and

free iron [23]. Furthermore, HO-1 is considered the most sensitive and reliable

indicator of cellular oxidative stress [24].

The wide range and high specificity of the cellular antioxidant defense

mechanisms means that oxidative stress and even toxicity of redox active species

may only occur if the level of oxidants exceeds a certain magnitude or overwhelms

the mechanisms. Excessive radical formation would then cause maladaptive

responses, facilitating aberrant activation of signaling pathways and transcription

factors [25], contributing to cellular dysfunction by causing damage to cell compo-

nents. The most important modifications induced by ROS/RNS are damage of

DNA, oxidation of polydesaturated fatty acids in lipids (lipid peroxidation), oxida-

tion of amino acids in proteins (protein nitration), oxidation of carbohydrates

(advanced glycated end products), and inactivation of specific enzymes. Further-

more, ROS/RNS can also alter the cytoskeleton, activate leukocytes and induce

cytokine production, and cause endothelial cell damage, all factors contributing to

tissue dysfunction [26].

1.4 Redox-Sensitive Signaling

Redox signaling is used to describe a regulatory process in which the signal is

delivered through redox chemistry. Redox signaling requires that the balance

between ROS production and scavenging capacity is (briefly) disturbed.

The cellular response to oxidative stress is complex and often involves multiple

signaling pathways that act in concert to determine cell fate. Physiological mani-

festations of redox regulation typically involve a temporary increase or a temporary

shift of the intracellular thiol/disulfide redox state toward more oxidative condi-

tions. Most of these physiological redox-responsive regulatory mechanisms serve to

protect against oxidative stress and to reestablish redox homeostasis. For instance,

redox signaling is involved in the production of NO, the control of ventilation

(where ROS acts as a sensor for changes in oxygen concentration and redox

regulation of EPO production), and the regulation of cell adhesion, immune

responses, or programmed cell death [27]. When sustained ROS production over-

comes the antioxidant response, causing a shift to more oxidative conditions, and

pathological events may ensue.
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Different targets in signaling cascades exhibit redox sensitivity. Oxidants can

trigger phosphorylation cascades that lead to activation of mitogen-activated

protein kinases (MAPKs) and the nuclear factor kB (NFkB) [28]. However, a direct
role for redox activation of the MAPK signaling pathways remains unresolved

despite their sensitivity to oxidants and the finding that MAPKs can be activated

following GSH oxidation. Numerous transcription factors exhibit redox sensitivity,

the most extensively characterized are NFkB, activated protein 1 (AP-1), protein 53
(p53), hypoxia inducible factor 1 (HIF-1), and nuclear factor E2-related factor-

2 (Nrf2) [2].

1.4.1 NFkB and AP-1

MAPK signaling cascades are regulated by phosphorylation and dephosphorylation

on serine or threonine residues and respond to activation of receptor tyrosine kinases,

protein tyrosine kinases, receptors of cytokines and growth factors, and heterotrimeric

G-protein coupled receptors. Numerous studies have revealed that MAPK species

JNK and p38 are strongly activated by ROS or by a mild shift of the intracellular

thiol/disulfide redox state [29]. Not only do the species in the MAPK signaling

cascade, but the MAPK-regulated transcription factors also exhibit redox sensitivity.

The redox-sensitive NFkB is among the potential MAPK-regulated transcription

factors activated in response to oxidative stress, suggesting that it plays a role in

determining cell fate during oxidative stress. NFkB is retained in the cytoplasm by

inhibitors of NFkB, or IkB. NFkB is activated through phosphorylation of IkB by

IkB kinase (IKK) and subsequent sequestration of IkB. This releases NFkB,
followed by translocation to the nucleus and regulation of transcription of different

genes by binding to discrete DNA sequences, the kB elements. NFkB can activate

different pathways, including the canonical pathway, which is induced by various

types of cellular stress [30]. Increased oxidative stress has been shown to activate

mitogen-activated-protein kinase kinase-7 (MKK7) and Janus kinase (JNK), which

activates the canonical NFkB pathway that leads to apoptosis and induction of

antioxidant response. NFkB is thus a prominent factor in the balance between cell

death and cell survival, the final effect probably depending on the nature and

duration of the stimulus and on the cell type.

The activator protein 1 transcription factor is composed of heterodimers of

the Fos/activating transcription factor (ATF) and Jun subfamilies of basic-

region leucine-zipper (B-ZIP) proteins (c-Fos/c-Jun complexes). The oxidative

activation of AP-1 transcription factor activity is based on oxidative activation of

JNK. This MAPK phosphorylates serine residues of the NH2-terminal transactiva-

tion domain of c-Jun, required for functional activation. AP-1 proteins are impli-

cated in the regulation of different cellular processes, including proliferation and

survival, differentiation, growth, apoptosis, cell migration, and transformation.

Which process is activated or downregulated by AP-1 depends on the abundance

of dimerization partners, dimer-composition, posttranslational regulation, and

interaction with accessory proteins [31].
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The role of redox signaling in the regulation of NFkB and AP-1 activity is still

debated. Both transcription factors regulate many cellular processes and genes

potentially involved in synthesis and release of cytokines, chemokines, growth

factors, and extracellular matrix proteins that may activate signaling cascades that

induce and propagate renal injuries. Oxidative stress and activation of NFkB and

AP-1 are also believed to be associated with activation of fibrogenic molecules,

such as transforming growth factor beta-1 (TGF-b1), leading to renal fibroproli-

ferative diseases [32]. Furthermore, the MAPK-dependent pathway is involved in

the amplification of TGF-b1 signaling by ROS in renal epithelial cells [33]. These

data suggest that ROS could not only trigger but also sustain disease progression

through continuous signal amplification.

1.4.2 Protein 53 (p53)

Much of what is known about p53 comes from studies in cancer cells. In unstressed

cells, p53 levels are usually kept low through a continuous degradation. A protein

calledMdm2 binds to p53, preventing its action and transporting it from the nucleus to

the cytosol. Mdm2 also acts as ubiquitin ligase and covalently attaches ubiquitin to

p53, thus marking p53 for degradation by the proteasome [34]. Activation of p53

arises in response to many stress types, including DNA damage, oxidative stress,

osmotic shock, and deregulated oncogene expression. This activation leads to a quick

accumulation of p53 in the cell through a drastic increase in its half-life, as well as the

phosphorylation of its N-terminal domain [35]. The activation of p53 by ROS can

be achieved by two mechanisms. First, reactive species can damage DNA via

cross-linking and formation of DNA adducts, which can activate ATM (ataxia

telangiectasia-mutated) and ATR (ATM-related), two apical DNA damage respon-

sive protein kinases [36, 37]. Upon activation, ATM and ATR may directly phos-

phorylate and activate p53 [38]. A second mechanism is through the activation of

MAPK (JNK1-3, ERK1-2, p38 MAPK), which directly phosphorylates p53. Phos-

phorylation leads to p53 stabilization and accumulation in cells. Although the

mechanism is debated, phosphorylation may actually prevent the mdm2 binding of

p53 and its targeting to degradation [39]. Certainly further studies should investigate

these DNA damage responsive pathways and their possible regulation by oxidative

stress. Activation of p53 triggers, via transcription-dependent and -independent path-

ways, numerous targets, apoptosis being one of them [40]. In addition, p53 may have

antioxidant properties bymodulating antioxidant enzymes, as shown by the increased

oxidative stress in the p53 knockout mouse model [41, 42].

1.4.3 HIF and Nrf2

Unlike NFkB and AP-1, activation of HIF and Nrf2 seems to protect renal cells

from oxidant injury [43, 44]. HIF is a basic helix-loop-helix transcription factor
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composed of an oxygen-sensing a-subunit and a constitutively expressed b-subunit
[45]. HIF is a central coordinator in the response against hypoxia [43], which is

important in end stage renal disease [46]. In normoxia, the a-subunit of HIF

undergoes prolyl hydroxylation, interaction with the von Hippel–Lindau (VHL)

protein, and proteosomal degradation [47, 48]. During hypoxia, the a-subunit binds
to the b-subunit, and the heteromeric HIF translocates to the nucleus and binds to

the hypoxia-response element in target genes that aim to restore oxygen levels in

cells and tissues [49]. HIF not only responds to hypoxic conditions but

also regulates gene expression during oxidative stress [50]. HIF promotes the activa-

tion of genes responsible for angiogenesis in order to restore blood flow and oxygen

supply in hypoxic tissues. One such HIF target gene is connective tissue growth factor

(CTGF). Although CTGF is an angiogenic factor, it also has profibrotic activities and

has been shown to be an important regulator of epithelial–mesenchymal transition of

PTC [51]. So possibly, an inappropriate long-term activation of HIF may lead to

tubulointerstitial fibrosis in an overall profibrotic setting. Indeed, HIF is activated in

chronic kidney disease [52], and there is evidence that activation of HIF signalingmay

promote epithelial–mesenchymal transition and tubulointerstitial fibrosis [53, 54]. On

the other hand, HIF was shown to have a renoprotective effect as evidenced by the

reduction of oxidative stress, inflammation, and fibrosis in the rat remnant kidney [55].

The Nrf2-antioxidant response element (ARE) signaling pathway is also

activated by oxidative stress. Under oxidative stress, Nrf2 controls inducible gene

expression, while in nonstress conditions, constitutive gene expression is regulated

and both effects are mediated by ARE. This dual role of Nrf2 is established through

the Nrf2-Keap1 regulatory pathway. Nrf2 activity is regulated by the actin-

associated Keap-1 protein in a dynamic process that is regulated by the cullin-3-

dependent pathway that enables Nrf2 to control both basal and inducible gene

expression [44]. The ARE is found in several genes involved in protecting cells

from ROS, including genes involved in glutathione biosynthesis and cycling and

heme oxygenase-1 [56, 57]. The importance of Nrf2-ARE signaling pathway in the

detoxification of ROS has been demonstrated in the Nrf2-deficient mouse model

[58]. Although the development of Nrf2�/�mice is normal, the induction of a wide

range of detoxifying enzymes is impaired, which was shown to be responsible for a

more severe disease phenotype [59]. For instance when Nrf2�/� mice were

subjected to acute kidney injury, they had an increased mortality due to more

severe kidney dysfunction as compared to wild-type Nrf2 mice [57].

2 The Proximal Tubule as a ROS Target

The renal PTC are the major determinants of kidney oxygen consumption. They

possess a highly oxidative neoglucogenic metabolism to provide ATP for the

Na+/K+-ATPase that drives their numerous transport processes [60]. The high

metabolic activity of the PTCs renders them particularly sensitive to oxidative stress.
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2.1 ROS and Renal Disease: A Focus on the Proximal Tubule

Reactive oxygen and nitrogen species are increasingly implicated in the progression

of a wide range of renal diseases, including diabetes, toxic-induced nephropathy,

ischemia-reperfusion injury, and proteinuria [61–65]. That oxidative stress is

involved in chronic renal disease is evidenced by the marked elevation of lipid

peroxidation products, AGEs and ALEs, in the plasma of patients with renal failure,

pointing to the enhanced interaction of ROS with lipid and protein molecules

[66–68]. Furthermore, enhanced ROS-mediated nitric oxide inactivation, protein

nitration, and functional NO deficiency, leading to hypertension, support the

involvement of RNS in chronic renal disease [69]. As mentioned before, ROS

can be generated by the mitochondria or in the cytosol. PTC have numerous

mitochondria to provide sufficient ATP for their high transport activity. Normal

mitochondrial metabolism produces ROS in the respiratory chain. However, dys-

function of the mitochondrial respiratory chain causes excessive mitochondrial

ROS generation, resulting in proximal tubular dysfunction with a more or less

complete de Toni–Debre–Fanconi syndrome [70–72].

2.1.1 Diabetic Nephropathy

Diabetic nephropathy is one of the most studied renal diseases with regard to the

involvement of ROS in the disease process. The proximal tubule plays a central role

in the pathogenesis of the diabetic kidney. Glucose that is filtered by the glomerulus

is reabsorbed by PTC through the sodium-dependent glucose cotransporter [73].

Hyperglycemia and consequently excessive filtration and reabsorption of glucose

enhance ROS production in PTC. Excessive substrate availability and enhanced

glycolysis favor mitochondrial ROS production [74]. Electron transfer through

complexes I, III, and IV generates a proton gradient that drives ATP synthase

(complex V). The probability that molecular oxygen is reduced to superoxide rather

than water is increased when the electrochemical potential difference generated by

this proton gradient is high, since the life of superoxide-generating electron trans-

port intermediates such as ubisemiquinone is prolonged. Because the proton

gradient is coupled to the conversion of ADP into ATP, mitochondrial ROS

generation is particularly strong if the availability of ADP is low. These conditions

are present in PTC of the diabetic kidney. Normally, an excess of substrates is

prevented by the tight regulation of phosphofructokinase (PFK), one of the early

enzymes in this pathway. PFK is inhibited by ATP and citrate, thereby coupling the

generation of pyruvate and acetyl CoA to the cellular energy demand. This negative

control of the glycolytic pathway is overridden in the diabetic kidney by an excess

of fructose-6-phosphate, thereby uncoupling glycolysis from cellular energy

demand. The enhanced glucose uptake increases cellular ROS through protein

kinase C (PKC)-dependent activation of NADPH oxidase. The renal isoform of

the plasma-membrane associated NADPH oxidases, Nox4, is highly expressed in
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PTC [75, 76]. Under normal redox state, Nox4 is believed to have a role in oxygen

sensing, important for the regulation of EPO production [77, 78].

Superoxide is also generated by the process of glucose auto-oxidation that is

associated with the formation of glycated proteins. The interaction of AGEs with

cell surface receptors stimulates ROS production and decreases intracellular gluta-

thione levels. Furthermore, high-glucose–induced ROS generation stimulates the

production of angiotensin II (ATII), which in turn triggers the production of

intracellular ROS. Nox4 is the central enzyme complex involved in ATII- and

AGE-mediated ROS production in the diabetic kidney. Therefore, AGE and ATII

induce a positive feedback amplifying ROS formation and aggravating disease

progression [79]. The increase in intracellular ROS stimulates the MAP kinase

and Janus kinase phosphorylation cascade, leading to the activation of NFkB, AP-1,
SP-1, and the signal transducer and activator of transcription (STAT) signaling

pathways. These transcription factors are implicated in the redox signaling activat-

ing TGF-b1 [80]. Since TGF-b1 is an important factor in the development of renal

interstitial fibrosis, the activation of TGF-b1 in the diabetic kidney implies that

increased oxidative stress can lead to the activation of fibrogenic pathways. TGF-b1
is a major inducer of epithelial–mesenchymal transition in which epithelial cells

lose their epithelial phenotype, acquire mesenchymal markers, and start to produce

excessive amounts of extracellular matrix proteins, leading to tubulointerstitial

fibrosis [81, 82]. The degree of tubulointerstitial fibrosis, being closely related to

the progression of renal disease [83], the activation of TGF-b1, and the continuous

autocrine amplification of ROS production may eventually progress to end stage

renal disease. The role of ROS to induce signaling pathways that lead to the

activation of fibrogenic pathways has also been involved in chronic renal diseases

such as ischemia/reperfusion injury, toxic-induced renal injury, and proteinuria

(see below) [64, 84–86].

2.1.2 Toxic-Induced Nephropathies

The proximal tubule is a prime target for many toxic-induced nephropathies.

Nephrotoxic substances that directly affect PTC include aminoglycoside antibiotics

(e.g., gentamicin), cisplatin, radio-contrast media, immunoglobulins, aristocholic

acid, and heavy metals (e.g., cadmium). Cisplatin-induced renal injury is a well-

studied nephrotoxicity model [87]. During cisplatin nephrotoxicity, oxidative stress

(ROS and RNS) is induced in PTC [85]. After entering the cell, cisplatin turns into

highly reactive platinum species. These species may crosslink with DNA and react

with other nucleophiles such as glutathione, lipids, and proteins, resulting in the

disruption of cellular homeostasis followed by cell injury and death [37]. Impor-

tantly, amelioration of oxidative stress by a variety of ROS scavengers can protect

the cells against cisplatin injury [87, 88].

Heavy metals like cadmium (Cd2+) are known to induce ROS in the proximal

tubule. Cd2+ induces a variety of processes that disrupt normal cellular function, as

recently reviewed [65]. In brief, Cd2+ interferes with Ca2+-, cAMP-, NO-, ROS-,
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MAP kinase-, PKB/Akt-, NFkB-, and developmental signaling processes by acting

on cell surface receptors or inducing changes in levels of second messengers.

Furthermore, Cd2+ may induce mitochondrial damage by inhibiting the electron

transfer chain. Cd2+ by itself cannot generate redox reactions, since it is not a Fenton

metal. However, free Cd2+ can change the cellular redox status by interfering with

SH groups and Zn2+moieties in enzymes or cofactors, thereby inhibiting antioxidant

enzymes. By binding to SH groups, Cd2+ can also deplete intracellular radical

scavengers such as glutathione and protein sulfhydryls like thioredoxin, leading to

enhanced ROS formation. It can also induce hydroxyl radicals in the presence of

Fentonmetals such as Fe2+.Measurement of reactive species with fluorescent probes

indicated that intracellular ROS levels are increased within minutes after Cd2+

exposure. In turn, increased oxidative stress can activate downstream events, leading

to signaling cascades involved in a wide myriad of cellular responses. The latter

include induction of pro-apoptotic and adaptive responses (e.g., induction of antiox-

idant defense), but also DNA damage, lipid peroxidation, and oxidatively modified

proteins, which can lead to cellular dysfunction or cell death.

The implication of ROS in the early phase and the progression of renal diseases

associated with proteinuria or defective protein reabsorption will be addressed in

the following section.

2.1.3 Genetic Disorders of the Proximal Tubule

Oxidative stress is not only induced in acquired renal disease, it has also been

documented in patients with renal Fanconi syndrome due to cystinosis [89] and in

mice lacking the chloride transporter, ClC-5 [90]. Cystinosis is a rare, autosomal

recessive disease caused by a defect in the transport of cystine across the lysosomal

membrane and characterized by early onset of renal proximal tubular dysfunction.

The disease is caused by mutations in the CTNS gene that encodes cystinosin, the

lysosomal cystine transporter [91, 92]. The most severe and frequent form of

cystinosis is characterized by a proximal tubule (PT) dysfunction that appears a

few months after birth. In absence of treatment, the tubulopathy rapidly progresses

(within a few years) toward renal failure and end stage renal disease. Cystinosis is

also the most common inherited cause of the renal Fanconi syndrome. Earlier

studies have revealed that renal Fanconi syndrome was caused by reduced

mitochondrial ATP generation, leading to a decreased activity of tubular Na+–K+-

ATPase and consequent diminution of Na+-coupled proximal transport of glucose,

amino acids, ions, and water [93, 94]. More recent studies showed that the mito-

chondrial energy generation capacity appears to be normal in cystinosis, suggesting

that other mechanisms might account for reduced transport activity [89, 95].

Furthermore, cystinotic cells seem to be more susceptible to undergo apoptosis

even with a normal mitochondrial energy–generating capacity [96]. An alternate

hypothesis is that cystine accumulation induces an oxidative stress, which accounts

for the cellular damage and apoptosis, as suggested by the effect of injecting cystine

dimethyl ester into rat kidneys [97]. The increased ROS hypothesis is also
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supported by the following observations. First, cystine markedly increased the

cytotoxic response of bacteria to H2O2, suggesting that cystine might impair

the cellular defense machinery against H2O2 [98]. Furthermore, an elevated gluta-

thione disulfide to total glutathione (GSSG/total GSH) ratio was observed in

cystinotic cells, suggesting that increased oxidative stress might be present

in cystinotic cells [89]. GSH depletion in cystinotic PTC may be related to

enhanced apoptosis [95]. However, the link between the cellular defect and ROS

remains speculative and needs to be further elucidated.

Dent’s disease is an X-linked renal Fanconi syndrome associated with low-

molecular-weight (LMW) proteinuria, nephrocalcinosis, nephrolithiasis, rickets,

and renal failure in some patients [99]. The disease is caused by inactivating

mutations in the CLCN5 gene, which encodes the endosomal Cl�/H+ exchanger

ClC-5 [100]. ClC-5 is primarily localized in PTC endosomes, where it codistributes

with the vacuolar H+-ATPase (V-ATPase) [101]. Genetic inactivation of Clcn5 in

mouse causes renal tubular defects that mimic human Dent’s disease, including

severe PT dysfunction with impaired endocytosis and trafficking defects of megalin

and cubilin, leading to LMW proteinuria [102–104]. We recently demonstrated

higher cell proliferation (cyclin E, PCNA, KI67) and oxidative stress (type 1 SOD,

thioredoxin) in the PTC of ClC-5-deficient (Clcn5Y/�) mice, as well as the specific

induction of type III carbonic anhydrase (CAIII), which may participate in oxida-

tive scavenging in PT cells [90]. The upregulation of CAIII in parallel with

proliferative and oxidative stress markers was confirmed in human kidney samples

harboring an inactivating mutation of CLCN5 [90]. These studies suggest that

generalized PT dysfunction is associated with increased cell proliferation, dediffer-

entiation, and oxidative stress. The potential role of the induction of CAIII, which is

an early mesodermal marker, is discussed below.

2.2 CAIII: A Novel Player in the Antioxidant Defense
in the Proximal Tubule

PTC possess a wide range of antioxidant enzymes to counteract the production of

ROS (see Fig. 2). Besides the “classical” antioxidant enzymes (described in

Sect. 1.2), renal CAIII has recently been implicated as a ROS scavenger and is

in the kidney exclusively distributed in scattered PTC (Fig. 3) [90]. Unlike other

CA isoforms, CAIII is characterized by a very low carbon dioxide hydration ability,

reflecting nonconservation of the catalytic site [105]. However, Kim et al. [106]

suggested that CAIII might function as percarbonic acid anhydrase detoxifying

H2O2 into percarbonic acid, a powerful oxidizing compound. Indeed, CAIII expres-

sion decreased the level of ROS when expressed in NIH-3T3 cells, lacking endog-

enous CAIII, and protected them against cytotoxic concentrations of H2O2 [107].

These observations were further supported by our results showing that CAIII is

specifically induced in HK-2 and OK-cells exposed to H2O2 [90]. The possible link

between CAIII and oxidative stress was further demonstrated in kidneys from
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ClC-5 knockout mice. PTC from these mice has an increased state of oxidative

stress, as shown by the increased production of �O2
� and the induction of antioxi-

dant enzymes SOD1 and Trx [90]. Other studies also suggested a protective role of

CAIII against oxidative stress. CAIII can undergo S-glutathionylation, a hallmark

of proteins involved in oxidative stress [108]. Oxidative modification of CAIII

involves two reactive SH groups, Cys183 and Cys188, that interact with glutathione

[109]. A second possible action of CAIII in PTC exposed to stress could involve

cellular proliferation and dedifferentiation. The PTC with an increased CAIII

expression also shows proliferation markers and a more rapid growth [90, 107].

Considering that CAIII is an early mesodermal marker [110], increased expression

of CAIII may reflect cell dedifferentiation and, along with other genes encoding

growth factors and transcription factors, recapitulate the expression pattern

observed during nephrogenesis [111]. To study the mechanisms of CAIII induction

in PTC and its involvement as an antioxidant or inducer of cell dedifferentiation/

proliferation, a CAIII knockout mouse model can be used. Kim et al. [106]

generated a Car3 knockout (Car3�/�) mouse, which show no apparent phenotypic

Fig. 3 Proximal tubule dysfunction: oxidative stress and CAIII induction. (a) Proximal tubule

cells (PTC) from the ClC-5 knockout mouse (Clcn5Y/�) show increased levels of oxidative stress

as detected by a stronger signal for the red fluorescent ethidium bromide in Clcn5Y/� proximal

tubule as compared to Clcn5Y/+. Bars¼ 100 mm (inset, 50 mm). (b–c) The kidneys lacking ClC-5

(Clcn5Y/�) are characterized by a specific induction of the carbonic anhydrase type III (CAIII) at

the protein (b) and mRNA (c) level. Modified from Gailly et al. [90]
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difference or changed response to oxidative stimuli. Our group recently tested the

renal phenotype of the Car3�/� mouse. Although Car3 gene inactivation does not
generate any apparent renal phenotype, administration of cisplatin produced an

acute renal injury in Car3�/�, which was more severe (albuminuria, plasma urea

and creatinine, apoptosis index) than in Car3+/+ mice. Furthermore, the Car3�/�
mice showed a significantly higher level of oxidative stress in cortical area of the

kidneys (unpublished observations) [112]. The increased sensitivity to oxidative

stress and ROS-induced apoptosis were also confirmed in primary cultures of PTC

isolated from Car3�/�mice. These data suggest that inactivation of CAIII does not

impair renal proximal tubules under normal conditions. However, in conditions of

increased oxidative stress, proximal tubules lacking CAIII are more sensitive to

oxidant injury, with induction of apoptosis, emphasizing the potential role of CAIII

as an antioxidant enzyme.

3 Protein Reabsorption in the Proximal Tubule: Crucial

or Deleterious?

Oxidative stress has been documented in proximal tubule disorders induced by a

variety of nephrotoxic compounds (cisplatin, heavy metals) or genetic conditions

(cystinosis, Dent’s disease). A common link between these disorders is an alteration

of the receptor-mediated endocytic uptake of albumin and LMW proteins [113].

Therefore, the possibility of a link between oxidative stress and defective

endocytosis in PTC could be raised. On the other hand, excessive filtration of

albumin, leading to increased endocytic uptake in PTC, has been show to induce

oxidative stress in PTC [61]. Thus, defective or excessive albumin endocytosis may

result in oxidative stress, raising the issue of the exact role of albumin in the redox

state of PTC.

3.1 Antioxidant Properties of Albumin

The reabsorption of albumin through the megalin-cubilin-amnionless receptor path-

way has a dual effect on PTC. At physiological concentrations, albumin is a survival

factor for renal PTC, by activation of the membrane-bound serine/threonine kinase

PKB and phosphorylation of the Bad protein, known to inhibit apoptosis [114].

Furthermore, albumin is able to act as an antioxidant, most likely through scavenging

of ROS by the free hydroxyl groups of albumin and its free sulfhydryl group at Cys34,

a unique feature of albumin (Fig. 4) [115]. Other plasma proteins such as transferrin

and ceruloplasmin also have antioxidant properties. Like albumin, they can bind to

transition metals Fe2+ and Cu2+, thereby preventing the generation of .OH via the

Fenton reaction [116]. Albumin and other proteins can also act as sacrificial sinks for

ROS attack, either directly through oxidation of amino acid side chains or indirectly

through reaction with lipid species and radicals arising from the peroxidation of cell
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membrane lipids. The amino acids cysteine, histidine, methionine, tyrosine, and

tryptophan are particularly susceptible to direct oxidative attack, whereas lysine is

most susceptible to attack by malondialdehyde, one of the principal products of lipid

peroxidation [117]. The role of albumin as a ROS scavenger has been confirmed in

cell-free systems with the use of a variety of oxidative species, including HOCl,

H2O2,
�OH, carbon radicals, and peroxynitrite [118].

Recent studies in the ClC-5 and megalin knockout mouse models, both having a

major defect in the megalin-cubilin-mediated endocytosis, show that the lack of

protective response elicited by the uptake of albumin is associated with increased

susceptibility to disease progression or tubulointerstitial fibrosis, potentially

mediated by oxidative stress [90, 119, 120]. In particular, the protective effects of

albumin in PTC seem to be mediated by megalin-mediated signaling. As said

above, megalin binds to and activates PKB (Akt), thereby promoting cell survival

and inhibiting apoptosis [114]. However, the protective effects of albumin seem to

be limited to low, physiological concentrations. Indeed, exposure to high concen-

trations of albumin decreases the expression of megalin at the plasma membrane,

decreasing Akt activity and Bad phosphorylation, thereby inducing albumin-

induced apoptosis (Fig. 5) [114]. Similarly, exposure of LLC-PK1 cells, a model

of the proximal tubular epithelium, to high concentrations of albumin induces

apoptosis [121].

Fig. 4 Main sites in albumin involved in its antioxidant activity. The four amino acids (in blue) of
the N-terminus of albumin are involved in the metal binding of the protein. The sole free cysteine

in the protein (Cys34) is shown in red. Lateral carbon chain of residues involved in albumin

antioxidant properties are developed and colored. From Roche et al. [119]
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3.2 Oxidative Capacity of Albumin

Albumin is the major component of proteinuria, a factor that has a strong predictive

value in chronic nephropathies [122]. Protein overload caused by a primary

glomerular defect induces the expression of a wide array of proinflammatory and

profibrotic mediators in renal tubular cells mainly through the activation of the

transcription factors NFkB and AP-1 and the STAT signaling pathway [123–125].

The activation of both transcription factors seems to be dependent on an increase in

oxidative stress [84, 124, 126]. Excessive endocytic uptake of albumin activates

Nox4 through PKC, resulting in the formation of free oxygen radicals (O2
�).

Detoxification of O2
� increases cytosolic levels of H2O2, which induces STAT,

NFkB, and AP-1 intracellular signaling cascades, mainly leading to inflammation

and fibrosis. H2O2 also induces apoptosis signal-regulating kinase 1 (Ask1), which

activates the p38 MAPK pathway. MAPK regulates apoptosis and survival.

Another regulator of the MAPK pathway in response to chronic protein overload

is glia maturation factor-B (GMF-B), although little information regarding this

albumin

albumin

p53

BAD/Bak

Fig. 5 Model of the dual effect of albumin on cell survival/cell death in proximal tubule. Left:
At physiological concentrations, albumin uptake by megalin activates Akt, leading to phosphory-

lation and sequestration by 1,433 of BAD and the forkhead transcription factor (FH). Right: In case
of albumin overload, Akt remains inactive through a PI3 kinase-dependent mechanism (PI3K),

leading to an activation of FH and BAD. Active FH and BAD induce gene expression related to

apoptosis and cell death. Adapted from an image by Steven Moskowitz, Advanced Medical

Graphics
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molecule is available [127]. GMF-B induction increases the susceptibility to

oxidative stress due to an upregulation of H2O2-producing enzymes (CuZn-SOD)

and a downregulation of H2O2-reducing enzymes (catalase, GPx, GSH). Although

albumin, as a molecule, is capable of inducing oxidative stress, it is also thought

that albumin-bound fatty acids (FAs) exert extra deleterious effects on PTC [128].

Albumin-bound FAs increase the production of mitochondrial ROS due to an

impaired mitochondrial ROS-scavenging process (SOD2). Taken together, these

data suggest that, depending upon its concentration in the tubular lumen and its

ligation to beneficial vs. potentially harmful factors, albumin can act as a potent

survival factor in PTC or promote tubulointerstitial damage.

3.3 Future Directions

New mouse models, and in particular the podocyte-specific Nphs2 knockout mouse

[129], may be of interest to characterize the effects of albumin under normal vs.

pathologic conditions. Mutations in the NPHS2 gene, which encodes the slit

diaphragm protein podocin, account for approximately 40% of familial and 10%

of sporadic forms of nephritic syndrome [130]. Using the established Cre-loxP

technology, Mollet et al. [129] inactivated podocin in the adult mouse kidney in a

podocyte-specific manner. This inactivation is strictly time-controlled, as it is

induced by injection of tamoxifen, which activates the tamoxifen-responsive Cre

recombinase in podocytes, leading to progressive decrease in podocin expression

within 7 days, with ensuing proteinuria. Therefore, the effects of overload protein-

uria can be investigated at any given time after the induction of podocin inactiva-

tion. A detailed investigation of these mice will allow us to study the early effects of

albumin on PTC, including the oxidative stress that is thought to play a role in the

early phase of kidney injury.

In addition to the above model, further studies will address the effect of defective

endocytosis – and thus defective albumin uptake – on the oxidative stress and

differentiation of PTC. We have observed that PTC of ClC-5 knockout mouse are in

a state of oxidative stress and increased proliferation [90]. Furthermore, these PTC

are also more sensitive to induction of pro-fibrotic factors such as TGF-b1 (unpub-

lished observations) [131], which could indicate that the lack of albumin uptake is

associated with an increased sensitivity to disease progression.

4 Conclusion

Emerging evidence shows that ROS, oxidative stress, and redox state are key

players in the initiation and progression of various renal diseases, including diabetic

nephropathy, toxic-induced renal injury, and inherited disorders associated with

proximal tubule dysfunction. Oxidative stress triggers myriad cellular responses.
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Various signaling pathways and transcription factors are involved, which can

regulate the expression of genes involved in apoptosis, fibrosis, and inflammation

or, alternatively, induce antioxidant mechanisms in an attempt to rescue the cell.

Whether pro- or antioxidant pathways are activated most likely depends on the

nature and duration of the stimulus as well as the cell or tissue that is targeted. For

instance, a series of evidence, obtained both in vivo and in vitro, pointed to the high

sensibility of PTC to oxidative damage and the potential role of a tightly regulated

albumin endocytosis in the redox state of these cells. Investigation of the nature of

the stimuli and initial events involved in ROS generation and the antioxidant

mechanisms in PTC will probably help to develop novel diagnostic and therapeutic

strategies for renal disease.
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Chapter 11

Iron Metabolism and Oxidative Stress

Abolfazl Zarjou, József Balla, György Balla, and Anupam Agarwal

Abstract Iron is essential for almost all living organisms. It participates in a wide

variety of fundamental metabolic processes, including oxygen transport, DNA

synthesis, and electron transport. However, when present in excess, iron poses a

threat to cells and tissues. The toxicity of iron is largely based on its ability to

catalyze the generation of free radicals, which attack and damage cellular mem-

branes, protein, and DNA. Under physiological circumstances this threat is reduced

because meticulously regulated mechanisms have evolved to move iron across

biological membranes and to ensure that its distribution in multicellular organisms

is carefully orchestrated. These mechanisms are responsible to keep free iron

concentrations at the lowest sufficient level under healthy conditions. High tissue

iron concentrations have been associated with the development and progression of

several pathological conditions, including certain cancers, liver and cardiovascular

diseases, diabetes, hormonal derangements, skeletal abnormalities, several neuro-

degenerative disorders, and immune system dysfunctions. In this chapter, we

discuss oxidative stress related to iron metabolism and provide an overview of

several diseases that are linked to iron overload and toxicity.

Keywords Diabetic nephropathy � Proteinuria � Endocytosis � Albumin � Carbonic
anhydrase type III

1 Iron Absorption and Distribution

Iron is able to readily accept and donate electrons, interconverting between ferric

Fe3+ and ferrous Fe2+ states (+772 mV at neutral pH). The ability of this transition

metal to exist in two redox states makes it an important candidate for numerous
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biological activities as the catalytic center of fundamental biochemical reactions

[1, 2]. Iron has an essential role in the formation of hemoglobin and myoglobin,

cytochromes, and many other metalloproteins involved in neurotransmitter produc-

tion, collagen formation, and immune system function. The bioavailability of iron

is generally limited, because under aerobic conditions, Fe2+ is readily oxidized in

solution to Fe3+, which is virtually insoluble at physiological pH. The average adult

human’s body contains 3–4 g of iron, which makes it the most abundant transition

metal. Women have lower levels of iron because of their recurrent blood loss

through menstruation.

Since humans have no excretory pathway for iron, it is essential for the intestine

to tightly regulate the absorption of iron to replace the loss through menstruation

and desquamation of enterocytes. Absorptive enterocytes close to the gastroduode-

nal junction are responsible for almost all iron absorption (Fig. 1). Because there is

little, if any, paracellular iron transport under normal circumstances, iron must

traverse both the apical and basolateral membranes to gain access to the circulation.

The low pH of gastric secretion provides a proton-rich environment and helps to

“dissolve” ingested iron. This facilitates enzymatic reduction of ferric iron to its
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Fig. 1 Mechanism of intestinal iron absorption. HCP-1 heme carrier protein-1; TF transferrin;

DCYTB duodenal cytochrome b; DMT-1 divalent metal transporter; HP hephaestin; HO heme-

oxygenase; BV biliverdin; BR bilirubin; CO carbon monoxide; FPN ferroportin
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ferrous form by duodenal cytochrome b (DCYTB), the first identified intestinal

ferrireductase present on the apical surface of the enterocytes. DCYTB levels are

increased in iron deficiency, which signifies its importance in iron absorption [3].

A divalent metal transporter that is nonspecific to iron (DMT-1) transfers iron

across the apical membrane and into the cell through a proton-coupled process.

Heme is a biologically important iron-containing compound and is a key source

of dietary iron. Heme results from the breakdown of hemoglobin and myoglobin

found in meat products. Heme iron appears to be transported intact from the

gut lumen into enterocytes, through the activity of heme carrier protein-1

(HCP-1). HCP-1 is expressed at high levels in the duodenum [4] and, upon binding

of heme to HCP-1 on the cell surface, the complex is internalized by receptor-

mediated endocytosis. The resultant endosomal vesicles are thought to migrate to

the endoplasmic reticulum, where heme induces the synthesis of heme oxygenase-1

(HO-1), the rate-limiting enzyme in the catabolism of heme [5]. HO-1 cleaves

the porphyrin ring at the alpha-methene bridge to form biliverdin (subsequently

converted to bilirubin by biliverdin reductase) and carbon monoxide and also

releases free redox active iron. Although the exact mechanism is as yet unclear,

studies with HCP-1 demonstrated that heme transport is posttranscriptionally

regulated by iron stores [4].

Independent of the source of iron, the Fe2+ is then exported through the basolateral

membrane of the enterocyte to the interstitial space by the exporter ferroportin [6].

Ferroportin is critically important for maternoembryonic iron transfer, for basolateral

transport of iron out of enterocytes, and for the export of iron from tissuemacrophages.

It appears to play a lesser role in the export of iron from hepatocytes. Iron is

subsequently oxidized by the ferroxidase activity of a ceruloplasmin homologue

called hephaestin [7, 8]. Once the iron moves out of the cell it binds with high affinity

to transferrin, which is synthesized by hepatocytes and secreted by the liver to the

plasma [9]. Transferrin is an 80-kDa protein with two iron binding sites [10]. Under

physiological circumstances transferrin is in excess in relation to iron, and therefore,

the concentration of “free” iron in the plasma is virtually zero.

Approximately 80% of the body’s iron content is incorporated into hemoglobin

in developing erythroid precursors and mature red blood cells. Hence the erythroid

bone marrow is the largest consumer of transferrin-associated iron and approxi-

mately a billion iron atoms are used each day to form hemoglobin in new red

blood cells. Sequestration of senescent red blood cells by specialized macrophages

in the spleen, liver, and bone marrow (reticuloendothelial system) liberates similar

amounts of iron from hemoglobin, generating a turnover of 1 billion iron atoms

(35 mg) between erythropoiesis and reticuloendothelial systems. The heme moiety

of hemoglobin is catabolized by heme oxygenase, and the released iron is seques-

tered by ferritin. The expression of ferroportin-1 in reticuloendothelial macro-

phages supports the notion that this iron-export protein is essential in

iron recycling from senescent erythrocytes. Ceruloplasmin with ferroxidase

activity is required for oxidation and incorporation of ferrous iron into transferrin

to form ferric transferrin [11].
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Iron transport by transferrin serves two main functions: one is to render the very

water-insoluble Fe3+ into the soluble diferric–transferrin complex, and the other is

to allow Fe3+–transferrin complex to be recognized by the TfR located on the cell

surface. There are two forms of this receptor, namely TfR-1, which is carried by

almost all cells, with the highest density on erythroid precursors, on normal continu-

ously dividing cells, and on neoplastic cells. Only mature red blood cells lack this

receptor. The other form, TfR-2, has ~66% sequence similarity to TfR-1. It is

constitutively expressed predominantly in liver and localized on the basolateral

membrane surface of hepatocytes. However, it is important to note that TfR-2

cannot compensate for TfR-1 for iron metabolism [2]. The Fe3+–transferrin–TfR

complex is internalized in clathrin-coated pits that form endocytic vesicles. Once

inside the cells, the complex in the endosome is acidified by a vacuolar H+

adenosine triphosphatase (ATPase) that lowers the luminal pH to about 5.5.

This acidification process induces conformational changes in transferrin–TfR com-

plex with consequent release of Fe3+. The transport of released iron across

the endosomal membrane into the cytosol requires the activity of a ferrireductase,

and the resultant divalent metal is translocated to the cytosol by the action of

DMT-1, which is then utilized or stored in ferritin. Apotransferrin (transferrin

without iron) still bound to the transferrin receptor is recycled back to the cell

surface, where it is released into the serum.

One imperative regulator of intracellular iron levels is ferritin. The ferritins are a

family of proteins characterized by highly conserved three-dimensional structures

similar to spherical shells, designed to sequester and store large amounts of iron in a

safe, soluble, and bioavailable form. It is comprised of 24 subunits of two types

(H [heavy] and L [light] chain), whose proportion depends on the iron status of the

cell, the tissue, and the organ [12]. The two ferritin polypeptides are related, but

H-ferritin carries a ferroxidase activity to oxidize Fe2+ to Fe3+, allowing incorpora-

tion of iron into the shell. Ferritin shells can store up to 4,500 iron atoms. Ferritin

acts as a depot, sequestering excess iron and allowing for the mobilization of iron

when needed [13]. The expression of both ferritin and TfR is delicately regulated by

a labile iron pool (LIP) at the posttranscriptional level [14]. The observation of

early embryonic lethality of H-ferritin knockout mice indicates its indispensable

nature for life forms [15].

There is substantial evidence that suggests the mechanisms by which expression

of ferritins and TfR are regulated are via iron regulatory proteins (IRPs) [16]. IRP-1

and IRP-2 are cytoplasmic proteins that bind with high affinity and specificity to

iron responsive elements (IREs), which are conserved hairpin structures found in

the untranslated regions of mRNA. They control expression of several important

proteins in iron uptake, storage, utilization, and export, for instance, TfR, DMT-1,

ferritin H- and L-chains, ferroportin, erythroid 5-aminolevulinic acid synthase (the

first enzyme of heme biosynthesis), and several others. Depending on the position

of IRE (50 or 30 untranslated region), IRP binding has an opposite effect on the

synthesis of iron-regulated proteins. Binding of IRPs to 30 IREs stabilizes mRNA,

resulting in increased protein synthesis, whereas binding to 50 IREs prevents the
translation of mRNA, resulting in decreased protein synthesis [16]. Once the cell
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requires iron, IRP binds to IRE and stabilizes the mRNA for TfR while also

decreasing translation of mRNA for ferritin. This leads to increased expression

of TfR and decreased ferritin, which eventually translates to increased iron uptake

and availability within the cell. On the contrary, high intracellular iron levels

decrease IRE-binding activity, leading to efficient translation of ferritin and

decreased stability of TfR mRNA, ultimately enhancing iron sequestration over

uptake. Regulation of DMT-1 and ferroportin is similar to that of TfR and ferritin,

respectively.

Iron–sulfur cluster (3Fe–4S$4Fe–4S) is assembled in IRP-1, which acts as

an iron sensor [17]. The ratio of (3Fe–4S) and (4Fe–4S) clusters depends upon the

intracellular iron level. A high intracellular iron level shifts the ratio toward

the (4Fe–4S) cluster. IRP-1 containing (4Fe–4S) cluster cannot bind mRNA but

assumes an enzymatic function as a cytoplasmic aconitase similar to that of mito-

chondrial aconitase, the enzyme that reversibly isomerizes citrate to isocitrate

through a cis-aconitate intermediate in the citric acid cycle [18]. At low intracellular

iron levels the ratio shifts toward the (3Fe–4S) cluster. IRP-1 containing (3Fe–4S)

cluster binds mRNA but does not exhibit an aconitase activity. IRP-2 does not

contain an iron sulfur cluster and is rapidly ubiquitinated and degraded in the

presence of excess iron [19]. Apart from iron there are several candidate signals of

iron repletion for IRP-2, leading to its proteosomal degradation; these include

heme, nitric oxide, as well as cytosolic iron bound to cysteines near the N-terminus

[20]. It has been suggested that all of the identified IRP-2 regulatory mechanisms

may be relevant, but to different degrees in different cells or situations [20, 21].

2 Hepcidin, Ferroportin, and Systemic Iron Homeostasis

Systemic iron homeostasis requires tightly regulated processes to provide iron

as needed yet avoid the toxicity associated with excess iron. This is achieved

by regulating the iron flow into the plasma, which includes release of iron from

macrophages recycling senescent red blood cells, release of stored iron from

hepatocytes, and absorption of dietary iron by duodenal enterocytes, and during

fetal development, transfer of iron from mother to fetus across the placenta.

Evidence indicates that iron is released from all these tissues into plasma through

the membrane iron exporter ferroportin, which is posttranslationally regulated by

hepcidin [22]. This means that functional hepcidin (a 25-amino-acid protein),

which is primarily produced by hepatocytes and excreted by the kidneys, is the

fundamental regulator of systemic iron metabolism. Hepcidin is derived from an

84-amino-acid precursor, has eight cysteine residues, is similar to the antimicrobial

defensin proteins, and has measurable antimicrobial activity [23]. Although it is

mainly produced by hepatocytes, other tissues such as hematopoietic cells, heart,

and pancreas can also produce hepcidin [24]. Hepcidin acts by directly binding to

ferroportin, causing ferroportin to be internalized and degraded in lysosomes

[25, 26]. The loss of ferroportin from cell membrane consequently ablates cellular
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iron export [27]. Evidence suggests that increased hepcidin levels can lead to

functional iron deficiency and subsequently anemia by interrupting intestinal iron

absorption and inducing the retention of iron within recycling reticuloendothelial

macrophages [28]. On the other hand, it was observed that targeted disruption of

the hepcidin gene (Hamp1�/� mice) causes severe iron overload [29]. Synthesis of

hepcidin is homeostatically increased by iron loading and decreased by anemia and

hypoxia. Hepcidin is also elevated during infections and inflammation, causing a

decrease in serum iron levels and contributing to the development of anemia or

inflammation, probably as a host defense mechanism to limit the availability of iron

to invading microorganisms [30, 31], thus completing the homeostatic loop

controlling systemic iron levels. Renal injury that commonly leads to chronic

kidney disease (CKD) causes production of several inflammatory cytokines, in

particular interleukin (IL)-6 and IL-8. Such inflammatory conditions lead to

elevated levels of hepatic production of hepcidin, which in turn restricts the iron

absorption and release from macrophages. These mechanisms and others (discussed

in more detail below) predispose patients with CKD to require intravenous (IV) iron

administration to correct their decreased iron bioavailability and subsequent ane-

mia. In fact combined measurements of serum and urine hepcidin have proven to

correlate well with the level of anemia, and for these reasons hepcidin levels can

become not only an essential tool in the diagnosis of inflammatory anemia but

also might become a target of therapy, since lowering hepcidin may aid in improv-

ing the gastrointestinal uptake of iron and its release from macrophages, thus

limiting the need for IV iron.

3 Iron: Friend and Foe

Excess iron can saturate the threshold for its sequestration, increasing the free labile

form and ultimately posing a threat for the living organism. Such injurious effects

have been confirmed, for example, by showing that the amount of hydrogen

peroxide (H2O2) required to kill Staphylococcus aureus decreases 1,000-fold

if the bacteria are raised in iron-rich media [32], and on the contrary, depletion of

cellular iron protects both prokaryotic and eukaryotic cells against oxidative stress

[33]. In fact the very same chemical properties of iron that make it indispensable for

life are also responsible for the hazardous effects of iron. This property of being

able to accept and donate electrons readily can lead to the formation of reactive

oxygen species (ROS) [34]. These ROS can be free radicals, which means they have

an unpaired electron in their outer shell (e.g., O2
�� [superoxide radical] and OH�

[hydroxyl radical]) or nonradicals (e.g., H2O2); they can be anions (e.g., O2
�

[superoxide] and ONOO� [peroxynitrite]) or nonions (e.g., H2O2, NO
� or OH�).

Among them OHl is the most reactive oxygen radical known, reacting instantly

with molecules in its immediate vicinity, which explains its great destructive

power. O2
�� is less reactive than OH� and does not readily react with most

biological molecules. Since O2
�� does not easily cross membranes, a prompt
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reaction with another radical requires that the particular radical for such a reaction

is formed in the same subcellular compartment or travels to this compartment. In

quantitative terms, the mitochondrial respiratory chain is the most important site of

O2
�� generation [35]. H2O2 is produced continuously in all cells through the

enzymatic action of superoxide dismutase. It diffuses within and in between cells.

Since it is only a weak oxidizing or reducing agent, it can play a role in signal

transduction, but it can also be cytotoxic at micromolar concentrations.

Anytime iron exceeds the metabolic needs of the cell it may form a low molecular

weight pool, otherwise referred to as the LIP (labile iron pool). This unbound and free

iron can catalyze production of the highly toxic OH� via entering the Fenton chemistry

converting normal by-products of cell respiration, like O2
�� and H2O2, into highly

damaging OH� or equally aggressive ferryl ions or even oxygen-bridged Fe2+/Fe3+

complexes where iron itself is a reactant rather than a catalyst. These free radicals are

highly reactive species and may induce oxidation of proteins, lipids and lipoproteins,

nucleic acids, carbohydrates, and other cellular components [36, 37]. Oxidative

damage to the vital cellular components might have in turn a deleterious effect at

cellular and tissue levels, leading to cell death, tissue necrosis, and degenerative

diseases or cell phenotype changes and even malignant transformation.

Protection from tissue-damaging effects that results from the reactions of iron

with oxygen is accomplished in large part through vigilant iron sequestration; but

whenever there is free iron it can participate in the Fenton’s reaction, catalyzing the

formation of the OH�:

O2
�� þ Fe3þ ! O2 þ Fe2þ

Fe2þ þ H2O2 ! Fe3þ þ OH� þ HO� ðFenton reactionÞ

One important target of free radicals is the polyunsaturated fatty acids (PUFA).

The OH� can abstract a hydrogen atom from PUFA (LH) to initiate lipid peroxidation.

OH� þ LH ! H2Oþ L�

L� þ O2 ! LOO�

LOO� þ LH ! LOOHþ L�

Once lipid hydroperoxides (LOOH) accumulate, free iron may directly initiate

additional lipid peroxidation.

Fe2þ þ LOOH ! Fe3þ þ LO� þ OH�

The produced alkoxyl radical LO� can undergo fragmentation to produce lipid-

aldehyde or can react with O2 to produce epoxy-allylic peroxyl radicals (OLOO�),
which can further propagate the reaction. The accumulation of such lipid hydro-

peroxides can damage the integrity and function of the cell membrane [37]. Such

events have been shown in experimental models of iron overload in vivo to greatly
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increase PUFA oxidation of hepatic mitochondria, as well as cause lysosomal

fragility [38]. In another in vitro study involving iron loading of primary cultures

of newborn rat cardiomyocytes, similar iron-mediated PUFA oxidation and mito-

chondrial dysfunction were observed [39]. More importantly, iron overload in

experimental animals results in oxidative damage to lipids [40], whereas chelation

of iron by pyridoxal isonicotinoyl hydrazone prevents the Fe-citrate-dependent

formation of lipid peroxides [41]. One critical feature required for iron-mediated

damage to cells is intrusion of the metal into lipid compartments. Cells exposed

to highly lipophilic heme (iron protoporphyrin IX) or 8-hydroxyquinoline-iron

chelate accumulate catalytically active iron and are exquisitely sensitive to both

endogenous and exogenous oxidant stresses [42, 43]. Another possible target of

iron-induced oxidative damage is low density lipoprotein (LDL). Heme iron is

taken up by LDL particles and promotes the oxidative modification of lipid moi-

eties as well as the apoprotein. This is of enormous importance in the context of

endothelial dysfunction, CKD, and atherosclerosis and will be discussed in more

detail below.

There is mounting evidence that proteins might be early targets of ROS, and

that the altered proteins can in turn damage other biomolecules. Although the role

of LIP in induction of protein peroxides in vivo is not so unequivocal (which may

at least in part be due to the inherent in vivo antioxidant mechanisms), there

are several lines of in vitro evidence that underscore the essential role of iron in

ROS-mediated protein damage and modification. Formation of protein hydroper-

oxides prior to the formation of lipid peroxides has been shown in U937 cells

exposed to peroxyl radicals [44], and other reports also indicate that the Fenton

chemistry-mediated formation of protein hydroperoxides clearly takes place

in vitro [45]. Mechanism of iron-catalyzed protein damage includes oxidative

scission, bityrosine crosslinks, the introduction of carbonyl groups, loss of histidine

residues, and the formation of protein-centered alkyl, alkylperoxyl, and alkoxyl

radicals [46]. With a few exceptions, protein damage is likely to be a reparable

and nonlethal event for a cell. However, there is convincing evidence that two

mitochondrial proteins – aconitase and adenine nucleotide translocase – may be

important targets of long-term oxidative damage [47].

Because mutagenesis caused by oxidative damage of DNA has been

widely recognized as one of the primary steps in carcinogenesis, the correlation

between iron, ROS, and cancer has received great attention in the past few decades.

In the absence of transition metals such as iron and copper, DNA is quite unreactive

with oxidants such as H2O2. However, in the presence of added iron, DNA scission

occurs [48], preferentially in internucleosomal linker regions [49], which in

turn produces “ladders” resembling those typical of apoptosis [50]. The products of

iron-mediated DNA damage are not fully characterized but include strand breaks,

oxidatively modified bases, DNA–protein crosslinks [51], covalent reactions with

lipid peroxidation products [52], and other structurally uncharacterized bulky DNA

adducts [53]. After the demonstration of the existence of a LIP pool in the cell nucleus

[54], it became clear that the nuclear redox-active iron may indeed be involved in

DNA damage induction by hydrogen peroxide and other oxidizing compounds.
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In support of this hypothesis significant correlation between cellular LIP level and the

yield of 8-oxo-7,8-dihydro-20-deoxyguanosine, a typical marker of ROS-induced

DNA damage, was found in human lymphocytes [55]. Strong correlation has also

been found between the LIP level and DNA breaks estimated by the comet assay in

cells treated with H2O2 [56]. Conversely, chelation of intracellular iron with deferox-

amine prevents the formation of such DNA breaks and cytotoxicity induced by H2O2

to both the nuclear [57] and mitochondrial [58] DNA.

Another important concept for free radical-induced biological damage is

the site-specificity for inciting injury. Fe3+ ions that are bound to biological

molecules such as DNA and proteins can undergo cyclic reduction and reoxidation.

This concept is distinguished from “free” iron in that bound iron is not diffusible,

but it explains the funneling of free radical damage to specific sites and the possible

“multihit” effect on the molecule, which can have deleterious effects on DNA.

In support, ferritin sequestering iron and exhibiting ferroxidase activity was demon-

strated to prevent bleomycin-provoked cytotoxicity and cellular DNA strand scis-

sion in cancer cell lines [59, 60]. Moreover, it was recently observed that H-ferritin

(traditionally known as a cytoplasmic protein) is found in the nucleus of corneal

epithelial cells, whereby sequestering iron and converting it to a more stable form

(Fe3+) protects the DNA against UV light-induced oxidative damage [61]. On the

other hand, another tenable hypothesis concerning the etiology of cell and organ

damage arising from iron overload is that excess iron selectively targets mitochon-

dria and, perhaps, the mitochondrial genome. The mitochondrial electron transport

chain “leaks” 1–2% of its electrons into O2
�/H2O2. This leak of electrons is

responsible for ~90% of the activated oxygen generated by most cell types.

Therefore, in iron overload states, it is likely that mitochondria and in particular

its DNA (mtDNA) would be most extensively damaged. There may be several

reasons for the apparent fragility of mtDNA, which include: (a) mitochrondria is a

major source of ROS; (b) mitochondria are intrinsically rich in iron (since DNA is

unreactive with H2O2 in the absence of iron or another transition metal, the

preferential damage to mtDNA probably reflects the presence of larger amounts

of reactive iron within even the normal mitochondrion); (c) mtDNA is deficient in

histones, which normally provide partial protection against oxidant damage; and

(d) repair of damage to mtDNA is less effective and requires more time.

4 Iron Overload and Pathological Conditions

Iron overload states present a clear revelation of hazardous effects of excess iron.

Excessive body iron can have primary and secondary causes. Primary iron overload

results from an inherent defect in iron regulation and continuous overabsorption of

iron from the gastrointestinal tract. Hereditary hemochromatosis is the most com-

mon cause of primary iron overload [62], and due to deposition of excess iron in the

skin and pancreas it can damage the insulin producing b-cell sometimes referred to
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as “bronze diabetes.” Secondary iron overload results from excessive intake of iron

from multiple blood transfusions, parenteral iron administration, dietary intake, or

iron supplements. Secondary iron overload can also occur in patients who have

chronic disorders of erythropoiesis or hemolytic anemias (such as sideroblastic and

sickle-cell anemias and b-thalassemia) [63]. Iron accumulates in the parenchyma of

various organs, particularly in the liver, pancreas, heart, gonads, and skeletal

system, and eventually causes end-organ damage. We will herein briefly discuss

some of these clinical conditions and provide evidence of the central role that iron

may play in the pathogenesis of such conditions.

4.1 Cardiovascular System

Iron-derived ROS are implicated in the pathogenesis of numerous vascular dis-

orders. Under physiological conditions, circulating free iron is almost nonexistent,

but in contrast one abundant source of redox-active iron is heme [64]. Of all sites in

the body, the vasculature – and in particular the endothelial lining – may be at

greatest risk of exposure to free heme. This is because of high concentration of

heme in the form of hemoglobin in erythrocytes, which are vulnerable to unex-

pected lysis. The extracellular hemoglobin is easily oxidized to methemoglobin

(Fe3+) [65], which is the form of hemoglobin that can readily release its heme [66].

Heme itself is potentially toxic to the endothelial cells, and this toxicity is enhanced

by the hydrophobic nature of heme, which allows it to cross and enter cell

membranes. Heme uptake by endothelial cells can exacerbate their damage by

activated polymorphonuclear leukocytes (PMN). Once within the cell, heme can

promote oxidative damage either directly or, more importantly, through the libera-

tion of iron, which may initially lodge within the hydrophobic interstices of the

phospholipid bilayer [43]. Within this highly oxidizable matrix, iron acts as an

especially active catalyst of oxidation of cell membrane constituents. Under physi-

ological conditions the heme iron in the hydrophobic pocket of the hemoglobin is in

a ferrous state and quite stable. Nevertheless, the ferrous heme of normal functional

hemoglobin continuously undergoes autoxidation, producing Fe3+ hemoglobin and

a superoxide anion radical:

HbðFe2þÞO2 ! HbðFe3þÞ þ O2
��

This reaction can be amplified by the presence of ROS and produces the very

unstable ferrihemoglobin, which readily releases its heme moieties. One important

source of such ROS are activated PMN. For instance when activated with phorbol

ester, PMN rapidly oxidize ferrohemoglobin to ferrihemoglobin [65]. Accordingly,

ferrohemoglobin oxidized to ferrihemoglobin by activated PMN can shower the

endothelium with heme, which greatly enhances cellular susceptibility to oxidant-

mediated cell injury [65]. Another candidate for generating ferrihemoglobin and

subsequent release of heme is nitric oxide (NO). Reaction of NO with free
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hemoglobin produces ferrihemoglobin and leads to decreased NO bioavailability,

which in turn may cause damage to the vasculature, pulmonary hypertension, and

end-organ injury [67]. Facing such potential deleterious outcomes, endothelial cells

instantly upregulate their antioxidant defense mechanisms, namely HO-1/ferritin

system after exposure to heme. In fact different products of heme catabolism

(i.e., carbon monoxide, biliverdin, and bilirubin) have been shown to be essential

in maintaining vascular homeostasis [68], whereas ferritin is a crucial antioxidant

that protects endothelium from oxidant-mediated injury and does so in a dose-

responsive manner [69]. Such defense mechanisms are extremely fundamental

since endothelial injury and functional derangements are considered the primary

events in the development of atherosclerosis. Furthermore, heme can also threaten

vascular endothelial cell integrity indirectly by its ability to mediate the oxidative

modification of LDL [70].

Oxidized LDL (and not the native form) contributes to atherogenesis in several

ways, including being readily ingested by macrophages through the scavenger

receptor that is distinct from the LDL receptor, being chemotactic for the circulat-

ing monocytes and increasing monocyte adhesion, inhibiting the motility of macro-

phages already present in the lesion, stimulating release of cytokines and growth

factors, and being cytotoxic to endothelial and smooth muscle cells [71]. It is well

known that in vitro, transition metals such as iron and copper will facilitate LDL

oxidation. Whereas these metals are unlikely to exist in free form in normal body

fluids, heme in the form of hemoglobin is abundant within the vasculature. The

process of heme-mediated LDL oxidation involves coupled interactions between

LDL, heme, oxidants, and antioxidants [64]. The initial step in these complex

reactions is the spontaneous insertion of heme into LDL particles. The inserted

heme directly promotes extensive oxidative modification of LDL; such modifica-

tion can be amplified by trace amounts of H2O2, PMN-derived oxidants, or pre-

formed lipid hydroperoxides within the LDL. Heme can oxidatively modify both the

lipid moiety of LDL and the apoprotein. During these oxidative reactions between

heme, LDL, and peroxides, the heme ring (protoporphyrin IX) is degraded, with

resultant release of free iron. The subsequent release of free iron results in iron

catalysis of oxidation of further heme, fatty acids, cholesterol, and apolipoprotein

B-100 in LDL particles [70]. Free iron is also a significant risk factor in ischemia/

reperfusion. Although ischemia ultimately evokes cell death, a sudden reconstitution

of blood flow also induces severe cell and tissue injury. This is mainly due to high

levels of ROS that are generated during reperfusion, and the importance of iron and

Fenton reaction catalysts was confirmed by using systemic iron chelators that signifi-

cantly reduce the level of tissue necrosis after reperfusion [72].

Another important aspect of iron-induced cardiovascular damage is restrictive

(infiltrative) cardiomyopathy. This is an irreversible and devastating condition in

which accumulation of iron can cause the walls of the ventricles to become stiff and

noncompliant, but not necessarily thickened, and resist normal filling with blood

during diastole. In fact patients with HFE gene mutations (which eventually leads

to systemic iron overload) when compared with the age- and sex-matched popula-

tion without HFEmutations, have significantly higher risk of cardiomyopathy [73].
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4.2 Iron and Chronic Kidney Disease

Iron-restricted erythropoiesis is a common clinical condition in patients with

CKD. There are several factors that contribute to the pathogenesis of CKD-

induced anemia which include: (a) decreased levels of erythropoietin produc-

tion; (b) blood loss during hemodialysis, from gastrointestinal tract and cannula

puncture sites following hemodialysis, and too frequent diagnostic blood tests

(hemodialysis patients lose an average of 2 g of iron per year) [74]; and (c)

inadequate intestinal iron absorption and inhibition of iron release from macro-

phages, commonly seen in chronic inflammatory diseases such as CKD, wherein

cytokines released by activated leukocytes and other cells exert multiple effects

[75]. These contribute to the increased hepatic synthesis of hepcidin, which in

turn binds to ferroportin and prevents egress of iron from reticuloendothelial

macrophages and from intestinal epithelial cells, leading to “functional iron

deficiency.” Based on these facts both erythropoietin and iron replacement are

essential to treat anemia in CKD patients. However, since oral iron therapy is

often not sufficient for CKD patients, parenteral administration of iron is

necessary to optimally care for these patients (Fig. 2).

Intravenous iron can be given to CKD patients as long as the therapy

is performed according to international recommendations and guidelines. There are

Decreased erythropoietin
production

Blood loss during hemodialysis,
bleeding from GI tract, frequent

diagnostic tests

Renal injury

Increased inflammatory cytokines such as
IFN-γ ,TNF-α , IL-1, IL-6, IL-8

Increased hepatic synthesis of  hepcidin

Decreased iron absorption and release from RES

“Functional iron deficiency” and required parenteral iron administration

CKD

Fig. 2 Pathogenesis of iron deficiency in chronic kidney disease and the need for parenteral iron

RES; reticulo‐endothelial system, GI; gastrointestinal tract
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three different forms of iron that have been widely used worldwide. These include

Venofer (iron sucrose), Ferrlecit (sodium ferric gluconate), and InFeD (iron dextran).

Several studies have investigated the safety issues with IV iron administration.

Potential risk factors associated with IV iron therapy can be divided into acute,

which includes allergic reactions such as rash, dyspnea, wheezing, or even anaphy-

laxis, as well as long-term complications, which are mainly due to the generation

of ROS, initiation and propagation of lipid peroxidation, nephrotoxicity, endothelial

dysfunction, propagation of vascular smooth muscle cell proliferation, and inhibition

of cellular host defense [76]. Iron dextran has been implicated in the development

of type I hypersensitivity reactions, and the dextran moiety is believed to be

the underlying cause. On the contrary, iron sucrose carries the lowest risk for

hypersensitivity reactions [77]. Acute iron administration, whether IV [78] or oral

[79], evidently causes oxidative stress. An exacerbation of oxidative stress occurs after

IV infusion of iron sucrose in dialysis patients, as demonstrated by an increase in

plasma concentrations of malondialdehyde, which is a marker of lipid peroxidation

[80]. In addition, Ferric gluconate modifies b2-microglobulin as a marker for oxida-

tive stress [81].

In a randomized controlled trial it was concluded that IV iron produces oxidative

stress that can cause renal tubular damage and is associated with transient protein-

uria [82]. In another comparative study of different iron formulations, it was

demonstrated that iron sucrose is a highly potent pro-oxidant capable of inducing

tubular and endothelial cell death with lesser toxicity by ferric gluconate and the

lowest toxicity by iron dextran [83]. Another study found similar results both in vivo

and in vitro showing that iron sucrose is more toxic than iron dextran [84].

Such safety concerns with the use of IV iron have led to the development of a new

form of iron known as ferumoxytol that was recently FDA approved (July 2009).

Ferumoxytol (Feraheme) is a superparamagnetic iron oxide nanoparticle with a

polyglucose sorbitol carboxymethylether coating [85]. It is isotonic,

and preliminary data suggest that it contains less free iron than other IV

iron preparations [85]. These physicochemical properties may explain why

ferumoxytol can be given rapidly at relatively high dosages [86]. In addition,

ferumoxytol appears quickly in circulating red blood cells, suggesting ready

bioavailability for erythropoiesis. Ferumoxytol, administered as an IV in two

doses of 510 mg within 5 � 3 days, was well tolerated, with no reported adverse

events of hypotension or hypersensitivity. In fact, the proportion of patients

with related adverse events was lower in the ferumoxytol group (10.6%) compared

with oral iron (24.0%). There was no increase in the incidence of adverse events

among patients who received a second course of IV ferumoxytol. In contrast, other

IV preparations administered rapidly or at higher dosages (e.g.,>200mg/dose) have

been associated with a higher rate of adverse events [87, 88]. These properties and

the fact that less free iron is available to induce oxidative damage with the use of

ferumoxytol may unravel a promising new regimen for the treatment of anemia in

CKD and may lead to the replacement of other currently used iron regimens with

ferumoxytol in the near future.
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4.3 Iron and the Nervous System

Iron accumulation in the brain is commonly associated with several neurodegenera-

tive disorders and also plays a role in cellular damage following hemorrhagic

stroke and traumatic brain injury. In vivo studies demonstrate induction of

lipid peroxidation and free radical formation after intracerebral hemorrhage [89].

Considering the substantial amount of iron released during a hemorrhagic event, it is

likely that many of the homeostatic mechanisms responsible for hemoglobin

and iron metabolism and binding become saturated; it is the free and excess iron

that is recognized as the major cause of such toxicity [90]. In support of these findings

it was found that injection of 1 mM ferric iron into rat cerebral cortex induces a large

amount of neuronal loss at the site of the injection [91]. In addition, iron

chelation treatment with deferoxamine was shown to be effective in attenuating the

neuronal damage following a hemorrhagic stroke [92].

Neurodegenerative disorders include a variety of pathological conditions,

which share similar critical metabolic processes such as protein aggregation and

oxidative stress. There are several forms of such disorders but in this section we will

mainly discuss the two more common forms of neurodegenerative disorders:

Alzheimer’s disease (AD) and Parkinson’s disease (PD). Although it is still unclear

whether iron accumulation is a primary cause or secondary event in the former

group, there is no doubt that iron-induced oxidative stress contributes to neurode-

generation. It must be noted that one important characteristic is the fact that

brain iron metabolism is evidently separated from systemic iron metabolism by

the blood–brain barrier (BBB), accounting for only little iron accumulation in

diseases with systemic iron overload [93]. Transport of iron across the BBB is

complex due to the restricted diffusion of transferrin from blood to brain. One study

demonstrated that iron is transported across the BBB at a faster rate than transferrin

[94], supporting the idea that nontransferrin-bound iron enters the brain and that

much of the serum transferrin is effluxed or transcytosed out of the brain [95].

To allow for immobilization of this potentially free iron species, oligodendrocytes

and choroid plexus cells produce transferrin within the brain [96].

Approximately 50% of total brain iron is stored within glial cells [97] and

is bound to ferritin in its soluble form [98]. However, iron accumulation in the

brain may induce neuronal damage even after it is bound to ferritin because iron can

be released in its ferrous form under the acidic conditions present in extracellular

fluid [91] and through interaction with components such as excess superoxide

radicals [99], ascorbate [100], and intracerebral hemorrhage accompanied with

decreased pH [101]. Increased iron levels in the substantia nigra have been

described in numerous postmortem studies of PD patients [102], and studies

based on different magnetic resonance imaging methods [103] and on transcranial

ultrasound [104] have verified this observation.

Evidence to support the role of iron-caused oxidative stress in neurodegeneration

is overwhelming. For instance, as discussed earlier, the homozygous H-ferritin

mutant is lethal to mice, while heterozygotes have less than half the levels of
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H-ferritin compared to wild-type mice, and an increase in transferrin, transferrin

receptor, L-ferritin, DMT-1, and ceruloplasmin. This is similar to that found

in the brains of patients with PD and AD. The neurons in these mice had decreased

superoxide dismutase activity, absence of H-ferritin and L-ferritin staining in

the neurons, and increased caspase-3 and Bax, indicating that the loss of these

iron homeostatic mechanisms contributes to neurodegeneration. This model may

serve as the animal model for oxidative stress relevant to disorders such as PD

[105]. In PD, accumulation of high iron concentrations directly correlates with

dopaminergic cell loss and disease progression. Injection of iron into the substantia

nigra mimics increased levels of the LIP and induces a disruption in dopamine

metabolism exacerbated by dopamine autoxidation [106] and significant lipid

peroxidation, followed by neurodegeneration [107, 108]. Overall, high iron accu-

mulation that results in oxidative stress and decreased glutathione levels within

nigral neuromelanin have been suggested to directly contribute to dopaminergic

neuronal toxicity, leading to PD [109, 110].

Genetic, biochemical, and immunological evidence supports a mechanistic role

for amyloid-b peptide in the pathophysiology of AD. Furthermore, one of

the earliest events in AD is the generation of oxidative stress, which may be related

to the generation of free radicals by the excess iron that is observed in the disease.

In fact brains from patients with AD show accumulation of iron in senile plaques

(mainly composed of amyloid-b) and an altered distribution of iron transport and

storage proteins. In addition, evidence suggests a central role for amyloid-b in AD,

but also for the ability of iron to alter its properties. AD brains show accumulation

of iron within senile plaques (~1 mM) [111] and neurofibrillary tangles [112],

concurrent with decreased levels of transferrin receptor expression [113]. There-

fore, these brains are subject to high levels of oxidative stress [114], as indicated

by significantly elevated activities measured for nicotinamide adenine dinucleotide

phosphate (NADPH) oxidase and HO-1 [115].

In an intriguing investigation it was demonstrated that amyloid-b is

only toxic to cultured cells when iron is present within the culture media, indicating

that the iron influences the toxicity of amyloid-b and indeed may produce an artifac-

tual cytotoxicity that is related to the iron rather than the amyloid-b itself [116].

This finding received support from a subsequent study where it was shown that

pretreatment of amyloid-b with deferoxamine significantly reduced the neuronal

loss after amyloid-b was added to cultured neurons, showing that synthetic amyloid-

b preparations also appear to be contaminated with iron [94]. Under these conditions,

amyloid-b toxicity may be caused by the promotion of aggregation by iron; however,

there may also be a direct production of free radicals by the iron. For instance,

the binding of iron to amyloid-b causes the generation of H2O2 [117]. It has

also been shown that when iron and amyloid-b are mixed and then added to brain

homogenates, ROS are produced [118]. In addition, recent studies have demonstrated

that the previously reported spontaneous production of radicals by amyloid-b may

be attributed to low-level contamination with iron [119]. In spite of the fact that brain

iron content and accumulation often do not mimic systemic iron levels, it has
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nonetheless been found that patients with hemochromatosis develop AD at an earlier

age than nonhemochromatosis patients. These findings lend support to the concept that

general iron accumulation may accelerate the AD process [115].

5 Iron: A Potential Risk Factor for Diabetes

The pancreatic b-cell is our one and only source of insulin production, but at

the same time the b-cell is extremely susceptible to oxidative stress. This is because

it uses glucose catabolism to meet its energy needs, which also provides the

energy required for insulin biosynthesis and exocytosis. Simultaneously,

the b-cell generates the signal for glucose-induced insulin secretion. The integra-

tion of these two tasks requires meticulous harmony in which the needs for

adequate energy supply of the cell do not impede the signal-generating function

of glucose metabolism for insulin secretion. There is strong evidence that a

decrease in the ROS-inactivating capacity in the b-cells, owing to genetic varia-

tions, even in the absence of autoimmune background, results in defective insulin

secretion and deterioration in glucose tolerance [120, 121].

There are two major findings that underscore the role of iron in the pathogenesis

of diabetes: (a) an increased incidence of type 2 diabetes in diverse causes of

iron overload and (b) reversal or improvement in diabetes (glycemic control)

with a reduction in iron load achieved using either phlebotomy or iron chelation

therapy. Moreover, frequent blood donation and decreased iron stores are asso-

ciated with the improvement in insulin sensitivity and insulin secretion [122].

On the contrary, high meat intake (due to its high heme content) is reported to

be associated with diabetes [123]. In addition, in a mouse model of hemochroma-

tosis, iron excess and oxidative stress mediate apoptosis of pancreatic islets with

a resultant decrease in insulin secretory capacity [124]. Also, b-cells have a

relatively high expression of DMT, which additionally predisposes them for more

accumulation of iron than other cells [125] and potentiates the danger from iron

catalyzed oxidative stress. As discussed earlier, transfusional iron overload is

the most common cause of acquired iron overload and is typically seen in transfu-

sion-dependent chronic hemolytic anemia such as b-thalassemia. Higher

insulin resistance has been confirmed in these patients [126] as well as other causes

of high body iron stores [127].

6 Iron and Carcinogenesis

Increased formation of ROS in the cells can contribute to carcinogenesis either

directly through genotoxic effects or indirectly via modification of signaling

pathways that lead to altered expression of numerous genes. There is strong
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experimental evidence to support the involvement of oxidative stress in carcino-

genesis [128, 129]. In particular, ROS-induced modulation of cell signaling path-

ways can activate transcriptional factors, such as HIF-1, AP-1, and nuclear factor

kB (NFkB) among others [130, 131]. Early studies showed that the clinically used

iron chelator, deferoxamine, had some activity at inhibiting the growth of neuro-

blastoma and leukemia in cell culture and clinical trials [132, 133]. Other studies

have investigated the mechanism by which iron depletion leads to G1/S stage arrest

and apoptosis. These studies reveal that a multitude of cell cycle control molecules

are regulated by iron [134, 135]. Compared to normal cells, neoplastic cells require

greater amounts of iron because generally they proliferate at a greater rate than their

normal counterparts. This is reflected by the higher expression of TfR [136] and the

higher rate of iron uptake from transferrin in cancer cells [137]. Furthermore,

neoplastic cells express high levels of ribonucleotide reductase, making them

more susceptible to the action of iron chelators than normal cells [138]. Although

epidemiologic studies regarding iron and human cancer remain largely inconclu-

sive until now, carcinogenicity of iron compounds in animal models has been

clearly demonstrated. Studies reveal that mice exposed to iron oxide dust develop

pulmonary tumors [139]. Other reports include soft tissue sarcoma induction by

injection of iron dextran [140], renal cell carcinoma models produced by intraperi-

toneal injection of iron chelates [141], and malignant mesothelioma by repeated

intraperitoneal injection of ferric saccharate [142].

The role of available iron in cell transformation and apoptosis was also

stressed by the finding that the protein encoded by c-Myc proto-oncogene sup-

pressed the expression of H-ferritin and stimulated the expression of IRP-2, which

in turn elevates the intracellular LIP [143]. Furthermore, this coordinated regulation

of genes controlling the intracellular iron availability was shown to be required

for c-Myc-induced cell transformation, indicating the essential role of iron in this

process. It is worth noting that iron availability at the systemic level is also

restricted in cancer patients, probably through the concerted action of the iron-

regulating hormone hepcidin, which is overexpressed in these patients [144]. It is

plausible that in this way nature takes advantage of the elevated iron requirements

of cancer cells in order to slow down tumor growth. This consideration raises

questions about the broadly used IV iron administration in cancer patients.

Although several lines of evidence suggest a central role of iron in carcinogenesis

and cancer progression, further investigation is needed in order to elucidate the

exact role of the overall iron homeostasis and its relation to cancer.

7 Concluding Remarks

Iron is essential for life, but even trace amounts of free iron can catalyze production

of a highly toxic hydroxyl radical via Fenton reaction. Here we provided brief

insight into molecular mechanisms of iron-mediated oxidative damage and have
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discussed some of the common pathophysiological conditions related to iron

overload. Although several important questions regarding iron metabolism and

oxidative stress have been answered, this still remains a field of many unknowns

and speculations that require further elucidation. This will help us better understand

different aspects of iron homeostasis and provide new avenues for planning better

strategies in combating conditions related to iron overload.
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Chapter 12

Hypoxia, Oxidative Stress,

and the Pathophysiology

of Contrast-Media-Induced Nephropathy

Samuel N. Heyman, Seymour Rosen, Mogher Khamaisi, Jean-Marc Odee,

and Christian Rosenberger

Abstract Radiocontrast-induced nephropathy (CIN) is a leading cause of acute

kidney injury among hospitalized patients. Two principal mechanisms conceivably

participating in the pathogenesis of CIN are the induction of renal parenchymal

hypoxic injury and a direct endothelial/vascular and tubular toxicity. Reactive

oxygen species (ROS) are thought to take part in both injurious pathways and

may serve as a link between these processes. Risk factors for the development of

CIN are characterized by a predisposition to develop renal parenchymal hypoxia

and by the propensity for enhanced ROS formation. In this chapter the evidence for

the development of renal parenchymal hypoxia and of the formation of ROS during

radiocontrast studies is detailed, and the role they possibly play in the development

of CIN is discussed. In this perspective, strategies currently adopted in the clinical

practice for the prevention of CIN, namely hydration, alkalization, and the admin-

istration of N-acetyl-cysteine, are critically reviewed.

Keywords Acutekidney injury �Reactiveoxygen species �Medulla �HIF �Nitricoxide

1 Introduction

Iodinated contrast media (CM) used for intravascular injection are derivatives of

the 1,3,5 triiodobenzoic acid. The first generation of CM, introduced over 50 years

ago, comprises high-osmolar (~1,600 mOsm/L) ionic compounds and consisted of a

single benzene ring. New generations include low-osmolar (600–700 mOsm/L)

and iso-osmolar (~300 mOsm/L) CM, generated by the condensation of two
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iodinated benzene rings or with the substitution of the ionic carboxylic group

with polyhydroxylated alkyl side chains (Fig. 1).

The use of CM in diagnostic and interventional medicine is rapidly growing. It is

estimated that about 9.2 million liters of CM were consumed worldwide in 2008,

corresponding to some 106.6 million contrast injection studies (JM Idee, Guerbet,

personal communication). Not surprisingly, CM-induced nephropathy (CIN)

remains a leading cause of iatrogenic acute kidney injury (AKI) [1, 2], accounting

for some 10% of in-hospital AKI, despite adherence to protocols of risk assessment

and prevention strategies.

CIN is usually nonoliguric, manifested by an asymptomatic transient decline in

glomerular filtration rate (GFR, detected as rising plasma creatinine), that develops

24–72 h after the CM study. However, a small fraction of patients with CIN may

develop severe, oliguric renal failure, requiring temporary, or even chronic,

renal replacement therapy, particularly among those with marked baseline renal

impairment.

The pathogenesis of CIN is not fully understood. The predisposition to this

disorder to patients with well-defined risk factors underscores potential intrinsic

1st generation high-osmolar CM
(~1500 mOsm/L at 300 mgI/ml)

2nd generation “low”-osmolar non-ionic CM
(~650 mOsm/L at 300 mgI/ml)

2nd generation “low”-osmolar ionic CM
(~650 mOsm/L at 300 mgI/ml) 

3rd generation iso-osmolar non-ionic CM
(~300 mOsm/L at 320 mgI/ml) 

Fig. 1 The evolution of contrast media (CM) classes. The first-generation high-osmolar ionic
agents (such as iothalamate or diatrizoate) consist of a single triiodobenzene ring with a carboxylic

acid residue. Second-generation “low” osmolar agents were developed by the condensation of two

triiodobenzene rings, with one carboxylic acid residue (ionic “low” osmolar dimers, such as

ioxaglate) or by the substitution of the carboxylic acid with polyhydroxylated alkyl side chains

(nonionic “low” osmolarmonomers, such as iohexol, iopromide, or ioversol). The development of

third generation agents is based on the combination of these two approaches, with the generation

of iso-osmolar nonionic dimmers (such as iodixanol). Displayed are samples of molecular

structures for each class of CM
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defects in renal physiology, challenged and unmasked by CM. It is currently

believed that the two leading mechanisms are the induction of renal parenchymal

hypoxic injury and a direct endothelial/vascular and tubular toxicity. Reactive

oxygen species (ROS) are thought to take part in both injurious pathways and may

serve as a link between these processes (Fig. 2). In this chapter we will appraise these

two deleterious trails, assess the data regarding the role for ROS in the pathogenesis

of CIN, and evaluate the place of ROS scavenging in its prevention.

2 Radiocontrast Agents Hamper Renal Oxygenation

The special anatomy and function of the renal medulla, providing urine concentration,

leads to physiologic medullary pO2 as low as 25 mmHg, reflecting limited regional

oxygen supply, hardly matching high local oxygen consumption for tubular reabsorp-

tion [3]. Protective mechanisms, including prostaglandins, nitric oxide (NO), and

adenosine, adjust medullary tubular transport activity to the limited available oxygen

supply, acting by both the enhancement of regional blood flow and downregulation of

distal tubular transport, particularly in medullary thick ascending limbs (mTAL).

Decreased GFR also reduces downstream transport activity and oxygen consumption.

TubularToxicity 

Renal Parenchymal
Hypoxia 

ROS Generation

CIN 

Altered Renal Hemodynamics 
Enhanced Tubular Transport 

Iodinated
Contrast Media

Predisposing Factors

Fig. 2 Reactive oxygen species (ROS) and the pathogenesis of contrast-induced nephropathy

(CIN). Iodinated contrast media may exert direct tubular injury and compromise renal oxygena-

tion, through altered systemic and renal hemodynamics, and by transiently enhanced oxygen

consumption for tubular transport. CIN probably reflects a synergic effect of both hypoxic injury

and direct tissue damage (full arrows). As illustrated by the fine-dashed arrows, ROS likely links

these two processes together. Formed during hypoxic stress, ROS probably injure all renal

parenchymal elements and may cause microcirculatory dysfunction and enhance tubular transport.

This can lead to a vicious circle of intensification of hypoxia, ROS formation, and damage. As

illustrated by the coarsely dashed arrows, various morbidities predisposing to CIN are character-

ized by altered renal oxygenation, enhanced ROS generation, or defective ROS deactivation
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The overall effect of these mechanisms in maintenance of medullary oxygen

sufficiency [3] and their failure may evolve into AKI [2, 4].

Renal parenchymal oxygenation is adversely affected by CM (Fig. 3). Using

oxygen microelectrodes inserted into the renal parenchyma, Brezis et al. found that

outer medullary pO2, already low under normal physiologic conditions [3],

markedly declined in rats following the administration of the high osmolar CM

sodium iothalamate to levels as low as 9 mmHg [5]. Comparable observations were

reported by Liss et al. [6], looking at the impact of high- as well as low- and iso-

osmolar CM. Renal cortical oxygenation declined as well, but rather moderately,

in part due to higher baseline measurements [5]. Shorter periods of outer medullary

pO2 decline, of about 10 min, were reported in dogs using smaller volumes of

CM injected into the renal artery [7]. CM-induced decline of renal medullary

oxygenation has also been detected noninvasively in experimental models [8]

as well as in humans [9], using blood oxygen level dependent (BOLD) functional

magnetic resonance imaging (MRI). Experimental CIN immunohistochemistry

revealed renal medullary accumulation of pimonidazole adducts [10], which

occurs at regions with pO2 below 10 mmHg. Furthermore, hypoxia-inducible
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Fig. 3 Radiocontrast-induced outer medullary hypoxia. Renal outer medullary oxygenation,

determined with oxygen microelectrodes before and after the administration of radiocontrast

agents in rats. Outer medullary PO2 markedly declines after the administration of the high-osmolar

contrast medium iothalamate, the low-osmolar ionic (ioxaglate), and nonionic (iopromide) agents,

as well as the iso-osmolar radiocontrast iotrolan. Radiocontrast-induced medullary hypoxia is

protracted and relived only after transport inhibition with the loop diuretic furosemide. Cortical

measurements are shown as well for iothalamate only. Data obtained from Heyman et al. [5] and

Liss et al. [6], adapted with permission from Heyman et al. [2]
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transcription factors(HIFs) were upregulated, suggesting adaptational responses to

medullary hypoxia [11].

Tissue oxygenation reflects the balance between regional oxygen supply and

demand. Tubular transport and oxygen consumption are most intense in the outer

medulla (principally by mTALs), where renal sodium gradient is formed for the

generation of urine concentrating capacity. Paradoxically, this region receives only

10% of total renal blood flow, delivered through vasa recta emerging from juxta-

medullary nephrons. Thus, low medullary pO2 under normal physiologic conditions

underscores limited regional oxygen supply hardly sufficient for intense tubular

transport and oxygen consumption [3]. Importantly, medullary oxygen sufficiency

is maintained by systems that match regional oxygen supply and demand, including

prostaglandin and NO synthesis and the generation of adenosine during the break-

down of adenosine triphosphate (ATP) [3].

CM-associated renal medullary hypoxia principally reflects imbalance in

regional oxygen supply and demand, in part through the deactivation of systems

that maintain renal oxygen sufficiency, in particular in patients predisposed to CIN

with a priori alterations in these systems [2]. In the following sections we will

outline the mechanisms by which renal tissue oxygenation is hampered by contrast

media and evaluate the potential role of ROS in these processes.

3 Radiocontrast-Mediated Changes in Renal Blood Supply

Renal blood flow and intrarenal microcirculation are substantially altered by

CM [2]. The extent and distribution of renal hemodynamical changes seem to

depend on the species investigated, as well as on the type, volume, and rate

of CM administration. Furthermore, renal hemodynamic effects of CM conceivably

depend on the hydration state and on additional inherent predisposing factors and

comorbidities that may have an effect on the renal microcirculation and vascular

tone regulation, such as chronic kidney disease, diabetes, aging, or inflammation.

In one of the earliest studies in dogs subjected to a high-osmolar CM, total renal

blood flow transiently increased for 5–15 min, followed by a protracted decline by

25% below baseline, extending beyond a couple of hours [12]. Rats also displayed

reduced renal blood flow in response to a high- and low-osmolar CM [13, 14].

In healthy humans renal blood flow fell 8% over 30 min after the intravenous

administration of conventional doses of CM [15]. By contrast, in patients with chronic

kidney disease undergoing coronary angiography, a transient brief enhancement of

renal blood flow was replaced by a substantial 40% decline, lasting over 3 h [16].

Notably, in a comparable group of patients with renal impairment undergoing coro-

nary intervention, the decline noted in renal blood flow showed marked variability,

ranging between 4 and 40%. The authors suggested that these differencesmight reflect

individual predisposition, as well as the varied doses of injected CM [17]. Underlining

this variability is an additional report showing stable renal blood flow in patients with

chronic renal impairment given high-osmolar ionic CM [18].
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Since only a small fraction of total renal blood flow is delivered to the medulla,

further studies were designed to separately determine the effect of CM upon cortical

and medullary microcirculation. Using laser flow probes and video microscopy

of transilluminated papillary vasa recta, Nygren and Liss and their colleagues found

amarked decline in papillary blood flow after CM [19, 20]. By contrast, data regarding

changes in outer medullary flow is inconsistent. Agmon and Heyman and their

colleagues [21, 22] reported an increase following injection of large volume of the

high-osmolar CM iothalamate, whereas Myers and Efrati and their colleagues found

declining medullary flow [23, 24]. Increased outer medullary flow has also been

reported by Palm et al. [25], using the low-osmolar CM iopromide, while Liss et al.

found a dose-related response, with a decline in regional flow at low and intermediate

volumes of CM, but enhancement at high volumes [26, 27].

Altogether, these findings indicate that CM-induced accentuation of inner

medullary hypoxia is caused by a decline in regional blood flow and oxygen supply.

By contrast, CM-induced decline in outer medullary pO2 might represent both altered

regional blood flow (at low doses of CM) as well as enhanced oxygen consumption,

not fully compensated by increased regional oxygen delivery (with very large volumes

of CM). Conceivably, the former mechanism is the clinically relevant one [27].

4 Mechanisms Involved in Radiocontrast-Induced

Altered Renal Microcirculation

CM injure vascular endothelial cells in vitro [28–31] and affect endothelial

interactions with circulating blood constituents [2]. Indeed, red blood cell

aggregation was noted in vasa recta following CM injection in rats [20]. However,

isolated vasa recta, perfused with contrast media, respond with vasoconstriction

[32], suggesting that altered renal microcirculation is, to a large extent, mediated by

local alterations in vascular tone. Systemic neurohumoral responses are also acti-

vated [2]. Altogether, CM can turn on renal vasoconstrictors (vasopressin,

histamine), vasodilators (nitric oxide, natriuretic peptides, prostaglandin E2

(PGE2), prostacyclin (PGI2)), and factors producing varying responses at different

renal vascular beds (endothelin, adenosine). The most studied mediators affected by

contrast media are adenosine, prostaglandins, endothelin, and nitric oxide.

Renal adenosine rises following CM administration [33, 34], conceivably

reflecting ATP breakdown during evolving hypoxia and perhaps as a result of

enhanced tubular transport. Adenosine exerts renal cortical vasoconstriction and

outer medullary vasodilation, mediated by adenosine A1 and A2 receptors, respec-

tively [35], with an overall decline in total renal blood flow and GFR [35, 36].

PGE2 is the most important medullary cyclooxygenase product, maintaining

medullary oxygen sufficiency [3]. Although a sevenfold increase was noted in

urinary PGE2 in rats following contrast administration [13], renal parenchymal

PGE2, detected with microdialysis probes or by enzyme-linked immunosorbent

assay (ELISA) in dissected tissues remained unchanged [23, 24]. These conflicting
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findings probably reflect rapid washout of PGE2 because of enhanced urine flow.

The effect of CM on PGI2 production by renal endothelial cells is debated, with

one report showing declining levels of 6-keto-PGF1a in renal veins in dogs [12],

another study demonstrating rising plasma levels in humans subjected to high-

osmolar ionic and low-osmolar nonionic CM [37], and a third report of stable renal

parenchymal 6-keto-PGF1a levels [23].

CM also enhance plasma and renal endothelin-1 [38, 39], possibly through

the induction of endothelin-converting enzyme (ECE)-1 [40]. Like adenosine,

endothelin-1 also exerts renal cortical vasoconstriction and medullary vasodilation,

mediated by endothelin ETA and ETB receptors, respectively [41].

Activation of the above-mentioned three systems illustrates the physiologic

response to maintain medullary oxygenation [2, 3], by both the preservation

of regional blood flow and the reduction of local transport activity (by decreasing

cortical blood flow, GFR, and solute delivery to the distal nephron, as well as by

the direct inhibition of tubular transport). Some of these effects might be concealed

by the complex interacting physiologic responses. For instance, attenuation of CM-

induced decline in renal blood flow with an endothelin ETA receptor antagonist

is revealed only following the inhibition of prostaglandin synthesis [13].

Renal NO, a most important regulator of medullary blood flow oxygenation

[21, 42], is also altered by CM. Direct measurements in vivo using specific NO

electrodes illustrate that cortical NO declines, in parallel with a fall in renal blood

flow, probably related to reduced nitric oxide synthase (NOS) activity [22]. Myers

et al. reported a drop in both cortical and medullary NO, using microdialysis probes

[23]. Furthermore, vasa recta NO declines in vitro when flushed by

contrast medium [32]. Indeed, Efrati and colleagues report that in humans urinary

NO metabolites are reduced following CM [43]. They propose that reduced NO

might reflect its conversion to peroxynitrite, coupled with reduced NOS activity.

Moreover, Goodman and colleagues report an increase in iNOS but a drop in eNOS

in a rat model of CIN [44]. Finally, the NO precursor, L-arginine, prevented the

decline in renal blood flow and renal impairment in hypercholesterolemic rats

subjected to CM [45] and attenuated hypoxic medullary damage in a CIN rat

model [46]. Taken together, these data imply that observed renal hemodynamic

abnormalities is related, to a large extent, to a CM-induced endothelial/vascular

dysfunction with a decline in NO generation. Interestingly, outer medullary NO

recorded with an NO electrode paradoxically increases following radiocontrast,

while medullary NOS activity (determined at normoxic conditions) remains

unchanged [22]. Suggested increased NO bioavailability within the hypoxic med-

ullary milieu [47] might be too simplistic, given the complex control of NO

synthesis, transport, and consumption at varying regional oxygen, ROS, and hemo-

globin concentrations [48], all altered by CM.

Physical-mechanical factors also play a role in CM-induced altered renal micro-

circulation. Enhanced diuresis and increasing contrast-related urine viscosity, as

urine concentration grows along the distal nephron [49], particularly with nonionic

iso-osmolar agents [50, 51], may lead to an expansion of tubular lumens and kidney

volume and increase renal interstitial pressure [52]. This might further be affected
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by intratubular obstruction by precipitation of uric acid and oxalate crystals or by

coprecipitating with Tamm-Horsfall [53, 54] andBence Jones proteins [55] in patients

with multiplemyeloma. Blood flowwithin long, small-diameter vasa recta is conceiv-

ably reduced due to the subsequent rise in renal interstitial pressure and increasedblood

viscosity. Interestingly, the decline inmedullary bloodflow [7] and pO2 [56], aswell as

renal retention of CM [57] was found to bemost pronounced with iso-osmolar agents,

characterized by the highest inherent viscosity.

In the presence of acute urine outflow obstruction renal blood flow may be

further reduced with the administration of CM [58], with an especially compro-

mised medullary blood flow [59]. Again, compression of vasa recta by rising renal

interstitial pressure might play a role in this phenomenon.

5 Changes in Renal Oxygen Consumption

The injection of contrast media leads to abrupt water diuresis and natriuresis [60],

caused by plasma volume expansion and a brief rise in atrial natriuretic peptide

(ANP) [38], by a transiently enhanced GFR [5], and perhaps by an osmotic effect of

CM. Induction of endothelin probably also plays an important role in contrast-

induced natriuresis, inhibiting proximal tubular transport [61]. It is tempting to

assume that such enhanced diuresis and sodium delivery to the distal nephron

increases medullary tubular transport and oxygen consumption. Two observations

support this possibility. The first is the pronounced decline in outer medullary

oxygenation [5], noted despite an enhancement of regional microcirculation [21].

The second is the marked attenuation of hypoxic tubular injury with a loop diuretic

in a rat model of CIN, detailed below [62]. Nevertheless, in the absence of data

regarding differential effects of CM on sodium transport in proximal versus distal

nephron segments, the role of enhanced tubular transport in enhancing medullary

hypoxia remains so far speculative.

6 Radiocontrast Agents and Direct Tubular Cell Toxicity

Following injection into the bloodstream, CM are filtered in the glomerulus and do

not undergo tubular or paracellular transport. Their clearance via glomerular

filtration is fast, with an elimination half-life of about 2 h in healthy subjects.

Since most filtered fluids are reabsorbed, urine concentration of CM markedly

increases downstream along the nephron. Low or declining GFR, combined with

enhanced urine viscosity, related to increasing concentration of CM, conceivably

prolongs intraluminal transit time and exposure of tubular cells to high concentra-

tion of CM. In fact, persistent nephrogram, a radiological hallmark of CIN [63],

reflects protractedly retained CM at high concentration within distal nephrons.

Prolonged exposure of tubular cells to high concentrations of CM brings about

the possibility of direct tubular toxicity. Indeed, proximal tubular vacuolization has
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been encountered in human biopsies of CIN [64–66] and in animal studies [67–69]

following all types of CM. However, such changes are a consistent finding follow-

ing CM administration, irrespective to the development of renal dysfunction.

Furthermore, these vacuoles were found to represent out-pouching of membranes

of the lateral cellular interdigitations, perhaps caused by radiocontrast in the para-

cellular space [5]. Noteworthy, however, gradual accumulation of acid phosphatase

in these vacuoles [68, 69] suggests a cellular response to retained small amounts of

CM [70] and merging with lysosomes.

To assess possible CM-induced direct tubular cell toxicity, studies were

conducted in vitro [71] in isolated tubular segments or in cultured tubular cell

lines. When incubated for 45 min with CM, isolated proximal tubular cells disclosed

no evidence of injury or lipid peroxidation [72]. By contrast, prolonged (20-h)

incubation of kidney-proximal tubule cell line LLC-PK1 and Madin–Darby canine

kidney (MDCK) tubular cells with CM at concentrations of 10–100 mg iodine/mL

disclosed a concentration-dependent cellular injury, which was more prominent

with high- and low-osmolar ionic CM, as compared with a nonionic CM [73].

In an additional study in MDCK cells, high-osmolar CM was more toxic than low-

osmolar CM, irrespective to ionic strength, implying that hypertonicity is a

major determinant [74]. However, hyperosmolar control solutions were only mar-

ginally toxic or noncytotoxic [72, 75]. Injury was also noted in LLC-PK1 cells

incubated with nonionic low- and iso-osmolar CM for 6 h only, followed by 24 h free

of CM [76]. Higher concentrations (100–200 mg iodine/mL) of low- and iso-

osmolar CM induced injury already within 15 min in LLC-PK1, MDCK, and

HEK293 cells [77]. Iodine alone and hyperosmolar solution had no such effect.

Apoptosis, associated with activated caspases 3 and 9, and poly (adenosine diphos-

phate (ADP) ribose) fragmentation were noted [76, 77], indicating a role for intrinsic

apoptotic pathways. Indeed, pro-apoptotic members of the Bcl2 family were upre-

gulated [77]. Cell viability was reduced in MDCK cell lines, incubated for 12 h

with ionic CM. Redistribution of the E-cadherin, ZO-1, and occludin was reported,

associated with impaired monolayer integrity [78].

In summary, findings in vitro support the likelihood that CM at high concentra-

tions, as conceivably present in the distal nephron, are tubulotoxic, in part via

activation of apoptotic pathways. It should be emphasized, however, that these

isolated tubular preparations are very remote from the complex tubular-interstitial-

vascular relationship that characterizes the intact kidney.

7 Risk Factors Predisposing to CIN: A Role for Renal

Oxygenation Imbalance

Unlike most nephrotoxic injuries, where AKI invariably develops dose-

dependently, healthy subjects very rarely develop CIN, even when subjected to

large doses of CM. By contrast, as outlined in Table 1, there are well-defined risk
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factors that predispose to the development of renal impairment following

CM studies [2], categorized as intrinsic and procedure related. The most significant

patient-related risk factors are preexisting renal disease, diabetes, dehydration, or

compromised systemic hemodynamics, with effective blood volume depletion.

Principal procedure-related risk factors are the CM class (high-osmolar ionic CM

being the most nephrotoxic) and the dosage of CM. The risk to develop CIN is thus

quite predictable, directly proportional to the number of existing predisposing

factors [79–81]. In a patient with several combined risk factors, for instance

diabetes, hypertension, congestive heart failure, and advanced chronic kidney

disease, the risk for CIN may exceed 80%, with a high probability of requiring

renal replacement therapy.

Dehydration is a risk factor shared by most nephrotoxins, leading to

higher tubular intraluminal concentrations and longer transit periods of the noxious

Table 1 Risk factors for contrast nephropathy (reviewed in [29]): proposed mechanisms predis-

posing to renal hypoxic injury and evidence for enhanced ROS formation

Intrinsic patient-

related

predisposing

factors

Mechanisms

causing

medullary

hypoxia

Evidence for

enhanced ROS

formation

(references)

Preexisting renal failure EW, MV [113–115, 117, 126]

Diabetes NO, MV [121]

Effective blood volume depletion VS

Dehydration, hypotension [107]

Heart failure, cirrhosis, nephrosis [118–120]

Aging PG [181]

Hypertension NO [123–125]

Hypelipidemia NO [116, 128, 182]

Atherosclerosis NO [129]

Anemia OD [126]

Transplanted kidney [133, 134]

Myeloma –

Male gender [127]

Other nephrotoxins
Exogenous: drugs NO, PG [135]

Endogenous: heme pigments NO [136]

Systemic inflammation NO [130–132]

Procedure-related

predisposing

factors

Dye type (HOA � LOA � IOA) –

Dye volume TW [112]

Injection site (artery>vein) –

Repeated exposure within 72 h –

Primary coronary intervention/

emergency procedurea
VS [183, 184]

Possible predisposing mechanisms: altered defense systems – nitric oxide (NO) and prostaglandins

(PG); systemic vasoconstrictive stimuli (VS); enhanced tubular workload (TW), structural

changes of renal microvasculature (MV), and reduced systemic oxygen delivery (OD). Dye type

refers to high-osmolar (HOA)-, low-osmolar (LOA)-, and iso-osmolar agents (IOA)
aA putative risk factor among patients with preexisting renal failure, as indirectly extrapolated

from clinical studies [168, 185–187]. This might be related to hemodynamic instability and the

insufficient time for the implementation of preventive measures
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agent, increasing its uptake and the potential for direct tubular cell damage.

Enhanced vasoconstrictive stimuli in dehydrated patients may also enhance toxin-

related renal vasoconstriction. CM are somewhat unique, with their high viscosity

and lack of uptake by tubular cells. It has been suggested that dehydration

intensifies CM-induced urine viscosity [7, 56]. This might be the reason for the

nonsuperiority [82–84] or even inferiority [85] of highly viscous iso-osmolar

CM, as compared with low-osmolar CM, regarding the risk for CIN. Although

never studied in a controlled prospective way, volume expansion seemingly

is a most efficacious preventive measure in patients at risk [86], conceivably

by reducing intraluminal concentration of the CM and subsequent urine viscosity.

Looking closely at most other intrinsic risk factors (see Table 1), there is

a plausible association with a predisposition for enhanced medullary hypoxia

and hypoxic damage [87, 88]. Regulatory systems that govern medullary

oxygen balance are disturbed in diabetic, hypertensive, atherosclerotic, and hyper-

lipemic patients (NO synthesis) or in elderly patients or those taking nonsteroidal

anti-inflammatory drugs NSAIDs (prostaglandins). Anemia leads to reduced

renal oxygen delivery. Chronic kidney disease is characterized by a loss in peritu-

bulary capillary meshwork and by interstitial fibrosis, which reduces oxygen

diffusion. Furthermore, transport activity in remnant functioning hypertrophic

tubules may increase. Enhanced medullary tubular transport-related oxygen con-

sumption may also be noted in uncontrolled diabetes or in hypertension. Indeed,

reduced medullary oxygenation has been encountered in subjects with chronic

kidney disease, in the diabetic and hypertensive kidney, in anemic patients, and

among elderly but otherwise healthy individuals [88].

Other risk factors for CIN are characterized by enhanced systemic and

renal vasoconstrictive stimuli. Increased sympathetic activity, vasopressin release,

and the upregulation of the renin-angiotensin system occur in patients with effec-

tive volume depletion. Endothelin-1 synthesis is enhanced in diabetes, presumably

due to the upregulation of ECE-1. Interestingly, ECE-1, enhanced five times in the

experimentally diabetic renal medulla, is further markedly enhanced three times

following CM, culminating in 15 times higher levels as compared with control

animals [40]. These findings are in line with rising plasma endothelin specifically

in diabetic patients undergoing CM studies [39]. Altered renal microcirculation

in the diabetic kidney may be related to enhanced endothelin synthesis as well as to

altered nitrovasodilation, leading to intensified vasoconstriction in response

to various stimuli, including adenosine, generated following CM administration

[89]. The impact of enhanced systemic and renal vasoconstriction upon

renal oxygenation profiles varies, depending on the vascular bed affected [4].

Renal oxygenation may deteriorate in the medulla and cortex, but oxygenation-

gradient might invert and medullary hypoxia may even paradoxically improve if

medullary perfusion is maintained while cortical vasoconstriction predominates,

with consequent reduction in GFR and tubular transport load [4].

Thus, dyregulation of medullary oxygen balance is noted in conditions predis-

posing to CIN, related to altered renal parenchymal structure, to endothelial/vascu-

lar dysfunction, or to enhanced tubular transport and oxygen consumption.
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Renal hypoxia caused by radiocontrast agents might be especially pronounced

under such circumstances, particularly when systems designed to maintain medul-

lary oxygen balance are hampered. In these perspectives, it is not surprising that the

decline in renal medullary blood flow caused by CM markedly varies among

patients, even under standardized administration protocols [17].

8 Risk Factors, Renal Hypoxia, and CIN: Lessons

from Animal Models

Like humans, intact animals do not develop CIN. They either die with excessive

volumes of CM or maintain kidney function and integrity. As detailed elsewhere

[2, 90], it was found that the development of CIN models requires the induction of

predisposing factors, based on clinically relevant scenarios, such as the reduction

of functional renal mass (uninephrectomy) with compensatory hypertrophy of the

contralateral kidney, subtotal (five sixths) nephrectomy, chronic salt depletion or

dehydration, heart failure, angiotensin II infusion, transiently enhanced GFR, diabe-

tes, hypercholesterolemia, acute urinary outflow obstruction, or short transient

global renal ischemia. Another adopted strategy has been the inactivation of NO

or prostaglandin synthesis, thus preventing adaptive renal responses designed to

maintain medullary oxygenation [2, 90]. Many rat model studies in our laboratories

were complemented by pO2 determination, by hemodynamic and functional studies,

and by detailed renal morphology and immunohistochemistry for hypoxia response

in kidneys perfusion fixed in vivo.We found that CM-related reduction in medullary

oxygenation is intensified by prior inactivation of NO or prostaglandin synthesis

[21]. In these models medullary blood flow has been severely compromised, above

and beyond the impact of radiocontrast alone. Hypoxia has also been documented by

the accumulation of pimonidazole adducts and by the induction of HIF-mediated

medullary hypoxia responses, both in tubular segments and in vascular endothelial

and interstitial cells [11]. These findings underscore the significance of medullary

protection by prostaglandins and NO in healthy individuals subjected to CM. In all

these AKI models, renal functional impairment, manifested by declining GFR,

develops over 24 h, with a gradual subsequent recovery over a few days [11, 67].

Sodium MRI detects tubular dysfunction within a few hours after the induction of

CIN, with a loss of the corticomedullary sodium gradient [91], associated with a

subsequent decline in fractional tubular sodium reabsorption [67].

Morphologic evaluation reveals hypoxic medullary injury that can be traced

as early as 15min after the administration of CMas condensed “dark” cells, (apoptotic

changes) principally involving mTALs in the inner stripe of the outer medulla [5].

Injury gradient pattern is evident, principally affecting tubules at the midinterbundle

zone, most remote from vasa recta and oxygen supply. mTAL damage progresses

into a reversible phase of mitochondrial swelling and nuclear pyknosis, culminating

in frank cell necrosis with cell membrane disruption [5, 21, 67]. Extensive
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apoptotic cell death has been documented as well [92–94]. Damage often spread to S3

segments of the proximal tubules in the adjacent outer stripe andmedullary rays and to

the renal papilla [21, 59, 67]. Collecting ducts are usually preserved, and inflammation

is very limited. Proximal tubular vacuolar changes, detailed above, are unequivocally

noted as well, but bear no relevance to the development of renal failure.

Importantly, this pattern of distal tubular injury is not specific to CM but also

occurs in rats with advanced heart failure and advanced renal failure, following the

inactivation of NO and prostaglandin synthesis [95], as well as in hypoxic isolated

perfused kidneys [4, 96]. Interestingly, such injury is fully prevented by the inhibi-

tion of tubular transport activity [97]. Hypoxic injury parallels the distribution of

pimonidazole adducts [11, 98]. This type of medullary hypoxic damage, predomi-

nantly affecting distal nephron segments, is quite distinct from the commonly

utilized ischemia-reperfusion AKI models, produced by protracted total cessation

of renal blood flow and characterized principally by ischemic proximal S3 tubular

injury. Conceivably, in this latter type of AKI model, mTALs are paradoxically

protected, since they can endure protracted severe hypoxia as long as transport

activity is abolished [96].

As in humans, the degree of renal dysfunction is proportional to the number of

applied predisposing perturbations [2]. In severe hypoxic distal nephron models

with extensive tubular necrosis, the degree of renal dysfunction is directly propor-

tional to the extent of medullary hypoxic damage (Fig. 4). By contrast, in conceiv-

ably more clinically relevant models with limited focal tubular injury, the decline

in kidney function may be unproportionately high, suggesting altered renal hemo-

dynamics in response to medullary hypoxia, perhaps through the activation of

tubuloglomerular feedback mechanisms. This fits well with the observation of

rather high tubular sodium reabsorption, often encountered in patients with CIN.

Over the past 5 years the same concepts led us to develop two more highly

clinically relevant models of CIN in rats with experimental diabetes [99] or chronic

tubulointerstitial disease [100]. Both conditions lead to chronic renal parenchymal

hypoxia, the former through enhanced tubular transport and altered renal hemody-

namics, and the latter via rarefaction of peritubular capillaries and putative oxygen

diffusion defect caused by interstitial fibrosis [88]. Indeed, in both models we found

a somewhat more pronounced renal dysfunction following exposure to radiocon-

trast. However, unexpectedly, the extent of hypoxic medullary injury was compa-

rable to that developed in control animals. One explanation for this paradox might

be that chronic hypoxia upregulates HIF-driven cellular protective mechanisms

[100, 101], providing tissue tolerance to the acute CM-associated hypoxic insult.

Finally, the relevance of experimental models with distal nephron injury to clinical

CIN, and to human AKI in general, is strongly supported by enhanced urinary

excretion by mTALs of Tamm Horsfall protein following CM [54] and by increased

urinary neutrophil gelatinase-associated lipocalin (NGAL), a urinary AKI biomarker

predominantly derived from distal tubular segments, within 2 h after contrast admin-

istration, specifically in patients that subsequently develop CIN [102].
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9 Evidence for Enhanced ROS Production in CIN

ROS, principally generated in the outer medulla [103], may increase following

contrast administration, given the decline in medullary blood flow and oxygena-

tion and the increase in tubular transport activity. Bakris et al., using anesthetized

dogs, reported that renal venous malondialdehyde (MDA), a marker of lipid

peroxidation, raised almost fourfold following contrast administration [104].

The administration of the xanthine-oxidase inhibitor allopurinol or superoxide

dismutase (SOD) effectively prevented the drop in renal blood flow and GFR

and reduced MDA in the renal vein. Toprak et al. also reported increased serum

MDA and reduced thiol groups following CM administration in dehydrated rats

[105], and Cetin et al. found increments in renal parenchymal MDA, which was

prevented by ascorbic acid [106]. Similarly, Yoshioka and colleagues found

that phosphatidylcholine and phosphatidylethanolamine hydroperoxide, add-

itional specific products of membrane lipid peroxidation, more than doubled in

salt-depleted rats that developed renal impairment following radiocontrast injec-

tion [107]. Efrati and colleagues describe a fivefold increase in cortical and

medullary isoprostan throughout 30 min after the injection of high-osmolar

agent, which has been modestly attenuated by N-acetyl-L-cysteine (NAC) at the

15-min time point [24]. Goodman and colleagues reported a substantial rise in
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renal parenchymal heme and an 80% increase in superoxide ion content in

uninephrectomized, salt-depleted rats subjected to indomethacin and contrast

[44]. This group and others [57] also reported increased renal expression of

heme oxygenase (HO)-1, which suppresses ROS formation by multiple pathways

[108, 109]. Indeed HO-1 inhibition in these animals subjected to radiocontrast

further enhanced renal parenchymal superoxide formation [44].

Clinical data regarding CM-induced ROS formation, though limited, are in

line with the above findings. In patients undergoing coronary angiography

Efrati and colleagues showed that urinary F2 isoprostane excretion, a marker of

lipid peroxidation, increased 28% [43]. Drager et al. also reported a threefold

increase in this metabolite in the urine following coronary angiography in

patients with stable chronic renal failure, which was prevented by NAC [110].

Urinary xanthine was also found to increase in patients given high-osmolar

contrast agents, suggesting enhanced generation of ROS during adenosine degra-

dation. Furthermore, the administration of the xanthine oxidase inhibitor

allopurinol in a small cohort of such patients with low magnesium levels attenu-

ated the decline in kidney function [111]. Finally, Fiaccadori et al. reported a brief

twofold rise in urinary 3-nitrotyrosine, a stable metabolite of peroxinitrite, imme-

diately following coronary angiography, which was proportional to the volume of

injected CM [112]. This implies that CM administration results in the generation

of superoxide, with subsequent formation of peroxinitrite by its chemical

interaction with NO.

As illustrated in Table 1 and in many sections in this book, ROS formation is

enhanced in most conditions known to predispose to CIN. Patients with chronic

renal failure have increased oxidative stress and defective antioxidant systems

[113–115], associated with inflammation and altered nitrovasodilation [116, 117].

Dehydration leads to a substantial downregulation of renal cortical SOD and

catalase in rats, with GSH levels somewhat declining as well [107], rendering

these animals susceptible to a deleterious effect of acutely formed ROS during

contrast administration. Enhanced ROS formation has also been reported in other

scenarios of effective volume depletion, such as heart failure [118] and liver

disease [119, 120]. Diabetes is also characterized by enhanced ROS generation,

presumably responsible for the development of renal parenchymal hypoxia [121].

Hypertension may also be associated with reduced medullary oxygenation [122]

and enhanced transport-dependent [123, 124] or transport-independent [125]

superoxide production by mTALs. Enhanced ROS has also been associated with

anemia [126] and in the male gender [127], in hypercholesterolemia and athero-

sclerosis [116, 128, 129], in critically ill patients with systemic inflammation

[130–132], in transplanted kidneys [133, 134], and in nephrotoxic AKI [135]

and rhabdomyolysis [136]. As outlined below, it is conceivable that in all these

circumstances, a priori ROS generation alters medullary oxygen balance and

inactivates the homeostatic mechanisms that would have restored medullary

oxygenation following CM administration in healthy subjects.
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10 ROS and the Pathophysiology of CIN

CM-induced ROS generation could be directly toxic to tubules or alter renal

hemodynamics, leading to secondary tubular hypoxic damage. The former

mechanism is not supported by in vitro studies: LLC-PK1 necrosis and MDCK

apoptosis were noted in cell cultures subjected to ionic high- and low-osmolar

agents for 24 h and were intensified by hypoxia. However, hydrogen peroxide,

superoxide anion, or MDA levels were not increased in both cell lines [75].

Additionally, NAC, ascorbic acid, a-tocopherol, glutathione, b-carotene,
allopurinol, cimetidine, and citric acid did not attenuate the tubular cell damage.

In another cell culture study, CM did not cause lipid peroxidation, and cell injury

was not affected by antioxidants or pro-oxidant interventions [72]. Renal glutathi-

one was also unaffected in a model of renal cortical slices incubated with CM [137].

Nonetheless, there were indications that contrast-induced mitochondrial

impairment is a key factor in direct tubular cell toxicity. Interestingly, radiocon-

trast-induced apoptosis has been attenuated by increasing endogenous cAMP

synthesis, and activation of A kinase/PI 3-kinase/Akt pathway, followed by phos-

phorylation of cyclic AMP response element binding protein (CREB) and enhanced

expression of Bcl-2 [138]. The recent report by Romano et al. [77] provides the only

hint for a direct CM-induced ROS-mediated tubular injury, showing attenuation of

damage with NAC and ascorbic acid in LLC-PK1 and MDCK cells, subjected to

high concentrations of CM (100–200 mg iodine/mL) for 3 h.

Thus, with the exception of Romano’s report, most in vitro studies suggest

that CM do not induce ROS generation directly in tubular cells. However, locally

formed ROS in vivo during radiocontrast-induced medullary hypoxia and reoxy-

genation might intensify cellular hypoxic damage by membranal oxidative attack.

Furthermore, ROS-induced DNA damage may activate high-energy–consuming

reparative processes such poly-(ADP-ribose) polymerase (PARP), which may,

in turn, initiate a vicious circle of additional intracellular energy store depletion

and tubular damage. Indeed, PARP inhibition has been found to attenuate oxidative

damage in vitro [139] and to improve renal dysfunction in a rat model of CIN [140].

ROS may also enhance medullary oxygen expenditure by disinhibition of transport

in mTALs [141, 142]. In that way, enhanced mitochondrial generation of ROS,

most prominent in mTALs, may, again, initiate a self-perpetuating system of

ROS formation and cellular damage.

Perhaps most important in the pathogenesis of CIN is the adverse impact of

ROS, formed during hypoxia on nitric oxide bioavailability and renal hemodynamics

[143, 144]. Intense vasoconstriction, associated with reduced NO synthesis, has been

noted in isolated vasa recta perfused with contrast agents and was prevented by the

ROS scavenger tempol (4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl) [32].

Furthermore, these blood vessels displayed hyperresponsiveness to angiotensin II

following contrast administration, which has been attenuated by tempol. Treatment

with SOD also prevented contrast-induced altered NO generation in rats [23] and

attenuated the transient decline in glomerular filtration in dogs infused with
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CM [104]. Activation of other antioxidant mechanisms was also found to be

beneficial. Allopurinol was as renoprotective as SOD in the dog model [104], while

the induction of HO-1 in rats subjected to CIN prevented the rise in superoxide and

the subsequent development of renal dysfunction and tubular cell apoptosis [44].

Importantly, a reciprocal effect exist of NO upon ROS. NO prevents

ROS-mediated endothelial cell injury [145]. It also blunts flow- and transport-

dependent ROS formation in mTALs [146]. Thus, increased urine tubular flow

after CM injection, particularly in patients with altered NO synthesis, might

enhance ROS formation and initiate the vicious circle, illustrated in Fig. 2, of

ROS formation, intensified hypoxia, and medullary injury.

Finally, ROS might directly affect the activation of adaptive cellular mechan-

isms during hypoxia. A few reports indicate ROS-mediated attenuation of HIF

response under certain conditions [147, 148], and we found that in diabetic rats,

tempol intensified medullary HIF expression without affecting regional hypoxia

[101]. However, ROS-mediated inhibition of HIF-associated tissue response

remains a highly controversial issue. The other way around, upregulation of adap-

tive cellular mechanisms, such as HIF or its downstream products HO-1 and

erythropoietin, were found to prevent experimental hypoxic renal injury, and

erythropoietin was shown to attenuate CIN in vivo [94, 149] and to reduce con-

trast-related tubular cell injury in vitro [76]. It is possible that induction of anti-

oxidants plays a role in these protective effects [44, 150, 151].

In summary, ROS, present in many predisposing clinical conditions and gener-

ated during the evolution of CIN, conceivably play a role in its pathophysiology.

This has led to the development of preventive strategies, aimed at the attenuation of

ROS formation and action.

11 Clinical Trials: The ROS Perspective

The complexity of animal CIN models, with limited consistency and large

variability (as in humans), led to the initiation of clinical trials of antioxidant

regimens without preceding animal studies, most often conducted in large cohorts

of high-risk patients with preexisting renal failure. The outcome of such clinical

trials, later supplemented by laboratory studies, provides important insight

regarding the potential role of ROS in the pathophysiology of CIN. Interfering

with ROS generation and action has been the principal approach in these clinical

trials. As an example, a recent report of 204 patients with chronic renal failure

suggests that the antioxidant probucol may prevent CIN [152]. The incidence of

CIN in probucol-treated and control subjects was 8 and 15%, respectively, but even

with this selected high-risk population much larger numbers of observations may be

needed to statistically confirm probucol efficacy in preventing CIN. Few additional

studies using ascorbic acid as an antioxidant provided conflicting results [153–156].

NAC and bicarbonate hydration are, however, the two most intensively explored

ROS-relevant putative protective interventions in clinical CIN studies.
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Since the first report by Tepel et al. in 2000 [157], a great dispute has

been generated regarding the potential protective properties of NAC in high-risk

patients undergoing radiocontrast studies, with some studies illustrating clear bene-

ficial effects while others show none. Multiple meta-analyses gave conflicting

messages, some claim that NAC is effective [158–160], while others underscore

the inability to clearly prove NAC efficacy in such heterogeneous studies [161–165].

Indeed, great variability exists in these trials regarding patients’ characteristics,

undertaken radiological or interventional procedures, radiocontrast type and

dose, hydration protocols, NAC dosage, timing, and mode of administration.

Furthermore, even the definition of CIN differs between these studies, and

a publication bias clearly affects the conclusions [166]. Nevertheless, we feel

that based on large, well-controlled randomized prospective trials in a well-

characterized population with chronic renal impairment [155, 167, 168], NAC,

given in repeated large doses of 1,200 mg each, started a sufficient time before

contrast administration, is likely to be renoprotective in patients with chronic renal

failure, particularly when large volumes of contrast material are used. The incidence

of CIN can roughly fall 50% with NAC prophylaxis under such circumstances.

NAC, a thiol-containing antioxidant, could serve as an ROS scavenger

either directly or by replenishing intracellular antioxidants, such as glutathione.

Indeed, NAC and ascorbic acid (but not sodium bicarbonate) dose dependently

protected tubular cell cultures after 3 h’ incubation with very high concentrations

(200 mg iodine/mL) of both low- and iso-osmolar contrast agents [77]. NAC can

also directly induce renal vasodilation following radiocontrast [169] and

may attenuate the decline in medullary blood flow if given before the radiocontrast

agent [24]. A substantial increase in renal PGE2 in NAC-treated rats paralleled

this effect [24], but NAC-induced vasodilation could also be mediated by nitric

oxide. Indeed, NAC administration to patients undergoing coronary angiography

provided renoprotection while preventing the decline in urinary nitric oxide end

products [43]. It has been suggested that NAC enhances eNOS and NO generation

and potentiates the effect of NO by binding to it and forming a more stable active

substance. Lipid peroxidation (reflected by urinary isoprostanes) was unaffected

by NAC in these series in humans [43] and was only mildly and transiently

attenuated in rats (renal parenchymal isoprostanes) [24]. Thus some studies indicate

that the protective impact of NAC is not entirely an antioxidant effect. This

conclusion is further supported by clinical trials that show the lack of protection

provided by ascorbic acid given alone or in addition to NAC [155, 156]. Finally,

it has been suggested that NAC modify tubular handling of creatinine and might

lead to the false impression of renal protection [170, 171], but the magnitude of

this impact is perhaps negligible [172].

Bicarbonate infusion has also been proposed to be renoprotective in patients

undergoing contrast studies. The rationale was that urine alkalization might reduce

the formation of hydroxyl radicals, which usually takes place in acidic milieu.

Furthermore, it has been suggested that bicarbonate might directly trap ROS,

such as peroxynitrite.
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In a pioneer report, Merten and colleagues studied the effect of sodium

bicarbonate infusion, started 1 h before radiocontrast studies, and found that in

patients with chronic renal failure the incidence of CIN, defined as a �25% rise

in plasma creatinine, fell from 13.6% in control saline-treated high-risk patients

to 1.7% in subjects given bicarbonate [173]. In a large prospective study, Briguori

et al. found that in patients with chronic renal failure undergoing coronary angiog-

raphy and interventions, the combination of NAC and bicarbonate hydration protocol

was superior to NAC with saline hydration, with or without ascorbic acid [155]. The

incidence of CIN fell from about 10% in the two latter groups to the incredibly low

figure of 1.9% in patients given NAC and bicarbonate.

As with NAC clinical trials, subsequent studies revealed conflicting

outcomes, with some reporting no effect at all [174], and one large retrospective

analysis even suggesting a triple increase in the risk to develop CIN in patients

treated with bicarbonate [175]. However, over the past few years repeated meta-

analyses consistently showed a better outcome with bicarbonate, as compared

with saline hydration, with about a 50% reduction in the incidence of CIN.

Yet, there was no impact on the need for dialysis and in-hospital mortality

[176–178]. Noteworthy, as with NAC, these meta-analyses suffer from pooling

heterogeneous population with diverse patient- and procedure-related variables,

and there might also be a publication bias. Thus, very large, multicenter, rando-

mized prospective studies are needed to assess beyond a doubt the individual and

combined protective potential of NAC and bicarbonate infusion, controlled for all

these parameters.

If high urinary pH is instrumental in preventing CIN via attenuation of ROS

formation in the tubular lumen, inhibition of renal carbonic anhydrase might

be more effective than bicarbonate infusion. Indeed, urine alkalization with the

administration of acetazolamide was found to ameliorate renal dysfunction in a CIN

rat model [179]. Furthermore, in children with stable renal impairment undergoing

radiocontrast studies, acetazolamide was found to better increase urine pH and to

completely prevent CIN, as compared with an 8% incidence of CIN in a control

bicarbonate infusion group of patients [180].

Two points of caution should be mentioned regarding bicarbonate and acetazol-

amide treatments and CIN. First, the impact of these strategies on vascular and

tubular intracellular formation and action of ROS remains controversial, as pointed

out by From et al. [175]. Second, bicarbonate treatment may hamper renal oxyge-

nation since it alters O2 dissociation from hemoglobin. Indeed, aggressive bicar-

bonate treatment for diabetic ketoacidosis may increase lactate, an indicator for

poor oxygen delivery to tissues. Therefore, systemic bicarbonate could have a

narrow renal therapeutic range.

Thus, clinical trials, using NAC, bicarbonate infusion, acetazolamide, and

probucol provide circumstantial evidence that ROS might be involved in the patho-

genesis of CIN. Noteworthy, however, the efficacy of these interventions, as well as

their mode of putative beneficial action, remain controversial.
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12 Conclusion

As illustrated in Fig. 2, the complex pathogenesis of CIN is a paradigm of

hypoxic-toxic injury, involving altered renal microcirculation and hypoxia, as

well as ROS-mediated cellular injury. Medullary hypoxic damage probably

develops, especially in high-risk patients, in whom renal protective mechanisms

that maintain medullary oxygen balance and prevent ROS generation and action are

hampered. Formation of ROS results from the evolving hypoxia and reoxygenation

and perpetuates renal hypoxia and damage through the initiation of endothelial/

vascular dysfunction, the upregulation of tubular transport, the induction of oxy-

gen-consuming reparative mechanisms, and by interfering with hypoxia-adaptive

cell responses. ROS-mediated direct tubular toxicity seemingly is a secondary

phenomenon in the pathogenesis of CIN.

Improvement of medullary oxygenation and inhibition of ROS formation and

ROS scavenging are, therefore, reasonable therapeutic interventions. However, the

protective properties attributed to NAC and to bicarbonate infusion and their

putative action through disarming oxidative stress are yet to be proven.

Acknowledgements This work was supported by a grant from the Israeli Science Foundation

(1473/08) and by the Harvard Medical Faculty Physicians at Beth Israel Deaconess Medical

Center, Boston, MA

References

1. Tepel M, Aspelin P, Lameire N. Contrast-induced nephropathy: a clinical and evidence-

based approach. Circulation 2006; 113:1799–1806

2. Heyman SN, Rosen S, Rosenberger C. Renal parenchymal hypoxia, hypoxia adaptation and

the pathogenesis of radiocontrast nephropathy. Clinical J Am Soc Nephrol 2008; 3:288–296

3. Brezis M, Rosen S. Hypoxia of the renal medulla: implications for diseases. N Engl J Med

1995; 332:647–655

4. Rosenberger C, Rosen S, Heyman SN. Renal parenchymal oxygenation and hypoxia adapta-

tion in acute kidney injury. Clin Exp Pharmacol Physiol 2006; 33:980–988

5. Heyman SN, Brezis M, Epstein FH, et al. Early renal medullary hypoxic injury from

radiocontrast and indomethacin. Kidney Int 1991; 40:632–642

6. Liss P, Nygren A, Erikson U, et al. Injection of low and iso-osmolar contrast medium

decreases oxygen tension in the renal medulla. Kidney Int 1998; 53:698–702

7. Lancelot E, Idee JM, Lacledere C, et al. Effects of two dimeric iodinated contrast media on

renal medullary blood perfusion and oxygenation in dogs. Invest Radiol 2002; 37:368-375

8. Prasad PV, Priatna A, Spokes K, et al. Changes in intrarenal oxygenation as evaluated by

BOLD MRI in a rat kidney model for radiocontrast nephropathy. J Magn Reson Imaging

2001; 13:744–747

9. Hofmann L, Simon-Zoula S, Nowak A, et al. BOLD-MRI for the assessment of renal

oxygenation in humans: acute effect of nephrotoxic xenobiotics. Kidney Int 2006;

70:144–150

10. Rosenberger C, Rosen S, Paliege A, et al. Pimonidazole adduct immunohistochemistry in the

rat kidney: detection of tissue hypoxia. Methods Mol Biol 2009; 466:161-174

248 S.N. Heyman et al.



11. Rosenberger C, Heyman SN, Rosen S, et al. Upregulation of HIF in acute renal

failure–evidence for a protective transcriptional response to hypoxia. Kidney Int 2005;

67:531–542

12. Workman RJ, Shaff MI, Jackson RV, et al. Relationship of renal hemodynamic and func-

tional changes following intravascular contrast to the renin-angiotensin system and renal

prostacyclin in the dog. Invest Radiol 1983; 18:160–166

13. Cantley LG, Spokes K, Clark B, et al. Role of endothelin and prostaglandins in radio-

contrast-induced renal artery constriction. Kidney Int 1993; 44:1217–1223

14. Idée JM, Lancelot E, Berthommier C, et al. Effects of non-ionic monomeric and dimeric

iodinated contrast media on renal and systemic haemodynamics in rats. Fundam Clin

Pharmacol 2000; 14:11–18

15. Hackstein N, Schneider C, Eichner G, et al. Effect of IV injection of radiographic contrast

media on human renal blood flow. Am J Radiol 2007; 188:1367–1372

16. Tumlin JA, Wang A, Murray PT, et al. Fenoldopam mesylate blocks reductions in renal

plasma flow after radiocontrast dye infusion: a pilot trial in the prevention of contrast

nephropathy. Am Heart J 2002; 143:894–903
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Chapter 13

Cardiovascular Complications in Renal

Failure: Implications of Advanced Glycation

End Products and Their Receptor RAGE

Hidenori Koyama and Yoshiki Nishizawa

Abstract Cardiovascular disease is the major cause of death in patients with renal

insufficiency, accounting for 50% of all deaths in renal replacement therapy patients

and in recipients of renal transplants. Mortality from cardiovascular diseases in

patients with renal failure is approximately 9% per year, which is about 30 times the

risk in the general population. Evidence has emerged pointing to a potential role of

oxidative stress in generation of advanced glycation end products (AGEs) in patients

with end stage renal disease (ESRD). Moreover, interaction of the receptor for AGEs

(RAGE) with AGEs leads to crucial biomedical pathway, generating intracellular

oxidative stress and inflammatory mediators, which could result in further amplifica-

tion of the pathway involved in AGE generation. AGEs and RAGE can profoundly be

involved in cardiovascular diseases through regulation of (a) atherogenesis, (b)

angiogenic response, (c) vascular injury, and (d) inflammatory response. Recently,

numerous truncated forms of RAGE have been described, and the C-terminally

truncated soluble form of RAGE has receivedmuch attention. Soluble RAGE consists

of several forms including endogenous secretory RAGE (esRAGE), which is a spliced

variant of RAGE, and a shedded form derived from cell surface RAGE. These

heterogeneous forms of soluble RAGE, carrying all of the extracellular domains but

devoid of the transmembrane and intracytoplasmic domains, bind ligands including

AGEs and are capable of antagonizing RAGE signaling in vitro and in vivo. Enzyme-

linked immunosorbent assay (ELISA) systems to measure plasma esRAGE and total

soluble RAGE have been developed, and the pathophysiological roles of soluble

RAGE have begun to be unveiled clinically. In this chapter, we will summarize the

recent findings of AGEs/RAGE/soluble RAGE axis as a crucial mediator of oxidative

stress and cardiovascular disease and discuss their potential usefulness as therapeutic

targets and biomarkers for the disease.
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1 Introduction

The risk of cardiovascular disease in patients with chronic renal disease appears

to be far greater than in the general population [1]. In 1974 Lindner et al. first

described the higher risk for cardiovascular diseases in patients with maintenance

hemodialysis [2]. They prospectively followed the cohort of hemodialysis patients,

and as many as 50% of total death were due to cardiovascular complications, among

which 80% (40% of total deaths) were from cardiovascular deaths and 75% of

cardiovascular deaths (30% of total) were from coronary artery disease. This result

was supported by several epidemiological findings. Foley et al. showed that among

patients treated by hemodialysis or peritoneal dialysis, the prevalence of coronary

artery disease is approximately 40% and the prevalence of left ventricular hyper-

trophy is approximately 75% [1]. Cardiovascular mortality has been estimated to be

approximately 9% per year. Even after stratification by age, gender, race, and the

presence or absence of diabetes, cardiovascular mortality in dialysis patients is

10–20 times higher than in the general population [1]. A national random sample of

new end stage renal disease (ESRD) in the United States in 1996/1997 (n ¼ 4,025)

revealed the prevalence of coronary artery disease was 38% [3]. The United States

Renal Data System reported that prevalence of coronary artery diseases in hemodi-

alysis patients is 42%, which is much higher that healthy population (5–12%) [4].

In Japanese population, Nishimura et al. reported that 71.5% of the hemodialysis

patients had significant coronary stenosis [5].

It appears that despite the absence of cardiac symptoms, patients with chronic

renal failure are already in a very high risk group for coronary artery stenosis at

the initiation of renal replacement therapy. Joki et al. [6] performed coronary

angiography within 1 month of initiation of maintenance hemodialysis in 24

patients, and found that 62.5% of the patients showed significant coronary artery

disease (�75% stenosis). Ohtake et al. [7] showed that significant coronary artery

stenosis (>50% stenosis) was seen in 53.3% of 30 asymptomatic uremic patients on

coronary angiography at the start of renal replacement therapy. Hase et al. [8] also

showed that in 112 predialysis uremic patients with no cardiac history, asymptom-

atic coronary artery disease was present in 47 patients (42%). Moreover, in

subsequent follow-up for a median of 24 months, the patients with asymptomatic

coronary artery disease had a significantly higher cumulative rate for major adverse

cardiac events than those without coronary artery disease (49 vs. 3%) [8]. In

addition, recent evidence also suggests that this process of cardiovascular damage

starts very early during progression in well-defined chronic kidney disease (CKD),

long before ESRD is developed (i.e., stages 1 and 2 according to glomerular

filtration rate [GFR]) [9].
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The links between CKD and cardiovascular disease could be numerous, since both

share a number of common etiological factors [10]. Indeed, these patients exhibit an

excess of traditional cardiovascular risk factors (i.e., age, gender, hypertension,

diabetes, and dyslipidemia). However, even after adjusting for these factors, the

CKD and prevalence of cardiovascular disease are still significantly associated [11].

Therefore, it is likely that nontraditional risk factors, identified and as yet unidentified,

could be involved as well. Advanced glycation end products (AGEs) are an essential

nontraditional risk factor associatedwith the development of long-term complications

of ESRD. Evidence has emerged pointing to a potential role of oxidative stress in

generation of AGEs in patients with ESRD. Moreover, interaction of the receptor for

AGEs (RAGE) with AGEs leads to crucial biomedical pathway, generating intracel-

lular oxidative stress and inflammatory mediators, which could result in further

amplification of the pathway involved in AGE generation. In this chapter we will

focus on the current understanding of the role of AGEs–RAGE axis in the pathogen-

esis of cardiovascular complications in patients with CKD.

2 AGEs in Patients with CKD

Advanced glycation end products are proteins generated by a series of reactions

termed the Maillard reaction (Fig. 1). Classically, AGE formation has been

described by a nonenzymatic reaction between proteins and glucose [12, 13].

AGEs derive from the spontaneous reaction of carbohydrates with amino group

of proteins, which undergo the formation of reversible products (Schiff base

adducts) to the generation of more stable products (Amadori products). Subse-

quently, complex reactions occur, including intermolecular crosslink formation and

cleavage through oxidation, dehydration, condensation, cyclization. Other reac-

tions follow, with generation of AGEs through a late reaction characterized by

fluorescent and brown coloration and molecular crosslinkage. Other than diabetes

mellitus patients, high plasma and tissue levels of AGEs are observed in patients

with ESRD. It has been reported that no difference was noted in blood AGEs levels

between those with and without diabetes mellitus among chronic renal failure

patients on hemodialysis, which is believed to enhance production and accumula-

tion of AGEs in conditions other than hyperglycemia. Local accumulation of AGEs

is also observed in patients with Alzheimer’s disease, rheumatoid arthritis, arterio-

sclerosis, cancer, and other diseases, suggesting the involvement of inflammation

and oxidative stress in the formation of AGEs.

Early observations suggest that circulating AGEs in patients with renal failure are

low molecular weight, which are removed by dialysis therapy [14]. Serum levels of

low molecular weight AGEs, AGE free adducts, generated from proteolysis of

glycated proteins, increase with loss of kidney function, and both serum and tissue

AGE levels are markedly increased in patients with ESRD [15, 16]. AGE-free

adducts are filtered through glomerulus, reabsorbed, and degraded by renal proximal

tubular cells [17]. In patients with diabetes, AGE levels are related to decreased
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kidney function and the presence of diabetic nephropathy [14]. On one hand (Fig. 2),

serum pentosidine levels are significantly correlated with loss of renal function, with

the level markedly high in patients with CKD stage 5. Serum levels of carboxy-

methyl-lysine (CML), on the other hand, are marginally affected by renal dysfunction

in patients with diabetes. Patients without diabetes with mild chronic kidney failure

were also shown to have AGE levels dependent on kidney impairment. AGE levels

are shown to predict the progression of kidney impairment in patients with diabetes

independent of other risk factors [18, 19]. Of particular importance, it is now well

established that most of the AGEs in uremia are protein bound and are only partly

removed by dialysis therapy [15, 20–22].

2.1 Pathways of AGE Generation in Patients with ESRD

In addition to the formation of carbohydrate intermediates, there is increasing

evidence that AGEs are also formed through lipid-derived intermediates, resulting

in advanced lipoxidation products [23]. AGEs might be formed directly by

autoxidation of free glucose [24, 25]. In this pathway, known as autoxidative

Fig. 1 Alternative routes for the formation of immunochemically distinct AGEs. Advanced
glycation end products (AGEs) arise from the decomposition of Amadori products, the glycolysis

intermediate product glyceraldehyde, the Schiff base fragmentation product glycolaldehyde, the

triose phosphate and the Amadori product fragmentation product methylglyoxal, the autoxidation

product of glucose glyoxal, and decomposition product of Amadori products and fructose-3-

phosphate to 3-deoxyglucosone. Modified from ([207], Fig. 6)
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glycosylation, such reactive oxygen species as hydrogen peroxide were identified

as both products and catalysts of autoxidation of sugars.

In renal failure, plasma and tissue AGE levels are increased in normoglycemic

patients and are completely independent of serum glucose levels. Thus, the increase

in AGE levels in patients with ESRD cannot be attributed to only increased

glycation of proteins. In this context, evidence suggests a potential role of oxidative

stress in generation of AGEs in patients with ESRD. The formation of glycoxida-

tion products, such as CML and pentosidine, is considered to be the result of a

chemical reaction dependent on the concentration of carbohydrate precursors and of

reactive oxygen species (oxidative stress). In contrast to the diabetic patients, in

whom the accumulation of AGEs in protein may be attributable to both glycative

and oxidative stress, increased AGEs in ESRD could be primarily regulated by the

second mechanism, oxidative stress [26]. ESRD is a condition of increased (intra-

cellular) oxidative stress, indicated by increased lipid peroxidation and a decrease

in the ratio of oxidized glutathione to reduced glutathione [27–29]. The concentra-

tion of lipid peroxidation marker, malondialdehyde lysine is also increased in

uremic patients [22]. Oxidative stress in these patients has been attributed to

the processes of loss of renal function or renal replacement therapy [29, 30].

Suboptimal biocompatibility in dialysis membranes may acutely further aggravate

oxidative stress and related endothelial dysfunction [31]. However, even before the

start of renal replacement therapy, renal impairment is associated with a state of

increased oxidative stress [32]. Moreover, accelerated oxidative stress, together

with a decrease in superoxide excavenger capacity, is already present in early stages

of CKD as well [33–35], and alterations in antioxidant system components (such

Fig. 2 Serum pentosidine and carboxymethyl-lysine (CML) in diabetic patients with different

degrees of renal dysfunction. Chronic kidney disease (CKD) stage was based on glomerular

filtration rate (GFR) estimated by MDRD equation: I; GFR � 90, II; GFR 60–89, III; GFR

30–59, IV; 15–29, V; GFR < 15 mL/min)
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as superoxide dismutase and glutathione peroxidase/reductase) gradually increase

with the degree of renal failure [36].

Besides direct oxidation processes, proteins may be modified indirectly by

carbonyl compounds generated by the autoxidation of carbohydrates, lipids, or

amino acids. Carbonyl stress could be a second pathway for AGE generation in

renal failure. Carbonyl compounds may also form through such nonoxidative

mechanisms as 3-deoxyglucosone (3-DG) (see Fig. 1). The mechanism of 3-DG

synthesis is through the Maillard reaction and polyol pathway [37]. In patients with

ESRD, 3-DG catabolism may be decreased due to deficiency of 3-DG reductase

activity. The 3-DGmechanism is highly reactive and is involved in the formation of

such AGEs as imidazolone. Similarly, methylglyoxal, which mainly results from the

oxidative decomposition of polyunsaturated fatty acids, may also be formed during

anaerobic glycolysis by spontaneous decomposition of triose phosphates. Levels of

the methylglyoxal lysine in plasma are shown to be increased in uremic patients

[38]. Furthermore, glyoxalase 1, a critical glyoxalase detoxification system that

prevents glycation reactions mediated by methylglyoxal/glyoxal [39], was found

to be deficient in dialysis patients [40]. Thus, there would not only be an increase in

oxidative stress, but also an increase in carbonyl stress in uremia, which could be

attributable to the accelerated accumulation of AGEs in patients with ESRD.

Decreased renal clearance of serum AGEs could also contribute to increased

accumulation of AGEs in patients with uremia [15]. Both a decrease in glomerular

filtration rate, leading to a corresponding decrease in glomerular filtration of AGEs,

and a decreased tubular catabolism of AGEs can play a role in decreased clearance

of AGEs. The role of renal tubular catabolism of AGEs is shown by the findings of

tubular accumulation of AGEs in rat experimental proteinuria despite relatively

well-preserved kidney function [41]. Absorption of toxic AGEs from food [42] and

the impact of smoking [43] on aggravate AGE accumulation suggest environmental

risk factors also contribute to the accumulation of AGEs. Metabolic abnormalities,

such as insulin resistance in uremia [44], may increase reactive oxygen species

formation [45] and thus may further increase AGE formation in patients without

diabetes with ESRD.

2.2 AGE Accumulation and Cardiovascular Complications
in Patients with ESRD

AGE accumulation occurs in tissues in patients with ESRD, such as in atheroscle-

rotic plaques [46] and in cardiac tissues [47]. Alternatively, AGE modifications of

lipoproteins may increase vascular deposition of low-density lipoprotein as a

consequence of impaired low-density lipoprotein receptor–mediated clearance

[48–51], which could be attributable to the augmented atherogenesis. Plasma

pentosidine levels are shown to be associated with accelerated carotid atheroscle-

rosis as determined by intima-media thickness measured with ultrasound in ESRD

262 H. Koyama and Y. Nishizawa



patients at the initiation of dialysis therapy [52]. Increased AGE levels are also

associated with extensive coronary artery calcification in uremic patients [53],

which is a predictor for cardiovascular events.

AGEs are also involved in arterial stiffness that results from nonenzymatic

protein glycation to form irreversible crosslinks between long-lived proteins such

as collagen and elastin [54, 55]. AGE-linked extracellular matrix is stiffer and less

susceptible to hydrolytic turnover, resulting in accumulation of structurally inade-

quate matrix molecules. Aortic stiffening, which is increased in ESRD patients, is

an important pathophysiological aspect of large artery damage and is a predictor of

all-cause and cardiovascular mortality [56–58]. We have recently measured skin

accumulation of AGEs using the autofluorescence reader (AFR), developed a

noninvasive device to estimate accumulation of AGEs in humans [59], and exam-

ined its association with arterial stiffness as measured by pulse wave velocity in 120

nondiabetic ESRD patients and 110 age- and gender-matched controls with neither

renal disease nor diabetes [60]. As shown in Fig. 3a, skin autofluorescence was

significantly associated with age in the group of all patients (Rs ¼ 0.255, Spear-

man’s rank correlation test) and that of controls (Rs ¼ 0.493), but not in the group

of ESRD patients (Rs ¼ 0.046), suggesting that the effect of age on AGE accumu-

lation is overwhelmed by the effect of uremia in ESRD patients. Pulse wave

velocity (PWV) was significantly and positively associated with skin autofluores-

cence both in the group of all patients (Rs ¼ 0.335), controls (Rs ¼ 0.246), and

that of ESRD patients (Rs ¼ 0.205) (see Fig. 3b). Multiple regression analyses

showed that in the group of all patients, association of skin autofluorescence with

PWV was significant even after adjustment for other covariates, including the

presence of ESRD and age. Moreover, for ESRD patients, a significant association

between skin autofluorescence and PWVwas found, independent of age, suggesting

that AGE accumulation could be an important predictor for arterial stiffening in

ESRD patients. Experimental studies also showed that inhibition or breaking of

AGEs prevents cardiac hypertrophy and arterial stiffness and may restore cardiac

function [61]. AGE crosslink breaker is also successfully shown to improve arterial

compliance in humans as well [62].

Clinical data assessing AGEs as a cardiovascular risk factor in patients with

ESRD are limited. Recent observations show that the tissue accumulation of AGEs

as determined by skin autofluorescence has been implicated as a risk predictor for

cardiovascular mortality in patients with ESRD as well as diabetes [63, 64].

As opposed to these observations for tissue AGEs accumulation, the relationship

between serum AGEs and mortality in hemodialysis patients is rather controversial:

some observed a strong relationship between serum AGE levels and survival [65,

66], whereas others did not [67, 68]. It is not clear at present how to explain these

discrepant observations: different methods to determine the AGE levels (immuno-

assay vs. serum fluorescence), influence of dialysis modality and timing, or effects

of food and smoking may partly contribute to these results. Altered explanation

could be that high serum AGE levels may reflect better nutritional support (e.g.,

high serum albumin) and low inflammation (e.g., high C-reactive protein), both of

which are known predictors for mortality in ESRD patients [69, 70].
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3 Receptor for Advanced Glycation End Products

Receptor for advanced glycation end products is a multiligand cell-surface protein

that was isolated from bovine lung in 1992 by Schmidt et al. [71, 72]. RAGE

belongs to the immunoglobulin superfamily of cell surface molecules and has an

Fig. 3 Aging, arterial stiffness and AGEs accumulation. Skin accumulation of advanced glycation

end products (AGEs) was measured by using the autofluorescence reader, recently developed

noninvasive device [59]. Arterial stiffness was measured as pulse wave velocity (PWV). (a) Skin

autofluorescence was significantly associated with age in the group of all subjects (Rs ¼ 0.255,

Spearman’s rank correlation test) and that of control subjects (Rs ¼ 0.493), but not in the group of

end stage renal disease (ESRD) subjects (Rs ¼ 0.046), suggesting that the effect of age on AGE

accumulation is overwhelmed by the effect of uremia in ESRD subjects. (b) PWV was signifi-

cantly and positively associated with skin autofluorescence both in the group of all subjects

(Rs ¼ 0.335), controls (Rs ¼ 0.246), and that of ESRD subjects (Rs ¼ 0.205). Open circles;

control subjects, closed circles; ESRD subjects. Modified from [60]
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extracellular region containing one V-type immunoglobulin domain and two

C-type immunoglobulin domains [71, 72] (Fig. 4). The extracellular portion of

the receptor is followed by a hydrophobic transmembrane spanning and then by a

highly charged, short cytoplasmic domain, which is essential for intracellular

RAGE signaling. RAGE is initially identified as a receptor for CML modified

proteins [73], a major AGE in vivo [74]. The three-dimensional structure of the

recombinant AGE-binding domain analyzed by using multidimensional hetero-

nuclear magnetic resonance spectroscopy revealed that the domain assumes a

structure similar to those of other immunoglobulin V-type domains [75, 76].

Three distinct surfaces of the V domain were identified to mediate AGE–V domain

interactions [75]. The site-directed mutagenesis studies identified the basic amino

acids that play a key role in the AGE-binding activities [76]. RAGE also interacts

with other nonglycated peptide ligands, including S100/calgranulin [77], ampho-

terin (also known as high mobility group box 1 protein [HMGB1]) [78, 79],

amyloid fibrils [80], transthyretin [81], and a leukocyte integrin, Mac-1 [82]. The

common characteristics of these ligands are the presence of multiple b-sheets
[82–84]. RAGE is thought to interact with these ligands through their shared

three-dimensional structure.

Activation of RAGE is associated with diabetic microvascular complica-

tions, including nephropathy, retinopathy, and neuropathy. By use of RAGE-

Fig. 4 Numerous truncated forms of receptor for advanced glycation end products (RAGE). There

are three major spliced variants of RAGE: full length, N-terminally truncated, and C-terminally

truncated. The C-terminally truncated form of RAGE is secreted from the cell and is named

endogenously secreted RAGE (esRAGE). The esRAGE has a V-domain, which is essential for

binding with ligands and is capable of competing with RAGE signaling as a decoy receptor. There

are other forms of soluble RAGE (sRAGE) that are cleaved from cell-surface RAGE by a shaddase

ADAM10. The enzyme-linked immunosorbent assay (ELISA) assay for sRAGE measures all

soluble forms including esRAGE in human plasma, while the ELISA for esRAGE measures only

esRAGE, using polyclonal antibody raised against the unique C-terminus of the esRAGE sequence
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overexpressing and deficient mice, RAGE is shown to have a pathological

role in both early and advanced phase diabetic nephropathy [85, 86]. RAGE

expression in the peripheral nervous system rises cumulatively and relates to

progressive pathological changes, and mice lacking RAGE have attenuated

features of neuropathy and limited activation of potentially detrimental

signaling pathways [87, 88]. In mesangial [89] and endothelial [90] cells,

RAGE activation results in a burst of reactive oxygen species (ROS). The

exact mechanism for this is unknown, but it is thought to involve nicotinamide

adenine dinucleotide phosphate (reduced) (NADPH) oxidase [91], which could

alone contribute to cellular oxidative stress and dysfunction. In addition, RAGE

signals via phosphatidylinositol-3 kinase (PI-3K), Ki-Ras, and the mitogen-

activated protein kinases (MAPKs), Erk1 and Erk2 [89, 92]. These signaling

pathways initiate and sustain the translocation of nuclear factor kB (NFkB) from
the cytoplasm to the nucleus in a number of cell types, including circulating

monocytes and endothelial cells [93–95], leading to prolonged inflammation and

resulting in a RAGE-dependent expression of proinflammatory mediators such

as monocyte chemoattractant protein-1 (MCP-1) and vascular cell adhesion

molecule-1 (VCAM-1) and organ damage [77, 96–98]. RAGE has a short cyto-

solic portion that contains 43 amino acids [72]. So far, adaptors or scaffold

proteins that interact with the cytosolic tail of RAGE have barely been identified.

The RAGE mutant lacking the 43-residue C-terminal tail fails to activate NFkB,
and expression of the mutant receptor results in a dominant negative effect

against RAGE-mediated production of proinflammatory cytokines from macro-

phages [77, 78]. Thus, RAGE cytosolic portion appears to be critical in trans-

ducing the signal from the cell surface to downstream targets.

Inappropriate chronic inflammation associated with progressive CKD reflects

sustained activation of inflammatory cells, like monocytes/macrophages, where

accumulation of AGEs may play an important role through binding with

the RAGE. It has been shown that in peripheral monocytes from those

with varying severity of CKD, RAGE expression is closely associated with

worsening CKD and is strongly correlated with plasma levels of pentosidine, a

marker for AGEs [99]. In ESRD patients with high-grade inflammation, stimu-

lation of mononuclear cells with AGE-modified human serum albumin causes a

rapid dose-dependent rise in NFkB activity that could be completely blocked by

an anti-RAGE antibody [100]. Linden et al. recently demonstrated an association

of excess AGE burden with increased peripheral blood mononuclear cell mRNA

RAGE and in vivo endothelial dysfunction in patients with CKD [101]. They

hypothesized that endothelial dysfunction in CKD may be partly mediated by

AGE-induced inhibition of endothelial nitric oxide synthase through RAGE

activation. At the site of endothelium, in contrast to normal endothelial cells

that do not constitutively express RAGE, arterial and capillary endothelial

cells of uremic patients do express RAGE [102]. Thus, enhanced RAGE

expression in ESRD may amplify AGE-induced perturbation and contribute to

systemic and local vascular inflammatory disease, causing atherosclerotic and

nonatherosclerotic vascular lesions.

266 H. Koyama and Y. Nishizawa



3.1 RAGE and Atherosclerosis

Markedly progressed atherosclerosis in patients with ESRD is thought to contribute

to the high incidence of cardiovascular diseases. Ultrasound-determined intimal-

medial thickness of carotid and femoral artery, a surrogate marker for atheroscle-

rosis, is found to be significantly increased in patients with ESRD than age-matched

healthy patients [103]. Diabetic ESRD patients are shown to have higher intimal-

medial thickness than nondiabetic ESRD patients.

Possible involvement of RAGE in atherosclerosis has been extensively

examined in diabetic humans and animals. It has been demonstrated that RAGE

is upregulated in human diabetic atherosclerotic plaques, the expression of which

colocalized with inflammatory markers such as cyclooxygenase-2 (COX-2) and

matrix metalloproteinases (MMPs), particularly in macrophages at the vulnerable

regions of the atherosclerotic plaques [104, 105]. In a murine model of accelerated

atherosclerosis, apolipoprotein (apo) E null mice, induction of diabetes by strepto-

zotocin for 6 weeks was found to be associated with a significant increase in

atherosclerotic lesion area at the aortic sinus compared with nondiabetic apoE

null mice [106]. This diabetes-associated atherosclerotic lesion has been found to

exhibit increased accumulation of AGEs and S100/calgranulins and enhanced

expression of RAGE [107]. Of importance, daily treatment of the mice with

genetically engineered murine soluble RAGE (sRAGE) suppressed diabetes-asso-

ciated acceleration of lesion area and complexity with the effect independent of

glycemic and lipid profiles [106]. Similarly, sRAGE has been found to prevent

progression of atherosclerosis in apoE null mice with insulin-resistant type 2 diabe-

tes (db/db background). Of note, vascular inflammatory phenotype such as over-

expression of VCAM-1 tissue factor and matrix metalloproteinase in mice was also

prevented by administration of sRAGE [108]. Bucciarelli et al. [109] also found

that administration of sRAGE stabilized atherosclerotic lesion area and complexity

at advanced phase in diabetic apoE null mice, and suppressed inflammatory

markers such as expression of COX-2, VCAM-1, JE-MCP-1, MMP-9 activity,

tissue factor, and phosphorylation of p38 MAPK.

Involvement of RAGE in accelerated atherosclerosis in diabetes has recently

been confirmed by using RAGE-deficient mice [110]. It is becoming apparent

that RAGE is also involved in atherogenesis even in nondiabetic conditions in

a mouse model of atherosclerosis [110, 111]. Harja et al. demonstrated critical roles

for RAGE and its ligands in vascular inflammation, endothelial dysfunction, and

atherosclerotic plaque development and highlighted that endothelial RAGE and its

ligands mediate vascular and inflammatory stresses that culminate in

atherosclerosis in the vulnerable vessel wall [111]. Similarly by using

apoE-deficient mice, Soro-Paavonen et al. [110] recently showed that in diabetic

conditions, RAGE deficiency significantly decreased the atherosclerotic lesion

formation associated with attenuation of leukocyte recruitment, decreased expres-

sion of proinflammatory mediators, and reduced oxidative stress in aorta. In their

report, RAGE-deficiency significantly suppressed the atherosclerotic lesion area

even in a nondiabetic condition, which was associated with aortic inflammatory
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gene expression. Administration of sRAGE was also found to significantly stabilize

atherosclerotic lesion area and complexity in nondiabetic apoE null mice [109].

Thus, these reports implicated the functional role of RAGE in endothelial cells in

atherogenesis, possibly through regulation of inflammatory signaling.

It is still not clear whether RAGE accumulation is increased in atherosclerotic

lesions in uremia. However, chronic renal failure markedly accelerates atherogenesis

in apoE-deficient mice [112, 113], while blockade of RAGE reduces the proathero-

genic effects of uremia, possibly through a systemic decrease in oxidative stress [114].

3.2 RAGE and Impaired Angiogenic Response

In diabetes, progressive vasodegeneration in microvascular beds is the major underly-

ing factor in initiation and progression of vascular complications [115–117]. Recent

observations in diabetic patients and diabetic animals indicate that an increase in

cardiovascular events and severity in diabetes can be associated with impairment in

angiogenic response or development of new collateral vessels in response to local

ischemia or inflammation [118–121]. The AGE–RAGE axis has been found to be

involved in impaired angiogenic response in diabetes. Goova et al. [122] demonstrated

that blockade of RAGE by sRAGE restores effective wound healing in diabetic mice.

Tamarat et al. [123] demonstrated that blockade of AGEs formation by aminoguani-

dine improves ischemia-induced angiogenesis in diabetic mice. Recently, ablation of

galectin-3, a receptor for AGEs, has been shown to abolish the AGE-mediated

increase in retinal ischemia and restore the neovascular response to that seen in

controls [121]. To directly examine the role of RAGE in impairment of angiogenic

response in diabetes, we compared angiogenic response in RAGE null orWTmice in

diabetic condition [124].We found that angiogenic response determined byMatrigel-

plague assay containing vascular endothelial growth factor (VEGF) in streptozotocin-

treated diabetic mice was significantly decreased as compared with that of the

nondiabetic mice. In sharp contrast in RAGE-null mice, angiogenic response of

diabetic mice was not found to be significantly different from that of nondiabetic

mice (Fig. 5). The impairment of angiogenic response in diabetes was associated with

RAGE-mediated decrease in proliferation and increase in cell death. The changes in

cellular function were associated with activation of NFkB in vascular cells. In this

model, expression of VEGFwas found to be decreased in diabetic mice. The decrease

in expression of VEGF in diabetes, however, was also observed in RAGE-null mice.

This result was in agreement with an in vitro finding that a decrease inVEGF secretion

in smooth muscle cells cultured on glycated type 1 collagen was also independent of

the presence of RAGE [125]. These results suggest that RAGE-mediated decrease in

angiogenic response in diabetes is not necessarily explained by regulation of proan-

giogenic factors such as VEGF. Although angiogenesis in renal failure has not been

well elucidated, augmented AGE interaction with RAGEmay similarly impair angio-

genic response and contribute to an increase in cardiovascular events and severity in

patients with renal failure.
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In addition to the problems of local ischemic tissue (so called soil), seeds
(angiogenic progenitor cells) for neovascularization could be impaired in patients

with ESRD. Endothelial progenitor cells (EPCs) attract much attention, since they

play a key role in the maintenance and repair of vascular integrity in response to

endothelial injury [126–128]. The majority, but not all, of the studies have shown

that the numbers of circulating EPCs are decreased in patients with ESRD [129–133]

and diabetes [134, 135], the underlying mechanisms of which remain poorly char-

acterized. Age-dependent depression in circulating endothelial progenitor cells is

also reported and is implicated in the risk for cardiovascular diseases [136, 137].

Common features for aging, diabetes and ESRD, are an accumulation of AGEs,

which may be an important predictor for decreased EPCs in these patients. A

potential support for this is that continuous ambulatory peritoneal dialysis treatment,

which we recently identified as a positive regulator of EPCs and progenitor cells

[133], is shown to decrease accumulation of AGEs than hemodialysis [15]. Indeed,

we have recently found that the circulating EPC numbers were significantly and

inversely associated with the levels of tissue accumulation of AGEs [138]. In the 5/6

nephrectomized uremic rat model, progenitor cell mobilization induced by hind

limb ischemia was inversely associated with carboxymethyl-lysine levels in the

bone marrow (Fig. 6), suggesting that mobilization of EPCs in response to systemic

stimuli may be attenuated by AGE accumulation in bone marrow. If that is the case,

RAGE expressed in progenitor cells might play a fundamental role in regulation of

circulating EPCs in response to accumulated AGEs in bone marrow [139].

Fig. 5 Decrease in angiogenic response in diabetes is dependent on the presence of receptor

for advanced glycation end products (RAGE). Angiogenic response in control and streptozotocin-

induced diabetic RAGE+/+ or RAGE�/� mice was evaluated through the Matrigel assay. VEGF

(300 ng/mL) was suspended in Matrigel, and the Matrigel was implanted subcutaneously into the

abdominal midline of mice at age 13 weeks. The plug was removed 2 weeks later and processed for

histochemical analysis. Bars represent 50 mm. Summary of the quantitative analyses is shown in

the right panel. Data are shown as mean � standard deviation. * p < 0.05 vs. control, ANOVA

with multiple comparison (Scheffe’s type). Modified from ([124], Fig. 2)
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3.3 RAGE and Neointimal Expansion Following Arterial Injury

As has been discussed, both ESRD and lesser degrees of renal dysfunction are

associated with accelerated rates of atherosclerosis and a high incidence of cardio-

vascular morbidity and mortality. Percutaneous angioplasty is an effective therapy

for symptomatic coronary atherosclerosis, but in patients with ESRD it is associated

with high complication rates and poor long-term outcomes [140, 141]. Results of

percutaneous intervention in patients with severe renal disease remain suboptimal

despite the increased use of coronary stents. In patients with ESRD rates of target

vessel as well as target lesion revascularization after coronary stenting are high

[142]. Similarly, diabetic patients demonstrate accelerated responses to arterial

injury (i.e., therapeutic angioplasty) [143, 144], which is associated with an

increase in neointimal formation, enhanced vascular smooth muscle cell prolifera-

tion and migration, and production of extracellular matrix. The augmented response

to arterial injury in diabetes has been shown to be associated with RAGE, since

administration of sRAGE caused decreased neointimal expansion in hyperglycemic

fatty Zucker rats [145]. Of interest, Sakaguchi et al. [146] showed by using RAGE-

null mice that RAGE also plays an important role in arterial injury-induced

neointimal expansion in nondiabetic mice. Even in nondiabetic mice, RAGE

Fig. 6 Progenitor cell (PC) mobilization is inversely associated with bone marrow

carboxymethyllysine (CML) levels in uremic rats. The 5/6 nephrectomized uremic (n ¼ 9) and

sham-operated control rats (n ¼ 9) were subjected to unilateral hind limb ischemia by complete

resection of the entire left femoral artery and vein. Peripheral blood PCs as determined by double

expression of stem cell antigen-1 (Sca1) and c-kit antigens with direct two-color flow cytometry

and bone marrow CML levels were measured 24 h after the operation. Left panel shows CML

levels in bone marrows in uremic and sham-operated rats. Columns represent mean � SD. p value
was calculated by student’s t-test. Right panel shows association between circulating PCs following
hind limb ischemia and bonemarrowCML levels. Open circles represents sham-operated, and closed

circles, uremic rats. Solid line: linear regression line for uremic rats, dotted line: sham-operated rats
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transcripts in smooth muscle cells were found to be increased by arterial endothelial

denudation, which was associated with induction of S100 transcripts and CML-

modified AGE adducts [146].

3.4 RAGE Modifies Functions of Inflammatory Cells

It is now well recognized that mononuclear cells, such as lymphocytes and monocyte/

macrophage, play fundamental roles in the progression of atherosclerosis [147].

AGEs, S100A12. and HMGB1 can bind to mononuclear phagocytes through RAGE

and modify their functions, including cell activation, chemotaxisis, transendothelial

migration, and expression of key inflammatory mediators [77, 95, 148, 149]. Inhibi-

tion of RAGE has been found to markedly decrease infiltration of the immune and

inflammatory cells, such as CD4+ T-cells, leading to suppression of autoimmune

encephalitis [150], autoimmune diabetes [151], and allograft rejection [152].

HMGB1, an essential component of DNA-containing immune complexes, stimulated

cytokine production in plasmacytoid dendritic cells, and B-cells are also found to

involve RAGE and Toll-like receptor 9, which is implicated in the pathogenesis of

systemic autoimmune diseases [153].

RAGE is also found to function as an endothelial adhesion receptor, promoting

leukocyte recruitment [82]. In an animal model of thioglycollate-induced acute

peritonitis, leukocyte recruitment was significantly impaired in RAGE-deficient

mice as opposed to wild-type mice, both in nondiabetic and diabetic mice. They

also found that RAGE-dependent leukocyte adhesion to endothelial cells is

mediated by a direct interaction of RAGE with the b2-integrin Mac-1, and the

RAGE-Mac-1 interaction is augmented by the proinflammatory S100 protein.

Orlova et al. [154] define a novel function of HMGB1 in promoting Mac-

1-dependent neutrophil recruitment, which require the presence of RAGE on

neutrophils but not on endothelial cells. HMGB1 is also found to enhance the

interaction between Mac-1 and RAGE. Consistently, HMGB1 stimulates activation

of Mac-1, Mac-1-mediated adhesive and migratory functions, and activation of

NFkB of neutrophils in a RAGE-dependent manner. Taken together, RAGE plays a

pivotal role as a pro-inflammatory molecule acting both at the sides of inflamma-

tory and endothelial cells, which may underlie part of the mechanism in progression

of atherosclerosis.

4 C-Terminally Truncated form of RAGE (Soluble RAGE)

Numerous truncated forms of RAGE have been described [155–161] (see

Fig 4). Two major spliced variants of RAGE mRNA, N-terminal and C-terminal

truncated forms, have been most extensively characterized [156]. The N-truncated

isoform of RAGE mRNA codes for a 303-amino-acid protein lacking the
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N-terminal signal sequence and the first V-like extracellular domain. The

N-truncated form is incapable of binding with AGEs, since the V-domain is critical

for binding of the ligand [71]. The N-truncated form of RAGE appears to be

expressed on the cell surface similar to the full-length RAGE, although its

biological roles remain to be elucidated [162]. It has been suggested that this

form of RAGE could be involved in angiogenic regulation in a fashion independent

of the classical RAGE signaling pathway [162]. The C-terminal truncated form of

RAGE lacks the exon 10 sequences that encode the transmembrane and intracyto-

plasmic domains [156]. This spliced variant mRNA of RAGE encodes a protein

consisting of 347 amino acids with a 22-amino-acid signal sequence and is released

from cells. This C-truncated form is now known to be present in human circulation

and is named endogenous secretory RAGE (esRAGE), which was found to be

capable of neutralizing the effects of AGEs on endothelial cells in culture [156].

Adenoviral overexpression of esRAGE in vivo in mice reverses diabetic

impairment of vascular dysfunction [124]. Thus, the decoy function of esRAGE

may exhibit a feedback mechanism by which esRAGE prevents the activation of

RAGE signaling. It has also been suggested that some soluble RAGE (sRAGE)

isoforms that could act as decoy receptors may be cleaved proteolytically from the

native RAGE expressed on the cell surface [163], suggesting heterogeneity of the

origin and nature of sRAGE. This proteolytic generation of sRAGE was initially

described as occurring in mice [164]. Recent findings by screening chemical

inhibitors and genetically modified mouse embryonic fibroblasts suggest that a

disintegrin and metalloprotease 10 (ADAM10) and MMP-9 as membrane proteases

responsible for RAGE cleavage [165, 166]. ADAM is known to shed several

inflammatory receptors and can be involved in regulation of RAGE/sRAGE bal-

ance. Thus, the molecular heterogeneity of the diverse types of sRAGE in human

plasma could exert significant protective effects against RAGE-mediated toxicity.

However, the endogenous action of sRAGE may not be confined to a decoy

function against RAGE signaling. In an HMGB1-induced arthritis model, for

example, sRAGE is found to interact with Mac-1 and act as an important proin-

flammatory and chemotactic molecule [167]. Further analyses are warranted to

understand more about the endogenous activity of sRAGE.

4.1 sRAGE and esRAGE as Biomarkers for Cardiovascular
and Metabolic Diseases

Since sRAGE and esRAGE may be involved in feedback regulation of the toxic

effects of RAGE-mediated signaling, recent clinical studies have focused on the

potential significance of circulating sRAGE and esRAGE in a variety of patho-

physiological conditions. Table 1 summarizes the currently available findings.

First, Falcone et al. [168] reported that total sRAGE levels are significantly

lower in patients with angiographically proven coronary artery disease than in

age-matched healthy controls. The association between circulating sRAGE and
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angiographic observations was shown to be dose dependent, with individuals in the

lowest quartile of sRAGE exhibiting the highest risk for coronary artery disease.

Importantly, this cohort consisted of a nondiabetic population, suggesting that the

potential significance of sRAGE is not confined to diabetes. Falcone et al. also

showed that the association between sRAGE and the risk of coronary artery disease

was independent of other classical risk factors. The same research group also

showed that patients with Alzheimer’s disease have lower levels of sRAGE in

plasma than patients with vascular dementia and controls, suggesting a role for the

RAGE axis in this clinical entity as well [169]. Following development of an

enzyme-linked immunosorbent assay (ELISA) system to specifically measure

human esRAGE [170], we measured plasma esRAGE level and cross-sectionally

examined its association with atherosclerosis in 203 type 2 diabetic and 134 nondia-

betic age- and gender-matched patients [171]. The esRAGE levels were inversely

correlated with carotid and femoral atherosclerosis, as measured as intimal-medial

thickness (IMT) by arterial ultrasound. Stepwise regression analyses revealed that

plasma esRAGE was the third strongest and an independent factor inversely asso-

ciated with carotid IMT, following age and systolic blood pressure [171].

In contrast to nondiabetic population, evidence so far with regard to

the association between soluble forms of RAGE and vascular disease in diabetes

is contradictory. Several studies shows that serum sRAGE is positively associated

Table 1 Levels of circulating soluble RAGE in cardiovascular and metabolic diseases

sRAGE References

CAD (non-DM) Decreased [168, 200]

Increased [187]

CAD, atherosclerosis (DM) Decreased [208]

Increased [172, 173]

Heart failure (poor prognosis) [209]

Diabetes (type 1) Increased [185]

Diabetes (type 2) Increased [186, 187]

Decreased [183, 184]

Hypertension Decreased [182]

Alzheimer’s disease Decreased [169]

Chronic kidney disease Increased [177, 186, 189, 190, 210]

Oxidative stress and inflammatory markers Positive association [173, 211–213]

Inverse association [184]

esRAGE

Metabolic syndrome Decreased [171]

Diabetes (type 1) Decreased [170, 174]

Diabetes (type 2) Decreased [171, 178]

Hypertension Decreased [171]

Atherosclerosis (IMT) Inverse association [171, 174–176]

No association [177]

CAD (DM) Decreased [178]

Chronic kidney disease Increased [181, 210]

Inflammatory markers Inverse association [214]

CAD coronary artery disease; DM diabetes mellitus; IMT intimal-medial thickness
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with coronary artery disease in types 1 and 2 diabetic patients [172, 173]. In contrast,

Katakami et al. found that plasma esRAGE, but not sRAGE, is inversely associated

with carotid atherosclerosis in both type 1 [174, 175] and type 2 [176] diabetics.

On the other hand, when nondiabetic and diabetic groups were separately analyzed,

inverse correlation between plasma esRAGE level and IMT was significant

in nondiabetic population only, but not observed in type 2 diabetics (Fig. 7).

No association of plasma esRAGE with IMT in diabetes was reported in another

study with 110 Caucasian type 2 diabetics [177]. Recently, Katakami’s group also

longitudinally examined the predictive significance of plasma esRAGE

and sRAGE on progression of carotid atherosclerosis and found that low circulating

esRAGE level, as well as sRAGE level, was an independent risk factor for

the progression of carotid IMT in type 1 diabetics. In Chinese type 2 diabetic

patients, plasma esRAGE is recently shown to be decreased in angiographically

proved patients with coronary artery disease as opposed to those without it [178].

The reasons for these contradictory findings are not clear but may be explained by

Fig. 7 Plasma endogenous secretory receptor for advanced glycation end products (esRAGE)

level is inversely correlated with carotid and femoral atherosclerosis in a nondiabetic population,

not in a diabetic population. Atherosclerosis was determined as intimal-medial thickness measured

by arterial ultrasound. n ¼ 337 including 203 type 2 diabetic patients. Modified from ([125], Fig. 5)
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the fact that different variants of sRAGE are detected by different assays

used in different studies, or by different type of subjects enrolled in the study

(i.e., renal complications). Nevertheless, the association between plasma sRAGE

and atherosclerosis needs to be confirmed in larger studies, particularly with

diabetic patients. Association of circulating sRAGE with vascular diseases in

CKD or ESRD patients is also an important topic to be elucidated.

Several metabolic components have been well established as risk factors

for cardiovascular diseases and have been shown to be associated with altered

plasma sRAGE or esRAGE levels. We have shown that plasma esRAGE levels are

decreased in patients with metabolic syndrome and are inversely correlated

with several components of metabolic syndrome, including body mass index,

blood pressure, insulin resistance index, fasting plasma glucose, serum triglycer-

ides, and lower high-density lipoprotein cholesterol levels [171]. The majorities of

these correlations remained significant even when the nondiabetic or type 2 dia-

betic subpopulation was extracted for analyses. An inverse correlation between

esRAGE (or sRAGE) and bodymass index was also found for controls [179], those

with type 1 diabetes [180], and those with ESRD [181]. Patients with hypertension

have been found to have lower plasma sRAGE or esRAGE levels [171, 182].

The findings regarding plasma levels of the soluble form of RAGE in diabetes

are quite confusing. We and other groups have found that plasma esRAGE level

is significantly lower in types 1 and 2 diabetic patients than in nondiabetic controls

[171, 174]. A recent study with large numbers of type 2 diabetic and nondiabetic

patients in a Chinese population (n ¼ 1,320) also confirmed these findings [178].

Plasma sRAGE levels have been shown to be decreased in diabetics [183, 184],

although conflicting findings have also been reported for type 1 [185] and type 2

diabetes [186, 187]. We examined plasma sRAGE levels by different ELISA

system using esRAGE as a standard protein and different sets of antibodies vs.

a whole RAGE molecule [188]. The type 2 diabetic patients without overt

nephropathy (0.60 � 0.28 ng/mL) exhibited significantly (p < 0.001, Student’s

t-test) lower plasma sRAGE level than nondiabetic controls (0.77 � 0.34 ng/mL).

Of note, when diabetic patients alone were extracted for analyses, a direct

association was not observed between plasma soluble RAGE (both sRAGE and

esRAGE) levels and the status of glycemic control (i.e., glycated hemoglobin A1c)

[171, 177, 180, 183, 189]. Thus, these contradictory findings in diabetic patients

suggest that levels of plasma in soluble forms of RAGE are not determined simply

by status of glycemic control, and that even plasma esRAGE and sRAGE levels

may be under the control of distinct mechanisms.

4.2 Soluble RAGE, CKD, and Cardiovascular Disease

Another important component that can affect plasma sRAGE is the presence of

CKD, which may explain controversial findings of plasma sRAGE in diabetes.

It has been shown that, in peripheral monocytes from those with varying severities

of CKD, RAGE expression is closely associated with worsening of CKD and is
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strongly correlated with plasma levels of pentosidine, a marker for AGEs [99].

Circulating sRAGE levels have been shown to be increased in patients with

decreased renal function, particularly those with ESRD [177, 186, 190].

As shown in Fig. 8, plasma esRAGE levels in type 2 diabetic patients without

CKD are lower than for nondiabetic controls. However, the level gradually elevated

in accordance with progression of CKD. Thus, plasma sRAGE and esRAGE are

markedly affected by the presence of CKD, which might make the previous findings

regarding comparison between nondiabetics and diabetics quite controversial.

It remains to be determined whether the increase in plasma esRAGE in CKD is

caused by decreased renal function alone or whether esRAGE levels are upregu-

lated to protect against toxic effects of the RAGE ligands. Successful kidney

transplantation resulted in significant decrease in plasma sRAGE [191], implying

that the kidneys play a role in sRAGE removal.

We recently reported an observational cohort study in patients with ESRD

and longitudinally evaluated the effect of plasma esRAGE on cardiovascular mortal-

ity [181]. Patients with ESRD have been reported to have a substantially increased

rate of cardiovascular mortality. The cohort in that study included 206 ESRD

patients, who had been treated by regular hemodialysis for more than 3 months.

The median follow-up period was 111 months. At the end of follow-up, 132 patients

were confirmed to be alive on hemodialysis and 74 had died, 34 of which were due to

fatal cardiovascular events. Even though the plasma esRAGE levels at baseline were

higher in those in ESRD than in those without kidney disease, those in the lowest

tertile of plasma esRAGE levels exhibited significantly higher cardiovascular mor-

tality, but not noncardiovascular mortality (Fig. 9). Importantly, even in the subpop-

ulation of nondiabetics alone, low circulating esRAGE level was a predictor of

cardiovascular mortality, independent of the other classical risk factors. Our findings

thus suggest that low circulating esRAGE level is a predictor for atherosclerosis and

Fig. 8 Plasma endogenous

secretory receptor for advanced

glycation end products (esRAGE)

is influenced by the presence of

chronic kidney disease (CKD) in

patients with type 2 diabetes. CKD

categories are based on glomerular

filtration rate (GFR) estimated by

MDRD equation – I: GFR � 90,

II: GFR 60–89, III: GFR 30–59,

IV: 15–29, V: GFR < 15 mL/min).

Numbers of subjects were

described in X-axis. DM, diabetes

mellitus. Modified from ([125],

Fig. 6)
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cardiovascular events in patients with ESRD. In a cohort of 591 patients after

transplantation, low sRAGE levels are also shown to be associated with a 2–3-

times higher risk for mortality, especially after correction for creatinine clearance,

again implying lack of sRAGE as a risk factor for mortality in renal transplant

recipients [192]. A larger prospective cohort study will be warranted to examine

whether decreased sRAGE is also a risk predictor for general population and in

different disease entities.

It is not known at present how esRAGE is involved in cardiovascular mortality.

In our ESRD cohort, neither plasma pentosidine nor carboxymethyl-lysine

level predicted cardiovascular mortality. Moreover, the inverse correlation

between low circulating esRAGE level and cardiovascular mortality was not

dependent on plasma AGEs levels. Thus, the protective effect of esRAGE against

cardiovascular mortality may not be entirely dependent on neutralization of toxic

AGEs. Other endogenous ligands for RAGE, such as S100A12, may also be

involved in the function of esRAGE. The plasma level of S100A12 has been

shown to be increased in diabetes and inversely correlated with serum sRAGE

level [183, 193].

4.3 sRAGE vs. esRAGE: Any Differences?

It is unclear at present whether the pathophysiological significances of circulating

esRAGE and sRAGE are distinct in different clinical settings. These two assays

measure different pools of sRAGE, and different variants of sRAGE may have

Fig. 9 Low plasma endogenous secretory receptor for advanced glycation end products (esRAGE)

level is a predictor of cardiovascular mortality in patients with end stage renal disease ESRD.

Cumulative mortalities in subjects with the lowest, middle, and highest tertiles of plasma esRAGE

levels were estimated by Kaplan Meier analysis and the log-rank test. Modified from [181]
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different functions and therefore they are not be interchangeable. Indeed,

the regulatory mechanisms for proteolytic shedding of cell-bound RAGE to

generate sRAGE and for alternative splicing to generate esRAGE are still unclear.

It appears that esRAGE represents less than half of the total sRAGE in human

plasma. In our analyses, plasma esRAGE level in Japanese healthy patients was

found to be 0.25 � 0.11 ng/mL [171], while mean plasma sRAGE level in Cauca-

sian healthy controls was reported to be 1.3 ng/mL [168]. We and others have

shown that plasma esRAGE level is decreased in diabetes [171, 174]. In contrast to

the case of esRAGE, circulating sRAGE levels in both types 1 and 2 diabetic

patients are conflicting: increased [185–187] and decreased [183, 184]. Humpert

et al. also showed that sRAGE, but not esRAGE, is associated with albuminuria

in patients with type 2 diabetes [177]. We recently described a head-to-head

comparison of plasma esRAGE and sRAGE levels using esRAGE as a standard

protein and different sets of antibodies and showed that plasma esRAGE level was

about twofold less than that of plasma sRAGE [188]. In the analysis, esRAGE

and sRAGE levels were positively correlated, with a stronger correlation in healthy

patients than in type 1 diabetic patients. Since regulatory mechanisms are not

understood for alternative splicing to generate esRAGE and for proteolytic

shedding of cell surface RAGE to generate sRAGE, the possibility of distinct

roles for them in certain disease conditions requires further examination. Further-

more, new splice variants have been recently discovered [160, 161], and further

studies are necessary to establish which variants of sRAGE are measured by these

assays and whether different soluble forms of RAGE have different pathophysio-

logical functions.

4.4 Soluble RAGE as a Therapeutic Target?

As described earlier, the potential usefulness of soluble RAGE for prevention

and treatment of inflammatory diseases has been demonstrated in many animal

models. Blockade of RAGE by administration of genetically engineered sRAGE

successfully prevented the development of micro- [87, 194] and macrovascular

complications in diabetes [106, 107, 109]. We have also shown that adenoviral

overexpression of esRAGE successfully restored the impaired angiogenic response

in diabetic mice [124]. Sakaguchi et al. found that administration of sRAGE

markedly suppressed neointimal formation following arterial injury in nondiabetic

mice [146]. Soluble RAGE has also been shown to effectively prevent the

development of diabetes [151], protect against tumor growth and metastasis [79],

improve the outcome of colitis [77], restore impaired wound healing [122], and

suppress Alzheimer’s disease-like conditions [195]. These effects of soluble RAGE

in animal models could be explained by its decoy function, inhibiting RAGE

interaction with its proinflammatory ligands, which might be applicable to human

diseases as well.

278 H. Koyama and Y. Nishizawa



Further application of soluble RAGE to the treatment of human diseases will

require answers to several questions. Most importantly, limited findings are

available regarding the mechanisms of regulation of circulating esRAGE or

sRAGE in humans. A tissue microarray technique using a wide variety of adult

normal human preparations obtained from surgical and autopsy specimens revealed

that esRAGE was widely distributed in tissues, including vascular endothelium,

monocyte/macrophage, pneumocytes, and several endocrine organs [196].

However, it is unclear at present from which organ or tissue plasma sRAGE or

esRAGE originates. Other splice variants recently discovered may also play

significant parts [160, 161]. Circulating AGEs may be involved in regulation of

the secretion or production of soluble RAGE, since AGEs are known to upregulate

RAGE expression in vitro [197]. Levels of esRAGE could be simultaneously

upregulated by AGEs and act as a negative feedback loop to compensate for the

damaging effects of AGEs. We and others have found positive correlations between

plasma sRAGE or esRAGE and AGEs [179–181, 186]. As shown in Fig. 10, the

correlation between plasma esRAGE and pentosidine was modest in all patients

(r ¼ 0.616; p < 0.001), and was also statistically significant in hemodialysis

and nonhemodialysis patients alone. Plasma esRAGE was also significantly corre-

lated with plasma CML (r ¼ 0.492; p < 0.001), with the significant correlation lost

in hemodialysis and nonhemodialysis patients alone. AGEs-mediated regulation of

Fig. 10 Correlation between

plasma endogenous secretory

receptor for advanced glycation

end products (esRAGE)

and advanced glycation end

products (AGEs), pentosidine

(a) and carboxymethyllysine

(CML) (b). In all subjects,

correlation between plasma

esRAGE and both pentosidine

(r ¼ 0.616) and CML

(r ¼ 0.492) were significant

(p < 0.001). Modified from

([125], Fig. 8)
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soluble RAGE is further supported by the findings that the suppression of sRAGE

expression in diabetic rat kidney is reversed by blockade of AGEs accumulation

with alagebrium [198]. Other inflammatory mediators, such as S100, tumor

necrosis factor-a, and C-reactive protein, could also be potential candidates for

regulation of the plasma level of soluble RAGE in humans [183, 197, 199].

Moreover, Geroldi et al. [200] showed that high serum sRAGE is associated with

extreme longevity, suggesting that understanding the intrinsic regulation of RAGE

and sRAGE is important for longevity and antiaging strategies. Without doubt,

further understanding of the regulation of soluble RAGE will be most helpful in

delineating potential targets for therapeutic application of sRAGE.

Second, it would be important to determine whether currently available

pharmacologic agents can regulate plasma sRAGE or esRAGE. Forbes et al. [201]

showed that inhibition of angiotensin-converting enzyme (ACE) in rats increased

renal expression of sRAGE, and that this was associated with decreases in expression

of renal full-length RAGE protein. They also showed that plasma sRAGE levels were

significantly increased by inhibition of ACE in both diabetic rats and in humans with

type 1 diabetes. Thus, one attractive scenario is that the protective effect of ACE

inhibition against progression of renal dysfunction is mediated through regulation of

RAGE vs. sRAGE production. Other potential agents that may affect circulating

soluble RAGE include the thiazolidinediones [202] and statins [203, 204], both of

which are known to modulate the AGEs–RAGE system in culture. A randomized,

open-label, parallel group study was performed with 64 participants randomized to

receive add-on therapy with either rosiglitazone or sulfonylurea to examine the effect

on plasma sRAGE [205]. At 6 months, both rosiglitazone and sulfonylurea resulted in

a significant reduction in HbA1c, fasting glucose, and AGE. However, significant

increases in total sRAGE and esRAGE were only seen in the rosiglitazone

group. Thus, thiazolidinedione could be one promising candidate that increases

circulating levels of esRAGE and sRAGE. Tam et al. recently reported changes in

serum levels of sRAGE and esRAGE in archived serum samples from a previous

randomized double-blind, placebo-controlled clinical trial that explored the

cardiovascular effects of atorvastatin in hypercholesterolemic Chinese type 2 diabetic

patients and found that atorvastatin can increase circulating esRAGE levels [206].We

have just started the randomized clinical trial comparing the effect of pioglitazone

with glimepiride on plasma sRAGE and esRAGE, expression of RAGE on peripheral

mononuclear cells, and RAGE shaddase gene expression in type 2 diabetic patients

(study number UMIN000002055). This study will be of particular importance to

understand the regulatory mechanisms of sRAGE and esRAGE in a clinical setting.

Taken altogether, the findings discussed here implicate pivotal role of

AGEs–RAGE system in initiation and progression of cardiovascular disease through

regulation of vascular and inflammatory cells in patients with renal failure.

Either sRAGE or esRAGE could serve as a novel biomarker for estimation of

the risk of progression of atherosclerotic disorders. Further examination of the

molecular mechanisms underlying RAGE and esRAGE regulation will provide

important insights into potential targets for the prevention and treatment of cardio-

vascular diseases.
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Chapter 14

Infection and the Kidney

Chih-Wei Yang

Abstract Reactive oxygen species (ROS) are formed as a result of physiologic

cellular metabolism, and a homeostatic balance exists between the formation of

ROS and their removal by antioxidant scavenging compounds. Host–pathogen

interaction results in a variety of responses, which include phagocytosis of the

pathogen, release of cytokines, secretion of toxins, as well as production of ROS,

leading to oxidative stress in the kidney. Oxidative stress is widely recognized as an

important feature of urinary tract infection, pyelonephritis, and in sepsis kidney.

Innate immunity toll-like receptors (TLR) are involved in the pathogen recognition

and ROS may mediate its initiation and function. Efforts must be made to identify

the precise contribution of these factors in infection process in order to clarify the

mechanisms associated with kidney disease. This will certainly lead to discovery of

therapeutic strategies in the future.

Keywords Reactive oxygen species � Urinary tract infection � Pyelonephritis
� Sepsis � Toll-like receptor � Antioxidant

1 Introduction

Reactive oxygen species (ROS) are formed as a result of physiologic cellular

metabolism, and a homeostatic balance exists between the formation of ROS and

their removal by antioxidant scavenging compounds [1]. Oxidative stress occurs

when this balance is disrupted by excessive production of ROS, including superoxide,

hydrogen peroxide and hydroxyl radicals, and by inadequate antioxidative defenses,
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including superoxide dismutase (SOD), catalase, vitamins C and E, and reduced

glutathione (GSH). These conditions occur in infection and in sepsis [2].

Plasma membrane–associated oxidases have been implicated as the abundant

sources of growth factor or cytokine stimulated oxidant production. The best

characterized plasma membrane oxidases is the phagocytic nicotinamide adenine

dinucleotide phosphate (NADPH) oxidase, which serves a specialized function in

phagocytic cells for host defense against invading microorganisms. A variety of

cytokines and growth factors that bind receptors of different classes have been

reported to generate ROS in nonphagocytic cells, including kidney cells.

This chapter reviews the current knowledge of how oxidative stress may be

involved in infection of the kidney.

2 Host–Pathogen Interaction and Oxidative Stress

Host–pathogen interaction results in a variety of responses, which include phago-

cytosis of the pathogen, release of cytokines, secretion of toxins, as well as

production of ROS. Although ROS are essential for signal transduction, when

produced in excess amount, they may contribute to the pathogenesis of many

diseases. It is widely recognized that oxidative stress is an important feature

of many diseases, including host–pathogen interaction.

It is now well established that ROS generated by leukocytes have bactericidal

activity [3]. Additional reactive oxygen metabolites are formed as a result of

the metabolism of hydrogen peroxide by neutrophil-derived myeloperoxidase

(MPO) to produce highly reactive toxic products, including hypochlorous

acid. MPO reacting with hydrogen peroxide forms an enzyme substrate complex

that can oxidize various halides to produce highly reactive toxic products. Because

of the wide distribution of chloride ion in biologic systems, the formation of hypo-

chlorous acid is probably one of the most significant products during infection [4–6].

Recent studies have indicated that many pathogens exert control and regulate

apoptosis in the host. Apoptosis may be induced upon infection, which results from

a complex interaction of pathogen proteins with cellular host proteins. Inhibition of

host cell to apoptosis is often beneficial for the pathogen and results in a successful

host invasion to ensure the survival of the pathogen and may establish latent

infection. However, in some cases, induction of apoptosis in the infected cells

significantly protects the host from the pathogen. There is a strong correlation

between apoptosis and the host protein translation machinery, including oxidative

stress, and this requires future understanding [7].

3 Infection and ER Stress

The endoplasmic reticulum (ER) is a membrane-bound intracellular organelle

involved in lipid and protein biosynthesis. The ER is a well-orchestrated protein-

294 C.-W. Yang



folding machinery composed of protein chaperones, catalyzes for protein folding,

and sensors that detect misfolded or unfolded proteins. The accumulation

of unfolded proteins in the ER represents a cellular stress induced by multiple

stimuli and pathological conditions. These include hypoxia, oxidative injury, high-

fat diet, hypoglycemia, protein inclusion bodies, and infection. ER stress

triggers unfolded protein response (UPR) in which a conserved series of signal-

transduction events occur to ameliorate the accumulation of unfolded proteins in

the ER. However, when these events are severe or protracted, they can induce cell

death [8].

Accumulating evidence suggests that protein folding and generation of ROS as a

by-product of protein oxidation in the ER are closely linked events. Activation of

the UPR on exposure to oxidative stress is an adaptive mechanism to preserve cell

function and survival. These include changes in intraluminal calcium, altered

glycosylation, nutrient deprivation, pathogen infection, expression of folding-

defective proteins, and changes in redox status. Persistent oxidative stress and

protein misfolding initiate apoptotic cascades and are now known to play predomi-

nant roles in the pathogenesis of multiple human diseases, including diabetes,

atherosclerosis, neurodegenerative diseases, and infection [9].

As the recognition of an association between ER stress and human diseases

increases and the understanding of the diverse underlying molecular mechanisms

improves, novel targets for drug discovery and new strategies for therapeutic interven-

tion are ready to emerge.

4 Oxidative Stress in Urinary Tract Infection

4.1 Urinary Tract Infection

Oxidative stress is widely recognized as an important feature of urinary tract

infection. Urinary tract infections may appear from asymptomatic bacteriuria to

urosepsis. The infection may induce severe inflammation, transient impairment in

renal function, and scar formation, ranging in severity from acute symptomatic

pyelonephritis to chronic pyelonephritis. A variety of oxidation products are found

in urine and thought to mirror local and systemic oxidative stress [10, 11].

Following infection, phagocytes (macrophages and polymorphonuclear

neutrophils) may accumulate at the site of infection; these cells are known to

produce ROS. The inflammatory response during urinary tract infection consists

of three principal steps: (a) uroepithelial cell activation with transmembrane sig-

naling, resulting in the production of inflammatory mediators; (b) attraction of the

innate immune cells to the infectious focus; and (c) local destruction and elimina-

tion of the invading bacteria, mediated by the generation of ROS or the release of

preformed antimicrobial peptides [12].
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4.1.1 Lipid Peroxidation and Urinary Tract Infection

Lipid peroxidation is one of the most important expressions of oxidative stress

induced by ROS. It was observed that malondialdehyde (MDA), an indicator of

lipid peroxidation levels, was increased while catalase and SOD activities were

decreased in positive urine cultures for infecting microorganisms includes Escher-
ichia coli, Proteus mirabilis, Klebsiella pneumoniae, Candida spp, Staphylococcus
saprophyticus, and Pseudomonas aeruginosa compared to negative cultures [13].

This possible damage by ROS can be prevented by the endogenous antioxidant

enzymes such as SOD and catalase [14, 15].

In diabetic patients with urinary tract infection, decreased antioxidant capacity

and the increased levels of lipid peroxidation were profoundly high. It is suggested

that urinary tract infection aggravates the oxidative stress in diabetic patients,

therefore, these patients may need antioxidant treatment [16].

4.1.2 Inducible NOS in Urinary Tract Infection

Expression of inducible nitric oxide synthase (iNOS) following inflammation or

infection acts as a pivotal component of the host immune response against

virulent pathogens [17]. In rodent macrophages and neutrophils, iNOS has been

reported to produce large quantities of nitric oxide (NO) that can modulate immune,

inflammatory, and cardiovascular responses [18, 19]. However, the production

of NO may lead to reaction with the superoxide anion to form peroxynitrite

anion, which is a highly toxic molecule that leads to DNA damage and protein

modification [20].

4.1.3 Urinary Tract Infection, Oxidative Stress, and Carcinogenesis

Urinary tract infection, when associated with increased oxidative stress in the

bladder, may increase the incidence of bladder cancer. Treatment with killed E.
coli or lipopolysaccharide (LPS), a major cell wall component of E. coli, had a

tumor-enhancing effect when treated together with N-methyl-N-nitrosourea. The
enhancing effects were associated with a marked increase in the numbers of

polymorphonuclear leukocytes and an increase in the hydrogen peroxide concen-

tration in the bladder lumen. This result indicated that oxidative stress in uroepithe-

lium exposed to carcinogen and a proliferative response to the inflammatory

stimulation by LPS appeared to play a significant role in tumor enhancement [21].

4.1.4 Antioxidant for Urinary Tract Infection

Among various sources of antioxidants, cranberries are a powerful source

of high-quality antioxidants [22] and cranberries are effective not only in the preven-

tion of urinary tract infection but also for the prevention of oxidative stress [23].
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4.2 Pyelonephritis

Pyelonephritis is the most common urinary tract infection in females and is the

result of an inflammatory process in the renal parenchyma, which may occur as a

result of excessive ROS or impaired antioxidant capacity produced by infecting

micro-organisms.

A clear correlation between extent of ROS generation and subsequent lipid

peroxidation and DNA damage in kidneys was observed during pyelonephritis.

Administration of antioxidants, SOD, catalase, and dimethylsulfoxide significantly

reversed the histopathologic changes, reduced the extent of lipid peroxidation in

renal brush border membrane, and also reversed the altered enzyme activities to

near normal [24].

In a model of acute pyelonephritis induced by P. aeruginosa, increase

production of ROS in urine, bladder, and renal tissue following infection was

observed, which correlated with bacterial load, neutrophil recruitment, and MDA.

Treatment of mice with N-acetylcysteine (NAC), a potent antioxidant, lead to

significant amelioration of oxidative stress and subsequent decrease in bacterial

titer, neutrophil influx, MDA, as well as tissue pathology, highlighting the impor-

tant role of free radicals in P. aeruginosa–induced pyelonephritis [25].

In pyelonephritic rats with elevated serum tumor necrosis factor-alpha (TNF-a),
lactate dehydrogenase (LDH), serum urea nitrogen (BUN), and creatinine

levels, melatonin treatment reversed all these biochemical indices, as well as

histopathologic alterations induced by acute pyelonephritis. The protective effects

of melatonin can be ascribed to its ability to inhibit neutrophil infiltration, to

balance the oxidant–antioxidant status, and to regulate the generation of inflamma-

tory mediators, suggesting a future role for melatonin in the treatment of acute

pyelonephritis and the rationale in treating pyelonephritis with antioxidant and in

reducing the cellular infiltration [26].

These results clearly suggest that interaction of ROS with various cellular

organelles in kidneys has a significant deleterious effect, and this could be the

underlying mechanism for renal dysfunction in pyelonephritis.

5 Oxidative Stress in Sepsis Kidney

Dysregulation of the immunoinflammatory response, as seen in sepsis, may

culminate in host cell and organ damage. LPS from Gram-negative bacterial cell

walls induces gene activation and subsequent inflammatory mediator expression.

Infection-induced activation of phagocytes is associated with oxidative stress, not

only because ROS are released but also because activated phagocytes may also

release pro-oxidant cytokines, such as TNF, and interleukin-1 (IL-1). Gene

activation is regulated by a number of transcription factors at the nuclear level, of

which nuclear factor kB (NFkB) appears to have a central role. In sepsis, a state
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of severe oxidative stress is encountered, with host endogenous antioxidant

defenses overwhelmed.

In sepsis, there are several potential sources of ROS, including the mitochondrial

respiratory electron transport chain, xanthine oxidase activation as a result of

ischemia and reperfusion, the respiratory burst associated with neutrophil

activation, and arachidonic acid metabolism. Activated neutrophils produce super-

oxide as a cytotoxic agent as part of the respiratory burst via the action of

membrane-bound NADPH oxidase. Neutrophils also produce the free radical nitric

oxide, which can react with superoxide to produce peroxynitrite, a powerful

oxidant, which may decompose to form the hydroxyl radicals. During oxidative

stress, damage mediated by ROS can occur. Oxidation of DNA and proteins may

take place, along with membrane damage, because of lipid peroxidation, leading to

alterations in membrane permeability, modification of protein structure, and

functional changes. Oxidative damage to the mitochondrial membrane can also

occur, resulting in membrane depolarization and the uncoupling of oxidative

phosphorylation, with altered cellular respiration [27].

Endotoxemia-induced sepsis has been frequently studied in the rat model by

LPS administration [28]. LPS causes enhanced formation of ROS, which are

produced by the increased inflammatory infiltrates and damaged resident cells

[29, 30], and finally contributes to multiple organ dysfunction syndrome.

Endotoxemia results in a rapid, but transient, decline in the expression of both

mRNA and protein of Cu/Zn-SOD as well as an increase in the expression of

the mRNA of Mn-SOD in the kidney. Endotoxemia for 6 h also caused hypoten-

sion, acute kidney injury, hepatocellular injury, pancreatic injury, and an increase

in the plasma levels of nitrite/nitrate [31].

Septic shock, systemic inflammatory response syndrome (SIRS), and acute

respiratory distress syndrome (ARDS) are mainly due to endotoxemia. The vascular

pathology of sepsis/SIRS and ARDS is initiated through the uncontrolled

production of ROS, characterized by disordered vascular control, systemic hypo-

tension, and peripheral vasodilation refractory to intravascular volume resuscitation

and vasopressor therapy [32].

In animal models of critical diseases, antioxidant therapy was shown to

reduce mortality. Treatment with SOD mimetics, which selectively mimic the

catalytic activity of the human SOD enzymes, have been shown to prevent

in vivo shock and the cellular energetic failure associated with shock [33].

On the other hand, ischemic proximal tubular injury primes mice

to endotoxin-induced TNF-a generation and systemic release. Under modest

ischemia reperfusion injury and in vitro, HK-2 cell mitochondrial inhibition

dramatically sensitized the kidney proximal tubule cells to LPS-mediated TNF-a
generation and increases in TNF-a mRNA. It is of interest that ischemia itself

can “prime” tubules to LPS response(s) and thus could have potential important

implications for sepsis syndrome, concomitant renal ischemia, and for induction

of acute kidney injury [34].

Despite intense research into potential treatments by antioxidants, the

associated development of acute kidney injury and the incidence of sepsis
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mortality remain high. Targeting the inflammatory response and sepsis-induced

alterations in themicrocirculation are therapeutic strategies.Modulating the down-

stream mechanisms responsible for organ system dysfunction provides another

approach. Activation of iNOS during sepsis leads to increased NO levels that

influence renal hemodynamics and cause tubular injury through the local genera-

tion of reactive nitrogen species and peroxynitrite. In many organs iNOS is not

constitutively expressed; however, it is constitutively expressed in the kidney. In

humans, a relationship between the upregulation of renal iNOS and proximal

tubular injury during systemic inflammation has been demonstrated [35]. Various

animal studies have demonstrated that selective iNOS inhibition attenuates sepsis-

induced renal dysfunction and improves survival. Therefore, the selective inhibition of

renal iNOS might have important implications for the treatment of sepsis-induced

acute kidney injury that warrants investigation in human clinical trials [36]. It can be

anticipated that the measurement of a cluster of assays representative of the quantifi-

cation of reactive species or of antioxidants may improve the usefulness of therapeutic

intervention and increase knowledge of pathophysiological alterations [37].

6 Toll-Like Receptor and Oxidative Stress

Oxidants play an important role in inflammation and pathology; however, little is

known how oxidants are sensed and propagate inflammation. Several lines of

evidence show that exogenous oxidants are sensed by the Toll-like receptor

(TLR), thereby initiating inflammatory processes [38–40].

6.1 Recognition of Exogenous and Endogenous Ligands
by Toll-Like Receptors

Members of the TLR family play key roles in innate immunity and connect to

adaptive immune responses [41]. These receptors are capable of directing innate

immune response to diverse pathogen-associated molecular patterns such as bacte-

rial lipopeptide, LPS, viral RNA, CpG-containing DNA, and flagellin [42]. TLRs

are also able to mediate responses to endogenous molecules. To date, evidence has

shown that TLRs are involved in the development of many pathological conditions,

including infectious diseases, tissue damage, autoimmune, neurodegenerative dis-

eases, and cancer. At least ten members of the TLR family have been identified in

humans [42]. Currently the best understood are TLR2, which recognizes bacterial

lipoteichoic acid and peptidoglycan [43]; TLR4, which binds LPS [44]; TLR5,

which binds bacterial flagellin [45]; and TLR9, which recognizes unmethylated

bacterial CpG DNA [46].
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There is strong evidence of a role for TLR2 andTLR4 in renal ischemia-reperfusion

injury, with the effects probably mediated by endogenous ligands. In systemic lupus

erythematosus (SLE), stimulation of TLR7 and TLR9 by host-derived nucleic acids is

important. TLR7 stimulation exacerbates disease, but the role of TLR9 is complex.

In autoimmune glomerular disease, endogenous ligands for TLR7 and TLR9 are

crucial in the loss of tolerance to autoantigens in SLE [47].

6.2 ROS and Toll-Like Receptor Activation

Activation of TLR triggers downstream pathways for activation of inflammation.

ROS has been detected as a ligand of TLR or the component of TLR downstream

pathways [39] (Fig. 1). TLR2 is essential for the sensing of oxidants during

inflammation. The cells “sense” soluble oxidants, which is translated into an

inflammatory reaction. Oxidants evoked the release of CXCL8 from monocytes/

macrophages, and this was abrogated by pretreatment with NAC or binding anti-

bodies to TLR2 [39]. Oxidants added to HEK293 cells transfected with TLR2,

TLR1/2, or TLR2/6 but not TLR4/MD2-CD14 or control HEK nulls resulted in the

release of CXCL8. In animals, TLR2(�/�) mice did not respond to oxidant

challenge. Therefore, there is evidence that oxidant-TLR2 interactions provide a

Fig. 1 Participation of oxidative stress in kidney cell injury related to Toll-like receptor (TLR), in

response to exogenous and endogenous stimuli. ROS reactive oxygen species; TLR Toll-like

receptors; NFkB nuclear factor kB
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signal that initiates the inflammatory response in vitro and in vivo. TLR2 alone or in

association with TLR1 or TLR6 is required for the induction of CXCL8 release by

oxidants. Furthermore, TLR2 was required for oxidant-induced inflammation

in vivo [39].

ROS production after vascular injury was attenuated in TLR2 knockout mice

compared with control mice. These findings suggested the regulation of vascular

inflammation in injured vessels and the vascular injury–mediated cytokine expres-

sion, ROS production, as well as subsequent neointimal formation, which requires

TLR2-mediated signaling pathway in vivo [48].

Emerging evidence suggests that ROS contribute to LPS-induced cascade and

give diverse signaling pathways. TLR4 was shown to induce or upregulate a variety

of gene products. Purified E. coli LPS, a highly specific TLR4 agonist, elicited an

oxidative burst in the monocyte-like cell line in a time- and dose-dependent manner

(Fig. 2). This oxidative burst was shown to be dependent on the presence of TLR4

through transfection studies in HEK cells, which do not normally express this

protein, and with bone marrow–derived macrophages from C3H/HeJ mice, which

express a mutated TLR4 protein. LPS-stimulated IL-8 expression and could be

blocked by the antioxidants N-acetylcysteine and dimethyl sulfoxide at both the

Fig. 2 Reactive oxygen species (ROS) participate in the lipopolysaccharide (LPS) activation of

inflammatory mediator expression. NFkB nuclear factor kB; IkB inhibitor of NFkB; MAPK
mitogen-activated protein kinases; IL interleukin
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protein and mRNA levels. These antioxidants also blocked LPS-induced IL-8

promoter transactivation as well as the nuclear translocation of NFkB. These data
provide evidence that ROS regulate immune signaling through TLR4 via their

effects on NFkB activation [49]. In summary, ROS are actively involved in the

regulation of TLR-related pathways in response to exogenous stimulation produced

from micro-organisms.

7 Conclusion

In the past, reactive oxygen and reactive nitrogen species were mainly known as

harmful agents, but recent investigations have given new insight into the patho-

physiologic importance of these substances. In fact, ROS may also serve as

powerful messenger molecules involved in gene regulation, thereby enabling the

synthesis of cytokines or adhesion molecules necessary for defending inflammatory

processes as occurs in innate immunity.

In conclusion, ROS are involved in cell signaling and kidney injury in infection.

Efforts must be made to identify the precise contribution of these factors in

infection process in order to clarify the mechanisms associated with the disease.

This will certainly lead to discovery of therapeutic strategies that can help mitigate

ROS activation in infection of the kidney.
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Chapter 15

Oxidative/Carbonyl Stress in the Renal

Circulation and Cardiovascular Renal Injury

Takefumi Mori, Toshio Miyata, and Sadayoshi Ito

Abstract Both clinical and animal studies have demonstrated that oxidative

and carbonyl stress are involved in the pathogenesis of hypertension, diabetes,

and chronic kidney disease (CKD). Not only does direct biochemical action cause

renal injury, but oxidative/carbonyl stress also participates in the physiological role

on sodium homeostasis and regulation of blood pressure. The physiological role of

oxidative stress relies on the balance between nitric oxide (NO) and reactive oxygen

species (ROS). The balance between NO and ROS regulates renal medullary

circulation and regulates blood pressure. In physiological conditions, NO is largely

produced in the tubules and diffuses into the surrounding capillaries such as the

vasa recta. These NO can be counter-balanced by the ROS produced in the tubules

of renal medulla such as the medullary thick ascending limb. This tubulovascular

NO crosstalk in the medulla regulates medullary blood flow (MBF). Reduction of

MBF with reduction of NO and increased ROS increases sodium reabsorption and

thereby develops hypertension. This is one of the mechanisms of salt-sensitive

hypertension seen in Dahl-salt sensitive rats. Since oxygen tension of renal medulla

is flow limited, reduction of renal MBF induces hypoxia as well as ischemia.

Therefore, the outer medulla is an early target for enhanced oxidative stress, such

as in hypertension and diabetes. Enhanced oxidative/carbonyl stress is also

involved in insulin sensitivity, which is a key pathogenesis of CKD and metabolic

syndrome. An increase in renal perfusion pressure results in the enhanced expres-

sion of molecules related to oxidative stress, inflammation, and wound healing.

These mechanisms may had an advantage for lifestyle in ancient days but have

become a silent killer in modern culture. This paradigm shift of antiaging could

explain why oxidative/carbonyl stress is enhanced in modern lifestyle diseases.
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1 Introduction

Chronic kidney disease (CKD) is a risk factor of cardiovascular disease (CVD),

as suggested by clinical studies, independent of classical risk factors such as

hypertension, hyperlipidemia, and diabetes [1, 2]. Thus, diagnosis and treatment

of CKD are important not only for renal injury but also other organs such as heart,

brain, and vasculature. Since glomerular filtration rate (GFR) can be gradually

reduced over time, any person could reach a level of CKD without any specific

diagnosis of other renal disease. Reduction rate of GFR could be enhanced by

hypertension, diabetes, and other glomerular diseases. Thus, the major purpose of

the treatment of CKD could be an anti-aging of renal function and protection from

additional diseases. Interestingly, even in those with normal renal function or no

history of hypertension or diabetes, microalbuminturia is an independent risk factor

of both cardiovascular and noncardiovascular events and death, similar to a level of

those with hypertension and diabetes [3, 4]. However, the mechanism that could

completely explain the connection between albuminuria and CVD has not yet

been explored.

Hypertension and diabetes are the major diseases that could cause both CKD

and CVD. Among many pathways involved in hypertension and diabetes, oxidative/

carbonyl stress plays an important role in the pathogenesis of these diseases [5–7].

Oxidative/carbonyl stress has been demonstrated to be involved in the pathogenesis of

CKD [7, 8]. However, in many studies, oxidative stress has been demonstrated to

induce many molecules and pathways that are related to cellular injury and apoptosis

[5–8]. Besides these actions, oxidative/carbonyl stress could participate in the physio-

logic role of renal and vascular function. In this chapter, the focus will be on

the connection between the pathophysiological role of oxidative/carbonyl stress

in CVD and CKD.

2 Physiological Role of Oxidative/Carbonyl Stress

in the Regulation of Renal Function and Blood Pressure

Oxidative/carbonyl stress is involved in the pathogenesis of renal injury in many

animal models such as remnant kidney model, ischemia reperfusion model, Thy-1

nephritis model, OLETF models, angiotensin II infused models, spontaneously

hypertensive rats (SHR) and Dahl salt sensitive (Dahl S) rats. For example,

306 T. Mori et al.



Nishiyama et al. [9] gave superoxide dismutase (SOD) mimetic TEMPOL

(hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl) orally to Dahl S rats with high

salt diet and compared that to those of rats treated with hydralazine. Both

TEMPOL and hydralazine reduced blood pressure to a similar level and reduced

glomerular injury and proteinuria. However, TEMPOL reduced further proteinuria

compared to hydralazine, indicating that oxidative stress participates in the renal

injury independent of blood pressure [9]. Moreover, renal injury of ischemia

reperfusion model was reduced in rats with overexpressed glyoxalase I, where

carbonyl stress is reduced by the reduction of methylglyoxal (MGO) [10].

Superoxide, a molecule that initiates oxidative stress, is produced in the kidney.

Zou et al. [11] determined the source of superoxide in each segments of the

kidney in normal Sprague-Dawaley rats. Nicotinamide adenine dinucleotide

(NADH) oxidase and mitochondrial enzyme activity for superoxide production

was the major source of superoxide production. In contrast, nicotinamide adenine

dinucleotide phosphate (NADPH) and xanthine oxidase were minor. NADH

oxidase mediated superoxide production was higher in both cortex and outer

medulla compared to those of inner medulla. Mitochondrial enzyme activity for

superoxide production was highest in the outer medulla. Thus, outer medulla is the

region that enzymatic production of superoxide is high.

In contrast to the direct action to renal injury, pathophysiological role of

oxidative stress to the renal function and regulation of blood pressure has also

been determined [12–14]. In rat model of hypertension such as SHR and Dahl S

rats, oxidative stress played a role in the regulation of blood pressure.

Hypertension of both angiotensin II–infused rats or SHR was attenuated in

rats treated with intravenous infusion of SOD mimetic TEMPOL, suggesting that

superoxide was responsible for development of hypertension [13, 14]. Welch et al.

[15] have demonstrated that tubuloglomerular feedback (TGF) is blunted when

TEMPOL was microperfused into efferent arteriole of SHR rats, indicating that

superoxide is responsible for TGF.

The physiological role of oxidative stress to the development of hypertension

and renal circulation was well determined in Dahl S rats [12, 16, 17].Meng et al. [18]

demonstrated that oxidative stress indicated by urinary excretion of prostaglandin

F2a was increased in Dahl S rats compared to those of control Dahl salt resistant

(Dahl R) rats. This was associated with the decease of SOD in the kidney of Dahl S

rats than Dahl R rats. Production of superoxide was determined in homogenized

renal tissue using lucigenin chemiluminescence and was enhanced when Dahl S

rats were treated with a high salt diet. Treatment with intravenous infusion of

TEMPOL reduced the blood pressure of high salt–fed Dahl S rats without alteration

of total renal blood flow and GFR and decreased glomerulosclerosis and proteinuria

[12]. These results indicate that superoxide is responsible for pathogenesis of CKD

and hypertension in Dahl S rats. Role of oxidative stress in the renal medulla in

Dahl S rat was also determined. Higher expression of NAD(P)H oxidase mRNAwas

observed in the renal outer medulla of Dahl S rats as compared to those of SS13BN

rats, a rat model in which chromosome 13 of normotensive BrownNorway rats were

introgressed into Dahl S background and salt sensitivity of blood pressure was
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reduced [19]. Taken together with the result that enzymatic production of superoxide

is highest in the outer medulla, superoxide seems to participate in the regulation of

renal medullary circulation.

To determine the role of superoxide to the medullary circulation, SOD inhibitor

diethyldithiocarbamic acid (DETC) or TEMPOL was directly infused into the renal

medullary interstitial space from a small implanted catheter (Table 1). Local blood

flow was determined through an implanted optical fiber attached to a laser Doppler

flowmeter.WhenDETCwas infused and superoxide increased in the renal medulla of

anesthetized Sprague Dawley (SD) rats, reduction ofmedullary blood flow(MBF) and

sodium excretion was observed independent of cortical blood flow (CBF) [11].

In contrast, renal interstitial infusion (r.i.) of TEMPOL and decreased renal medullary

superoxide resulted in the increase of MBF and sodium excretion. These results

suggest that superoxide is responsible for medullary circulation and sodium excretion

[11]. Makino et al. have infused DETC in SD rats from a chronically implanted

catheter in the medulla. An increase in outer medullary superoxide was confirmed

by fluorescent indicator dihydroethidium applied to an interstitial fluid corrected by

microdialysis technique. Chronic RI of DETC, which increased renal superoxide in

SD rats, reducedMBF and showed sustained hypertension [20]. These results indicate

that superoxide in the renal interstitial fluid could play a role in the regulation ofMBF.

The physiological role of superoxide in the development of hypertension was

also determined and compared between Dahl S rats and SS13BN rats. As described

earlier, SS13BN rat is a consomic rat in which chromosome 13 of Brown Norway

rats were introgressed into Dahl S rat background. SS13BN rats had a lower

response of blood pressure to a high-salt diet and less renal interstitial fibrosis

compared to those of Dahl S rats [19]. The allele difference between Dahl S rats vs.

SS13BN rats with a genome-wide scan using 265 polymorphic simple sequence

length polymorphism markers was less than 2%, while that between Dahl S and

Dahl R rats was approximately 30% [21]. Thus, SS13BN rats were used for specific

control for Dahl S rats in regard to salt-sensitive hypertension and renal injury

research. In spite of comparable genetic backgrounds, Dahl S rats exhibit higher

Table 1 Role of nitric oxide (NO) and superoxide on renal circulation, sodium reabsorption and

blood pressure

Infusion Microdialysis MBF CBF UNa BP

L-NAME r.i. (SD) NO # # – # "
DETC r.i.(SD) O2

� " # – # "
H2O2 r.i. (SD) H2O2 " # – # "
Catalase r.i. (DahlS +HS) H2O2 – – – –

Tiron r.i. (Dahl +HS) O2
� – – – –

AngII i.v.(SD) NO " – – –

AngII i.v.(SD) +L-NAME(SD) NO� # – # "
AngII i.v. (Dahl S) NO # – "
Responses to renal and intravenous infusion of drugs were summarized. MBF medullary blood

flow; CBF cortical blood flow; UNa sodium excretion; BP blood pressure; r.i., renal interstitial
infusion; AngII angiotensin II; HS high salt diet
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renal medullary oxidative stress, which is involved in the salt sensitivity of blood

pressure and renal injury. Renal medullary superoxide level determined with

microdialysis method and tissue homogenate was higher in Dahl S rats compared

to SS13BN rats. Increased superoxide level in Dahl S rats was reduced by NAD(P)H

oxidase inhibitor diphenylene iodonium. A mitochondrial uncoupler, dinitrophenol,

eliminated the remaining superoxide production, but not with xanthine oxidase,

nitric oxide (NO) synthase, and cycloxygenase inhibitors [17]. As is similar to

SD rats, these results suggests that NADPH oxidase and mitochondrial enzyme

were responsible for production of superoxide in the outer medulla. Interestingly,

the level of L-arginine and nitric oxide synthase (NOS), SOD, catalase, and gluta-

thione peroxidase activities was not different between Dahl S and SS13BN rats.

NAD(P)H oxidase inhibitor apocynin chronically infused into the renal medullary

interstitial space inhibited the blood pressure response to high salt diet [17].

Therefore, NAD(P)H oxidase plays a major role in production of superoxide in

the outer medulla and salt-sensitive hypertension.

Role of NO to the development of hypertension was also determined. In SD rats,

NOS activity was higher in the renal inner medulla (26 times higher than cortex)

and outer medulla (4 times higher) compared to that of cortex [22]. In addition,

NOS activity was high in the inner medullary collecting duct (IMCD), vasa recta,

and medullary thick ascending limbs. There are differences in NOS isoforms

expressed in each segments: NOS I (nNOS) is expressed in thick ascending limb,

collecting ducts, glomeruli, vasa recta, and particularly heavily in the macula densa;

NOS II (iNOS) is expressed in the thick ascending limb, collecting ducts, and S3

region of proximal tubules; NOS III (eNOS) is expressed in thick ascending limb,

collecting ducts, glomeruli, and vasa recta [22, 23]. Nitric oxide has been shown to

be involved in the myogenic response and TGF as a glomerular function [24]. It has

also been shown to participate in the regulation of medullary circulation and

development of hypertension. Acute renal medullary interstitial infusion of NOS

inhibitor L-NAME (NG-nitro-L-arginine methyl ester) reduced MBF without

altering CBF and decreased sodium excretion [25]. Chronic infusion of L-NAME

into renal medulla reduced MBF independent of CBF and resulted in sustained

hypertension [26]. Thus, renal NO no doubt plays a role in medullary circulation.

A subpressor dose of intravenous infusion of angiotensin II does not alter MBF

or CBF. However, when a small subpressor dose of L-NAME was preinfused with

the same dose of angiotensin II, reduction of MBF was observed in both acute and

chronic studies [27, 28]. As summarized in Table 1, an increase in blood pressure

was observed when subpressor dose of angiotensin II was intravenously infused

with renal medullary interstitial infusion of a subpressor dose of L-NAME,

indicating that NO was protecting against reduction of MBF with physiological

dose of angiotensin II [28]. An increase of NO in the microdialysate of the renal

medulla was observed after acute intravenous infusion of angiotensin II [27]. These

results suggest that NO is produced in the interstitium of renal medulla and is

responsible for MBF and development of hypertension [29].

How does the NO and superoxide get produced and where does it act? The role

of superoxide and NO in the renal medulla was determined using microdissected
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isolated thin tissue strips and florescent indicators. Angiotensin II stimulates

NO production in medullary thick ascending limb of SD rats. It has been shown

that NO can diffuse into pericytes of vasa recta. Nitric oxide participates in the

dilation of pericyte and thereby may increase MBF [30]. TEMPOL increased NO in

the vasa recta and attenuated the vasoconstriction with angiotensin II [30].

As shown in Table 1, angiotensin II stimulates both superoxide and NO production

in medullary thick ascending limb [31–33]. Interestingly, NO and superoxide can

diffuse into the pericyte of vasa recta. Since angiotensin II failed to increase NO and

superoxide directly in the vasa recta, tubular NO and superoxide were the main free

radical sources for the MBF response to angiotensin II [31, 32]. Consistent to the

in vivo studies, superoxide response to angiotensin II in the medullary thick

ascending limb was inhibited by diphenilene iodonium (DPI) and apocynin and

confirmed that NADPH oxidase was responsible for superoxide production [32].

Diffusion of NO was enhanced when superoxide was reduced by TEMPOL.

In contrast, superoxide cannot diffuse normally in the outer medulla of SD rats;

however, when a NO scavenger carboxy-PTIO was applied, superoxide produced in

the medullary thick ascending limb was able to diffuse into vasa recta [32]. These

results suggest that NO and superoxide counteract each other for diffusion in the

outer medulla. This tubulovascular cross-talk of the free radicals plays an important

role in the regulation of MBF and development of hypertension (see Table 1 and

Figure 1) [8, 29]. Diffusion of NO in response to angiotensin II is dominant in

normotensive SD rats and SS13BN rats, while superoxide is dominant in Dahl S rats

[33]. Not only angiotensin II but solutes such as sodium and glucose are responsible

Vasa recta

Thick
ascending
limb

Angiotensin II, Salt, Glucose

Blockade of NO diffusion

Hypertension

Medullary
blood flow Na reabsorption

Stimulation of
Na transport

ROS

Fig. 1 Physiological role of

oxidative stress in the renal

medulla. Both nitric oxide

(NO) and superoxide diffuse

from tubules to the vasa recta

and regulate medullary blood

flow (MBF). Diffusion of NO

was attenuated by enhanced

oxidative stress, which is seen

in Dahl salt sensitive rats
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for superoxide production in the medullary thick ascending limb [34, 35]. Since

blockade of sodium exchangers or pumps could inhibit the superoxide production

by these solutes, metabolic rate and transport seem to be responsible for the

induction of oxidative stress in this region [35].

In addition to superoxide, hydrogen peroxide has been shown to participate in the

regulation of MBF. Chen et al. [36] infused hydrogen peroxide directly into the

interstitial space of renal medulla and observed a reduction of MBF and sodium

excretion in anesthetized rats. Chronic infusion of hydrogen peroxide into the renal

medulla through a small chronically implanted catheter in SD rats also reduced MBF

and resulted in sustained hypertension [37]. Renal medullary hydrogen peroxide is

increased in Dahl S rats compared to those of control SS13BN rats [38].Reduction of

renalmedullary hydrogen peroxidewith renalmedullary infusion of catalase intoDahl

S rats attenuated salt sensitivity of hypertension [38].

Other than regulation of MBF, oxidative stress in the renal medulla contributes

to the direct action of tubular transport. This was determined using isolated tubules.

NO reduced NaCl reabsorption in both proxymal tubules and the thick ascending

limb [39, 40]. When L-NAME was added to the chamber of the isolated perfused

thick ascending limb, NaCl absorption was increased [40]. In contrast, both super-

oxide and hydrogen peroxide increased NaCl reabsorption in the thick ascending

limb [41]. Ortiz and Garvin perfused TEMPOL into the luminal side of the thick

ascending limb and demonstrated that NaCl reabsorption was reduced [41]. These

results suggest that oxidative stress is responsible for direct tubular NaCl transport.

The plasma level of MGO, a dicarbonyl compound derived from glycolysis

pathway that initiates carbonyl stress, is increased in patients with CKD, regardless

of diabetes [42]. Carbonyl stress is involved in the pathogenesis of CKD and uremia

[5, 42]. As described above, renal injury of ischemia reperfusion model was

attenuated in rats with overexpressed glyoxalase I, which metabolizes MGO [10].

Increased plasma level of MGO was observed in remnant kidney rats and chronic

Thy-1 nephritis rats (unpublished observation). Nakayama demonstrated in an

in vitro study, using electron resonance spin-trapping method, that large amounts

of reactive radicals are formed by hydrogen peroxide and MGO, suggesting

the interaction between carbonyl and oxidative stress [43]. Thus, the role of the

interaction between oxidative and carbonyl stress in the pathogenesis of CKD

has been determined, as demonstrated in Table 2. Salt sensitivity of hypertension

Table 2 Carbonyl stress induces salt sensitivity and insulin resistance

Renal

CEL

Renal 30

nitrotirosine

Urinary

TBARS

Salt sensitive

hypertension

Insulin

resistance

MGO + + + +

Salt + +

MGO+ salt + ++ ++ +

+ indicates increase in each parameters

Immunohistochemical analysis of renal carbonyl/oxidative stress was determined. Salt sensitivity

was determined by the blood pressure difference between normal salt diet and high salt diet.

Insulin sensitivity was determined with glucose clamp technique

15 Oxidative/Carbonyl Stress in the Renal Circulation 311



and insulin resistance is commonly seen in CKD. Although an 8% salt diet does not

significantly influence blood pressure in SD rats, when 1% MGO, a dose that does

not influence blood pressure, was added to drinking water, it increased blood

pressure [44]. This result suggests that MGO enhanced salt sensitive hypertension.

When SD rats were treated with high-salt diet, it was demonstrated that renal

oxidative stress was increased [45]. A further increase in renal oxidative stress,

especially in the outer medulla, was observed when 1%MGOwas given in drinking

water with high-salt diet. One percent MGO in drinking water was used because

this was the dose that increased plasma level of MGO (approximately ten times)

and was equivalent to those of CKD stage 5. Since an increase in oxidative stress in

the renal medulla causes a reduction of MBF and salt sensitivity of hypertension, as

described above, carbonyl stress could interact with oxidative stress and participate

in the salt sensitivity of hypertension [44].

It has been demonstrated that carbonyl stress was also involved in insulin

resistance, which is also commonly observed in CKD. Sprague Dawley rats were

given 1%MGO in drinking water and insulin sensitivity was determined by glucose

clamp technique [44]. MGO reduced salt sensitivity, which was completely

recovered by treatment of either N-acetyl cysteine (NAC) or TM2002, which can

inhibit both carbonyl stress and oxidative stress. These results indicate that

increased carbonyl stress in the CKD also plays a role in metabolic disturbances

such as insulin resistance.

Increased renal hydrogen peroxide in Dahl S rats may also interact with carbonyl

stress. In Dahl S rats, 1% MGO in drinking water increased blood pressure and

cardiovascular–renal injury (unpublished observation). Enhanced renal oxidative

and carbonyl stress and increase in inflammatory cells were observed strongly in the

outer medulla. The same dose of MGO did not increase blood pressure in SD rats,

which has a relatively lower level of hydrogen peroxide. These results may suggest

that carbonyl and oxidative stress has a cardiovascular–renal connection in CKD.

3 Role of Oxidative/Carbonyl Stress in CKD:

Clinical Point of View

Enhanced oxidative stress is observed in hypertension and diabetes and is a major

cause of CKD and CVD. Ogawa et al. [46] determined oxidative stress and

inflammatory markers in hypertensive diabetes patients. Albuminuria and these

markers were compared in patients treated with either thiazide diuretics or angio-

tensin II receptor blockers for 8 weeks. No differences in blood pressure and HbA1c

was observed between groups. The urinary albumin to creatinine ratio was still

increased in thiazide diuretics group, but those of the angiotensin II receptor

blockers group was significantly reduced. Urinary oxidative stress markers such

as 8epi-prostaglandin F2a and 8-OHdG were also significantly reduced in the

angiotensin II receptor blockers group but not in the diuretics group. This was
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followed by the plasma inflammatory markers, monocyte chemoattractant protein-1

(MCP-1) and interleukin (IL)-6, which were only reduced in the angiotensin II

receptor blockers group. Significant correlations were found between the changes in

urinary albumin to creatinine ratio and urinary oxidative stress markers. Interest-

ingly, patients with a higher baseline level of urinary oxidative stress markers had

further reduction in their urinary albumin to creatinine ratios. Furthermore, patients

who were treated with angiotensin II converting enzyme inhibitors prior to the

study were able to reduce albuminuria, oxidative stress, and inflammatory markers

even with the thiazide diuretics treatment. Inflammatory markers were also reduced

by treatment of angiotensin II receptor blockers in hypertensive patients, which was

demonstrated in the European Trial on Olmesartan and Pravastatin in Inflammation

and Atherosclerosis (EUTOPIA) study [47]. Taken together, these results suggest

that oxidative stress and inflammation derived by renin-angiotensin system play a

major role in the renal injury of hypertensive and diabetic patients.

Carbonyl/oxidative stress is also involved in the pathogenesis of CKD,

especially diabetic nephropathy. Increased carboxymethyllysine (CML) and pentosi-

dine accumulation was observed in the expanded mesangial matrix and nodular

lesions of the biopsy samples of diabetic nephropathy patients [6]. These accumula-

tions were colocalized with malondialdehyde-lysine (MDA-lysine), a lipoxidation

product, indicating that carbonyl stress could be associated with oxidative stress. This

is also confirmed by the absence of pyrraline accumulation, which is another advanced

glycated end product (AGE) marker, independent of oxidative stress, in the glomeruli

of diabetic nephropathy [6].

4 Role of Renal Perfusion Pressure and Oxidative Stress

on the Progression of Hypertensive Renal Injury

Results from clinical studies have indicated that hypertension is a strong

independent risk factor of renal injury. However, as described above, carbonyl

and oxidative stress and humoral factors such as renin-angiotensin system play an

important role in the pathogenesis of hypertensive renal injury. Thus, there is some

difficulty in determining the specific role of blood pressure to renal injury in

humans. Mori et al. have established a system that can determine a specific role

of renal perfusion pressure to the renal injury in rats. An inflatable occluder cuff

was implanted in the aorta between two renal arterial blanches. By using the servo-

control of the cuff pressure with a downstream blood pressure, renal perfusion

pressure of left kidney was controlled to a normal pressure for 3 weeks [16, 48].

Pressure-induced renal injury was determined by the differences of renal injury

between the right and left kidneys. When this system was applied to angiotensin

II–infused rats, a comparison of renal injury between the right and left

kidneys attributed to the renal perfusion pressure, while comparison between the

left kidney and a kidney of angiotensin II noninfused sham rats was attributed to
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angiotensin II [48]. Interestingly, the role of renal perfusion pressure to hypertensive

renal injury was heterogeneous: 70% of renal medullary tubule-interstitial injury

was attributed to renal perfusion pressure; 90% of renal injury in the outer cortical

glomeruli was attributed to angiotensin II; and 80% of juxtamedullary glomerular

injury was attributed to renal perfusion pressure. This can be explained by a lesser

amount of autoregulation and sensitivity to angiotensin II in the preglomerular

vessels of juxtamedullary nephron. In contrast, in Dahl S rats, renal injury attributed

to renal perfusion pressure was more than 90% in most of the regions [16], including

outer cortical glomeruli. Since Dahl S rats have blunted autoregulation in

all glomeruli, this could be why blood pressure contributes strongly to renal injury

in Dahl S rats. In these studies, molecules differentially expressed between high

and normal perfusion pressure were determined with cDNA microarray, real-

time polymerase chain reaction and immunohistochemistry. Among the various

molecules determined, molecules related to oxidative stress (tumor growth factor-b
(TGF-b), nuclear factor kB (NFkB), osteopontin), inflammation (ED-1), and wound

healing (MMP-2, TIMP-1,aSMA)were observed, as shown inFig. 2 [16, 48]. Jin et al.

confirmed the production of reactive oxygen species (ROS) with increased renal

perfusion pressure in anesthetized rats. Hydrogen peroxide concentration of renal

interstitial fluid, determined with microdialysis technique, was enhanced when renal

perfusion pressure was increased by the occluder below and above renal artery [49].

Modern mechanisms
for CKD

Ancient mechanisms 
for anti -aging

Epithelial 
mesenchymal
transition

Paradigm shift

Oxidative
stress

Inflammation

Volume Control 
(Salt sensitivity)

Wound healing Biophylaxis

Starvation Injury Infection

Fig. 2 Mechanism of chronic kidney disease (CKD) could be associated with the food and

lifestyle of the ancients. Oxidative stress, wound healing, and inflammation are major mechanisms

for antiaging that protect us from starvation, injury, and infection, respectively. Because of a

paradigm shift of antiaging, these mechanisms have become a threat for the pathogenesis of CKD

and hypertension
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Thus, in addition to the renin-angiotensin system, as shown above, renal perfusion

pressure can also induce oxidative stress.

5 Strain Vessel Hypothesis Could Explain the

Pathophysiological Connections Between CKD and CVD

The risk of CVD is increased not only through a reduction of renal function, but also

from even a small increase in albuminuria without a reduction of renal function.

The results of the Prevention of Renal and Vascular End-stage Disease

(PREVEND) study have demonstrated that microalbuminuria is a risk of CVD,

even in subjects without any history of hypertension or diabetes [3]. Although there

are proposed mechanisms related to endothelial dysfunction or oxidative stress,

even without adjustment of these parameters albuminuria is still a risk factor of

CVD [50]. In spite of significant epidemiological evidence, there is no clear

mechanism that explains why albuminuria could be associated with CVD. Ito

et al. [51] have proposed a hypothesis that anatomical and functional relationships

between the specific vessels could explain the connection between the kidney,

heart, and brain. Hypertensive renal vascular damages occur first and more severely

in juxtamedullary glomeruli located deep in the cortex, because their afferent

arterioles arise directly from large arcuate arteries, and, therefore, are exposed to

very high pressure as compared with same-size arterioles in peripheral circulation

(Fig. 3). Since the glomerular capillary pressure is maintained to 50 mmHg, these

afferent arterioles and preglomerular vessels have to create huge pressure gradients

in short distances. These hemodynamic conditions are analogous to those of

perforating arteries in the central nervous system or retinal arteries in the eye

[51]. Therefore, albuminuria may be an early sign of vascular damage imposed

on small vessels that are exposed to high pressure and are destined to create huge

pressure gradients; we have named these vasculatures strain vessels. Coronary

circulation is also under unique hemodynamic conditions, where entire epicardial

segments of coronary arteries are exposed to a very high pressure during systolic

phase. As described above, high perfusion pressure in the kidney could induce

oxidative stress. Thus it is possible to speculate that oxidative stress in the strain

vessel could also be involved in the pathogenesis of cerebrovascular–renal connec-

tion, and this requires further investigation.

6 Paradigm Shift of Antiaging Between Ancient

and Modern Times

From the evolutional point of view, there could be a reason why oxidative/carbonyl

stress had played a role in CKD and metabolic syndrome. When we consider

lifestyles and antiaging regimens in ancients time, we may find an answer as to
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why oxidative/carbonyl stress is enhanced in modern diseases. As summarized in

Fig. 3, we can speculate that animals in ancient times seem to have been threatened

with starvation, injury, and infection, and those who had a greater ability to protect

themselves from these had an advantage to live longer. Three major mechanism

involved in the pathogenesis of hypertensive renal injury can be attribute to the

above three threatening aspects (see Fig. 2). To protect ourselves from dehydration,

starvation, and infection, enhanced sodium reabsorption by renal oxidative stress

was an advantage. For infection protection, an enhanced inflammatory mecha-

nism was required for phylaxis and cure. Since, animals in ancient times had

extensive chance of getting injured, enhanced mechanism for wound healing

were also an advantage to live longer in ancient times. Our ancestors adapted to

the tough lifestyle of the ancients and may have had an enhanced mechanism of

oxidative stress, inflammation, and wound healing compared to those who did not

survive enough to leave offspring. Although they had enhanced oxidative stress,

inflammation, and wound healing abilities, they did not develop CKD or CVD.

They had a different lifestyle than we now have, and salt and pepper for food was

not an option. They didn’t even cook meat but ate it raw for many years. To eat raw

meat, they had to hunt every day, which resulted in a good exercise. However, our

ancestors found salt as a spice and started to cook with fire. These were good tools

to enable them to live longer, since salted meat preserved well, tasted better, and

protected them from dehydration. Since carbonyl compounds and advanced

glycation end products increase taste, cooked meats tasted better and could be

Fig. 3 Strain vessel hypothesis, which would explain why albuminuria is a marker of early

vascular injury. To control glomeruli pressure to 50 mmHg, the preglomerular artery of the

juxtamedullary nephron has to create huge pressure gradients in short distances. Albuminuria is

a marker of juxtamedullary injury. These hemodynamic conditions are analogous to those of

perforating arteries in the central nervous system, which could explain why albuminuria is an

independent risk of cardiovascular disease. Figure adapted and refigured [51]
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preserved more easily. In addition to less-frequent hunting, the invention of farming

also prevented starvation but resulted in les exercise. Environmental pollution by

modern industries may also have altered the body’s abilities for oxidative/carbonyl

stress, inflammation, and wound healing. Moreover, in ancient times strain vessels

were mandatory for survival under the conditions of difficult access to salt and

water and the danger of hypoperfusion. However, in modern times we are

threatened by hypertension and diabetes, and stain vessels have become the target

of hypertensive organ damage.

All of this taken together, we propose that this paradigm shift of antiaging could

explain why oxidative/carbonyl stress, inflammation, and wound healing are involved

in the pathogenesis of CKD, CVD, and metabolic syndrome. Since our genetic back-

grounds and anatomy are not much different from those of our ancestors, we do not

seem to be adapting well enough to our modern environment. It is also possible to

speculate that CKD and CVD may be targeting those who had an advantage in the

ancient lifestyle, which could be a disadvantage in themodern lifestyle. This paradigm

shift of antiaging was seen in the past in which dinosaurs became extinct because of a

failure to adapt to changes of their environments. This should be awarning for us about

our future lifestyle and environments.

7 Conclusion

Oxidative/carbonyl stress, inflammation, and wound healing play a key role in the

pathogenesis of hypertension and CKD. This mechanism, which was advantageous

in the life-threatening environments of the ancients, has now become an evil subject

for those with a modern lifestyle. Thus, enhanced markers of oxidative stress,

inflammation, and urinary albumin excretion could be a warning. In spite of

advanced medication available today, we are still not able to inhibit ancient-derived

mechanisms. To completely protect against CKD and CVD, we may have to take

into a consideration the ancient lifestyle and counteract against modern practices to

stop the antiaging paradigm shift.
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Chapter 16

The Renin Angiotensin System

Josephine M. Forbes and Mark E. Cooper

Abstract The renin angiotensin system (RAS) is a hormonal cascade that is thought

to act as a master controller of blood pressure and fluid balance within the body.

In addition to the systemic RAS, there is a fully functional intrarenal RAS, which is

postulated to play a central role in the development of chronic kidney disease.

Indeed there is unprecedented diversity in the pathways affected by the RAS,

which include generation of a number of reactive oxygen species (ROS) and effects

on antioxidant enzymes. There are many therapeutics, which interrupt different

steps in the RAS to primarily lower blood pressure, although these compounds

also have numerous beneficial nonhemodynamic effects on both structural and

functional parameters in progressive kidney disease. In this chapter we will discuss

the effects of the RAS and therapies that interrupt various components of the RAS

and on renal redox imbalances that may affect the development and progression of

chronic kidney disease, particularly in the context of diabetes.

1 Interruption of the Renin Angiotensin System

The renin angiotensin system (RAS) is increasingly appreciated to be a more

complex pathway than originally postulated, with the major arm involving the

generation of the powerful vasoconstrictor, angiotensin II (AngII). However, over

the past decade it has become apparent that the vasodilator arm, which includes the

generation of other angiotensins such as angiotensin 1-7, may also be important [1].

Nevertheless, treatment targets have as yet only focused on interrupting key com-

ponents of the constrictor arm (Fig. 1, red crosses). The most widely recognized are

those that interrupt the conversion of angiotensin I to its active metabolite AngII,

namely angiotensin-converting enzyme-1 inhibitors (ACEI) or agents that compete

with AngII for binding to the angiotensin type 1 (AT1) receptor subtype, AT1
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antagonists (ARB). The large-scale clinical trials performed with these agents

ascribe the profound beneficial effects of blockade of RAS to renoprotection that

goes beyond mere blood pressure reduction [2]. For example, in one study, cande-

sartan showed dose-related reductions in proteinuria independent of further lower-

ing of systolic blood pressure with plasma concentrations in patients with chronic

kidney disease (CKD), reaching a plateau when doses were increased up to 96 mg/d

[2]. While the exact mechanism of action responsible for the renoprotective effects

of these agents in previous studies was thought to be via amelioration of intraglo-

merular hypertension and lowering of systolic hypertension, it is evident that

blockade of RAS, using ACEIs and ARBs, also conferred a number of nonhemo-

dynamic benefits, including amelioration of chronic hypoxia and attenuation of

renal oxidative or redox imbalances.

RAS blockers have also shown renoprotective effects against mitochondrial

dysfunction as the result of aging, which is postulated to be via increases in

mitochondrial hydrogen peroxide generation [3]. However, in other chronic dis-

eases, one cannot exclude that RAS blockade may not fully suppress reactive

oxygen species (ROS) generation, particularly from other sources such as mito-

chondria [4], and indeed this could explain the persistent progression, albeit at a

slower rate, seen in those with diabetic nephropathy concomitantly treated with

Fig. 1 Schematic representation of the renin-angiotensin cascade. Red crosses represent sites for

current therapeutic intervention. MAS-1 - receptor for Ang1-7
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agents that interrupt the RAS. Indeed, we have previously shown that in diabetic

nephropathy, there is no increase in mitochondrial hydrogen peroxide [5], but rather

in superoxide since magnesium superoxide dismutase (MnSOD) activity is very

low and therefore there is little conversion of superoxide to hydrogen peroxide.

Therefore, it is worth considering as an important strategy for identification of

therapeutic targets that could lead to new treatments that confer synergistic effects

with those seen with RAS blockade.

More recently, direct renin inhibitors, such as aliskiren, have been used clini-

cally, in concert with currently available RAS blockers for more complete blood

pressure lowering [6]. Furthermore, as seen with other strategies that interrupt the

RAS, it appears as if renin inhibitors also have a number of beneficial nonhemo-

dynamic effects in renal disease, a feature characteristic of this class of agents that

ultimately decreases the generation or action of AngII.

Not surprisingly, inhibitors of the RAS are recognized by many clinical practice

guidelines as first line agents for the treatment of CKD. These agents maximize the

protection of residual renal function, and a large number of prospective, rando-

mized, controlled studies have demonstrated the renoprotective effects of ACEIs or

ARBs. This is yet to be fully elucidated for the direct renin inhibitor aliskiren,

although this is likely to be addressed by the ASPIRE HIGHER clinical program

[7], which is designed to assess whether the promising pharmacological properties

of aliskiren translate into long-term clinical renal benefits. Within that program, the

main subtrial to address the renal benefits of these agents in the diabetic context is

known as the ALTITUDE trial [8], which is currently in progress.

2 Angiotensinogen

Mostly hepatic in origin, circulating concentrations of angiotensinogen are the

source of angiotensin I in humans and other animals (see Fig.1). A posttranslation-

ally glycosylated protein of ranging molecular weight (52–60 kDa), angiotensino-

gen is transcribed from the human angiotensinogen gene [9]. In addition, the

angiotensinogen gene is expressed within the kidney and is most abundantly seen

within the renal cortex, predominantly within proximal tubules [10, 11]. Indeed,

urinary angiotensinogen excretion may have utility as a biomarker of the severity of

CKD [12] since it appears to reflect renal RAS activation [13], although this remains

controversial. Nevertheless, in type 1 diabetic subjects, elevations in the urinary

excretion of angiotensinogen have been shown to precede the development of

albuminuria [14]. Furthermore, patients with hypertension also have elevations in

urinary angiotensinogen excretion [15]. Angiotensinogen is most commonly

secreted in response to stresses such as tissue injury and bacterial infection, which

are also conditions associated with redox imbalances. Angiotensinogen secretion

can also occur as part of a feedback loop, via stimulation by the final active

metabolite of the RAS, AngII. Indeed, AngII can also stimulate intrarenal expression

of the angiotensinogen gene. Furthermore, the angiotensinogen gene is stimulated
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by nuflear factor kB (NFkB) activation, which is sensitive to the redox ratio,

providing a positive feedback loop that can upregulate AngII production. Therefore,

it is not difficult to envisage AngII driven by effects of ROS (discussed later in this

chapter), on the renal and hepatic expression of angiotensinogen, which might

contribute to a pathological feedback loop in CKD. In support of this, mice studies

have suggested that superoxide is a mediator of vascular dysfunction in mice that

express human renin and angiotensinogen [16].

3 Renin

Renin is synthesized and stored by granular cells within the juxtaglomerular (JG)

apparatus of the kidney as an inactive precursor, preprorenin [17, 18]. Following

cleavage, prorenin from the renal JG is secreted into the bloodstream via fenestrated

capillaries, which is postulated as the major source of circulating renin. A series of

events, involving cleavage and glycosylation, result in biologically active renin (see

Fig. 1). Like angiotensinogen, AngII also inhibits renin secretion and renin gene

transcription in a negative feedback loop [19], which is a likely point of interplay

between oxidative stress and renin in the kidney.

Several mechanisms are evoked as controllers of renin secretion, including renal

pressure sensors (baroreceptors), mechanisms involving the macula densa, neural

mechanisms, endocrine/paracrine pathways, and intracellular mechanisms. For

example, renin secretion is inhibited by increased blood pressure or stretch within

the afferent arteriole of the normal kidney. Not surprisingly, under these circum-

stances, renin secretion increases in response to decreased stretch, including altera-

tions in renal perfusion pressure. In patients with CKD, the baroreceptors in the

kidney are exposed to myriad perfusion pressures, primarily as the result of luminal

narrowing of some afferent preglomerular vessels [2]. As a consequence, a propor-

tion of glomeruli sense inappropriately low perfusion pressures and consequently

activate renin secretion, independent of the systemic blood pressure.

Interestingly, a number of previous renal studies in rodents and in vitro experiments

have shown thatmechanical stretch, where intrarenal renin concentrations are likely to

be elevated, is associated with increases in inflammatory markers [20, 21] and other

modulators of oxidative stress such as the IkB–NFkB pathway [20]. These data would

suggest that there may be concerns surrounding marked elevations in tissue renin

concentrations following use of the direct renin inhibitor aliskiren, which could

paradoxically increase blood pressure or intraglomerular pressure and lead to

increased oxidative stress. To date this concern appears unfounded, based first upon

rodent studies showing that aliskiren provides equivalent renoprotection via lowering

of oxidative stress (3-nitrotyrosine and the nicotinamide adenine dinucleotide phos-

phate (NADPH) oxidase subunit, nox-2) to that seenwith the ARB irbesartan [22] and

second from analyses of hypertensive patients participating in clinical trials to date.

Indeed, studies in animals and humans indicate that aliskiren accumulates in renal

tissue and interferes with the deleterious cellular effects of AngII by mechanisms
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that may include enzymatic blockade of renin and prorenin at the site of the prorenin

receptor [23]. These data suggest that lowering of intrarenal renin concentrations may

not be necessary to acquire renal benefits, such as a reduction in oxidative stress, and

that blockade of the prorenin receptor may have more specific effects that those seen

with the renin inhibitor aliskiren. Indeed, this whole area of research has been recently

transformed first by the identification of a putative (pro)renin receptor that is widely

expressed including in the kidney [24] and second through the positive renal benefits

described, including in the setting of diabetic nephropathy using a peptide that is

postulated to inhibit renin binding to its receptor [25].

This link between renin and oxidative stress has been further examined in recent

studies, albeit in a nonrenal context. For example, in a rodent model of atheroscle-

rosis, administration of aliskiren improved impaired nitric oxide bioavailability and

protected against atherosclerotic changes [26]. Vascular superoxide and peroxyni-

trite levels were significantly reduced by combination therapy using aliskiren and

the ARB valsartan in that study [26], supporting the postulate that inhibition of the

actions of renin is likely to have beneficial effects on renal oxidative parameters in

chronic renal disease.

Renal renin secretion is also affected by the composition of tubular fluid seen by

the macula densa [27]. However, the macula densa is not in direct contact with the

renin-secreting granular cells within the afferent arteriole wall, suggesting that ion

transport, in particular sodium and chloride ions, and second messengers are

necessary for this interaction. Interestingly, plasma renin activity is suppressed by

exogenous administration of molecules containing chloride ions. This is the para-

dox of salt! Indeed, in support of this, a recent study has shown that low salt diets

activate the renin angiotensin system, which increases oxidative stress via NADPH

oxidase and decreases nitric oxide (NO) bioavailability in the heart [28], consistent

with the higher mortality that has been reported in some patients consuming low

salt diets. Certainly, oxidative stress has been implicated in many forms of AngII-

related hypertension, which one could postulate would be associated with lower

renal renin concentrations, given the previously discussed findings. In support of

this, there is also substantial oxidative stress in the tissues or blood vessels of rats

with deoxycorticosterone acetate–salt hypertension in which the circulating renin-

angiotensin-aldosterone system is suppressed profoundly. Furthermore, the use of

the adenosine receptor antagonist, 1,3-dipropyl-8-sulfophenylxanthine in Wistar

rats, which would also lower renal renin concentrations, induces profound hyper-

tension which can be prevented with blockade of NADPH oxidase or glutathione

peroxidase, but not TEMPOL (hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl).

These findings have been interpreted to indicate the involvement of cytosolic

superoxide and hydrogen peroxide as pathogenic mediators of hypertension in

this model [29].

There is also neurological regulation of renin secretion from the kidney. Nebi-

volol is a b1 receptor blocker with nitric oxide-potentiating vasodilatory effects,

which is used in the treatment of hypertension. Nebivolol lowers blood pressure by

reducing peripheral vascular resistance and significantly increasing stroke volume

with preservation of cardiac output [30]. Recently, studies in the Ren-2 transgenic
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rat, which overexpresses the RAS, have shown that nebivolol reduces proteinuria

and lowers renal NADPH oxidase dependent generation of ROS [31]. In addition,

b1 receptor blockade with nebivolol also improved renal endothelial nitric oxide

synthase activity, which would likely translate into increased NO bioavailability.

Activation of the sympathetic nervous system can also modulate renal renin

secretion. Indeed, administration of norepinephrine, which is known to be released

as a consequence of sympathetic nervous system activation, increases afferent

arteriolar sensitivity to AngII by means of alpha receptor activation, which would

affect renin secretion [32]. In addition, oxidative stress, which is evident during

CKD, stimulates renal sympathetic nerve activation during the development of

hypertension, which also would alter renal renin concentrations [33, 34].

4 Angiotensin-Converting Enzyme

Angiotensin-converting enzyme-1 (ACE-1) is a large protein (200 kDa), which is

responsible for the cleavage of AngI into the pressor substance AngII, although this

enzyme has renowned promiscuity and also cleaves other small peptides such as

substance P, luteinizing hormone, and bradykinin. Indeed it is possible that the

success of ACE inhibitors as agents to treat CKD in addition to hypertension and

cardiovascular disease, derives from the diversity of substrates cleaved by ACE.

However, this remains controversial since there is minimal evidence in humans to

indicated that ACE inhibitors confer superior renoprotective effects to other more

specific strategies such as ARBs [35]. ACE is localized primarily but not exclusively

to the glomerular endothelium and proximal tubule cell brush border in the kidney

where it is postulated to facilitate cleavage of peptides for subsequent resorption.

It is also likely that ACE can alter tubular resorption via production of AngII in the

proximal tubular urinary filtrate.

It has recently been identified that a novel regulator of ACE expression exists in

the kidney and lung, termed midkine [36]. Of interest is that oxidative stress can

modulate renal and lung midkine expression following renal ablation (5/6 nephrec-

tomy), which subsequently alters circulating AngII concentrations via the expres-

sion of NADPH oxidase. Indeed, in this model of CKD, there is a perpetuation of

ROS- and RAS-mediated pathways mediated by midkine. Therefore, in the future,

agents that regulate the expression of midkine may have utility in CKD, where they

may have dual actions on both AngII concentrations and renal oxidative stress.

Angiotensin-converting enzyme-2 (ACE-2) is a homologue of ACE and is thought

to have originated from a common ancestral gene. Although both ACE and ACE-2

cleave AngI, their actions are unique, where cleavage of AngI by ACE-2 to remove

one amino acid results in the peptide Ang 1-9. ACE then cleaves Ang 1-9 intoAng 1-7

by removing two amino acids, resulting in a vasodilator. In addition, ACE-2 can

cleave AngII to form Ang1-7, which may be a biological brake for AngII-mediated

vasoconstriction. Recent studies in rodents have shown that human recombinant

ACE-2 slows the progression of diabetic nephropathy [37]. The administration of
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ACE-2 not only lowered renal AngII concentrations, but also attenuated AngII

induced NADPH oxidase activation. ACE-2 also attenuates nuclear ROS formation,

resulting from AngII within kidneys from aged sheep as compared to kidneys from

young sheep [38]. In cell nuclei, it is postulated that ACE-2 provides a unique

protectivemechanism against oxidative stress and cell damage as a result of decreases

in AngII-mediated ROS generation.

5 Angiotensins

AngII has a very short half-life within the circulation. It is rapidly cleaved by

aminopeptidases, resulting in the heptapeptide AngIII, which retains some vaso-

constrictor actions and is postulated as the principal effector of the RAS within the

brain. As is well documented for AngII, AngIII also activates the redox sensitive

transcription factor NFkB, which appears to be modulated via the production of

ROS following ligation to AT2 receptors [39, 40]. AngIII has an even shorter half-

life than AngII and is rapidly converted to AngIV by other aminopeptidases [41].

AngIV was originally thought to be an inactive peptide; however, studies have

shown that AngIV can also bind to AT4 receptors to regulate inflammation via

NFkB [42], in addition to stimulating the endothelial release of plasminogen

activator inhibitor-1 (PAI-1) [41]. Perhaps, not surprisingly, ROS also mediate

PAI-1 expression in diabetic nephropathy [43].

Angiotensins can also be hydrolysed by endopeptidases, including trypsin and

neutral endopeptidase (NEP). In particular, NEP can directly cleave AngI to Ang 1-7

(see Fig. 1, circled), which is thought to have opposing effects to the vasoconstrict-

ing and growth promoting actions of AngII. However, although it is likely that Ang

1-7 could also act to limit oxidative stress in chronic renal disease [44], there is

recent evidence that infusion of Ang 1-7 causes renal inflammation and oxidative

stress [45]. In support of this, chronic injection of Ang 1-7 also accelerates renal

disease in streptozotocin diabetic rats via activation of oxidative pathways [46].

6 Angiotensin II Receptors

AngII mediates its biological effects via at least two specific receptor subtypes, the

AT1 and angiotensin type 2 (AT2) receptors [47], which are each expressed in the

kidney. Most of the pressor actions attributed to AngII, including vasoconstriction

and activation of the sympathetic nervous system, appear to be mediated via ligation

to the AT1 receptor. In addition, activation of the AT1 receptor has most often been

associated with CKD and is known to have specific effects on oxidative parameters.

In particular this is via ligation with AngII, which stimulates the expression of

NADPH oxidase and subsequently produces superoxide. Indeed, even short-term

AngII infusion induces oxidative stress via AT1 receptors, producing superoxide
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and decreasing the expression of extracellular superoxide dismutase in rats [48].

In hypertensive rodent models such as renal ablation (5/6 nephrectomy), AngII/AT1

mediated effects, which induce oxidative stress, are also pathological [49].

Oxidative stress is also seen in other CKDs including obstructive nephropathy.

In rodents, unilateral ureteral obstruction (UUO) led to decreased SOD activity and

elevations in the concentration of hydroxyl radicals (OH�) and superoxide (O2
�)

when compared to sham control rats. Losartan decreased ROS generation, facili-

tated the recovery of renal SOD activity, and increased the expression of heat shock

proteins [50]. Other studies in UUO have also demonstrated AngII/AT1 dependent

effects on renal oxidative parameters [51].

Diabetes is the most common cause of CKD in developed nations. Diabetic

nephropathy can often progress rather slowly, particularly if aggressively treated

with blood pressure and glucose lowering agents, and is significantly influenced by

all components of the RAS and by oxidative stress [52]. Indeed, diabetic nephropa-

thy appears to occur as a result of complex interplay between hemodynamic and

metabolic pathways, which we have previously reviewed extensively [53].

Oxidative stress is known to develop early in patients with focal segmental

glomerulosclerosis [54]. In particular, increases in glomerular and extracellular mal-

ondialdehyde levels in such patients are attenuated with AT1 receptor antagonism.

However, in other studies in patients with glomerulosclerosis, despite oxidative

damage to urinary protein and lipids being reduced with additional AngII receptor

blockade, no changes were seen in malondialdehyde and other plasma oxidative

markers. Indeed, these studies have led to the hypothesis that urinary measurements

of markers of oxidative damage to lipids and proteins appear to be more sensitive

biomarkers of disease than plasma measurements in patients with CKD [55].

Renal concentrations of AngII also have effects on sodium and water resorption

from the proximal tubules, which directly inhibit renin secretion fromgranular cells of

the JG via the AT1 receptor. The downstream effects of modulation of renin secretion

are discussed earlier in this chapter. Indeed, blockade of the AT1 receptor increases

salt sensitivity in AngII-infused Sprague-Dawley rats, which is reversed by diuretics.

However, although AT1 blockade lowered the activity of NADPH oxidase, it did not

affect urinary markers of oxidative stress [56]. Interestingly this phenomenon has also

been shown in Zucker obese hyperglycemic rats (ZDFn Gm-fa/fa), where the vaso-

peptidase inhibitor AVE7688 was much more effective than the AT1 antagonist

losartan in lowering urinary excretion of oxidative and carbonyl stress–derived protein

modifications [57]. The spontaneously hypertensive rat (SHR) also has increased

oxidative stress and enhanced O2 usage relative to tubular sodium transport, resulting

in CKD. In this model, AngII acting via AT1-receptors (AT1-R) causes renal oxida-

tive stress and functional NO deficiency that enhances O2 usage [58]. Inefficient

utilization of O2 for Na+ transport in the SHR kidney can also be ascribed to the

effects of AT1 receptor and appear to be mostly independent of blood pressure [58].

TheAT2 receptor subtype is characterized by its high affinity to certain compounds

such as PD123319, PD123177, and CGP42112. The AT2 receptor gene is located

on the X chromosome and AT2 receptor shares only 34% of sequence homology

with the AT1 receptor, despite having equal binding affinity for AngII [47]. It adult
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kidneys, the AT2 receptor is localized primarily to glomeruli but is also found at low

levels in cortical tubules and interstitial cells [59]. Since the AT2 receptor is highly

abundant in fetal tissues, it is believed to play an important role in nephrogenesis.

Indeed, mouse strains deficient in AT2 receptors show defective apoptosis of undif-

ferentiated mesenchymal cells in the area surrounding the developing kidney and

urinary tract. This abnormal apoptosis may well interfere with the normal interaction

between the ureteral bud and metanephric blastema and is hypothesized to play a key

role in the development of congenital obstructive nephropathies and uropathies [60].

Additional studies in humans indicate that many infants with congenital anomalies of

the kidney and urinary tract have a significant mutation of the AT2 gene [61].
Although AT2 deficient mice develop normally, their drinking response is

impaired and they exhibit increased vasopressor response to AngII and elevated

blood pressure [62, 63]. They also have impaired production of NO [64]. AT2

deficient mice are also, in general, more susceptible to atherosclerosis [65] and

renal disease [66] and have enhanced production of ROS, which interestingly

appears to be via activation of NADPH oxidase [65]. However, this situation may

be more complex, with a recent study by our group suggesting that in the diabetic

setting, the AT2 receptor may be proatherosclerotic, based on studies involving not

only pharmacological blockade but also studies in AT2 receptor knockout mice [67].

7 Conclusion

Over time, it has become increasingly apparent that there is not just one effector of

the RAS, namely AngII, as was first postulated. Indeed, the complexity of the RAS,

in particular the local renal RAS and its contribution to CKD, is clearly evident. It is

also well documented that both the activation of the RAS via oxidative stress, in

addition to the production of ROS and dampening of antioxidant defenses by RAS

components each have important pathological roles in the development of CKD.

Until these are fully elucidated, it will remain difficult to ascertain exactly which

targets are likely to be most useful as synergistic additions to RAS blockade for the

treatment of CKDs such as diabetic nephropathy.
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Chapter 17

Oxidative Stress in Kidney Injury: Peroxisome

Proliferator-Activated Receptor-g Agonists

Are in Control

Li-Jun Ma and Agnes B. Fogo

Abstract The thiazolidinediones (TZDs) are agonists for peroxisome

proliferator-activated receptor-g (PPARg), and they promote insulin sensitization

and improve dyslipidemia in patients with type 2 diabetes mellitus. PPARg is widely
expressed, both in circulating and renal parenchymal cells. The TZDs are widely used

clinically to improve metabolic syndrome, but may also have beneficial effects on

progressive renal damage beyond diabetes. PPARg agonists also have direct benefits
on progressive renal injury independent of altering the metabolic profile, including

effects on inflammation and oxidative stress.Wewill review selected evidence of such

actions of PPARg agonists beyond metabolism and examine interactions with other

key pro-fibrotic mediators, including transforming growth factor-b (TGF-b) and the

renin-angiotensin system (RAS).

Keywords Thiazolidinedione �Chronickidneydisease �Diabetes �Renin-angiotensin
system � Aging � Inflammation

1 Experimental Studies

1.1 Peroxisome Proliferator-Activated Receptor-g Agonists
in Chronic Kidney Disease Animal Models

We investigated the potential benefits of peroxisome proliferator-activated

receptor-g (PPARg) agonists in the 5/6 nephrectomy (5/6 Nx) rat model of chronic

kidney disease (CKD) [1]. Hypertension, progressive proteinuria, segmental
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glomerulosclerosis, and tubulointerstitial fibrosis develop in this model without

dysmetabolic features. We treated the 5/6 Nx rats with the PPARg agonist trogli-

tazone from the onset of 5/6 nephrectomy. Troglitazone ameliorated the progres-

sion of glomerulosclerosis, despite only a modest antihypertensive effect.

Nonspecific antihypertensive treatment alone (reserpine, hydrochlorothiazide, and

hydralazine) did not affect sclerosis in this model, but provided better blood

pressure control and augmented the protective effects of troglitazone on sclerosis.

These beneficial effects were linked to regulation of glomerular cell proliferation,

hypertrophy, and decreased expression of the pro-fibrotic mediators plasminogen

activator inhibitor-1 (PAI-1) and transforming growth factor-b (TGF-b). Troglita-
zone also attenuated both glomerulosclerosis and aortic medial thickening in

spontaneously hypertensive rats with added kidney injury induced by the 5/6

nephrectomy model, despite only modest effects on hypertension [2].

Progression of chronic kidney disease not only correlates with increased pro-

fibrotic mediators and accumulation of extracellular matrix, but also tubular atro-

phy and rarefaction of peritubular capillaries. Loss of the microvasculature implies

an important mechanism for hypoxia in CKD [3]. Hypoxia has direct effects on the

expression of genes involved in fibrogenesis. In human renal fibroblasts, hypoxia

simultaneously stimulated production of collagen alpha1, increased tissue inhib-

itor of metalloproteinase-1 (TIMP-1), but decreased expression of collagenase [4].

Hypoxia aggravates kidney injury by both activating oxidative stress and by

suppressing antioxidative pathways [5]. Hypoxia-inducible factor (HIF) is a tran-

scription factor that regulates cellular hypoxic responses. Treatment for 4 weeks

with dimethyloxalylglycine (DMOG) to activate HIF attenuated renal injury in the

rat remnant kidney. This protection was associated with decreased plasma mal-

ondialdehyde (MDA), a marker of oxidative stress, and increased renal expression

of catalase, an antioxidant [6].

Hypoxia-induced inflammatory responses in the diseased kidney is also

mediated through its inhibition of PPARg. Hypoxia reduced PPARg expression in

human proximal renal tubular epithelial cells. Further, hypoxia inhibited reduction

of monocyte chemoattractant protein-1 (MCP-1) production by PPARg’s activation
[7]. On the other hand, rosiglitazone attenuated chronic hypoxia-induced pulmo-

nary hypertension in a mouse model [8].

Thiazolidinediones (TZDs) also had beneficial effects in a nonhypertensive CKD

model with primary podocyte injury, the puromycin aminonucleoside nephropathy

(PAN) model [9]. We had previously observed increased PPARg expression in

podocytes in sclerotic conditions, both in human disease and animalmodels, including

diabetic nephropathy and chronic allograft nephropathy [10, 11]. However, although

increased PPARgwas associated with sclerosis, we postulated that this increase could
be counter-regulatory and a response to podocyte injury. These hypotheses were

investigated further in parallel studies in vitro and in vivo. We studied the PAN

model of primary podocyte injury, which is characterized by an acute phase of
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nephrotic syndrome from about day 5 to day 10 after administration of PAN, followed

by progressive sclerosis and low-grade proteinuria [9]. We started treatment with the

PPARg agonist pioglitazone after the acute nephrotic syndrome. Untreated PAN rats

showed increased PPARg expression in podocytes, mesangial cells, and in glomeruli

with segmental sclerosis, whereas WT-1 staining, a podocyte differentiation marker,

was decreased. Pioglitazone treatment decreased sclerosis and restored podocyte

differentiation. The latter was associated with increased vascular endothelial growth

factor (VEGF) expression in glomeruli. The PPARg angiopoietin-related gene, also

called angiopoietin-like protein 4 (Aglp4), is a target of PPARg and PPARa and

hypoxia-inducible factor-1a, and inhibits actions of VEGF to promote angiogenesis

in vivo. Aglp4 was increased in the kidneys of PAN rats, perhaps due to ischemia

related to sclerosis. Treatment with PPARg decreased Aglp4, which, along with

restored VEGF, would promote angiogenesis and capillary growth, and thus decrease

sclerosis. This hypothesis is supported by the increase in number of glomerular

endothelial cells in PAN rats treated with pioglitazone compared to untreated PAN

rats. PPARg agonist also had effects on inflammation and extracellular matrix (ECM)

modulators, with reduced infiltrating macrophages and PAI-1. Of note, TGF-b or

TIMP-1 were not altered by pioglitazone in this model [9].

In our parallel in vitro studies, immortalized mouse podocytes expressed PPARg
at baseline. When injured with PAN [12], PPARg expression was decreased.

Pioglitazone treatment in these injured podocytes resulted in significantly increased

PPARg mRNA and activity, assessed by a PPRE3 – thymidine kinase (TK) –

luciferase reporter assay, with amelioration of PAN-induced podocyte injury. The

increased podocyte PPARg induced by pioglitazone treatment not only restored

podocyte differentiation but also suppressed apoptosis and necrosis induced by

PAN, leading to restoration of balance of anti-apoptotic versus pro-apoptotic

molecules. Thus, pioglitazone increased Bcl-xL and p27 expression, both of

which were decreased after injury. Activated caspase-3, an effector of apoptosis,

was significantly increased by PAN and was decreased by pioglitazone. These

studies show that PPARg is normally expressed in podocytes and is activated

after injury, an event that is protective against PAN-induced apoptosis and necrosis.

In addition to beneficial effects on insulin sensitization, both rosiglitazone and

pioglitazone ameliorated development of albuminuria and renal injury in rodent

models of type 2 diabetes [13]. Interestingly, although metformin resulted in similar

glycemic control, there was no decrease in microalbuminuria, supporting that

additional nonmetabolic actions contribute to this effect. TZDs clearly have direct

effects on the kidney parenchyma, including beneficial effects on podocytes, as

detailed above. TZDs may also affect endothelial cells indirectly by activating

VEGF or decreasing Aglp4. Mesangial cell, fibroblast, and infiltrating macrophage

functions are also modulated by PPARg agonists (see below). These results point to
cell and injury-specific interactions of PPARg agonist with key modulators of

fibrosis.
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1.2 Peroxisome Proliferator-Activated Receptor-g
and Transforming Growth Factor-b

CKD has largely been targeted by aiming for blockade of components of the

renin-angiotensin system (RAS). Transforming growth factor-b is also widely

increased in progressive renal disease, plays an important role in mediating epithe-

lial-to-mesenchymal transdifferentiation (EMT), and is thus an additional attractive

target. Importantly, these molecules interact with PAI-1, which inhibits both fibri-

nolysis and proteolysis. Thus, angiotensin results in increased TGF-b and PAI-1,

and TGF-b may also induce PAI-1. However, attempts to inhibit TGF-b have

shown the complexity of its actions. Transforming growth factor-b is not only

pro-fibrotic, it also modulates immune function. Thus, a high dose of pan-anti-TGF-

b antibody failed to protect against injury in the PAN nephropathy model, whereas

a low dose was protective, perhaps related to suppression of TGF-b immune-

modulatory effects and increased macrophage infiltration consequent to high-dose

inhibition [14]. However, combination antagonism of TGF-b and the RAS with an

anti-TGF-b antibody and an angiotensin-converting enzyme (ACE) inhibitor did

provide added benefit by diminishing renal damage and normalizing proteinuria in

diabetic rats [15]. The possibility that TZDs might directly or indirectly down-

regulate TGF-b is therefore of great interest.

Studies in experimental diabetic models show that TZDs could decrease TGF-b
and inflammation, likely contributed to by inhibition of nuclear factor-kB (NFkB)
[16]. Additional studies in an obese type 2 diabetic rat model showed that piogli-

tazone had superior renoprotective effects to insulin, resulting in less proteinuria,

improved renal function, and less histologic injury [17]. In vitro studies indicated

that insulin itself could enhance TGF-b mRNA and protein from cultured rat

proximal tubular cells. These data identify an important potential mechanism

whereby hyperinsulinemia could drive progressive renal injury and, conversely,

how TZDs may be renoprotective [17].

Of note, we found that TZDs did not uniformly decrease TGF-b in all CKD rat

models, with a decrease in the 5/6 nephrectomy model, but with no significant

decrease in vivo in the puromycin model. Contrasting the lack of in vivo effects of

pioglitazone on overall cortical expression of TGF-b, in cultured podocytes,

PPARg agonist decreased the augmented TGF-b induced by PAN. The results

further indicate that the protective effect of PPARg agonist in podocytes may be

mediated in part by effects of PPARg on p27 and TGF-b expression. In vitro studies

of human mesangial cells showed that TGF-b increased ECM synthesis and down-

regulated PPARg, effects that were reversed by PPARg agonist treatment [18].

Mesangial cell proliferation in vitro in response to platelet-derived growth factor

was also inhibited by the TZD rosiglitazone [19]. Similarly, PPARg agonist inhib-

ited proliferation of renal fibroblasts in vitro and decreased ECM accumulation,

without affecting TGF-b or TIMP activity [20]. PPARg agonists blocked the Smad

downstream signaling pathway induced by TGF-b in cultured renal fibroblasts,

likely contributed to by the induction of antifibrotic hepatocyte growth factor [21].
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New evidence suggests that PPARg blocks Smad-mediated transcriptional

responses by preventing p300 recruitment and histone H4 hyperacetylation, result-

ing in the inhibition of TGF-b-induced collagen gene expression [22].

1.3 Peroxisome Proliferator-Activated Receptor-g
and the Renin–Angiotensin System

PPARg agonist may also interact with angiotensin type 1 receptor blockers (ARBs).

Some ARBs, particularly telmisartan, function as PPARg ligands, although their

modulation of PPARg is weak [23]. Renin-angiotensin system and PPARg
interactions were further explored in the low-density lipoprotein (LDL) receptor-

knockout mouse model of atherosclerosis [24]. Chimeric LDL receptor�/� mice

were created by bone marrow transplantation, with wild-type bone marrow or

macrophage-specific PPARg-knockout bone marrow. The LDL receptor�/� mice

that also had PPARg-deficient bone marrow had worsened atherosclerotic lesions.

Adding increased angiotensin exposure by exogenous infusion further enhanced the

atherosclerotic lesions in these mice. Mice with PPARg-replete bone marrow did

not show enhanced lesions when challenged with exogenous angiotensin. Treat-

ment with ARBs in this model significantly decreased atherosclerotic lesions [24].

These PPARg-deficient macrophages showed increased expression of the angioten-

sin AT1 receptor. Further, the PPARg-deficient macrophages functionally had a

greater migratory response to angiotensin exposure, about 50% greater than in

PPARg-replete macrophages. Whether pharmacological inhibition, rather than

genetic deletion, of PPARg would also modulate the AT1 receptor expression

remains to be determined.

Interestingly, the interactions between ARB and PPARg occur not only in

macrophages, but also in endothelial cells and adipocytes. In human cultured

microvascular endothelial cells (ECs), telmisartan treatment suppressed expression

of the receptor for advanced glycation end products (RAGE). The protection was

prevented by a PPARg inhibitor [25]. Endothelial progenitor cells promote the

repair of damaged vascular endothelial cells and are intriguing targets in the

treatment of not only ischemic diseases but also chronic kidney disease. Telmisar-

tan induced proliferation of cultured human endothelial progenitor cells and might

contribute to endothelial integrity in disease states. The actions of telmisartan on

endothelial progenitor cells were mediated via the PPARg-dependent PI3K/Akt
pathway [26]. Using cultured preadipocytes, we and others have also shown that

ARB induces in vitro adipogenesis through PPARg activation [27, 28].

1.4 Peroxisome Proliferator-Activated Receptor-g and Aging

Aging in most species is associated with impaired adaptive and homeostatic

mechanisms, leading to susceptibility to environmental or internal stresses with
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increasing rates of disease and death. Oxidative stress, caused by an imbalance

between oxidant production and antioxidants, is widely believed to be a central

player in aging. Substantial evidence indicates PPARg agonists also protect against
age-related glomerulosclerosis [29].

We tested the impact of the PPARg agonist, pioglitazone, on renal injury in an

aging model in rats [30]. Our data show pioglitazone is renoprotective in aging by

reducing proteinuria, improving glomerular filtration rate, decreasing sclerosis, and

alleviating cell senescence, paralleled by increased local expression of PPARg. The
protective effects of pioglitazone are mediated by three important mechanisms,

including increased Klotho, decreased mitochondrial injury and oxidative stress,

and regulated p66SHC phosphorylation [30].

Klotho is a newly identified antiaging factor that functions through inhibition of

the insulin/IGF-1 signaling pathway and reactive oxygen species (ROS). Klotho-

deficient mice had a drastically shortened lifespan and developed aging-associated

injury in many organs [31]. In contrast, overexpression of Klotho in mice increased

lifespan [32]. In the kidney, Klotho is expressed predominantly in renal distal

convoluted tubules. A recent study reported that PPARg increases renal tubular

Klotho mRNA and protein expression through two noncanonical PPARg binding

sites upstream of the Klotho gene [33]. We found that pioglitazone treatment in

aging rats increased renal Klotho expression by more than 60%, another possible

contributor to its effects on senescence and ROS [30].

1.5 Peroxisome Proliferator-Activated Receptor-g Agonist
and Oxidative Stress

Mitochondria are a major source of ROS in cells. Elevated levels of both oxidant-

damaged DNA and protein are found in aged organisms. Since the mtDNA codes

for some electron carriers, mtDNA damage may indirectly inhibit respiration and

stimulate ROS formation. We found increased urinary and renal lipid oxidation in

aging rats, and pioglitazone attenuated those aging-related changes. In our study,

pioglitazone had a trend to decrease mtDNA deletion, and significantly increased

mitochondrial inner membrane integrity [30].

Several mechanisms have been proposed for TZD’s effect on mitochondria.

First, pioglitazone increases mtDNA [34]. Second, PPARg and nuclear respiratory

factor 1 transcription factors share a common coactivator, PPAR coactivator 1a,
and nuclear respiratory factor 1 can promote mitochondrial biogenesis [35]. Third,

TZDs may affect coupling-uncoupling dynamics, which could in turn increase

glucose utilization and influence free radical production/oxidative stress [36].

Lastly, several findings suggest that activation of PPARg may exert an antioxidant

activity by favorably altering the expression of specific enzymes participating in the

production or elimination of reactive oxygen species in mitochondria, including

nicotinamide adenine dinucleotide phosphate (NADPH) and catalase [37].
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The gene p66Shc is newly recognized and associated with longevity in mice, and

it also serves as an integration point for many signaling pathways that affect

mitochondrial function [38, 39]. Once activated, p66Shc oxidizes cytochrome C

and induces opening of the mitochondrial permeability transition pore, generates

more ROS, and releases more pro-apoptotic factors into the cytosol. Therefore,

suppression of p66Shc activation confers protection against ROS-induced injury.

Mice lacking p66Shc had extended lifespan that correlated with a decrease in

mitochondrial metabolism and reactive oxygen species production [40]. Inhibiting

or silencing protein kinase C-b protects cells against hydrogen peroxide (H2O2)

challenge. In contrast, overexpression of protein kinase C-b reproduces the mito-

chondrial fragmentation and Ca2+ signaling defect in cells expressing p66Shc, but

not in cells lacking p66Shc [41]. Cells expressing a mutant form of p66Shc

(p66ShcS36A) that cannot be phosphorylated also lack the early mitochondrial

response to protein kinase C-b activity, indicating a requirement for p66Shc phos-

phorylation. We showed that pioglitazone also decreased total cytochrome C

oxidase activity, although not its expression [30]. More importantly, we found

that phosphorylation of p66SHC, a key modulator of mitochondrial function, was

decreased in pioglitazone-treated rats.

1.6 Peroxisome Proliferator-Activated Receptor-g Agonists
and Macrophages

The protective mechanisms of PPARg agonists are also mediated through their

anti-inflammatory effects. Activation of PPARg suppresses pro-inflammatory

signaling pathways (including NFkB, AP-1, and STAT), and decreases production

of proinflammatory cytokines and chemokines. In experimental models of diabetic

nephropathy, PPARg agonist ameliorates renal injury associated with anti-inflam-

matory effects, presumably mostly by altering macrophages [16, 42].

Macrophage infiltration into the kidney is a common feature of many kidney

diseases [43, 44]. However, macrophages show significant heterogeneity in func-

tions depending on the local microenvironment and stage of tissue injury [45, 46].

Macrophages are generally classified into two polarization states: M1 and M2. M1

or “classically activated” macrophages are induced by classical immune pathways,

such as lipopolysaccharide (LPS) and interferon-g (IFN-g), and have important

roles in inflammation by enhancing pro-inflammatory cytokine production, such as

tumor necrosis factor-a (TNF-a), interleukin-1b (IL-1b), or IL-6. M2 or “alterna-

tively activated” macrophages are generated by exposure to IL-4 and IL-13.

M2 macrophages are important in resolution of inflammation and tissue repair

through synthesis of high levels of anti-inflammatory cytokines IL-10 and IL-1

decoy receptor and have high endocytic clearance capacities [47–49].

Macrophage phenotypes and function are critical determinants of the balance of

promoting tissue injury versus resolution of injury [48, 49]. Experimental

approaches to inhibit proinflammatory macrophages have been successful in
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reducing kidney injury [50–53]. Strategies that modulate M2 macrophage function

and phenotype have produced beneficial effects in models of experimental chronic

inflammation and kidney injury [54–56].
Adipose tissue is a complex endocrine organ that synthesizes and releases

proteins and adipokines, including PPARg [57–65]. Macrophages recruited into

adipose tissue of obese individuals participate in inflammation and contribute to

insulin resistance [57, 66–75]. Obesity induces a macrophage phenotypic switch

[76], leading to more M1 activation in adipose tissue of obese animals [47, 73, 76,

77]. An elegant study using macrophage-specific PPARg deficient mice showed

recently that PPARg is a key transcriptional factor in controlling maturation of

alternatively activated macrophages [78]. Disruption of PPARg in macrophages

impairs alternative macrophage activation and predisposes animals to development

of diet-induced obesity and insulin resistance [78]. By contrast, activation of

PPARg with rosiglitazone promotes infiltration of alternatively activated macro-

phages into adipose tissue [79]. Conditioned media from rosiglitazone-treated

alternatively activated macrophages neutralized the inhibitory effect of macro-

phages on 3T3-L1 adipocyte differentiation, suggesting that alternatively activated

macrophages may be involved in mediating the effects of rosiglitazone on adipo-

genesis [79]. Although there is increasing interest in the possibility that phenotypic

alteration of macrophages modulates renal response to injury, there is no informa-

tion on whether this is relevant to obesity-associated CKD. The impact of PPARg in
controlling and modulation of macrophage phenotypic switch in obesity-related

CKD merits further investigation.

2 Human Studies

2.1 Peroxisome Proliferator-Activated Receptor-g and Human
Chronic Kidney Disease

Specific studies of effects of PPARg agonists, either alone or in synergy with other

interventions, on progression of human nondiabetic CKD are lacking. Additional

complexity in considering such combination therapies arises from the recent

controversy regarding possible increased, albeit nonsignificant, risk of death from

cardiovascular cause in patients with type 2 diabetes treated with rosiglitazone

[80–82]. Studies of TZDs in humans with CKD have been largely performed in

diabetic nephropathy. Benefits in these patients on kidney disease progression could

well be secondary to improvement of metabolic syndrome. Beneficial effects of

TZDs observed include reduction of blood pressure and microalbuminuria, as

reviewed by Sarafidis and Bakris [83]. Their analysis suggests that improvement

in microalbuminuria likely does not merely reflect improved glycemic control,

based on the observations that other active treatments that achieved equivalent

blood glucose levels did not similarly reduce microalbuminuria. Other studies
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showed that improved glycemic control in patients with type 2 diabetes with ARB

and PPARg agonist combination resulted in better renal function, with decreased

proteinuria and serum creatinine [84]. Some data suggest that ARBs may even

influence development of diabetes or its severity, perhaps in part related to effects

to decrease PAI-1 [85]. Effects of ARBs and TZDs are complex and could alter

many potentially injurious factors that impact on oxidative stress, inflammation, and

other pro-fibrotic stimuli. Short-term treatment for 3 months with rosiglitazone

resulted in decreased free fatty acids and TNF-a and increased adiponectin in plasma

of type 2 diabetic patients. These changes were each linked independently to

decreased albuminuria [86]. Experimental studies and some studies in humans

with diabetes, as reviewed above, suggest additional actions of PPARg agonists on

podocytes, mesangial cells, tubular cells, growth factors, inflammation, endothelial

growth and function, and cell proliferation. Our recent data add beneficial effects on

mitochondrial injury and oxidative stress to the actions of PPARg agonists.

3 Conclusion

Peroxisome proliferator-activated receptor-g has manifold effects beyond control

of glucose and lipid metabolism. These include direct effects on key pathways of

ECM turnover, inflammation, cell senescence, and ROS. Thus, PPARg agonists

may provide a novel therapeutic tool for treatment not only of progression of CKD,

but also of underlying contributors to development of CKD.
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Chapter 18

Current Therapy Targeting Oxidative

Stress: Statin

Ravi Nistala and Adam Whaley-Connell

Abstract Oxidative stress is central to many pathological kidney processes. Redox

states in the kidney determine the levels of oxidative stress as well as functional

status of the various cell types in the kidney. Excessive generation of free radicals

under the influence of certain cellular, extracellular, and environmental cues tilts

the balance of redox toward damaging processes. For example, the renin-angioten-

sin-aldosterone system can be turned on excessively, leading to generation of free

radicals in the form of superoxide anion, which is one of the potent oxidizing

agents. Oxidation of lipids, proteins and even nitric oxide can lead to further

generation of cell damaging products. Dyslipidemia has been shown to be intri-

cately involved in the generation of oxidative stress. Statins improve dyslipidemia

through the blockade of 3-hydroxy-3-methylglutaryl coenzyme A reductase and

through decreased participation of downstream moieties in the generation of oxi-

dative stress. In addition, statins affect the activation of transcription factors such as

nuclear factor kB to mediate their anti-inflammatory and antifibrotic effects. This

“pleiotropism” is important in contributing to statins overall salutary effects in

chronic kidney disease.
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1 Introduction

Chronic kidney disease (CKD) is a significant global public health dilemma. The

predicted future disease and economic burden from progression to end stage renal

disease (ESRD) warrants interventions to effectively prevent or slow down this
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course. Chronic kidney disease is associated with both traditional risk factors such as

dyslipidemia, hypertension, diabetes, cardiovascular disease (CVD), and with nontra-

ditional risk factors such as oxidative stress, inflammation, endothelial dysfunction,

and proteinuria [1]. Tight control of traditional risk factors such as diabetes and

hypertension has been shown to be associated with maximal risk reduction for CKD

progression. Reduction of dyslipidemia is associatedwith improved renal endpoints in

select patient populations [1]. However, the choice of patient population, intervention

chosen, and coexistence of multiple risk factors have minimized the beneficial effects

of 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors (HMG-CoA inhibi-

tors, statins) [1]. Statins not only block the formation of the end product cholesterol but

also enhance the uptake of formed cholesterol by upregulating low-density lipoprotein

cholesterol (LDL-C) receptors (LDLR). In addition, the formation of intermediates

including geranyl and farnesyl phosphates is blocked, which are important moieties

mediating oxidative stress (Fig. 1). These extra-lipid lowering effects have been

termed “pleiotropic effects,” and statins have been proposed to have other such effects

including modulation of nuclear factor kB (NFkB), a transcription factor with a

central role in inflammation and fibrosis [2]. Statins have been recently shown to

have inhibitory role on nicotinamide adenine dinucleotide phosphate dehydrogenase

(NADPH) oxidase and the generation of oxidative stress [3, 4]. Ultimately, reduction

of inflammation, fibrosis and even apoptosis results, leading to improvements in

glomerular filtration barrier integrity, interstitial fibrosis, and tubular toxicity. In this

chapter, we will review the current evidence linking dyslipidemia, oxidative stress,

and renal damage as well as the potential benefit that statins may have in slowing the

progression of CKD.

2 Dyslipidemia of CKD

The lipid profile of CKD patients is markedly different from the general population

without kidney disease. Most of the studies involving statins have usedmeasurements

of total cholesterol (TC), low density lipoprotein (LDL), high density lipoprotein

(HDL), and triglycerides (TG) as markers of dyslipidemia. Total cholesterol and LDL

levels may be normal or even low when compared to those without kidney disease.

Low LDL levels are attributed to decreased production [5]. Moreover, triglyceride

rich as opposed to cholesterol rich (delipidated) small dense LDL predominates in

CKD, which has been shown to be highly atherogenic and associated with significant

cardiovascular risk [5, 6]. Low HDL levels and moderately elevated triglycerides

characterize the lipid profile in CKD patients. Moreover, there is accumulation of

triglyceride rich HDL, which is also called nonprotective HDL. Impaired maturation

of HDL is attributed to decreased hepatic lipase and increased plasma cholesteryl

ester transfer protein (CETP) [5]. Other less often measured derangements include

increased very low density lipoprotein (VLDL) and chylomicron remnants, posttran-

slationally modified lipoproteins, and abnormal concentrations of Lp(a). Importantly,

some of these lipoprotein derangements lead to increased superoxide formation,
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inflammation, and endothelial dysfunction. For example, TG-enriched VLDL and

ApoCIII as well as elevated LDL levels, directly stimulate NADPH oxidase mediated

superoxide production likely via NFkB, which then feeds back to increased reactive

oxygen species (ROS) generation and so on [6]. Moreover, the ratio of TC/HDL-C

and ApoB were predictors of greater risk for cardiovascular events than either TC or

LDL alone in a Women’s Health Study in which multiple biomarkers were simulta-

neously evaluated [7].

Lipoproteins, consisting of lipids and proteins called apolipoproteins, function to

transport water insoluble lipids from the gut to areas of utilization. The apolipo-

proteins not only serve to provide structure and stability to the lipoprotein molecule,

but also serve as ligands for hepatic uptake receptors and activate lipase enzymes.

In CKD, there is a reduction in most apolipoprotein A (apoA) containing lipopro-

teins and an increase in the apolipoprotein B (apoB) containing lipoproteins [8].

Apolipoprotein A containing lipoproteins consist of two major families: lipoprotein

Fig. 1 Schematic showing the role of statins in modulating major pathways. Statins block the

conversion of 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors (HMG-CoA) to

mevalonate by inhibition of HMG-CoA reductase. This reaction effectively blocks the down-

stream production of geranyl and FPPs. Geranylgeranlylation and farnesylation of small G-

proteins is also inhibited, thereby blocking several pathways that use these isoprenylated proteins

such as activation of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase complex,

trafficking of endothelin-1. In addition, statins block CD36 mediated oxidative low-density

lipoprotein (oxLDL) uptake, increase uptake of LDL via LDL receptor (LDLR) into the hepato-

cytes and increase expression of IkB, leading to stabilization of the complex with p50/p65 subunits

of NFkB
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A-I, consisting of apoA-I, and lipoprotein A-I:A-II, consisting of apoA-I and

apoA-II. ApoA-1 is the major apolipoprotein of HDL. Apolipoprotein B containing

lipoproteins consist of two major families as well: the cholesterol rich lipoprotein-B

(Lp-B), consisting of apoB, and the triglyceride rich lipoprotein-B complex

(Lp-Bc), consisting of apoB and combinations of apoA-II, apoC, and apoE. Lipo-

protein B occurs primarily in the LDL range, while the Lp-Bc may be detected in

the VLDL, intermediate density (IDL), and LDL range [8].

Impaired maturation of HDL in CKD is primarily due to downregulation of

lecithin-cholesterol acyltransferase (LCAT) and, to a lesser extent, increased plasma

CETP [9]. Triglyceride enrichment of HDL in CKD is primarily due to hepatic lipase

deficiency and elevated CETP activity. The CKD-induced hypertriglyceridemia,

abnormal composition, and impaired clearance of triglyceride-rich lipoproteins and

their remnants are primarily due to downregulation of lipoprotein lipase, hepatic

lipase, and the VLDL receptor, as well as, upregulation of hepatic acyl-CoA

cholesterol acyltransferase (ACAT). In addition, impaired HDL metabolism con-

tributes to the disturbances of triglyceride-rich lipoprotein metabolism. These

abnormalities are compounded by downregulation of apolipoproteins apoA-I,

apoA-II, and apoC-II in CKD. Together, these abnormalities may contribute to

adversely affect progression of renal disease and energy metabolism in CKD.

CKD is also associated with elevations of IDL and VLDL. This lipid pattern is

thought to be due to the accumulation of the Lp-Bc [9]. Moorhead and colleagues

speculated that this pattern was due to urinary losses of lipoprotein lipase activators,

leading to impaired lipolysis of triglycerides [10]. However, recent evidence

suggests that resistance to lipolysis by these lipid particles may be more important

[11]. The impaired lipolysis of these compounds may be due to the increased apoC-

III, an inhibitor of lipoprotein lipase, relative to apoC-II, a promoter of lipoprotein

lipase [9, 11].

Lipoprotein (a) [Lp(a)] is an LDL-like particle that consists of LDL covalently

bound to apo(a). The apo(a) molecule is highly polymorphic, with over 30 different

isoforms grouped into two categories: high and low molecular weight [12]. In

healthy patients, the subgroup with the high molecular weight isoforms tends to

have low levels of Lp(a), while those with the low molecular weight isoforms have

elevated levels. Among patients with nonnephrotic CKD, only those with the high

molecular weight isoform tend to have Lp(a) levels increase as GFR declines [13].

Among nephrotic patients, all Lp(a) isoforms are elevated [14].

The apoA-IV levels are elevated in chronic kidney disease as opposed to apoA-I

[15]. The apoA-IV also participates in reverse cholesterol transport and activates

LCAT and lipases. Despite this function, investigators found that elevated apoA-IV

predicts progression of kidney disease in patients with mild to moderate renal

failure [16].

To summarize, the dyslipidemia of nonnephrotic CKD is characterized by an

accumulation of triglyceride-rich lipoproteins, particularly IDL and VLDL, small

dense (delipidated) LDL (despite normal LDL levels), Lp(a), and apoA-IV. HDL

levels are reduced. The apoCIII is enriched in apoB containing triglyceride-rich
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lipoproteins in CKD stages 3 and 4 [17]. This particular lipid pattern likely plays a

role in both the progression of CKD and the cardiovascular risk associatedwith CKD.

3 Oxidative Stress in the Kidney

Oxidative stress is a major pathway for kidney damage and CKD. Loss of redox

balance leads to generation of oxidative stress. Free radicals such as superoxide

anion and peroxynitrite, when generated in excessive amounts, contribute to oxida-

tive stress. This may happen in common precursor conditions for CKD, including

diabetes, hypertension, and cardiometabolic syndrome. Several mechanisms are at

play in these disease states, including excessive activation of renin-angiotensin-

aldosterone system (RAAS), hyperglycemia, insulin resistance, dyslipidemia, and

inflammation of obesity and proteinuria. The NADPH oxidase enzyme is thought to

be the major source for superoxide anion and plays a central role in the generation of

ROS and kidney oxidative stress damage. Excessive ROS can in turn activate

NADPH oxidase enzyme at the expression level, creating a feed-forward loop that

leads to oxidative stress. All the subunits for NADPH oxidase enzyme are expressed

in the kidney [18]. However, the isoforms differ based on the cell type and function.

For example, the macula densa cells express both Nox2 and Nox4 but not Nox1, and

Nox2 has been shown to be the primary isoform responsible for NaCl-induced

superoxide generation [19]. In the glomeruli ROS can downregulate nephrin, and

possibly other podocyte specific markers including podocin and desmin [3], and this

can lead to glomerular filtration barrier injury and proteinuria. Both angiotensin II

(AngII) and aldosterone have been implicated in this type of injury as blockade with

specific blockers ameliorating the pathology [20, 21]. In addition, blockade of ROS

generation with TEMPOL (hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl) and sta-

tins, improved glomerular filtration barrier (GFB) injury as well without any hemo-

dynamic effects [3]. Ang II activates mitogen activated protein kinase (MAPK) and

extracellular regulated kinase ERK1/ERK2 via ROS and this in turn activates

transforming growth factor-b (TGF-b1) and fibronectin, leading to fibrotic changes
in the glomeruli. Angiotensin II can also activate other growth and proliferation

pathways via ROS including vascular endothelial growth factor (VEGF), Akt/PKB,

prostaglandin receptor (EP1), and epithelial growth factor receptor (EGFR). Angio-

tensin II mediates LDL-induced superoxide generation and hypertrophy of mesan-

gial cells [22]. Reactive oxygen species may induce tissue damage by initiating lipid

peroxidation (LPO) [23]. In turn, this leads to adduct formation between breakdown

products of LPO with structural proteins, such as formation of malondialdehyde

(MDA) or 4-hydroxynonenal-lysine adducts. Type IV collagen was specifically

identified as being modified by MDA adducts. When LPO was inhibited by pre-

treatment of passive Heymann nephritis (PHN) rats with the antioxidant probucol,

proteinuria was reduced by approximately 85%, and glomerular immunostaining for

dialdehyde adducts was markedly reduced [23].

18 Current Therapy Targeting Oxidative Stress 355



Reactive oxygen species can also directly damage the tubules and lead to both

acute and chronic kidney disease. Similar to mesangial cells and glomeruli, proxi-

mal tubule cells can generate ROS in response to AngII, and that can lead to

activation of p42/p44 MAPK, cell cycle regulator p27(Kip1), and cellular hyper-

trophy [24]. Angiotensin II increases the expression of VEGF and monocyte

chemoattractant protein-1 (MCP-1) via ROS, and inhibitors of NADPH oxidase

blunted this pathway [18]. Reactive oxygen species can be generated via activation

of other oxidases in the kidney, including mitochondrial respiratory cycle enzymes,

xanthine oxidase, cyclooxygenase, and lipoxygenase [18]. To further illustrate this

point, xanthine oxidase can be stimulated to generate ROS in a hypercholestero-

lemic pig model used to study renal hemodynamics, and inhibition of xanthine

oxidase led to improved renal plasma flows [25].

Activation of NFkB, a transcription factor central to the mediation of inflamma-

tion along with other transcription factors such as activator protein-1 (AP-1), is a

major mechanism by which ROS can promote cell growth and hypertrophy,

migration, fibrosis, and apoptosis. Multiple cues can activate NFkB such as active

RAAS, hyperglycemia, hyperinsulinemia, tumor necrosis factor-a (TNF-a), inter-
leukin-1b (IL-1b), and important for this discussion, LDL. The p65/p50/Rel subunit

of NFkB exists in an inactive state in the cytoplasm when bound to IkB [26].

Phosphorylation of IkB by inflammatory cues sets this moiety toward degradation

and facilitates translocation of p65/p50/Rel to the nucleus, which then activates the

expression of pro-inflammatory genes such as TNF-a and pro-fibrotic genes such as

TGF-b1. Increased TGF-b1 then mediates deposition of fibronectin and collagen IV

in the interstitium, leading to fibrotic changes in the long run. Inflammation in the

interstitium also promotes the migration of inflammatory cells such as monocytes

and macrophages that in turn secrete inflammatory cytokines and damage the

tubules, glomeruli.

4 Statins Modulate Oxidative Stress

Diabetes is associated with increased cholesterol levels, elevated triglycerides,

LDL and oxLDL levels, and reduction in HDL levels. Statins can reverse this

pattern of dyslipidemia in diabetes, thereby protecting the kidneys and slowing

progression of CKD [27]. Furthermore, renoprotection by statins may be a summa-

tion of modulatory effects on multiple pathways, including dyslipidemia, inflam-

mation, and oxidant stress. First, statins act by blocking HMG-CoA reductase,

thereby inhibiting synthesis of mevalonic acid, a precursor of many nonsteroidal

isoprenoid compounds such as farnesyl pyrophosphate (FPP) and geranylgeranyl

pyrophosphate (GGPP) involved in subcellular localization and intracellular traf-

ficking of several membrane-bound proteins involved in oxidative stress injury

(Rho, Ras, Rac, Rab, Ral, and Rap) (see Fig. 1) [7, 28]. Reduction in GGPP and

geranylation of Rac1 inhibits translocation of Rac1 to the plasma membrane, which

mediates the activation and generation of ROS by NADPH oxidase enzyme [5]. The
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statin blocked geranylgeranylation of Rho GTPase and decreased levels of surface

protein endothelin-1, a potent vasoconstrictor and mitogen, and may play a role in

retarding glomerulosclerosis [29]. Rho-GTPases are involved in several cellular

processes, including cytoskeletal remodeling, membrane trafficking, transcriptional

activation, and cell growth control. For example, reduced geranylgeranylation of

Rho can lead to decreased leukocyte adhesion and fibrinolytic activity [7]. Second,

statins suppress the expression of protein subunits of NADPH oxidase (p22phox,

Nox2, Nox4, and p47phox), thereby reducing the overall activity of the enzyme,

and this was evidenced from decrease NADPH oxidase enzyme activity (Fig. 2) [3].

Third, statins prolong eNOS mRNA half-life and eNOS expression and upregulate

eNOS activity, thereby reducing hypertension-induced glomerular injury

by inhibiting the isoprenylation of Rho [30]. Fourth, statins interfere with LDL

oxidation by several mechanisms [31]: (1) blocking isoprenylation of Rac1, an

Fig. 2 Rosuvastatin attenuation of nicotinamide adenine dinucleotide phosphate (NADPH)

oxidase in the transgenic Ren2 rat. Rosuvastatin was given 20 mg/kg intra-peritoneal (IP).

(a) Ren2 untreated (Ren2-C) rats had increased NADPH oxidase activity when compared to

Sprague Dawley controls (SD-C) and this increase was abrogated by rosuvastatin (Ren2-RSV).

Asterisk indicates p < 0.05 for Ren2-C versus SD-C; double asterisk indicates p < 0.05 for Ren2-

C versus Ren2-RSV treated with rosuvastatin. (b) Immunohistochemistry with Nox2 and Rac1

antibodies demonstrates increased expression of these subunits in the Ren-C when compared to

SD-C and abrogation with rosuvastatin. (c) Average gray-scale intensities for panel B. Asterisk
indicates p < 0.05 for Ren2-C versus SD-C, double asterisk indicates p < 0.05 for Ren2-C versus

Ren2-RSV treated with rosuvastatin
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important component of NADPH oxidase complex; (2) reducing expression of

NADPH oxidase subunits; and (3) reducing serum levels of LDL available for

oxidation. The active o-hydroxy metabolite of atorvastatin found in plasma was

shown to enhance the resistance of LDL to oxidative modification at pharmacologi-

cal levels. This effect is specific to the o-hydroxymetabolite and is not demonstrated

by the parent atorvastatin compound nor other statins such as lovastatin, simvastatin,

pravastatin, or rosuvastatin. Fifth, by suppressing the expression of scavenger

receptor CD36 on monocytes, statins inhibit their uptake of oxidized LDL and

subsequent conversion to macrophages [32]. Last but not least, statins suppress

the nuclear translocation of NFkB subunit p65/p50, thereby downregulating the

activation of several pro-inflammatory and pro-fibrotic genes [33]. This may occur

via increasing the expression of IkB [33]. Interestingly, Rho and Rac can phosphor-

ylate IkB and activate NFkB [7]. Regardless of the mechanisms, there is convincing

evidence to support the theory that statin therapy in humans ameliorates oxidative

stress.

Oxidative stress is a result of altered balance in the relative concentrations of

oxidants and antioxidants, the so-called redox imbalance [18]. Ox-LDL and the

TG-rich lipoproteins of CKD (VLDL, delipidated LDL, ApoCIII) together are

deleterious to the vasculature and the kidney; they activate macrophages, stimulate

maturation of monocytes into macrophages, induce release of various cytokines,

adhesion molecules, and endothelin-1, generate superoxide free radical, and sup-

press eNOS mediated release of nitric oxide (NO) [6, 30]. In several human and

animal studies, various statins have been shown to: (1) inhibit the uptake and genera-

tion of ox-LDL [34], (2) attenuate vascular and kidney superoxide anion formation by

inhibition of NADPH oxidases via Rho-dependent and Rho-independent mechanisms

as described above [7, 30, 33], and (3) preserve the relative levels of vitamin E,

vitamin C, and endogenous antioxidants such as ubiquinone and glutathione in LDL

particles [35–37]. Thus, statins not only decrease oxidants but also restore antioxi-

dants, thereby possibly reducing the level of oxidative stress in the vascular milieu,

which may explain some of the observed clinical beneficial effects [38].

5 Statins and the Kidneys

Statins have been shown to attenuate renal injury in both in vivo and in vitro studies.

Renal injury from dyslipidemia and oxidative stress initiates inflammatory cascades

that involve similar cellular events as seen in vascular tissue. Statins inhibit key

events in this process that alter the progression of renal injury. Pravastatin has been

shown to ameliorate the structural and functional changes of diabetic nephropathy in

hyperglycemic insulin-deficient diabetic rats [39]. Furthermore, statins have been

demonstrated to decrease TGF-ß production and suppress the enhanced Ras-depen-

dent activation of MAPK cascade in these diabetic rats. In glomerular mesangial

cells, pravastatin suppressed oxidative stress and fibronectin expression that were

induced by oxLDL [40]. Lovastatin has similar effects on glomerular disease in
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obese insulin-resistant rats [41]. Lovastatin decreased chemotactic activity of human

fetal mesangial cells by inhibition of MCP-1, and these effects were likely via

inhibition of isoprenylation as mevalonate reversed the inhibition [42]. In another

model of renal injury due to overexpression of AngII, cerivastatin decreased systolic

blood pressure, albuminuria, and cortical necrosis [43]. These changes were asso-

ciated with reduced infiltration of inflammatory cells, diminished expression of

adhesion molecules, and lower levels of transcription factor (NFkB) activity. We

have shown that rosuvastatin ameliorated glomerular filtration barrier injury in a

hypertensive, insulin resistant rat model (TgmRen2) by decreasing podocyte efface-

ment, restoring slit diaphragms, and improving the pore numbers (Fig. 3) [3]. In rats

with glomerulonephritis, simvastatin decreased mesangial cell proliferation and

monocyte/macrophage infiltration [43]. Statins have been shown to inhibit the

proliferative actions of platelet-derived growth factor [44] and TGF-ß [39]. Cyto-

kines released during renal injury activate NFkB and growth-regulating pathways in

mesangial and tubular cells. Statins both decrease the levels of cytokines and inhibit

the NFkB-dependent gene activation, such as MCP-1 and IL-6 [45]. Fluvastatin

protects rat kidneys by decreasing oxidative stress, TGF-b, fibronectin, MCP-1, and

LOX-1 expression and increasing NO bioavailability [46]. Streptozotocin-induced

diabetic rats have increased Nox4, TGF-b, and connective tissue growth factor

(CTGF) expression in their renal cortices followed by increased NADPH oxidase

activity and ROS generation [47]. Fasudil, a Rho-kinase inhibitor, as well as statins,

ameliorated diabetic nephropathy in these rats by suppressing NADPH oxidase

activity and fibrosis. As described before, statins inhibit CD36, a scavenger receptor

that facilitates the uptake of oxLDL and promotes foam cell formation and oxidative

stress in dialysis patients [32]. In humans, statins also decrease urinary albumin

excretion in patients with nephrotic syndrome and in patients with type 2 diabetes

[48]. Thus, statins modulate glomerular mesangial and interstitial inflammatory

processes independent of lipid reduction. Clinical relevance of these observations

is yet to be determined by the ongoing interventional studies.

6 Clinical Trials with Statins in CKD Patients

Over the past 10–15 years, several clinical trials have attempted to elucidate a role

for statins in slowing the progression of CKD. Conflicting reports have emerged

over the usefulness of statins in slowing down hard endpoints, including doubling

of serum creatinine, initiation of dialysis, and death from CKD. Surprisingly, most

trials showed a reduction in cholesterol and proteinuria, but only some showed

improvement in the hard renal endpoints. The data on CVD endpoints have been

more encouraging and consistent. The Cholesterol Treatment Trialists (CTT) Col-

laborators study was among the first to show that lowering of LDL-cholesterol by

1 mmol/L with statins resulted in a decrease in CVD risk by 20% [49]. Post-hoc

analyses of subgroups in the CTT trial with and without CKD and with diabetic

kidney disease (DKD) revealed that the benefits of statin therapy are sustained in
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patients with decreased GFR [50]. Further validation of CTT data was obtained

from the Anglo-Scandinavian Cardiac Outcomes Trial-Lipid Lowering Arm

(ASCOT-LLA) and the Cholesterol and Recurrent Events (CARE) study groups,

which showed similar improvements in CVD endpoints in patients with CKD

stages 2 and 3 [51–53]. In addition, subgroup analysis of the Greek Atorvastatin

and Coronary Artery Disease Evaluation (GREACE) study revealed that after

adjustment for 25 CVD risk factors, there was significant improvement in eGFR

in the statin-treated group [54]. Furthermore, the Assessment of Lescol in Renal

Transplantation (ALERT) study showed sustained CV benefit of statins when

patients were followed for a prolonged period [55]. However, CV benefits as

measured by intima-media thickness reduction was only evident in nonrenal

Fig. 3 Rosuvastatin improves indices of podocyte foot process effacement on TEM. (a) Ultra-

structural measurements by transmission electron microscopy (TEM) performed on the glomerular

filtration barrier at 10 K (left panel) and 60 K (right panel) magnification. The Ren2-C animals

have podocyte effacement and highly disordered structure when compared to SD-C. In addition,

there is a decrease in the number of slit pores and some obliteration of the slit pore membrane.

Rosuvastatin, restores the integrity of the glomerular filtration barrier. (b) Quantification of the

defects seen in (a) reveals that the podocyte base width was significantly increased, while slit pore

diameter and slit pore numbers were decreased in the Ren2-C. This derangement was abrogated by

rosuvastatin in the Ren2-RSV. Asterisk indicates p < 0.05 for Ren2-C versus SD-C, double
asterisk indicates p < 0.05 for Ren2-C versus Ren2-RSV treated with rosuvastatin
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patients and not in renal patients, even when the LDL cholesterol was drastically

lowered [56]. This was followed by the Die Deutsche Diabetes Dialyze Studie (4D

study) that did not show significant CV benefits from lowering cholesterol by 42%

in dialysis patients [57] as did a small Scandinavian study [58]. Several reasons

have been put forth for this sort of unexpected outcome. Alternative more

overriding pathomechanisms such as inflammation or calcification could play a

role in the uremic state. The cardiovascular death was from noncoronary causes

such as heart failure and sudden death, making the 4D study underpowered for

detecting appropriate CV risk. In addition, it is possible that a substantial number of

CKD patients may die from coronary events even before they reach ESRD, likely

removing the cohort that is most likely to respond to statins.

The initial data on the renal endpoints were highly encouraging and statins were

being touted as the next big drug. In the Heart Protection Study (HPS), simvastatin

lowered cholesterol and showed a decline in GFR rates when compared to placebo

in a 5-year follow-up of approximately 15,000 patients [59]. In a subgroup of

patients with GFR <60 mL/min from the CARE study, pravastatin decreased the

rate of decline in GFR, and the protection was even greater in persons with GFR

<40 mL/min/m2/year [60]. Importantly, the benefits from simvastatin were greater

in the diabetic group when compared to the nondiabetic group. In a meta-analysis of

13 trials, Fried et al. showed that lipid reduction appeared to slow the decline of

GFR and proteinuria and there was a correlation with years of follow-up [61].

In another small, randomized, placebo-controlled trial involving CKD patients with

idiopathic glomerulopathies, atorvastatin decreased proteinuria by 55% and

improved creatinine clearance by 57% [62]. This was then followed by the meta-

analysis by Douglas et al. who showed that in the microalbuminuric and macro-

albuminuric range, statins decreased proteinuria by close to 50% along with

improvements in renal outcomes [63]. However, the benefits of treatment with

statins could not be translated to hemodialysis patients. The 4D study showed that

there was no benefit to using statins in ESRD patients on hemodialysis, prompting

analyses and conclusions that statins may not have any effect “beyond a point” [57].

Surprisingly, there was an increased risk of cerebrovascular disease in statin-treated

patients when compared to placebo. This was in contrast to the AURORA study

(a study to evaluate the use of rosuvastatin in subjects on regular hemodialysis: an

assessment of survival and cardiovascular events), which did not reveal such a risk

[64]. However, in keeping with the conclusions of the 4D study, AURORA

confirmed that although statins lowered LDL-cholesterol concentrations by 43%,

there was no CV or CKD benefit to treating ESRD on hemodialysis patients. The

AURORA study was limited by other caveats such as low event rate, high dropout

rate (50%), and exclusion of patients who were most likely to benefit from statin

treatment [65]. The Study of Heart and Renal Protection (SHARP) is another large

study (9,000 patients) focused on investigating the effects of statins on renal end-

points. Interestingly, the SHARP cohort includes patients who are not yet on

dialysis, patients on peritoneal dialysis, and patients on hemodialysis [65].

The importance of cohort selection will be clear over the next few sentences. The

conclusions of the 4D and the AURORA studies have been questioned by experts
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who believe that CKD patients have a CV burden that is vastly different from the

general population. CKD patients have left ventricular hypertrophy and aortic

calcifications as opposed to the majority of nondialysis patients who have athero-

matous lesions (some in the coronary arteries). While the mortality in the general

population is from myocardial infarctions, CKD populations have higher sudden

cardiac death and arrhythmias, events for which statins are not even indicated [65].

Many CKD patients have heart failure and statins have not been shown to be

beneficial in lowering mortality in heart failure patients. Together, the ineffective-

ness of statins in lowering the primary or secondary endpoints in ESRD patients on

hemodialysis may be a function of not targeting either the causal pathway or the

disease spectrum. Interestingly, an analysis of the U.S. Renal Data System Morbid-

ity and Mortality Wave-2 study, a cohort of about 3,700 new start dialysis patients

randomly selected between 1996 and 1998, revealed a significant decrease in all-

cause mortality as well as CV-specific mortality [66].

Newer trials such as the Aggressive Lipid-Lowering Initiation Abates New

Cardiac Events (ALLIANCE) study have been designed to answer the question

whether statins have a role in CKD 1–5 [67]. When atorvastatin was used with an

intention to treat (LDL goal <80 mg/dL or up to 80 mg/d) versus standard therapy

by primary care physicians, the focused treatment group had better outcomes

compared to usual therapy both in patients with (<60 mL/min/1.73 m2 GFR) and

without advanced CKD (>60 mL/min/1.73 m2 GFR). A review of the Cochrane

Database System Reviews in dialysis patients showed that statins are safe in this

population group, and that longer treatment duration is necessary to elicit beneficial

effects on CVD [64, 68]. In the subgroup of patients not requiring dialysis, statins

significantly reduced CV events when compared to the placebo [69].

7 Conclusion

Dysplipidemia of CKD is a major risk factor, and modulation of this dysplipidemia

by statins has consistently demonstrated to decrease CVD risk in CKD populations.

Evidence is emerging for the use of statins in early stages of CKD 1 through 4.

Even in ESRD patients, the use of statins is not discouraged if the patient has a high

CVD risk. Measurement of endpoints of these failed trials does not include VLDLs

and other lipids intrinsic to CKD, which is the real culprit in diabetic patients, not

LDL. In addition, the pleiotropy that statins exhibit when compared to other lipid-

lowering agents clearly makes them superior in altering both CVD and CKD risk.

Targeting oxidative stress, which may be central to the pathogenesis in diabetes,

hypertension, obesity, and the cardiometabolic syndrome and a major mechanism

for dyslipidemia in CKD, is very effectively altered by statins. Future trials such as

the Study of Heart and Renal Protection (SHARP) hold promise. Moreover, clinical

trials should be designed to measure oxidative stress and CKD specific dysplipide-

mia via the use of biomarkers both to detect incident disease and provide therapy to

modulate the process.
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Chapter 19

N-Acetylcysteine in Kidney Disease

Giancarlo Marenzi, Erminio Sisillo, and Antonio L. Bartorelli

Abstract Acute kidney injury (AKI) is a frequent complication of contrast

administration (contrast-induced nephropathy) and cardiac surgery and is asso-

ciated with increased short-term and long-term morbidity and mortality. Acute

kidney injury is becoming a growing problem in modern cardiovascular medicine,

in parallel with the increase in application of radiological procedures utilizing

iodinated contrast media for both diagnostic and therapeutic purposes, and with

the increasing number of elderly patients with comorbidities undergoing cardiac

surgery. Due to the lack of any effective treatment, prevention of this complication

is the key strategy. As oxidative stress seems to play an important role in both

contrast-induced nephropathy and postcardiac surgery AKI etiologies, the potential

prophylactic effect of the antioxidant agent N-acetylcysteine (NAC) has been

largely investigated in recent years in patients at risk.

In this chapter, we review the clinical impact of contrast-induced nephropathy

and postcardiac surgery AKI and the clinical and investigational evidence for the

potential role of NAC in the prevention of these two conditions.

Keywords Acute kidney injury � Contrast-induced nephropathy � Cardiac surgery
� Oxidative stress � N-acetylcysteine

1 Introduction

There is increasing awareness that acute kidney injury (AKI) represents an important

problem in cardiovascular medicine from an epidemiological, clinical, and prognostic

perspective.

Diagnosis and treatment of patients with cardiovascular diseases relies heavily

on cardiovascular imaging, percutaneous interventions, and cardiac surgery.
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Contrast-mediated imaging studies and procedures are a relevant portion of modern

medical practice. An increasing number of patients, estimated at 30 million per year

in the United States, receive contrast agents during diagnostic or interventional

procedures [1]. However, iodinated contrast media, which play a key role for

cardiovascular imaging and diagnostic accuracy, have toxic effects to the kidney.

Indeed, one of the most troublesome complications of contrast agent administration

is contrast-induced nephropathy (CIN), which represents one of the leading causes

of renal impairment and the third cause of in-hospital acquired renal failure [2].

Acute kidney injury is also a serious complication after cardiac surgery and is

associated with increased short-term and long-term mortality [3, 4]. This compli-

cation occurs in 5–30% of patients who undergo cardiac surgery, depending on the

definition used for AKI [5, 6]. Most of the previous studies focused on severe AKI,

defined either as need for dialysis or substantial increase in serum creatinine [3].

However, studies reporting an association between small changes in serum creati-

nine and adverse short-term outcome are emerging in the literature [4–7].

In both CIN and postcardiac surgery AKI, there is evidence that an increase of

free-radical production may play a role in the multifactorial etiology of renal injury

[8–10]. In a variety of clinical conditions, oxidative stress and reactive oxygen

metabolites have been shown to be significantly involved in the pathogenesis of

AKI. This led to the evaluation of the potential therapeutic role of antioxidant

agents in animal models and in patients with AKI due to cardiac and aortic surgery,

sepsis, drug nephrotoxicity (contrast agents, cisplatin, gentamicin, and cyclospor-

ine), as well as rhabdomyolysis [11–18]. Specifically, the potential prophylactic

effect of N-acetylcysteine (NAC) against AKI has been the rationale for its use in

patients at risk of CIN and in those undergoing cardiac surgery, with the aim of

pharmacological modulation of oxidative stress and outcome improvement.

In this chapter, the potential role of NAC in the prevention of CIN and post-

cardiac surgery AKI will be discussed on the basis of the existing clinical and

investigational evidence. A brief and updated overview of the clinical impact of

these two conditions will be provided in order to better define the clinical scenario

in which NAC therapy may exert its positive effects.

2 Contrast-Induced Nephropathy

Contrast-induced nephropathy implies an acute and transient impairment in renal

function after intravascular administration of contrast medium. It is usually defined

as an absolute (>0.5 mg/dL) or a relative (>25%) increase in serum creatinine

within 48–72 h following contrast exposure [19]. In patients with normal renal

function, the frequency of CIN is low (<3%), but it may rise up to 50% in high-

risk patients.

Development of CIN is associated with a higher risk of cardiovascular

complications, prolonged hospitalization, and increased in-hospital and long-term

mortality [20, 21]. Spontaneous recovery of renal function ensues within 1–2 weeks
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in most patients who develop CIN. However, severe nephropathy requiring

in-hospital dialysis may also occur, a condition associated with very poor clinical

outcome [20–25]. Several studies have demonstrated a relatively high rate of

in-hospital morbidity and an increased risk for subsequent adverse events, including

death, in patients with CIN. The mechanisms underlying the significantly higher

long-term mortality in patients who develop reversible CIN are unclear. It is

possible that, despite clinically self-limited changes in renal function following

contrast exposure, subclinical renal parenchymal changes may persist even after

laboratory renal function returns to normal. These alterations may lead, over time,

to progressive kidney function deterioration that can increase the risk of mortality.

This hypothesis is supported by a recent study showing that, despite similar baseline

and discharge creatinine levels in patients with and without CIN, those who

developed this complication had a significantly greater reduction of renal function

during postdischarge follow-up [26]. It is noteworthy that several risk factors,

including chronic kidney disease (CKD), diabetes mellitus, intravascular volume

depletion, and high contrast volume, are associated with an increased risk for CIN

[20, 22, 27–29] (Table 1). Thus, CIN is predictable in most cases, and, therefore, the

only effective therapeutic approach is the use of preventive strategies. Accordingly,

several studies focused on CIN prevention, most often using pharmacologic agents.

However, none of the drugs tested showed an unquestionably positive effect,

particularly when patients with severe CKD were considered [20, 30–32] (Table 2).

The exact mechanism of CIN has not been completely elucidated and is still under

investigation. However, there is increasing evidence that the combination of direct

toxic effects on tubular epithelial cells and renal ischemia plays the major role [33].

Table 1 Risk factors for contrast-induced nephropathy

Patient related Chronic kidney disease (stage 3 or greater)

Diabetes mellitus (type 1 or type 2)

Volume depletion

Older age

Congestive heart failure (or left ventricular ejection fraction <40%)

Hypertension

Anemia and blood loss

Hypoalbuminemia (<35 g/L)

Nephrotoxic drug use (NSAIDs, cyclosporine, aminoglycosides)

Diuretics

ACE inhibitors

Hypotension or pre-procedural hemodynamic instability

Urgent procedure (acute myocardial infarction)

Intra-aortic balloon pump use

Renal transplant

Not patient related Contrast properties

High osmolar contrast

Ionic contrast

Contrast viscosity

Contrast volume

Intra-arterial administration of contrast

NSAIDs nonsteroidal anti-inflammatory drugs; ACE angiotensin-converting enzyme

19 N-Acetylcysteine in Kidney Disease 369



Direct toxic effects on the proximal convoluted tubular cells and the inner cortex of

the kidneys, presenting with epithelial cell vacuolization, interstitial inflammation,

and cellular necrosis, were demonstrated following exposure to a variety of iodinated

contrast agents. Concerning ischemic injury several studies demonstrated vasocon-

striction and reduction in renal blood flow occurring immediately after contrast

medium administration. Other studies showed that the changes in renal plasma

flow are not uniform. Indeed, contrast media appear to exert regional effects within

the kidney, with increase in blood flow to the renal cortex and simultaneous flow

reduction to the outer medulla. The deeper portion of the outer medulla of the kidney

is particularly susceptible to ischemic injury, since this area ismaintained at the verge

of hypoxia, with pO2 levels often as low as 20 mmHg. In addition to a low oxygen

tension, the outer medulla has a high metabolic activity and a relatively high oxygen

requirement due to salt reabsorption that account for its vulnerability [34].

Animal studies have suggested that oxidant-mediated injury, due to enhanced

production of oxygen-free radicals and lipid peroxidation of biological membranes,

may be implicated. The ability to accommodate oxidant injury decreases with age, a

Table 2 Strategies evaluated

for contrast-induced

nephropathy risk reduction

Positive results (potentially beneficial)

Hydration (isotonic saline, sodium

bicarbonate)

Theophylline/aminophylline

N-acetylcysteine

Ascorbic acid

Statins

Hemofiltration

Prostaglandin E1

Trimetazidine

Captopril

Neutral results (no consistent effect)

Fenoldopam

Dopamine

Calcium channel blockers

Amlodipine

Felodipine

Nifedipine

Nitrendipine

Atrial natriuretic peptide

L-arginine

Negative results (potentially detrimental)

Furosemide

Mannitol

Endothelin receptor antagonist

Hemodialysis
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factor that may contribute to the increased risk of CIN among older patients.

Moreover, increased oxidative stress is present in CKD and in diabetes [35, 36].

2.1 N-Acetylcysteine for Prevention of Contrast-Induced
Nephropathy

In recent years, several clinical studies have been performed using antioxidant

compounds in an attempt to prevent CIN. The rationale for the use of antioxidant

agents is based on animal experiments suggesting a pathogenetic role of reactive

oxygen species in the occurrence of CIN [37–40]. In 2004, Drager et al. [41]

demonstrated that after radiocontrast exposure, urinary levels of 15-isoprostane

F2, a specific marker of oxidative stress, increased significantly over baseline

values in patients receiving hydration only. Conversely, they remained essentially

unchanged in patients treated with hydration and NAC. Furthermore, NAC treat-

ment led to lower levels of alpha-glutathione S-transferase, a specific proximal

tubular injury marker, as compared to hydration only.

The N-acetyl derivative of cysteine, known as NAC, is the most widely studied

agent of all prophylaxis strategies. It has direct vasodilating effects on kidneys

vessels, contributing to improved renal hemodynamics, and may also attenuate

endothelial dysfunction. More notably, it is also able to scavenge oxygen-free

radicals, thus preventing the direct oxidative tissue damage occurring after contrast

administration [41–46].

After the publication of the seminal study by Tepel et al. [17] showing that NAC

offers some protection, a large number of studies, in most cases with a relatively

small sample sizes, were published. Indeed, Tepel et al. [17] demonstrated that

NAC (600 mg orally twice daily) plus hydration before and after contrast adminis-

tration has a CIN preventive effect in patients with renal insufficiency undergoing

computed tomography with a fixed dose (75 mL) of contrast. The results were

impressive: the rate of CIN was 21% in the placebo group and only 2% in the NAC

group (P ¼ 0.01). This finding, however, was supported by some, but not all,

subsequent clinical trials investigating the efficacy of NAC as a CIN preventive

agent, both in patients with preexisting CKD and in those with normal renal

function [48–50].

Several meta-analyses were published on this topic [51–61] (Table 3). By

combining the data from available prospective controlled clinical trials that used

NAC, they reported an overall significant relative risk reduction in patients with

CKD receiving NAC [62]. Nine meta-analyses presented pooled risk estimates

suggesting benefit. However, as the available literature is greatly heterogeneous,

the benefit of oral NAC among all individuals with renal insufficiency cannot be

definitely confirmed [54]. Differences in contrast media type and volumes, defini-

tions of CIN, patient selection, type of intervention, applied hydration regimens,

NAC dose (cumulative dosage varied between 1,500 and >10,000 mg in the
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different studies), and route of administration (intravenous vs. oral), as well as the

timing of the cardiovascular procedure (urgent vs. elective) may have contributed

to the heterogeneity (i.e., variation of effect across studies greater than can be

expected by chance) observed in the pooled analysis [63].

An interesting point was raised by Briguori et al. [50] who observed that NAC-

associated renal protection was restricted to patients receiving small (<140 mL)

volumes of dye. They postulated that the discordance in results among different

studies may be due to the amount of contrast administered. Indeed, patients under-

going percutaneous coronary interventions (PCI), endovascular aortic aneurysm

repair, and other peripheral vascular interventions often require larger contrast

doses as compared to that used by Eggebrecht et al. (75 mL) [64].

Additional studies seem to support this hypothesis. In the RAPPID study [65],

patients with mild-to-moderate CKD undergoing PCI were randomized to receive

NAC and intravenous hydration or intravenous hydration alone. NAC was given

intravenously at a dose of 150 mg/kg before contrast exposure, followed by

50 mg/kg over the subsequent 4 hours. Therefore, for a 70-kg patient, the cumula-

tive NAC dose was 14,000 mg, a value much greater than that used by most authors

(2,400 mg). In the two groups, the contrast volume was 238 and 222 mL and CIN

occurred in 5 and 21% of cases, respectively (P ¼ 0.045). In another study by

Briguori et al. [66], two different NAC dosages were compared (600 vs. 1,200 mg

orally twice daily) before and after contrast administration in patients with

mild CKD undergoing coronary or peripheral procedures. The incidence of

CIN was lower in patients receiving a double dose of NAC (3.5 vs. 11%;

P ¼ 0.038). The benefit of double-dose NAC was greater for patients receiving

a contrast dose �140 mL (5.4 vs. 18.9%; P ¼ 0.039) than for those who received a

contrast dose<140 mL (1.7 vs. 3.6%; P ¼ 0.61). Thus, the emerging concept from

these studies is that a greater dose of NAC is probably needed in CKD patients

undergoing PCI, suggesting a dose-dependent protective effect of NAC (Fig. 1).

Further evidence of a possible dose-dependent effect of NAC derives from a study

evaluating its use for the prevention of CIN in patients with ST-segment elevation

myocardial infarction (STEMI) undergoing primary PCI [67]. Patients treated with

primary PCI represent a population at higher risk for CIN than those undergoing

elective PCI because several conditions may contribute to renal injury in this

setting. Among them, STEMI-associated hemodynamic impairment, use of a

large volume of contrast media, and the impossibility of starting a renal prophylac-

tic therapy are the factors most likely involved [68]. In this study, a total of 352

STEMI patients were randomly assigned to receive placebo (control group,

n ¼ 119), an intravenous bolus of 600 mg of NAC before PCI, followed by an

oral administration (600 mg twice daily) for the following 48 h (NAC total dose

¼ 3,000 mg) (NAC group, n ¼ 116), or an intravenous bolus of 1,200 mg of NAC

before intervention, followed by an oral administration (1,200 twice daily) for the

following 48 h (NAC total dose ¼ 6,000 mg) (high-dose NAC group, n ¼ 118).

The observed rate of CIN (increase in creatinine �25%) was 37% in the control

group, 15% in the NAC group, and 8% in the high-dose NAC group (P < 0.001).

When an absolute rise in creatinine (�0.5 mg/dL) was considered, the frequency of
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CIN was 18, 6, and 3%, respectively (P < 0.001). A significant trend toward a

reduction of in-hospital death and other clinical complications in patients receiving

NAC was also observed. The mechanisms through which NAC reduces CIN and

improves clinical outcomes in this clinical setting, however, remain unclear, and

additional studies should investigate whether the extrarenal effects of NAC play

some beneficial role. Indeed, in both clinical and experimental acute myocardial

infarction studies, intravenous infusion of NAC was associated with decreased

infarct size and left ventricular function improvement, possibly due to the antioxi-

dant and free radical scavenger properties of this drug [69, 70]. These cardiac

effects may be enhanced in patients treated with primary PCI. This is a clinical

setting in which oxidative stress and reperfusion injury were demonstrated to occur

and in which these deleterious phenomena are particularly pronounced due to

higher coronary patency rates, with more rapid and complete flow restoration.

Moreover, it was demonstrated that NAC inhibits platelet aggregation, and this

effect too could be relevant during acute coronary thrombosis and mechanical

thrombus fragmentation [71].

Positive results were also observed in the RENO study [72] in which hydration

with sodium bicarbonate plus NAC, started just before contrast injection and

continued for the following 12 h in patients undergoing emergency PCI (primary

PCI in 43% of cases), reduced the incidence of CIN (1.8 vs. 21.8%; P < 0.001) and

anuric AKI (1.8 vs. 12.7%; P ¼ 0.032) in comparison to the standard hydration

protocol consisting of intravenous isotonic saline for 12 h after PCI [15]. In both

groups, two doses of oral NAC were administered the next day.

A recently published meta-analysis evaluating the efficacy of high-dose NAC for

the prevention of CIN seems to support this concept [73]. High-dose NAC was a
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priori defined as a daily dose greater than 1,200 mg or a single periprocedural dose

greater than 600 mg, periprocedural being defined as immediately or within 4 h of

planned contrast exposure. Sixteen prospective studies of patients (total sample size

of 1,677 subjects) randomized to NAC administered either orally or intravenously

vs. a control group (842 assigned to high-dose NAC, 835 to the control arm) were

included in this meta-analysis. The overall effect size revealed an odds ratio of 0.46

(95% confidence interval [CI]: 0.33–0.63; P < 0.0001) for the occurrence of CIN

with the use of high-dose NAC, suggesting a significant protective effect of high-

dose NAC against CIN (Fig. 2). Notably, in this meta-analysis, the definition of

high-dose NAC was arbitrary. It must be noted, however, that no dose finding

studies with NAC used as a CIN preventive agent were performed. Indeed, the so-

called standard dosing is purely based on the original Tepel et al. [17] study that

employed a 600-mg dose 2 times a day. Therefore, the appropriate dose remains

uncertain except that a dose greater than that used in this study decreases the risk of

CIN. A similar lack of clear guideline limits the choice of the optimal route, orally

vs. intravenously, since studies have employed varying routes. Further, and more

importantly, the existing data do not address the issue of whether high-dose NAC

has any impact on clinical outcome other than that of the incidence of CIN.

The relevant pathogenetic role of oxidative stress in CIN development

seems also to be confirmed by the preliminary evidence of the effectiveness of

ascorbic acid, statins, and trimetazidine, all agents that were shown to reduce

oxidative stress [74–76].
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Based on the evidence of the most recent literature, and given its potential

benefit, low-cost and excellent safety profile, the use of high-dose NAC should be

recommended in all high-risk patients for the prevention of CIN, particularly when

its grim prognosis is considered.

3 Acute Kidney Injury After Cardiac Surgery

Acute kidney injury is a common complication following cardiac surgery that is

associated with significant morbidity and mortality and prolonged intensive care

unit and hospital stay. This is true for AKI necessitating renal replacement thera-

pies, as well as for AKI not requiring dialysis [77–79]. The frequency of AKI for all

patients undergoing cardiac surgery is about 1–8%. In 6–20% of these patients,

dialysis is required [77–81]. It was reported that 12–64% of these patients die,

compared with 1–5% of those without AKI [77–82]. The mortality risk after cardiac

surgery increases with even minor elevations of creatinine value from baseline and

may exceed 50% in the most severe cases that require hemodialysis [6]. Several risk

factors for postoperative AKI have been entertained. The most consistent are

preexisting CKD, advanced age, history of heart failure, diabetes mellitus, pro-

longed cardiopulmonary bypass (CPB) time, and recent exposure to nephrotoxic

agents, such as contrast dye [3, 77, 83–85] (Fig. 3). In patients with moderate and

severe CKD, as defined by an estimated creatinine clearance lower than 60 mL/min,

Risk of Acute Kidney Injury

Preoperative renal
insufficiency

Advanced age History of heart failure or
reduced LVEF

Diabetes mellitus

Recent exposure to
nephrotoxic agents

Intra-aortic
balloon pump Emergency surgery

Cardiopulmonary bypass
Prolonged duration
Hypothermia
Non-pulsatile flow
Renal hypoperfusion
Increased cathecolamine levels
Induction of inflammatory mediators

Fig. 3 Risk factors for acute kidney injury after cardiac surgery. LVEF left ventricular ejection

fraction
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postoperative AKI occurs in almost 50% of patients and is associated with a

10-times higher perioperative mortality, increasing to up to more than 30 times

for patients requiring a renal replacement therapy [86]. It has been demonstrated

that the incidence of both short- and long-term mortality increases in parallel with

the increasing severity of the preoperative renal impairment [87–89]. Acute renal

dysfunction also has an important impact on nonrenal morbidity. Indeed, patients

who develop AKI after cardiac surgery have higher incidence of gastrointestinal

bleeding, respiratory failure, infections, and sepsis [92, 93].

Many factors contribute to postcardiac surgery AKI, including exogenous

toxins, hemodynamic and metabolic factors, inflammation, neurohormonal acti-

vation, vasoconstrictor compounds release induced by CPB, and the interactions

between blood components and artificial membranes [4]. All these mechanisms

may contribute to vasoconstriction and renal ischemia and result in formation of

oxygen-free radicals. In particular, use of CPB during cardiac surgery and

systemic exposure to these nonbiologic surfaces liberate oxygen-free radicals

from activated neutrophils [92, 93], provoking an oxidative stress response

[97–99] that can activate systemic inflammatory processes [100]. Moreover,

CPB has been shown to increase renal vascular resistance [77, 101–103] and to

release emboli [104]. The use of CPB can also increase serum substances

including total peroxide, reactive oxidative metabolites, C reactive protein, and

interleukin-6 [97, 105, 106]. This may contribute to the development of post-

cardiac surgery complications including AKI [107], myocardial injury [70, 44],

and atrial fibrillation [108, 109]. Thus, agents with antioxidant properties may

attenuate the oxidative stress [92, 107–109] and resultant inflammation [95, 96,

110–112] observed in patients undergoing cardiac surgery and may potentially

reduce postoperative complications. In these patients, NAC was demonstrated to

reduce oxygen-free radical production, pump-related ischemia–reperfusion

injury, and pro-inflammatory cytokine levels. In rats undergoing CPB, NAC

ameliorates kidney injury [113].

Temporal trends in cardiac surgery indicate that patients with comorbidities

and complex surgical procedures are increasing [114]. Thus, AKI after cardiac

surgery is an important health problem whose incidence is expected to increase.

Therefore, the prevention of renal deterioration, particularly in patients with

preexisting CKD, should improve morbidity and mortality and decrease hospital

stay and costs.

As high-risk patients can be easily identified before cardiac surgery,

implementation of prophylactic measures represents the best opportunity to

prevent AKI, and many pharmacologic strategies have been proposed. Although

there are isolated reports suggesting that perioperative administration of fenol-

dopam, clonidine, natriuretic peptides, sodium nitroprusside, or elective preoper-

ative hemodialysis may prevent AKI, none of these interventions have

demonstrated clear efficacy. Thus, exploration of new prophylactic strategies

continues.
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3.1 N-Acetylcysteine for Prevention of Acute Kidney Injury
After Cardiac Surgery

Whether perioperative NAC administration reduces the risk of AKI after cardiac

surgery remains unclear. Only a few single-center studies with relatively small

sample sizes have addressed this issue. Differences in drug dosing and delivery,

patient selection, and evaluation of renal function may explain some disparity. In

the first large study by Burns et al. [18], in which 295 high-risk cardiac surgery

patients (with one or more of the following criteria: creatinine >1.4 mg/dL, age

�70 years, diabetes mellitus, ejection fraction <35%, complex surgery or redo)

were considered, no difference in the proportion of patients with postoperative AKI

was found (30% in NAC-treated patients and 29% in control group). Similarly, no

difference in the proportion of patients requiring a renal replacement therapy

(0.7 vs. 2.1%, respectively) was observed. Furthermore, in-hospital mortality was

not affected by NAC (3.4 vs. 2.7%, respectively). However, the NAC dose used was

similar to that initially proposed by Tepel et al. [17] for the prevention of CIN in

patients undergoing a low-dose contrast exposure during computed tomography.

Given the complex interplay of factors that may impact renal function during

cardiac surgery, it is possible that a greater dose of NAC is needed for kidney

protection in this setting. In a recent study, Haase et al. [115] used higher doses of

NAC (300 mg/kg) in 61 high-risk cardiac surgery patients with similar negative

results. In both these studies, however, only a minority of patients (23 and 17%,

respectively) had preexisting CKD. Indeed, the renoprotective effect of NAC in

patients with risk factors other than renal insufficiency has never been demon-

strated. Therefore, due to either the nonhomogeneous population considered

[18, 115] or the small number of patients included in these studies, the prophylactic

effects of NAC in patients with preexisting CKD undergoing cardiac surgery

remains unproved, particularly when significant clinical endpoints are considered.

Sisillo et al. [86] investigated the effects of high-dose intravenous NAC

(1,200 mg for 4 times) in 256 patients with baseline CKD (estimated glomerular

filtration rate<60 mL/min). A nonstatistically significant reduction in the incidence

of AKI in NAC-treated patients was observed in this study as compared to controls

(40 vs. 52%; P ¼ 0.06). The need for renal replacement therapy and in-hospital

mortality rate were not influenced by the drug (8 vs. 5% and 4 vs. 3%, respectively).

Notably, when only patients undergoing cardiac surgery with CPB support were

considered (90% of the whole study population), NAC-treated patients showed a

significantly lower incidence of AKI than controls (40 vs. 54%; P ¼ 0.03). It is

possible that the difference in AKI incidence reflects the counteracting action of

NAC on oxidative stress, reperfusion injury, and systemic inflammatory response

associated with CPB. Indeed, severe oxidative stress was demonstrated to occur

from the extracorporeal circulation of blood [116], blood cardioplegia, and reper-

fusion injury [117]. Moreover, off-pump procedures are associated with lower

degrees of oxidative stress than on-pump cardiac surgery [118]. Pretreatment

with NAC was previously found to reduce the CPB-induced oxidative stress and
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inflammatory response and to preserve myocardial function after cardioplegic

arrest [109]. Attenuation of myocardial dysfunction due to ischemia-reperfusion

during CPB may in turn preserve renal perfusion and result in lower incidence of

AKI. The deleterious phenomena observed in this setting may be amplified in

patients with CKD, a clinical condition associated with increased oxidative stress

[35]. Moreover, in the Sisillo et al. study, patients treated with NAC were less likely

to require mechanical ventilation for a prolonged period and had a shorter intensive

care unit stay, suggesting a positive effect of NAC on CPB-induced ischemia-

reperfusion pulmonary injury and, as a result, on the overall clinical course of the

patients (Fig. 4).

Fischer et al. [119] found a nonsignificant improvement in creatinine clearance

with NAC in 40 patients with normal preoperative renal function. No protection was

offered by NAC in a study of 80 patients with preoperative creatinine ranging

between 1 and 4 mg/dL [120]. Barr and Kolodner [121] compared fenoldopam, a

selective stimulator of the DA-1 dopamine receptor that increases renal blood flow,

and NAC (600 mg orally twice a day for 2 days), alone or in combination, with

placebo in a prospective, randomized, double-blinded trial that enrolled 79 patients

with CKD (creatinine clearance <40 mL/min) who underwent cardiac surgery.
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They found that the change in creatinine clearance frompreoperative to postoperative

day 3 was statistically less for patients treated with fenoldopam or NAC. However,

only a trend in favor of patients with the combination of the two drugs was found.

Moreover, there was no decrease in length of critical care and hospital stay or

hospital costs.

Despite potential effectiveness and increasing interest, only few systematic

reviews comprehensively assessed the potential efficacy and adverse effects of

perioperative NAC administration in adults undergoing cardiac surgery. In the

meta-analysis by Ho andMorgan [122], ten studies involving a total of 1,193 patients

undergoing cardiac and noncardiac surgery (elective abdominal aneurysm repair

surgery, esophagectomy, total gastrectomy, pancreatectomy, and liver resection

surgery) were analyzed. Use of NAC was not associated with a decrease in mortality

(odds ratio [OR], 1.05; 95%CI, 0.52–1.92), acute renal failure requiring dialysis (OR,

1.04; 95% CI, 0.45–2.37), AKI defined as a greater than 25% increase in serum

creatinine above baseline (OR, 0.84; 95% CI, 0.64–1.11), or length of intensive care

unit stay (OR, 0.46; 95% CI, �0.43–1.36). Another meta-analysis by Baker et al.

[123] evaluated the potential beneficial effects of perioperative NAC administration

in patients undergoing cardiac surgery, in terms of atrial fibrillation occurrence,

myocardial infarction, stroke, AKI, need for renal replacement therapy, mortality,

and total hospital length of stay. In this study, which included a total of 13 rando-

mized, controlled trials (n ¼ 1,338), use of NAC appeared to significantly lower

(36%) the odds of developing postsurgery atrial fibrillation but had no significant

impact on any of the other examined endpoints. Finally, in the meta-analysis by

Adabag et al. [124] that included ten studies and 1,163 patients, the efficacy of NAC

in preventing AKIwas evaluated only in patients undergoing cardiac surgery (Fig. 5).

Despite the overall negative result of this study concerning the major meta-analysis

endpoints (AKI, need for dialysis, and death), the authors observed a trend toward

Favours NAC Favours Placebo

Adabag et al. (128)
Barr, Kolodner (124)
Burns et al. (18)
El-Hamamsy et al. (129)
Haase et al. (117)
Orhan et al. (130)
Ristikankare et al. (123)
Sisillo et al. (87)
Wijeysundera et al. (131)

Fig. 5 Forest plot describing the relative risk of acute kidney injury among cardiac surgery

patients randomized to N-acetylcysteine (NAC) vs. placebo. Modified from [124]
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reduced AKI incidence among patients with preexisting CKD randomized to NAC

(relative risk [RR] 0.86; 95% CI, 0.70–1.05; P ¼ 0.14), particularly if NAC was

administered intravenously (RR 0.80; 95% CI, 0.64–1.01; P ¼ 0.06).

In summary, to date use of NAC for the prevention of postoperative AKI in all

patients undergoing cardiac surgery is not supported by evidence. However, future

trials are needed to determine if intravenous NAC may improve major clinical

outcomes in patients with preexisting CKD undergoing cardiac surgery with CPB

support. In addition, the most appropriate dose of NAC and the optimal length of

therapy are still unknown. Thus, future studies should directly compare various doses

of NAC and include different lengths of therapy to address these important issues.

4 Unresolved Issues

There have been some concerns that NACmay affect serum creatinine, the surrogate

marker of glomerular filtration rate that is routinely employed in clinical practice,

without affecting glomerular filtration rate. In an uncontrolled study of healthy

volunteers, one group of investigators found that NAC reduced serum creatinine

but not cystatin C, and speculated that NAC may have an effect on serum creatinine

independent of glomerular filtration rate [129]. However, this NAC effect was never

confirmed in the setting of AKI. Experimental administration of high doses of NAC

(200 and 500 mg/kg) to protect against AKI showed a similar pattern of change in

serum creatinine and cystatin C, indicating no influence of NAC on serum creatinine

levels [113]. In another study [130] in which serum creatinine and cystatin C were

both assayed, the NAC arm showed a significant correlation between creatinine and

cystatin C at baseline and a better correlation 48 h after contrast exposure. In agree-

ment with these results, a randomized trial designed to prevent AKI in CKD patients

that employed high-dose NAC (300 mg/kg IV) showed no difference in the direction

of creatinine and cystatin C response and ruled out a creatinine lowering effect or a

difference in urinary creatinine excretion related to NAC [120, 131]. Finally, a more

recent study in which a “double-dose” NAC was administered in the absence of

iodinated contrast media to patients with stable CKD showed no effect of NAC on

either serum creatinine or cystatin C levels [132].

N-acetylcysteine is generally considered to have an excellent side-effect profile

and appears to be safe [18]. However, in a recent post-hoc analysis of a randomized

controlled trial in patients with preexisting moderate CKD undergoing cardiac

surgery, NAC was associated with increased blood loss and blood product transfu-

sion [133]. This observation is consistent with recent data indicating that NAC

impairs coagulation factors and platelet function [134]. Although a higher risk of

surgical reexploration for bleeding or an increased need of blood transfusions was

not observed in the meta-analysis by Ho and Morgan [122], future studies are

warranted to elucidate the mechanism by which NAC may impair hemostasis in

patients undergoing cardiac surgery and to assess the overall risk–benefit profile of

NAC for perioperative kidney protection.

19 N-Acetylcysteine in Kidney Disease 381



5 Conclusion and Future Directions

Acute kidney injury frequently causes prolongation of hospitalization, increase in

cost of care, and need for dialysis in severe cases. However, the most disturbing

consequence is poor long-term outcome, particularly in patients who develop AKI

after contrast exposure and cardiac surgery. Abundant data suggest that develop-

ment of AKI in these clinical settings is associated with increased short- and long-

term mortality. N-acetylcysteine has been studied as a prophylactic agent because

of its decreased effect on free radical formation, a potential pathogenetic mecha-

nism of both CIN and postcardiac surgery AKI. Data regarding the efficacy of NAC

are conflicting and prior meta-analyses demonstrated significant heterogeneity of

NAC effect across studies. However, a recent meta-analysis of studies that used a

dose higher than that originally employed by Tepel et al. [17] revealed no hetero-

geneity and suggested a benefit for the prevention of CIN [73]. Data on NAC use

for the prevention of postoperative AKI in cardiac surgery patients cannot be

considered conclusive and need further investigation.

Most studies that have investigated clinical outcomes related to prophylaxis of

AKI assessed the incidence of acute postcontrast and postoperative renal failure.

However, the question as to whether prevention of this clinical outcome leads to a

decrease in mortality represents a very important and unresolved issue. The few

studies that have analyzed a mortality endpoint were not planned or powered to

detect the effect of prophylaxis on mortality. In this regard, there are data to support

the assumption that NAC may have a positive impact on important clinical out-

comes. Indeed, NAC has been shown to improve pulse pressure, endothelial

function, and to reduce cardiovascular events in patients with advanced renal

failure [135, 136]. Further research is needed to determine the effect of high-dose

NAC employed for AKI prevention on the mortality of patients undergoing diag-

nostic and interventional procedures and cardiac surgery.
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Chapter 20

Advanced Glycation End Products Inhibitor

Takashi Dan, Charles van Ypersele de Strihou, and Toshio Miyata

Abstract Early intensive glycemic control in both type 1 and type 2 diabetes

mellitus retards in the long term the development and progression of microvascular

complications such as diabetic nephropathy, even despite a worsening glycemic

control. This phenomenon is a so-called metabolic memory or legacy effect, partly

ascribed to the advanced glycation end products (AGEs), whose formation is closely

linked to the glycoxidative biology. In this chapter we summarize the role of AGEs

and their receptor (receptor for AGEs: RAGE) in the onset and progression of

diabetic vascular complications, especially in diabetic nephropathy, and review

current and future treatment strategies targeting the AGE-RAGE system, including

(a) AGE formation inhibitor (including angiotensin receptor blocker [ARB]), (b)

AGE cross-link breaker, (c) RAGE antagonist, (d) AGE binder including sRAGE

(soluble receptor for AGEs), and (e) hypoxia-inducible factor (HIF) activator.

Several inhibitors of tissue accumulation of AGEs in diabetes have been clinically

tested, including inhibitors of AGE formation, such as aminoguanidine, benfotia-

mine, and pyridoxamine, or AGE cross-link breakers, such as ALT-711. The clinical

benefits of ARBs to protect the kidney are, at least in part, due to the inhibition of

AGE formation. Recently antagonists of the peroxisome proliferator-activated

receptor-g (PPAR-g), such as rosiglitazone and pioglitazone, which also provide

renal benefits clinically, have been recognized as RAGE antagonists. Oral adsor-

bents, such as AST-120 (Kremezin) and Sevelamer carbonate, bind AGEs and

reduce their plasma levels in experimental models. Several other approaches relying

on the AGE hypothesis have been proposed to treat diabetic complications in

experimental models, but their benefits are yet to be documented clinically.

In summary, inhibition of the AGE-RAGE system confers some degree of experi-

mental or clinical protection against diabetic microvascular complications, albeit to

different degrees and by different mechanisms.
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Keywords Advanced glycation end products (AGEs) � AGE-RAGE system � AGE
inhibitor � AGE cross-link breaker � RAGE (receptor for AGE) antagonist � AGE
binder � Hypoxia-inducible factor (HIF) activator � Diabetic microvascular compli-

cations

1 Introduction

Despite the availability of various insulin preparations or oral hypoglycemic agents,

complete normalization of blood sugar and prevention of microvascular complica-

tions in diabetic patients are not always easy to accomplish. Diabetes mellitus has

thus become an important contributor to the rising prevalence of diabetic micro-

vascular complications (e.g., nephropathy, retinopathy, and neuropathy). The

mechanisms of progression of diabetic microvascular complications as well as

more innovative therapeutic approaches are therefore urgently needed.

Large-scale clinical studies, such as Diabetes Control and Complication Trial

(DCCT) [1] and United Kingdom Prospective Diabetes Study (UKPDS) [2], have

shown in the 1990s that the onset and progression of diabetic microvascular

complications can be prevented by the strict control of blood sugar. Multivariate

analyses from the large-scale clinical trials of DCCT’s subsequent follow-up for

another 10 years, in the Epidemiology of Diabetes Interventions and Complications

(EDIC) study, have led to an interesting hypothesis concerning the mechanism of

diabetic macrovascular and microvascular complications [3, 4], the so-called meta-

bolic memory hypothesis. Strict control of blood sugar levels in the early stages of

type 1 diabetes mellitus led to a significantly slower retinopathy progression and a

decreased incidence of proliferative retinopathy, even if glycemic control worsened

subsequently [5]. The difference in the prevalence of diabetic retinopathy between

former intensive and conventional therapy persisted for at least 10 years and was

attributed to metabolic memory. Early intensive therapy had the same benefits for

nephropathy: an 86% reduction was found in the development of albuminuria

(>300 mg/day) at year 4 of the EDIC study [6]. The metabolic memory was also

maintained for neuropathy at year 8 of the EDIC study [7].
The best etiological hypothesis for the phenomenon of metabolic memory rests

with the advanced glycation end products (AGEs), which are irreversibly generated

and accumulate in type 1 diabetic patients in proportion to the degree and duration

of glycemic control (so-called diabetic exposure). Glycation and subsequent AGEs

formation in skin collagen predict progression of microvascular disease [4]. They

may thus explain the risk of these complications and provide a rational basis for the

phenomenon of metabolic memory.

The metabolic memory hypothesis [8], also known as the legacy effect [9], has

been proposed subsequently by several researchers. Further studies indeed pub-

lished in 2008 (ACCORD, VADT, UKPDS posttrial) [10, 11] highlight the exis-

tence of an AGE-related metabolic memory in type 2 diabetes.
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In this chapter, we address the role of AGEs and their receptors (e.g., receptor for

AGEs, RAGE) in the onset and progression of diabetic vascular complications,

especially in diabetic nephropathy and retinopathy, and review established and new

treatment strategies targeting the AGE-RAGE system.

2 Advanced Glycation End Products and Their Receptors

2.1 Advanced Glycation End Products

Advanced glycation end products are formed nonenzymatically between the protein

amino group and reduced sugar carbonyl group, such as glucose and its metabolites,

through the formation of Schiff base products and Amadori rearrangements fol-

lowed by irreversible dehydration, condensation, and cross-linkage. This chain of

events is called the Maillard reaction, as this reaction was first reported by French

food chemist Louis Camille Maillard. Monnier and Cerami discovered in 1981 that,

in humans, it progresses with aging [12]. Originally, AGEs shared both the physi-

cochemical features of cross-linked molecules with characteristic fluorescence and

browning: accumulation of browning products was correlated with the severity of

diabetic complications such as retinopathy, nephropathy, and arterial and joint

stiffness [13]. More recently, specific AGEs have been identified and used as

surrogates for AGEs: pentosidine, crosslines, imidazolones, Ne-(carboxymethyl)-

lysine (CML) and pyrraline, although the latter two structures do not have the

classical characteristics of AGEs. Still, they constitute only a minor fraction of all

of the AGE structures present in the body, and it is not yet clear which AGE

structures are concerned with the onset and progress of various chronic diseases.

AGEs are also generated on proteins by reactions with reactive dicarbonyl com-

pounds, such as glyoxal (GO), methylglyoxal (MGO), and 3-deoxyglucosone

(3-DG), whose formation is dramatically accelerated by hyperglycemia, uremia,

or oxidative stress [14].

In diabetic patients, the concentration of plasma and urine AGEs is correlated

with the severity of retinopathy, neuropathy, and nephropathy as well as with

macrovascular complications [15, 16]. Dicarbonyl compounds, such as GO, MGO,

and 3-DG, also increase in diabetic blood but respond to glycemic control by insulin

therapy [17]. Carbonyl stress, defined as excessive accumulation of reactive dicar-

bonyl compounds, further modifies proteins, lipids, and DNA, followed by oxidative

stress and tissue damage [18–20]. AGE formation and its attendant cellular damage

have thus been implicated in the genesis and progression of diabetic complications.

Oxidative stress contributes to AGE formation as shown by the correlation

observed in diabetic and uremic serum between pentosidine (an AGE) and oxida-

tive markers such as dehydroascorbate and advanced oxidation protein products

(AOPP) [21, 22] as well as by the colocalization of both oxidation-dependent

AGE structures and lipid peroxidation products observed in diabetic glomerular

lesions [23, 24].
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2.2 Receptors for AGEs

AGEs damage cells by two different mechanisms. First, they directly modify

extracellular-matrix proteins, membrane proteins, or intracellular proteins, and

alter their functions. Second, specific cellular receptors binding AGEs moieties

induce intracellular signaling and cause broad cellular responses.

RAGE is a well-studied AGE receptor and was originally identified in cow lungs

as a membrane protein of 35 kDa belonging to the immunoglobulin super family

and able to bind AGEs [25]. Human RAGE incorporates a sugar chain and weights

55 kDa. Its extracellular portion includes three immunoglobulin-like domains and

a variable region-like domain whose N-terminal binds an AGE ligand. Besides

AGEs, RAGE binds several biomolecules, such as amyloid beta [26], HMGB-1/

amphoterin [27], S100-/calgranulin [28], and transthyretin [29], suggesting the

involvement of RAGE not only in the AGE disorders but also in various patholo-

gies, such as Alzheimer’s disease, cancer, and inflammation.

Several effects of AGEs on cells, such as mesangial cells, podocytes, endothelial

cells, and pericytes, are mediated through an interaction with RAGE. RAGE

expression indeed increases in mesangial cells and podocytes of human diabetic

nephropathy [30]. The pivotal role of RAGE in diabetic renal injury has been

demonstrated in RAGE transgenic or knockout mice [31, 32].

2.3 Soluble RAGE

Three alternative splicing forms of RAGE have been recently reported in humans:

a full-length RAGE, a RAGE without one N-terminus immunoglobulin-like loop,

and a soluble type RAGE lacking in the membrane domain [33]. The soluble form

of RAGE, also named endogenous secretory RAGE (esRAGE), is actually secreted

from the human endothelial cells and exists in the circulation. Since esRAGE has an

AGE binding site, it potentially competes with membrane-spanning RAGE and

captures circulating AGEs, suggesting that esRAGE might prevent the progression

of AGE-induced events.

3 Inhibitors of the AGE-RAGE System

The AGE-RAGE system is a molecular target for the treatment of diabetic com-

plications. Current and future therapeutic strategies interfering with the AGE-

RAGE system include (a) AGE inhibitors (including angiotensin receptor blockers

[ARB]), (b) AGE cross-link breakers, (c) RAGE antagonists, (d) AGE binders

including esRAGE, and (e) hypoxia-inducible factor (HIF) activator (Fig. 1).
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3.1 AGE Inhibitor

Aminoguanidine, pyridoxamine, and benfotiamine are known clinical AGE inhibitors

(Table 1). They act through the covalent binding of toxic reactive carbonyl precursors

for AGEs.

Aminoguanidine (Pimagedine) was the first AGE inhibitor studied [34]. In human

clinical trials, it reduces the level of AGE-hemoglobin, independently of HbA1c [35].

Randomized, placebo-controlled trials have evaluated it in patients with type 1 and

2 diabetes [36, 37]. In a phase III clinical trial in type 1 diabetic patients, aminogua-

nidine significantly reduced proteinuria and progression of retinopathy, whereas the

progression to overt nephropathy was not statistically improved [36]. Safety concerns

and apparent lack of efficacy raised by the External Safety Monitoring Committee

drastically limited the clinical evaluation of this agent in type 2 diabetic patients [38].

Clinical development of aminoguanidine was further hampered by its long-term

toxicity, such as the development of myeloperoxidase and antineutrophil antibodies

[37], glomerulonephritis [36] in some patients, and kidney tumors in diabetic rats [38].

Fig. 1 Schematic representation of inhibitors of the AGE-RAGE system. Current and future

therapeutic strategies interfering with the AGE-RAGE system include (a) AGE inhibitors (including

angiotensin receptor blockers [ARB]), (b) AGE cross-link breakers, (c) RAGE antagonists, (d) AGE

binders including esRAGE, and (e) hypoxia-inducible factor (HIF) activators

20 Advanced Glycation End Products Inhibitor 393



T
a
b
le

1
T
h
er
ap
eu
ti
c
ag
en
ts
ta
rg
et
in
g
th
e
A
G
E
s-
R
A
G
E
sy
st
em

:
h
u
m
an

an
d
an
im

al
d
at
a

C
at
eg
o
ry

o
f
th
er
ap
y

M
o
st
ad
v
an
ce
d
st
ag
e

re
la
ti
n
g
to

A
G
E
s

T
ri
al

re
su
lt
s

S
af
et
y
co
n
ce
rn
s

A
G
E
in
hi
bi
to
rs

0(
pr
ev
en
t

fo
rm

at
io
n
o
f
A
G
E
s)

B
en
fo
ti
am

in
e

H
u
m
an
,
p
h
as
e
IV

#N
eu
ro
p
at
h
y

A
m
in
o
g
u
an
id
in
e

H
u
m
an
,
p
h
as
e
II
I

#N
ep
h
ro
p
at
h
y
,
#re

ti
n
o
p
at
h
y
(I
II
)
(a
n
im

al
:

#n
eu
ro
p
at
h
y
)

"G
lo
m
er
u
lo
n
ep
h
ri
ti
s,

#v
it
am

in
B
6
,
#iN

O
S

A
R
B
s

H
u
m
an
,
p
h
as
e
II
I

#M
ac
ro
p
h
ag
es

in
ca
ro
ti
d
ar
te
ry

p
la
q
u
e
("r

ad
ic
al

sc
av
en
g
in
g
)

#G
F
R
,
ra
te

an
g
io
ed
em

a,

"m
et
al

ch
el
at
io
n

P
y
ri
d
o
x
am

in
e

H
u
m
an
,
p
h
as
e
II

#N
ep
h
ro
p
at
h
y
(#s

C
r,
�u

A
lb
,
�A

G
E
)
(a
n
im

al
:

#re
ti
n
o
p
at
h
y
,
"ra

d
ic
al

sc
av
en
g
in
g
)

A
R
in
h
ib
it
o
rs

(e
p
al
re
st
at
,

zo
p
o
lr
es
ta
t)

H
u
m
an
,
p
h
as
e,
II

#A
G
E
le
v
el
s,
#n

eu
ro
p
at
h
y
,
"e
so
p
h
ag
ea
l
m
o
ti
li
ty

M
et
fo
rm

in
A
n
im

al
(d
ia
b
et
ic

ra
ts
)

#A
G
E
s,
#A

G
E
cr
o
ss
-l
in
k
s

L
ac
ti
c
ac
id
o
si
s

A
sp
ir
in

A
n
im

al
(d
ia
b
et
ic

d
o
g
s)

#A
G
E
s

A
L
T
-9
4
6

A
n
im

al
(d
ia
b
et
ic

ra
ts
)

#N
ep
h
ro
p
at
h
y
b
et
te
r
th
an

am
in
o
g
u
an
id
in
e,

#re
n
al

A
G
E

L
R
-9
0

A
n
im

al
(d
ia
b
et
ic

ra
ts
)

#N
ep
h
ro
p
at
h
y
,
#o

x
id
at
iv
e
st
re
ss
,
#E

C
M

fi
b
ro
si
s

"W
ei
g
h
t
g
ai
n
,
"m

et
al

ch
el
at
io
n

O
P
B
-9
1
9
5

A
n
im

al
(d
ia
b
et
ic

ra
ts
)

#S
te
n
o
si
s
af
te
r
v
es
se
l
in
ju
ry
,
#n

ep
h
ro
p
at
h
y
,

#b
lo
o
d
p
re
ss
u
re

#V
it
am

in
B
6
,
"m

et
al

ch
el
at
io
n

T
M
-2
0
0
2

A
n
im

al
(r
en
al

in
ju
ry

ra
ts
)

#G
lo
m
er
u
lo
n
ep
h
ri
ti
s,
#tu

b
u
lo
in
te
rs
ti
ti
al

in
ju
ry

R
-1
4
7
1
7
6

A
n
im

al
(d
ia
b
et
ic

ra
ts
)

#N
ep
h
ro
p
at
h
y

A
G
E
cr
o
ss
-l
in
k
b
re
a
ke
rs

A
L
T
-7
1
1

(a
la
g
eb
ri
u
m

ch
lo
ri
d
e)

H
u
m
an
,
p
h
as
e
II
I

#A
rt
er
ia
ls
ti
ff
n
es
s,
#p
u
ls
e
p
re
ss
u
re
,b
re
ak
s
cr
o
ss
-l
in
k
s

fo
rm

ed
by

A
G
E
s,
"d
ia
st
o
li
c
h
ea
rt
fu
n
ct
io
n

(a
n
im
al
:#
n
ep
h
ro
pa
th
y
)

P
T
B

A
n
im

al
(d
ia
b
et
ic

ra
ts
)

#A
G
E
s

394 T. Dan et al.



R
A
G
E
a
nt
a
go

ni
st
s

A
C
E
in
h
ib
it
o
rs

H
u
m
an
,
p
h
as
e
II

#R
A
G
E
le
v
el
s

#G
F
R
,
ra
re

an
g
io
ed
em

a

A
lp
h
a-
li
p
o
ic

ac
id

A
n
im

al
(d
ia
b
et
ic

ra
ts
)

#A
G
E
al
b
u
m
in
-i
n
d
u
ce
d
N
F
-k
B

T
Z
D
s
ro
si
g
li
ta
zo
n
e,
p
io
g
li
ta
zo
n
e

A
n
im

al
(d
ia
b
et
ic

ra
ts
)

#A
G
E
s,
#A

G
E
cr
o
ss
-l
in
k
s

"H
ep
at
it
is
,
"C

H
F
if

su
sc
ep
ti
b
le

S
o
lu
b
le

R
A
G
E

A
n
im

al
(d
ia
b
et
ic

m
ic
e)

#S
te
n
o
si
s
af
te
r
v
es
se
l
in
ju
ry
,
#n
eu
ro
p
at
h
y
,

#n
ep
h
ro
p
at
h
y

A
G
E
b
in
de
rs

A
S
T
-1
2
0

H
u
m
an
,
p
h
as
e
II

#A
G
E
s

S
ev
el
am

er
ca
rb
o
n
at
e

H
u
m
an
,
p
h
as
e
II

L
y
so
zy
m
e

A
n
im

al
(d
ia
b
et
ic
/a
p
o

E
-k
n
o
ck
o
u
t
m
ic
e)

#A
G
E
s,
#n

ep
h
ro
p
at
h
y
,
#a
th
er
o
sc
le
ro
si
s

H
IF

a
ct
iv
a
to
rs

C
o
b
al
t

A
n
im

al
(d
ia
b
et
ic

ra
ts
)

#A
G
E
le
v
el
s
#n

ep
h
ro
p
at
h
y
(p
ro
te
in
u
ri
a)

20 Advanced Glycation End Products Inhibitor 395



Pyridoxamine, a vitamin B6 derivative, prevents the formation of AGEs from

Amadori intermediates [39] and cleaves 3-deoxyglucosone-reactive carbonyl inter-

mediates [40]. It inhibits the progression of renal disease and decreases hyperlipid-

emia and apparent redox imbalances in type 1 diabetic rats [41]. In phase II studies

in patients with diabetic nephropathy, pyridoxamine significantly reduced the

change from baseline in serum creatinine, whereas no differences in urinary

albumin excretion were seen [42]. It also protected peritoneal tissue [43].

Benfotiamine, a liposoluble derivative of vitamin B1, has AGE lowering proper-

ties. In contrast with pyridoxamine, benfotiamine decreases the formation of reducing

sugars and intermediates of the polyol pathway [44]. Benfotiamine aswell as thiamine

reduces diabetic nephropathy and retinopathy in experimental animal models [45].

Administration of benfotiamine to type 2 diabetic patients, on a high AGE content

diet, reduced circulatingAGE levels andmarkers of oxidative stress [46]. This benefit,

however, has not been confirmed in type 1 diabetic patients [47].

Other drugs currently used in clinicalmedicine inhibit AGE formation.Metformin,

a glucose lowering agent, traps reactive carbonyl compounds [48]. Aspirin also

decreases AGE accumulation by targeting preformed intermediates, by chelation of

copper and other transition metals contributing to oxidative stress, as well as by

scavenging free carbonyls [49].

Aldose reductase inhibitors decrease AGE formation [50] by inhibiting the first

rate-limiting steps in the polyol pathway. One such compound, epalrestat, reduces

the production of a dicarbonyl intermediate, 3-deoxyglucosone [51]. These drugs

improve nerve conduction velocity [52] and ameliorate the esophageal dysfunction

of diabetic patients [53]. In a murine diabetic glomerulopathy model, the aldose

reductase inhibitor zopolrestat suppresses the AGE-induced enhancement of trans-

forming growth factor-b1 (TGF-b1) and type IV collagen expression [54].

ALT-946 therapy for 12 weeks reduces renal AGE accumulation and cortical

tubular degeneration to a greater extent than aminoguanidine and, unlike amino-

guanidine, reduces albumin excretion rate in the hypertensive transgenic (mRen-2)

27 rat with streptozotocin-induced diabetes [55]. In another study, ALT-946

reduced equally albuminuria when given to a streptozotocin-induced diabetic rat

model either at the onset of diabetes or 16 weeks later [56]. No human data with this

agent have been published.

LR-90 inhibits renal and circulating AGE accumulation through its potent metal

chelating ability and its interaction with reactive carbonyl species [57]. Given to

experimental models of both type 1 and type 2 diabetic nephropathy, it affords

renoprotection such as improved albuminuria, glomerulosclerosis, and tubulointer-

stitial fibrosis, concomitantly with a reduction of renal AGEs, TGF-b1, connective
tissue growth factor, fibronectin, and collagen IV deposition [58].

OPB-9195, a thiazolidine derivative, is an agonist of the peroxisome proliferator-

activated receptor. It inhibits glycoxidation and lipoxidation thereby decreasing the

formation of AGEs and dicarbonyl intermediates. OPB-9195 prevented the progres-

sion of diabetic glomerular sclerosis in OLETF (Otsuka Long Evans Tokushima

Fatty) rats mainly by lowering serum levels of AGEs and attenuating AGE deposition

in the glomeruli [59] but also, perhaps, by scavenging dicarbonyl intermediates [60].
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In stroke-prone spontaneously hypertensive (SHRSP) rats, OPB-9195 also slowed the

progression of nephropathy, lowered blood pressure, and reduced oxidative stress

[61]. This compound unfortunately traps pyridoxal like aminoguanidine with an

attendant toxicity, which has prevented its use in humans [62].

We screened a large chemical library (~1,300 compounds) and discovered that

one compound, edaravone [63], a drug used to treat cerebral infarction, had in vitro

AGE inhibitory activity. Unfortunately, edaravone also traps pyridoxal, thus limiting

its clinical usefulness. Taking advantage of edaravone’s structure, we synthesized a

novel AGE inhibitor, TM-2002, that does not trap pyridoxal [64]. In vitro, TM-2002

is a powerful AGE inhibitor. Like ARBs it also inhibits efficiently markers of

oxidation (i.e., o-tyrosine formation) and chelates transition metal but does not

bind to the angiotensin II type 1 receptor. It is readily bioavailable and nontoxic. In

vivo, TM-2002, given either acutely or for 8 weeks, has no adverse effects. In four

different rat models of renal injury (anti-Thy1 and ischemia reperfusion) and of

cardiovascular injury (carotid artery balloon injury and angiotensin II-induced

cardiac fibrosis), it improved renal and cardiovascular lesions without modification

of blood pressure. Interestingly, it also decreased significantly infarct volume in both

transient and permanent focal ischemia rat models [65]. TM-2002 inhibition of

advanced glycation and oxidative stress was confirmed by a significant reduction of

the number of cells positive for AGEs and heme oxygenase-1 and by a reduced level

of protein carbonyl formation in parts of the brain. Like ARBs, but unlike amino-

guanidine, OPB-9195, pyridoxamine, and LR-90, TM-2002 does not trap carbonyl

precursors and belongs thus to a new class of AGE inhibitors (Table 1).

3.2 Angiotensin Receptor Blocker

Renal protection of ARBs is usually explained exclusively by their blood pressure

lowering action and by the inhibition of the renin angiotensin system. Indeed,

angiotensin II concentration is significantly higher in the kidneys than in the

systemic circulation [66]. Recently, however, other pleiotropic actions of ARBs

have been invoked. For example, we and others [62, 67] reported that ARBs and

angiotensin converting enzyme inhibitors (ACEIs) blocked the formation of AGEs

through the reduction rather than through the entrapment of precursor carbonyl

compounds. Interestingly, these inhibitory actions are not observed in other classes

of antihypertensive agents, such as calcium channel blockers, diuretics, or beta-

blockers. Three different types of antihypertensive agents – olmesartan (an ARB),

nifedipine (a calcium channel blocker), atenolol (a beta-blocker) – were given for

20 weeks to SHR/NDmcr-cp, a hypertensive type 2 diabetes rat model, so as to

depress blood pressure to the same extent. Only olmesartan strongly reduced

proteinuria and prevented mesangial and interstitial injury [68]. This finding fits

with clinical experience that inhibitors of the renin–angiotensin system (RAS) are

better renoprotectors than other types of antihypertensive drugs [69]. In this model,
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the renal benefits of ARB appear independent of the effects on systemic blood

pressure and on metabolic abnormalities. Of note, the amount of the renal pento-

sidine fell only with ARBs and correlated with the inhibition of proteinuria. The

expression of heme oxygenase-1 and p47phox (a subunit of nicotinamide adenine

dinucleotide phosphate [NADPH] oxidase), markers of oxidative stress, decreased

in parallel with the reduction of AGEs.

The rather heterogeneous list of potential determinants or mediators of diabetic

nephropathy is tentatively integrated in the hypothetical scheme depicted in Fig. 2.

Clearly, the interrelationships suggested between these elements preclude the

identification of a single culprit in the genesis of diabetic kidney lesions. Whatever

these hypotheses, it is now clear that ARBs and probably ACEIs have unique

renoprotective properties, including certainly a decreased oxidative stress, the

correction of chronic hypoxia, the inhibition of AGE formation, an abnormal iron

deposition, PAI-1 activity, and inflammatory cell infiltration.

In order to dissect the mechanisms of ARBs’ protective benefits, we synthesized

a novel, nontoxic ARB derivative, R-147176, characterized by a very weak affinity

for the angiotensin II type 1 receptor (AT1) (6,700 times less effective than

Fig. 2 Proposed renoprotective mechanism of ARB. Angiotensin receptor blockers (ARBs) have

renal benefits (i.e., inhibition of the renin–angiotensin system [RAS], prevention of abnormal iron

deposition in the interstitium, correction of chronic hypoxia, hydroxyl radical scavenging, reduc-

tion of expressions of heme oxygenase-1 and nicotinamide adenine dinucleotide phosphate

[NADPH] oxidase, amelioration of inflammatory cell infiltration, and inhibition of pentosidine

formation). These benefits of ARB may contribute to reduction of proteinuria and improvement of

glomerular and tubulointerstitial damage
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olmesartan in AT1 binding inhibition), but a strong inhibition of oxidative stress and

AGE formation [70]. Despite a minimal effect on blood pressure, this compound

provides a significant renoprotection in two different experimental type 2 diabetic

rat models, SHR/NDmcr-cp and Zucker diabetic fatty. Renal benefits of ARBs thus

depend, at least partly, on their ability to inhibit oxidative stress and AGE forma-

tion. Of interest, R-147176, like ARBs, protected not only the kidney but also brain

cells in an experimental rat stroke model [71].

3.3 AGE Breaker

N-phenacylthiazolium bromide (N-PTB) [72], known as an AGE breaker, cleaves

nonreversible covalent cross-links, including those of AGEs, in tissue proteins and

allows the elimination of glycated proteins via scavenger receptors and renal

excretion. Unfortunately, it increases blood pressure [73], so that a more stable

thiazolium derivative, ALT-711 (Alagebrium chloride) [74] was developed [75]. In

a clinical trial [76], ALT-711 did not change ejection fraction, blood pressure, peak

exercise oxygen consumption, or aortic distensibility, but proved able to decrease

left ventricular mass and improve left ventricular diastolic filling and quality of life

in patients with diastolic heart failure. Despite the therapeutic potential of ALT-711

for cardiovascular complications and dermatological alterations associated with

diabetes, all ongoing clinical trials were terminated after review of the manufac-

turer’s clinical development portfolio and financial status.

3.4 RAGE Antagonist

RAGE may prove another use if the signal transduction elicited by AGEs can

be inhibited. This concept is supported by the observation that low molecular

weight heparin functions as an antagonist of RAGE and prevents diabetic nephrop-

athy [77].

Alpha-lipoic acid, known as an RAGE-post signaling blocker, inhibits the

translocation of transcription nuclear factor kB (NFkB) from the cytoplasm to the

nucleus. It thus reduces AGE albumin-induced NFkB-mediated transcription and

expression of endothelial genes relevant in diabetes [78].

Thiazolidinediones (TZDs) are ligands of the peroxisome proliferator-activated

receptor-g (PPAR-g). TZDs, such as rosiglitazone [79] and pioglitazone [80], have

also been recently identified as RAGE antagonists. They exert beneficial effects in

diabetic nephropathy independent of insulin sensitization. Interestingly, rosiglita-

zone administered to type 2 diabetic subjects increased the serum level of protective

sRAGEs besides the decrease of circulating AGE levels [81].

Studies with RAGE knockout mice that do not express sRAGE or full-length

RAGE suggest that sRAGE acts via inhibition of RAGE-dependent phenomena
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[82]. Recently it has been postulated that ACE inhibition reduces the accumulation

of AGE in diabetes partly through an increased production and secretion of sRAGE

into the plasma [83]. It remains to be seen whether sRAGE acts as an antagonist

inhibiting the RAGE-dependent signaling pathways or as a binder of various RAGE

ligands such as AGEs. sRAGE or possibly a nonpeptide RAGE antagonist may thus

become a future therapeutic target [84].

3.5 AGE Binder

A low-AGE diet administered for 6 weeks in a clinical trial lowered serum AGE

levels and inflammatory markers such as C-reactive protein [85]. In an apolipopro-

tein E knockout diabetic mouse, a low-AGE diet reduced lesions at the aortic root

[86]. An important link has therefore been suggested between dietary intake of

preformed glycoxidation products, tissue-incorporated AGEs, and diabetes-

accelerated atherosclerosis.

Inhibition of dietary AGEs absorption may be a novel means to reduce the

deleterious effects of AGEs. AST-120 (Kremezin), an oral adsorbent, attenuates

the progression of chronic kidney disease by removing uremic toxins. It also binds

CML and decreases serum levels of AGEs in nondiabetic subjects with chronic

kidney disease [87].

Patients with diabetic nephropathy were recruited for a ongoing clinical trial

with sevelamer carbonate, a clinically used phosphate binder. It is argued that

sevelamer might provide an advantage through a reduction of the levels of AGEs.

An attendant reduction of both oxidative stress and inflammation may yield an

independent benefit for the progression of chronic kidney and cardiovascular

disease.

Lysozyme was also found to bind AGEs and improve their removal [88].

A lysozyme-linked AGE affinity column might thus serve as an efficient method

for the removal of toxic AGEs from diabetic or uremic sera [89]. Additional studies

in vitro and in vivo in diabetic mice demonstrated that lysozyme may accelerate

renal AGE clearance, suppress macrophage and mesangial cell-specific gene activa-

tion, and improve albuminuria [90]. Lysozyme appears to confer resistance to AGE-

induced oxidative species. It blocked cellular apoptosis in vitro, reduced mortality

in vivo [91], and decreased atherosclerosis in apolipoprotein E knockout mice [92].

As previously mentioned, edaravone inhibits AGE formation more effectively

than aminoguanidine and pyridoxamine.We therefore developed a newa-methylene-

rich compound by binding several edaravone molecules with a polyethyleneimine

linker, and coupled it to pyrazolinone-polyethyleneimine with cellulose beads

(PPCB) to produce a novel, safe, reactive carbonyl compounds (RCO)-adsorption

bead. This high-affinity device reduced the toxic RCO content andAGE formation of

peritoneal dialysis fluid and might protect the peritoneal membrane of uremic

patients on peritoneal dialysis [93].
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3.6 HIF Activator

AGE reduction during renal hypoxia might rely on the activation of HIF [94]. In the

kidney, the peritubular capillary plexus, fed by glomerular efferent arterioles,

supplies oxygen and nutrients to tubular and interstitial cells. Diabetic glomerular

damage decreases the number of peritubular capillaries and thus oxygen diffusion

to tubulointerstitial cells, leading to tubular dysfunction and fibrosis [95].

HIF is crucial in the defense against hypoxia [14]. Its activation protects hypoxic

tissues through the expression of a broad range of genes, erythropoietin, vascular

endothelial growth factor (VEGF), heme oxygenase-1, glucose transporter

(GLUT), all of which are critically involved in the defense against chronic hypoxia.

HIF stability is drastically reduced by the oxygen-dependent hydroxylation of HIF

proline residues by prolyl hydroxylase (PHD), a so-called oxygen sensor. Hydro-

xylated HIF recruits the von Hippel Lindau protein (pVHL), which in turn tags HIF

with ubiquitin and targets it for degradation within the proteasome. Under hypoxic

conditions HIF is not hydroxylated and is thus able to activate the genes mitigating

the effects of hypoxia.

Cobalt inhibits HIF degradation by PHDs [96]. It was therefore given to

hypertensive, type 2 diabetic rats with nephropathy, the SHR/NDmcr-cp strain

[94]. Treatment initiated at the age of 13 weeks was continued for 26 weeks.

Although it did not correct hypertension and metabolic abnormalities, cobalt

reduced proteinuria as well as histological kidney injury and upregulated the

renal expression of HIF and of the HIF-regulated genes, including erythropoietin,

VEGF, and heme oxygenase-1. Furthermore, cobalt reduced the renal expression of

TGF-b, the renal content of AGEs, and the expression of NADPH oxidase, a marker

of oxidative stress. Renal AGEs correlated with proteinuria. Cobalt thus achieved

renal protection independently of metabolic status and blood pressure through the

upregulation of HIF and HIF-regulated genes and a mitigated advanced glycation

and oxidative stress. Less toxic, more effective PHD inhibitors should provide renal

benefits by improving not only local hypoxia but also local oxidative stress and

advanced glycation.

4 Conclusion

A growing body of evidence demonstrates the role of AGEs in the development of

diabetic complications, including diabetic nephropathy. Several agents interfering

with the AGE-RAGE system have protected the kidney in experimental diabetic

models. Some of them, tested in human clinical studies, open encouraging new

therapeutic avenues.
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Chapter 21

Involvement of Hypoxia-Inducible Factor 1

in Physiological and Pathological Responses

to Continuous and Intermittent Hypoxia: Role

of Reactive Oxygen Species

Gregg L. Semenza

Abstract The hypoxia-inducible factors (HIFs) are transcriptional activators that

mediate homeostatic responses to hypoxia. At the cellular level, HIF-1 mediates

adaptive metabolic responses to hypoxia that serve to maintain energy and redox

homeostasis by reducing mitochondrial generation of reactive oxygen species

(ROS). At the systemic level, HIFs control erythropoiesis and thereby maintain

blood O2-carrying capacity and delivery of O2 to body tissues. In contrast to these

adaptive responses, patients with obstructive sleep apnea are subjected to chronic

intermittent hypoxia, a nonphysiological stimulus that induces HIF-1, which med-

iates a maladaptive response, systemic hypertension.

Keywords HIF-1 � Redox � Cytochrome-c oxidase

1 Introduction: Defining Hypoxia

The normal O2 concentration to which cells in the human body are exposed varies

from ~21% (corresponding to a partial pressure (PO2) of ~150 mmHg at sea level)

in the upper airway to ~1% at the corticomedullary junction of the kidney. Biolo-

gists usually maintain tissue culture cells in 20% O2 (95% air and 5% CO2) and

refer to this concentration as normoxia despite the fact that most cells in the human

body are exposed to much lower O2 levels. Whatever the specific set point, complex
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homeostatic mechanisms serve to maintain the cellular O2 concentration within a

narrow range in vivo.

Hypoxia is defined as a reduction in the amount of O2 available to a cell, tissue,

or organism. As such, it is a relative term. Hypoxia can occur continuously (e.g.,

when individuals ascend to high altitude) or intermittently (e.g., in individuals with

sleep apnea, in whom airway obstruction transiently blocks O2 uptake, resulting in a

rapid decline in blood PO2 (hypoxemia), which causes the individual to awaken and

resume breathing). Hypoxia can be divided into an acute phase, in which rapid but

transient responses are mediated through the posttranslational modification of

existing proteins, and a chronic phase, in which delayed but durable changes are

mediated through altered gene transcription and protein synthesis. Finally, hypoxia

can be systemic, as in the case of ascent to high altitude, or local, as in the case of

myocardial ischemia associated with coronary artery disease.

Ultimately, hypoxia impacts the functioning of individual cells. Humans and

other metazoan organisms are sustained by energy generated through the oxidative

metabolism of glucose and fatty acids in the mitochondria, which results in the

production of reducing equivalents that are used to maintain an electrochemical

gradient that drives adenosine triphosphate (ATP) synthesis. This highly efficient

mechanism for producing ATP is dependent upon the utilization of O2 as the

terminal electron acceptor at complex IV of the respiratory chain. When electrons

react with O2 prematurely (e.g., at complex III), reactive oxygen species (ROS) are

generated. Tonic, low-level production of ROS represents a signal that mitochon-

drial function is intact, whereas increased ROS production, resulting from reduced

or fluctuating O2 availability, is a danger signal that the cell is at risk of oxidative

damage and, if uncorrected, of death. Thus, many different adaptive responses are

triggered by hypoxia, principally through the activity of hypoxia-inducible factor 1

(HIF-1), which is a transcription factor that functions as a master regulator of

oxygen homeostasis.

2 Molecular Mechanisms of Oxygen Sensing:

The PHD–VHL–HIF-1 Pathway

HIF-1 is a heterodimeric protein that is composed of a constitutively expressedHIF-1b
subunit and an O2-regulated HIF-1a subunit [1, 2]. Under normoxic conditions, the

HIF-1a subunit is synthesized and subjected to hydroxylation on proline residue 402

or 564 by prolyl hydroxylase domain (PHD) proteins (principally PHD2) that use O2

and a-ketoglutarate as substrates to catalyze a reaction in which one oxygen atom is

inserted into the proline residue and the other oxygen atom is inserted into a-ketoglu-
tarate (also known as 2-oxoglutarate) to form succinate and CO2 [3]. Prolyl hydroxyl-

ation is required for the binding of the von Hippel–Lindau protein (VHL), which

recruits a ubiquitin ligase complex [4–7]. Ubiquitination marks HIF-1a for degrada-

tion by the proteasome [8]. FIH-1 binds to HIF-1a and negatively regulates
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transactivation function [9] by hydroxylating asparagine residue 803, which blocks

the interaction of the HIF-1a transactivation domainwith the coactivator p300 or CBP

[10]. Thus, both the stability and transcriptional activity of HIF-1 are negatively

regulated by O2-dependent hydroxylation.

When cells are acutely subjected to hypoxia, the hydroxylation reactions are

inhibited as a result of substrate (O2) deprivation or increased mitochondrial

production of ROS, which may inhibit the hydroxylases by oxidizing a ferrous

ion in the catalytic site [3, 11]. The loss of hydroxylase activity increases HIF-1a
stability and transactivation function, leading to its dimerization with HIF-1b,
binding of HIF-1 to its recognition sequence 50-(A/G)CGTG-30 [12] in target

genes and increased transcription of target gene sequences into mRNA.

Using the HIF-1a DNA sequence to search databases, DNA sequences encoding

a related protein, now designated HIF-2a, were identified [13–16]. HIF-2a is also

expressed in an O2-regulated manner and dimerizes with HIF-1b [16, 17]. HIF-1a
andHIF-1b are ubiquitously expressed [18], whereas HIF-2a expression is restricted
to a limited number of cell types, including cells of the developing lung, vascular

endothelial cells, renal interstitial cells, hepatocytes, cardiomyocytes, and astrocytes

[13–16]. Whereas HIF-1a homologues are present in all metazoan species

studied (including Caenorhabditis elegans, which consists of only ~1,000 cells

and contains no specialized systems for oxygen delivery), it appears that HIF-

2a arose coincident with the evolution of complex respiratory and circulatory

systems in vertebrate organisms.

3 Cellular Oxygen Homeostasis: Regulation of Glucose

and Energy Metabolism

Individual cells must adapt to O2 deprivation by reprogramming their metabolism.

The metabolic alterations that are induced by hypoxia are profound. Perhaps the

most subtle adaptation identified thus far is a subunit switch that occurs in cyto-

chrome-c oxidase (COX; complex IV), in which the COX4-1 regulatory subunit is

replaced by the COX4-2 isoform as a result of the HIF-1-mediated transcriptional

activation of genes encoding COX4-2 and LON, a mitochondrial protease that is

required for the hypoxia-induced degradation of COX4-1 [19]. This subunit switch

serves to optimize the efficiency with which COX transfers electrons to O2 under

hypoxic conditions. Remarkably, the budding yeast Saccharomyces cerevisiae also
switches COX subunits in response to hypoxia [20], but does so by a completely

different molecular mechanism since yeast do not have a HIF-1 homologue. The

similar regulation of COX activity in yeast and human cells indicate that the

selection for O2-dependent homeostatic regulation of mitochondrial respiration is

ancient and likely to be shared by all eukaryotic organisms [19].

A more drastic alteration is the shunting of pyruvate away from the mitochondria

by the HIF-1-mediated activation of the PDK1 gene encoding pyruvate
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dehydrogenase (PDH) kinase 1 [21, 22], which phosphorylates the catalytic subunit of

PDH, the enzyme that converts pyruvate into acetyl coenzyme A (AcCoA) for entry

into the mitochondrial tricarboxylic acid cycle, which generates reducing equivalents

that are donated to the electron transport chain. The reduced delivery of substrate to the

mitochondria for oxidative phosphorylation results in reduced ATP synthesis, which

must be compensated for by increased glucose uptake via glucose transporters and

increased conversion of glucose to lactate by the activity of glycolytic enzymes and

lactate dehydrogenase A, which are all encoded by HIF-1 target genes [23–28].

Induction of PDK1 expression will inhibit the oxidative metabolism of AcCoA

derived from glucose but will not affect the oxidative metabolism of AcCoA

derived from fatty acids. The most dramatic response to persistent hypoxia is the

active destruction of mitochondria by selective mitochondrial autophagy [29].

Remarkably, mouse embryo fibroblasts cultured at 1% O2 reduce their mitochon-

drial mass by ~75% within 48 h through autophagy that is initiated by the HIF-1-

dependent expression of BNIP3, a mitochondrial protein that competes with

Beclin1 for binding to Bcl2, thereby freeing Beclin1 to trigger autophagy [29].

The adaptive significance of these metabolic responses to hypoxia were revealed

by the finding that HIF-1a-deficient mouse embryo fibroblasts die when cultured

under hypoxic conditions for 72 h, due to dramatically increased levels of ROS [21,

28]. The cells can be rescued by overexpression of PDK1 or BNIP3, or by treatment

with free radical scavengers [21, 29]. It has long been known that mitochondrial

production of ROS increases under hyperoxic conditions [30]. However, recent

studies have demonstrated that acute hypoxia also leads to increased mitochondrial

production of ROS, which is required for the inhibition of HIF-1a hydroxylase

activity [11]. Exposure of wild-type mouse embryo fibroblasts to hypoxia for 48 h

results in reduced levels of ROS, in contrast to HIF-1a-deficient in which the levels
of ROS are markedly increased [21, 29].

The following conclusions can be drawn regarding the metabolic adaptation to

hypoxia. The increase in glycolysis and decrease in respiration that occur in

response to hypoxia do not represent a passive effect of substrate (O2) deprivation

but instead represent an active response of the cell to counteract the reduced

efficiency of respiration under hypoxic conditions, which in the absence of adapta-

tion results in the accumulation of toxic levels of ROS. These studies indicate that a

major role of HIF-1 is to establish, at any O2 concentration, the optimal balance

between glycolytic and oxidative metabolism that maximizes ATP production

without increasing levels of ROS. Finally, analysis of lung tissue from nonhypoxic

Hif1a+/� mice, which are heterozygous for a HIF-1a null allele and thus partially

HIF-1a deficient, revealed a ~50% decrease in mitochondrial mass compared to

WT littermates [28]. This remarkable finding indicates that HIF-1 regulates mito-

chondrial metabolism even in the tissue exposed to the highest PO2, indicating that

HIF-1 performs this critical function over the entire range of physiological PO2.

Thus, HIF-1 maintains the metabolic/redox homeostasis that is essential metazoan

cells to live with O2.
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4 Systemic Oxygen Homeostasis: Regulation of Erythropoiesis

We discovered HIF-1 in 1992 as a protein required for hypoxia-induced transcrip-

tion of the human EPO gene encoding erythropoietin, which is the hormone that

controls red blood cell production and thereby determines the O2-carrying capacity

of the blood [31]. Red blood cells function to deliver O2 from the lungs to every cell

in the body. Acute blood loss, ascent to high altitude, and pneumonia each results in

a reduction in the blood O2 content. The ensuing tissue hypoxia induces HIF-1

activity in cells throughout the body, including specialized cells in the kidney that

produce erythropoietin, a glycoprotein hormone that is secreted into the blood and

binds to its cognate receptor on erythroid progenitor cells, thereby stimulating their

survival and differentiation [32]. Analysis of the cis-acting DNA sequences reg-

ulating hypoxia-induced EPO gene transcription (the hypoxia response element

(HRE)) led to the discovery of HIF-1 as the transacting factor that bound to the

HRE [31]. Subsequently, HIF-1 has been shown to orchestrate erythropoiesis by

coordinately regulating the expression of multiple genes encoding proteins

responsible for the intestinal uptake, tissue recycling, and delivery of iron to the

bone marrow for its use in the synthesis of hemoglobin, including divalent metal

transporter 1 [33], hepcidin [33], ceruloplasmin [34], transferrin [35], and transfer-

rin receptor [37, 38]. Expression of the erythropoietin receptor is also regulated by

HIF-1 [39].

Erythropoiesis is impaired in Hif1a�/� (homozygous HIF-1a-null) embryos, and

the erythropoietic defects in HIF-1a-deficient erythroid colonies could not be

corrected by cytokines, such as vascular endothelial growth factor or erythropoie-

tin, but were ameliorated by administration of iron-salicylaldehyde isonicotinoyl-

hydrazone, a compound that can deliver iron into cells independently of iron

transport proteins, which was consistent with reduced levels of transferrin receptor

in HIF-1a-deficient embryos and yolk sacs [40]. In this study, only yolk sac

erythropoiesis could be studied because Hif1a�/� embryos arrest in their develop-

ment on day 8.5 [26] prior to the establishment of definitive erythropoiesis in the

liver or bone marrow. In contrast, deficiency of HIF-2a (which, like HIF-1a, is O2-

regulated, dimerizes with HIF-1b, and activates target gene expression) has a major

effect on EPO production [41] and intestinal iron absorption [33] in adult mice.

In humans, familial erythrocytosis is an inherited disorder in which affected

individuals produce excess red cells. The resulting increased blood viscosity can

impair blood flow in cerebral vessels, leading to headache or stroke. Four types of

familial erythrocytosis have been identified. Type 1 is inherited as an autosomal

dominant trait and is due to heterozygosity for a mutation in the EPOR gene that

results in increased erythropoietin receptor signaling, such as a frameshift that

eliminates the last 64 amino acids of the protein [42]. Type 2 familial erythrocy-

tosis, which is also known as Chuvash polycythemia, is inherited as an autosomal

recessive trait and is due to homozygosity for a missense mutation that results in the

substitution of tryptophan for arginine at codon 200 of VHL [43]. The mutant VHL

protein binds to hydroxylated HIF-1a and HIF-2a with reduced affinity, leading to
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reduced ubiquitination of HIF-1a and HIF-2a, thereby increasing their steady state

levels and the expression of HIF-1 target genes at any given O2 concentration. Type

3 familial erythrocytosis is an autosomal dominant condition due to heterozygosity

for a missense mutation in PHD2 that reduces hydroxylase activity [44]. Type 4

familial erythrocytosis is an autosomal dominant condition due to heterozygosity

for a missense mutation in HIF-2a that reduces its hydroxylation [45]. These

findings underscore the critical role of the PHD2–VHL–HIF-2a pathway in

controlling erythropoiesis in the adult (Fig. 1).

5 Pathological Effects of Intermittent Hypoxia

Chronic intermittent hypoxia occurs in individuals with obstructive sleep apnea, in

whom airway occlusion results in cessation of breathing leading to hypoxemia,

which then arouses the individual to breathe. Obstructive sleep apnea may be a

contributing factor in 30% of patients with essential hypertension [46]. The carotid

body is a small chemosensory organ located at the bifurcation of the internal and

external carotid arteries that senses arterial PO2. Chronic intermittent hypoxia

induces signaling from the carotid body that activates the sympathetic nervous

system, leading to increased catecholamine secretion, which increases arterial tone,

leading to hypertension [46, 47].

HIF-1

Hepcidin Transferrin
Transferrin
Receptor

EPO

Ferroportin

Absorption of iron from intestine
Mobilization of macrophage iron

Iron transport to
bone marrow cells

Erythropoiesis

PHD2 VHL

EPO
Receptor

HIF-2

DMT1

Familial Erythrocytosis
Type 1-2-3-4

Fig. 1 Regulation of erythropoiesis by hypoxia-inducible factors (HIF)-1a and 2a. HIF-1a and

HIF-2a control the expression of multiple genes encoding proteins required for iron absorption and

transport and for the survival, proliferation, and differentiation of erythroid cells. Molecular

defects in the four subtypes of familial erythrocytosis are color-coded. DMT divalent metal

transporter; EPO erythropoietin
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Whereas complete HIF-1a deficiency in Hif1a�/�; mice results in embryonic

lethality [25, 26], Hif1a+/� heterozygous-null mice develop normally but have

impaired responses to hypoxia and ischemia [48–54]. Exposure of Hif1a+/� mice

and their wild-type littermates to chronic intermittent hypoxia (15 s of hypoxia

followed by 5 min of normoxia, 9 episodes per hour, 8 h/day) for 10 days results in

marked increases in systolic and diastolic blood pressures and a significant eleva-

tion in plasma norepinephrine concentration in the wild-type mice, whereas

their Hif1a+/� littermates are unaffected [52]. Remarkably, the carotid bodies of

Hif1a+/� mice, although structurally and histologically normal, do not respond to

hypoxia, although they respond normally to CO2 and cyanide [49].

Chronic intermittent hypoxia induces increased production of ROS in rodents

[54] and humans [56] and induces HIF-1a expression [52]. Administration of the

superoxide scavenger manganese tetrakis(1-methyl-4-pyridyl)porphyrin pen-

tachloride to wild-type mice reduces the levels of ROS that are generated by

chronic intermittent hypoxia [57], blocks the development of hypertension [58],

and inhibits the expression of HIF-1a [51]. Remarkably, in Hif1a+/� mice, neither

HIF-1a expression, ROS generation, nor blood pressure are increased in response to

chronic intermittent hypoxia [52]. These results indicate that the production of ROS

is required for HIF-1a induction and that HIF-1a induction is required for the

production of ROS, suggesting a feed-forward mechanism in which increased

levels of ROS induce HIF-1a, which induces more ROS, leading to higher HIF-

1a expression.

In contrast to the physiological response to continuous hypoxia observed in

cultured mouse embryo fibroblasts (described above), in which HIF-1 activity

ameliorates increases in ROS levels, the pathological response to chronic intermit-

tent hypoxia is characterized by a HIF-1-dependent increase in the levels of ROS.

Obstructive sleep apnea is a complication of obesity and, like other complications

of obesity, has not been subject to evolutionary selection due to its recent origin.

Thus, a nonphysiological stimulus (chronic intermittent hypoxia) elicits a maladap-

tive response (systemic hypertension) in which HIF-1 contributes to disease patho-

genesis.
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Chapter 22

Regulation of Oxygen Homeostasis by Prolyl

Hydroxylase Domains

Kotaro Takeda and Guo-Hua Fong

Abstract Prolyl hydroxylase domain containing proteins (PHDs) are oxygen sensors

critical for the adaptation of multicellular animals to fluctuating oxygen availability in

the environment. A key function of PHDs is to catalyze oxygen-dependent prolyl

hydroxylation of hypoxia-inducible factor (HIF)-a subunits, a modification that

initiates HIF-a degradation. Because HIF-a proteins are transcription factors respon-

sible for the expression of a large number of genes, oxygen regulated HIF-a abun-

dance may enable cells to modify their gene expression programs in accordance to

intracellular oxygen concentrations. In addition to HIF-a, the abundance or activity of
several other proteins are also regulated by PHD-catalyzed hydroxylation, which

suggests that these non-HIF proteins might also contribute to hypoxia responses.

Although lower animals such as nematodes have only a single PHD isoform, higher

animals such as mammals have multiple PHD or PHD-related proteins to regulate

multiple physiological processes, such as angiogenesis, erythropoiesis, and energy

metabolism. These features are now being explored to develop novel therapeutic

strategies aimed at treating a wide range of diseases such as stroke, heart attack,

anemia, inflammation, and cancer.

Keywords Prolyl hydroxylase domain containing proteins (PHDs) � Hypoxia �
Hypoxia-inducible factors (HIFs) � Angiogenesis

1 Introduction

Essentially all eukaryotic cells generate the bulk of their adenosine triphosphate

(ATP) supplies by oxidative phosphorylation in mitochondria, a complicated pro-

cess that employs oxygen as the final electron acceptor. Not surprisingly,

K. Takeda (*)

Department of Cardiology, Kyushu University of Medicine, 3-1-1 Maidashi,

Higashi-ku, Fukuoka 812-8582, Japan

e-mail: ktakeda@cardiol.med.kyushu-u.ac.jp

T. Miyata et al. (eds.), Studies on Renal Disorders, Oxidative Stress in Applied Basic

Research and Clinical Practice, DOI 10.1007/978-1-60761-857-7_22,
# Springer Science+Business Media, LLC 2011

419



multicellular animals have evolved sophisticated mechanisms to deliver oxygen to

different tissues and cells, most of which are not directly exposed to the atmo-

sphere. On the other hand, since they first came into existence at about 550–600

million years ago, multicellular animals have lived under ever changing environ-

mental conditions and have been often challenged with diminished oxygen acces-

sibility (hypoxia). Even in the presence of adequate atmospheric oxygen, tissues

within a multicellular organism may still encounter hypoxic conditions due to

various pathophysiologic processes, such as hypoxia within and near infracted

cardiac tissues due to heart attack. Hence, selective pressure during evolution has

favored those species that are equipped with means of adapting to various forms of

tissue hypoxia. It is now known that organisms as diverse as worms and humans all

share a highly conserved oxygen sensing mechanism [1–4] and are capable of

adapting to hypoxia by improving the efficiency of oxygen delivery and reducing

oxygen consumption. Such adaptive processes are initiated by the accumulation of

hypoxia-inducible factor (HIF)-a proteins, which are essential for the transcrip-

tional activation of genes encoding hypoxia response proteins such as erythropoie-

tin (EPO) and vascular endothelial growth factor (VEGF)-A [1, 2]. These protein

molecules improve oxygen delivery by stimulating erythropoiesis and blood vessel

growth. A direct link between HIF-a accumulation and hypoxia is provided by

prolyl hydroxylase domain containing proteins (PHDs) [5–8]. When intracellular

oxygen concentration is sufficiently high for normal cellular functions, PHDs

trigger rapid HIF-a degradation through oxygen-dependent hydroxylation of spe-

cific HIF-a prolyl residues. Under hypoxia, HIF-a proteins escape the degradation

pathway due to reduced prolyl hydroxylase activity and participate in the transcrip-

tional activation of hypoxia response genes. In this chapter, we describe mechan-

isms of PHD-dependent regulation of HIF-a and discuss the associated biological

and medical significances.

2 Milestones in the Field of Hypoxia Research

As early as over a century ago, it was already recognized that humans were capable

of adapting to the low oxygen condition at high altitudes by increasing the number

of red blood cells, a phenomenon now known as erythrocytosis [9]. By 1977, EPO

was purified and identified as the main protein factor responsible for hypoxia-

induced erythrocytosis [10]. A major breakthrough in the field of hypoxia research

was achieved in 1991 when Semenza and coworkers [11, 12] discovered that HIF-

1a was largely responsible for hypoxia-induced transcription of the EPO gene.

Shortly after, HIF-1a was purified and cloned, and was shown to activate EPO gene

transcription by binding to its enhancer at the 30 end of the gene [13–15]. In the

subsequent years, HIF-1a was found to activate the transcription of a large number

of other target genes as well, such as VEGF-A [16–18], genes encoding glycolytic

enzymes [19–22], and many more others involved in hypoxia adaptation [2, 23, 24].

In 1997, another HIF-a isoform, HIF-2a, was also cloned and was later found to be
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capable of activating the expression of many genes originally known as HIF-1a
target genes, such as EPO and VEGF-A (HIF-2a is now considered to be the major

isoform for EPO expression in vivo) [25–27]. However, while HIF-1a and HIF-

2a share a long list of common target genes, there are genes that are exclusively

activated by either, but not both, of them, such as genes encoding glycolytic

enzymes, which are activated by HIF-1a, and several genes important for stem

cell pluripotency, which are activated by HIF-2a [28–32].

Subsequent studies indicated that pVHL (von Hippel Lindau protein) dependent

polyubiquitination by E3 ubiquitin ligase complex was essential for HIF-1a degra-

dation in the proteasome [33]. This finding was further extended in 2001 by Ivan

et al. [7] and Jaakkola et al. [8] who independently discovered that oxygen-

dependent hydroxylation of specific HIF-1a proline residues was a key signal to

polyubiquitination and proteasomal degradation of HIF-1a. While these findings

represented significant progress in understanding the mechanism underlying oxy-

gen-induced HIF-1a degradation, a major milestone was marked by the discovery

in 2001–2002 that a subfamily of 2-oxoglutarate (2-OG)/Fe2+ dependent dioxy-

genases were the prolyl hydroxylases responsible for the hydroxylation of specific

HIF-1a proline residues [5, 6, 34], a conclusion that was believed to be also true for

HIF-2a [35, 36]. Several different names were given to these prolyl hydroxylases,

including PHDs, based on a common sequence motif [6, 37], HIF-prolyl hydro-

xylases based on function [5], and EGLN proteins due to the fact that the prototype

of these hydroxylase was originally identified as the as egg laying nine (EGL-9 or

EGLN) in Caenorhabditis elegans [6].

3 Regulation of PHD Enzymatic Properties

3.1 Oxygen

PHDs belong to a subfamily of 2-OG/Fe2+-dependent dioxygenases, which are

highly conserved from C. elegans to Homo sapiens [5, 6, 38]. By using molecular

oxygen as a donor to the oxygen atom in the hydroxyl group, PHDs hydroxylate two

specific proline residues in the so-called oxygen dependent degradation (ODD)

domain of HIF-a protein sequences (for example, P402 and P564 in human HIF-1a)
[39, 40]. The specificity of proline residues is determined by their presence within a

conserved LXXLAP sequence motif, which can be found at two separate locations

of the ODD domain, commonly referred as N-terminal ODD (N-ODD) and

C-terminal ODD (C-ODD).

PHDs can act as oxygen sensors largely because they require molecular oxygen

as a substrate for hydroxylation reactions. If intracellular oxygen concentration is

sufficiently high (normoxia), PHDs actively hydroxylate HIF-a proteins, which is a

modification recognized by pVHL of the E3 ubiquitin ligase complex [5, 7, 8].

Once recruited to the E3 ubiquitin ligase complex by pVHL [41–43], HIF-a
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proteins are rapidly polyubiquitinated and routed to proteasomes where they are

degraded [5, 6, 44, 45]. On the other hand, if intracellular oxygen concentrations

reduce to levels insufficient for PHD activity (hypoxia), nonhydroxylated forms of

HIF-a proteins are not recognized by pVHL, accumulate to high levels, and

translocate to the nucleus where they heterodimerize with HIF-1b to form active

transcription factors [13, 46]. In short, the evolutionary adaptation of PHDs to use

oxygen as a substrate provides a primary mechanism that directly links PHD

catalytic activity to intracellular oxygen concentration, therefore allowing PHDs

to regulate HIF transcriptional activity in accordance to tissue oxygenation levels.

3.2 2-OG, Iron, Ascorbate, and Reactive Oxygen Species

Although a major role of HIF-a accumulation is to facilitate adaptation to hypoxia,

it is now well appreciated that the roles of HIFs extend beyond the maintenance of

oxygen homeostasis [47–49]. Many pathophysiological conditions, such as inflam-

mation and tumor growth, are not only characterized by tissue hypoxia, but also

bear multiple other abnormalities such as alterations in metabolism, cytokine

secretion, and redox homeostasis [24, 50–52]. It is important to recognize that

hypoxia and these other pathophysiological changes are intricately interrelated and

can affect one another. In tumors, for example, hypoxia may have an impact on

growth factor expression and glucose metabolism, whereas the latter changes may

also have an effect on HIF-a expression.

PHDs are well adapted to the complexity of these conditions. Instead of being

regulated by oxygen alone, PHD hydroxylase activities are under the control of

multiple factors, such as 2-OG, iron (Fe2+), and ascorbate. Among these, 2-OG and

Fe2+ are cofactors directly required for PHD catalytic activities, whereas ascorbate

is essential for the regeneration of Fe2+ from Fe3+ following a hydroxylation

reaction [53]. The intracellular redox state also critically impacts on the activity

of PHD hydroxylases, in part by regulating the oxidation status of iron. For

example, reactive oxygen species (ROS) generated by oxidative stress strongly

inhibits PHD activity, mostly by oxidizing Fe2+ to Fe3+ [54, 55]. Table 1 sum-

marizes the factors that regulate PHD activity.

Regulation of PHDs by multiple factors provides a mechanism that allows these

enzymes to integrate different pathophysiological signals to maximize the chance

of animal survival. An excellent example is illustrated by succinate-mediated

inhibition of PHD activity. Succinate is generated by decarboxylation of 2-OG

and converted to fumarate by succinate dehydrogenase (SDH). Because the passage

of succinate across mitochondrial membranes is dependent on translocation by

membrane proteins, the amount of succinate in the cytoplasm is negligible under

normal conditions. However, partial loss of function mutation in the SDH gene can

cause significant build up of mitochondrial succinate levels due to inefficient

conversion to fumarate, resulting in a corresponding increase in cytosolic succinate

concentration [56]. Due to its structural similarity to 2-OG, which is a cofactor for
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PHDs, succinate causes HIF-1a accumulation by acting as a competitive inhibitor

[56, 57]. In this example, in spite of the fact that intracellular oxygen concentration

is not directly affected, ATP production is still perturbed due to SDH mutation.

Without succinate-mediated PHD inhibition and HIF-1a accumulation, such a

mutation may very likely lead to lethality due to insufficient ATP production.

Succinate-induced HIF-1a accumulation may help animal survival by modifying

metabolic programs and activating angiogenesis, the latter of which facilitates the

delivery of extra nutrition and oxygen to compensate for reduced efficiency of ATP

production. However, such a survival strategy did not come without a price.

Hypoxia-independent accumulation of HIF-1a is associated with tumorigenesis

[56]. In the context of species survival, however, the evolutionary choice of death

from cancer at a later stage of life does appear to be advantageous over death from

defective energy metabolism early on in life.

4 Regulation of PHD Abundance and Functions

PHD protein levels are subject to regulation by multiple mechanisms. One impor-

tant mechanism is hypoxia-dependent upregulation of PHD2 and PHD3 (Table 2)

[58–60]. This feedback mechanism may prevent excessive HIF-a accumulation

under hypoxia and prepare cells for efficient HIF-a degradation upon

Table 1 Summary of regulatory mechanisms of PHD catalytic activities

Regulators

Positive/

negative Mode of action Major source References

Oxygen Positive Substrate of PHD

enzymatic reaction

Respiration/

circulation

[6, 34]

2-oxoglutarate

(2-OG)

Positive Substrate of PHD

enzymatic reaction

TCA cycles [6, 34]

Fe2+ Positive Cosubstrate of PHD

enzymatic reaction

Absorption from

stomach

[6, 34]

Ascorbate Positive Reduces Fe3+ to Fe2+ Absorption from

intestine

[6, 34]

NO (low

concentration)

Positive Redistribution

of oxygen

[118]

NO (high

concentrations)

Negative Competitive inhibitor

for oxygen

[119, 120]

ROS Negative Oxidizes Fe2+ to Fe3+ Defective oxidative

phosphorylation

[54, 55]

Succinate/fumarate Negative Competitive inhibition

with 2-OG

Defective TCA

cycles

[56]

PHD prolyl hydroxylase domain; 2-OG 2-oxoglutarate; ROS reactive oxygen species
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reoxygenation [36, 60]. Interestingly, like HIF-a, PHD proteins are also degraded

via the ubiquitin-mediated proteosomal degradation pathway, although in the latter

case polyubiquitination is mediated by E3 ubiquitin ligases Siah1a/2 [61]. It is

noteworthy that the expression of Siah2 itself is upregulated by hypoxia, which

constitutes another level of feedback mechanism to suppress PHD1/3 protein levels

under hypoxia [61]. The abundance of PHD2 is also regulated at the protein level,

although trafficking of PHD2 to proteasomes is mediated by a ubiquitin-indepen-

dent mechanism that involves interaction with FK506-binding protein (FKBP)-38

[62]. In short, PHD protein levels are positively regulated by hypoxia/HIF pathway

and negatively regulated by Saih1a/2 or FKBP38. Such a dual regulatory mecha-

nism is indicative of the need to fine tune PHD protein levels for optimal oxygen

homeostasis.

In addition to regulation at the level of expression and protein stability, PHDs are

also regulated at the functional level. Several proteins are known to physically

associate with PHD to regulate HIF activity. For example, OS-9 enhances HIF-a
hydroxylation by forming a multiprotein complex containing OS-9, HIF, and PHD

[63]. Interestingly, inhibitor of growth-4 (ING4), which is a candidate tumor

suppressor protein, was reported to regulate PHD2 function by a rather unusual

mechanism [64]. Instead of regulating PHD2 hydroxylase activity, ING4 inhibits

HIF transcriptional activity by forming a complex that contains HIF, PHD2, and

ING4 itself [64].

5 PHD Isoforms

As animals evolved from relatively simple and small forms such as nematodes and

flies into highly complex and large forms such as mammals, their tasks of handling

hypoxia and other pathophysiological conditions also became increasingly compli-

cated. Relative to nematodes and flies, mammals are generally much larger in size,

contain many more cells and tissue types, and have much longer lifespans. Further-

more, different cells may respond to hypoxia in unique ways to maintain overall

homeostasis of animal physiology. For example, the main response of renal inter-

stitial cells to hypoxia is EPO expression and secretion, whereas cells of the

vascular system respond to hypoxia by active angiogenesis.

Thus, it is not surprising that while C. elegans or Drosophila melanogaster has a
single PHD isoform, mammals have acquired multiple HIF-a hydroxylases to take

on more challenging tasks of maintaining oxygen homeostasis. The PHD subfamily

of 2-OG/Fe2+ dependent dioxygenases includes three isoforms (PHD1, PHD2, and

PHD3), all of which are soluble enzymes [5, 6]. Another proline 4-hydroxylase

protein (PH-4) has also been reported and is referred to as P4H-TM based on the

finding that it is a prolyl 4-hydroxylase possessing transmembrane domain [65, 66].

Different PHD isoforms have many features in common but also display some

differences in terms of expression patterns, catalytic properties, and most notably
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physiological roles (see Table 2). We propose that both their commonality and

differences may contribute to oxygen homeostasis in a context dependent manner.

Different PHD isoforms are expressed in overlapping although not identical

tissue domains (see Table 2). For example, while PHD2 is broadly expressed in

essentially all tissues examined, PHD1 expression partially overlaps with PHD2 in

some tissues, including testis, followed by liver, heart, and brain [5, 6, 35, 38, 67]. At

the functional level, all PHD isoforms display hydroxylase activities toward both

HIF-1a and HIF-2a, and their catalytic activities are regulated rather similarly [37].

Such functional redundancy may be important for survival or reproduction of higher

animals such as mammals. One relevant example is the nonessential role of PHD1 in

testis. Even though PHD1 is highly expressed in the testis, PHD1 knockout does not

have significant impact onmale fertility [67]. Presumably, functional redundancy by

other PHD isoforms, notably PHD2, which is also expressed in the testis, allows

mice to maintain reproductive capacity in the absence of PHD1.

On the other hand, different PHD isoforms do display significantly different

physiological roles, presumably due to a combination of the following mechanisms.

First, although different PHD isoforms may be expressed in the same tissue and cell

type, their relative abundances are often different and may vary depending on specific

cell types. For example, PHD2 is expressed more abundantly than other isoforms in

most tissues and cell lines, which explains for the most part why PHD2 knockdown in

cultured cells most effectively led to HIF-1a accumulation [68]. Second, regulatory

mechanisms may also differ to some extent. For example, PHD3 appears to be most

robustly induced by hypoxia [36, 69], suggesting that PHD3might actmore efficiently

in a feedback mechanism to prevent excessive HIF-a accumulation under hypoxia.

Third, although all PHDs can hydroxylate both HIF-1a and HIF-2a, a certain degree
of preference does exist, with PHD2 preferring HIF-1a over HIF-2a, and PHD1/

PHD3 hydroxylating HIF-2a more efficiently (see Table 2) [36].

Different physiological roles of PHD isoforms are reflected in knockout pheno-

types in mice. For example, germline Phd2 knockout, but not Phd1 or Phd3
knockout, led to grossly defective placental and heart development and embryonic

lethality by midgestation stages [70]. In adult mice, global Phd2 knockout, but not

Phd1 or Phd3 knockout, resulted in significantly increased vascular growth and

polycythemia [71, 72]. On the other hand, double knockout of Phd1 and Phd3 led to
moderate polycythemia without evidence of increased angiogenesis [71]. These

differences suggest that different PHD isoforms may differentially contribute to

oxygen homeostasis in different tissue environments.

6 Novel PHD Targets Other than HIF-a

PHDs were originally considered to be HIF-a specific prolyl hydroxylases, mostly

based on the finding that they did not hydroxylate collagen [6]. However, subsequent

studies demonstrated the existence of several other hydroxylation substrates. For

instance, IkB kinase-b (IkKb), which activates nuclear factor kB (NFkB) signaling
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by a kinase dependent mechanism, is also a PHD substrate [73]. The hydroxylation

of proline residue (P191) of IkKb by PHD1 reduces IkKb activity, thus leading to

the suppression of NFkb pathway. Because NFkb is known to mediate a HIF-

independent mechanism of angiogenesis, regulation of NFkB activity by PHDs

may provide an additional mechanism that links angiogenesis to tissue hypoxia

[74]. Furthermore, since NFkB plays a critical role in cell growth, differentiation,

and survival, its regulation by PHDs may provide a mechanism for cells to modify

these properties in response to fluctuating oxygen availability.

Regulation of at least two other non-HIF-a proteins may also potentially con-

tribute to HIF-independent adaptation to changes in oxygen tension. In one study,

forced expression of C-terminal domain (i.e., the hydroxylase domain) of PHD1

accelerated cell proliferation, and a separate study showed that PHD1 promoted cell

growth and tumorigenesis by hydroxylating proline residue (P1465) of the large

subunit of RNA polymerase II, Rpb1 [75, 76]. Although tumorigenesis typically

shortens lifespan, it may be a price that animals pay to avoid immediate death

caused by cessation of cell growth.

PHD3-mediated hydroxylation of activating transcription factor-4 (ATF-4)

illustrates yet another interesting example of how PHDs might be involved in

HIF-independent mechanisms of hypoxia adaptation [77]. ATF-4 is a basic-leucine

zipper transcription factor that regulates several genes, such as CHOP/GADD153,
which are involved in stress regulatory pathways [78, 79]. ATF-4 has a unique

ODD domain that is distinct from HIF-a ODD domain and contains five pro-

line residues for hydroxylation [77]. It was found that all five of the proline residues

had to be hydroxylated for degradation to occur. Because complete hydroxy-

lation of all five proline residues may occur only in the presence of fairly high

oxygen concentration, ATF-4 may accumulate to high levels under even moderate

hypoxia, resulting in the expression of stress regulatory proteins such as CHOP/

GADD153.

Hypoxia-induced expression of stress proteins may be another important sur-

vival strategy. While elevated ROS levels under hypoxia may interfere with normal

protein folding, stress regulatory proteins may protect cells by facilitating degrada-

tion of misfolded proteins [80]. Furthermore, stress regulatory proteins may protect

animals by triggering apoptosis of cells that have accumulated too many misfolded

proteins [81].

7 PHDs as Potential Therapeutic Targets for Human Diseases

Various animal and clinical studies have raised the possibility that PHDs may be

novel therapeutic targets. For example, increased erythropoiesis due to PHD defi-

ciency suggests that pharmacological inhibition of PHD activities might be an

effective way to treat anemia [71, 82, 83]. For these and other potential applica-

tions, tremendous efforts have been poured into developing pharmacological PHD

inhibitors, which may activate HIF-regulated processes such as erythropoiesis and
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angiogenesis by stabilizing HIF-a proteins (hence also called HIF-a stabilizers)

[84]. More recently, investigators are also gaining interest in developing PHD

activators, which may have potential applications where decreased HIF abundance

is beneficial, such as to inhibit tumor angiogenesis [85].

7.1 Ischemic Disorders

One of the most promising applications of PHD inhibitors is the treatment of

ischemic diseases such as myocardial infarction and stroke [86, 87]. Although

hypoxia in ischemic tissues may promote HIF-a stabilization, the extent of HIF-a
accumulation is typically suboptimal for robust angiogenesis [88], presumably

because hypoxia-induced PHD expression, coupled with residual PHD hydroxylase

activities, can still cause HIF-a degradation at reduced rates. Thus, even under

hypoxia, PHD inhibitors may further boost HIF activation and accelerate angio-

genesis [86, 89].

PHD inhibition may protect against ischemia by several mechanisms. First,

increased angiogenesis may improve perfusion and reduce cell death in ischemic

tissues. In support of this mechanism, we have previously reported increased

angiogenesis in PHD2 deficient mice [72]. Similarly, others have also found that

HIF-1a overexpression stimulated angiogenesis and promoted the healing of ische-

mic tissues [90–92]. Second, a shift to anaerobic metabolism due to PHD1 inhibi-

tion may enhance hypoxia tolerance by reducing oxygen consumption. In PHD1

deficient mice, the expression level of pyruvate dehydrogenase kinase (PDK)1/4 is

elevated, which restricts the entry of pyruvate into the Krebs cycle [67]. Interest-

ingly, increased Pdk4 expression in Phd1 knockout mice is dependent on peroxi-

some proliferator-activated receptor alpha (PPARa) and HIF-2a. Third, PHD

inhibition (particularly PHD2) increases the production of cardioprotective mole-

cules including nitric oxide (NO) [93], carbon monoxide (CO) [87], and adenosine

[94] by the induction of inducible NO synthase, heme oxygenase-1 and CD73 (an

enzyme for adenosine generation). Since these factors are almost identical to the

factors responsible for the ischemic preconditioning, administration of PHD inhib-

itor might mimic the effect of ischemic preconditioning [94, 95].

7.2 Anemia

In adult mice, global Phd2 knockout increases EPO expression and induces dra-

matic erythrocytosis [71, 82]. In human, mutation of PHD2 gene causes polycythe-
mia [83, 96, 97].

Similarly, a novel PHD inhibitor FG-2216 increases EPO expression and ery-

throcytosis in rhesus macaques [98]. Thus, PHD inhibitors are potential drugs for

the treatment of anemia.
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PHD2 may also affect the bone marrow (BM) microenvironment because PHD2

deficient mice showed increased BM-derived hematopoietic stem cells (HSCs)

[71]. Although it is also possible that increased HSCs in PHD2 deficient mice

may be due to systemic PHD2 deficiency, it is known that local hypoxia in the bone

marrow favors HSCs differentiation, proliferation, and survival [99]. Thus, PHD2

inhibition might be beneficial to anemic patients refractory to EPO by directly

stimulating HSC proliferation.

7.3 Cancer

Rapid expansion of tumor tissues causes hypoxia, which induces tumor angiogene-

sis [100, 101]. Given the apparent importance of tumor vasculature for tumor

survival and growth, antiangiogenesis therapies have attracted much attention.

For instance, VEGF-A neutralizing antibodies or inhibitors of VEGF receptor

tyrosine kinase-2 have been developed, with some success in clinical applications

[102–105]. PHD activation may be an attractive addition to the currently available

strategies. Indeed, a recent study showed that the administration of KRH102053, a

novel PHD activator, reduced tumor growth and metastasis in animal models due to

reduced HIF abundance and diminished expression of HIF target genes in tumor

cells [85].

Besides antiangiogenic approach, methods aimed at enhancing vascular matura-

tion are also being explored for cancer treatment [106]. Blood vessels in tumors are

typically immature and leaky, conditions that favor metastasis by allowing easy

passage of cancer cells through vascular walls [107]. A recently reported study

demonstrated the feasibility of inhibiting tumor metastasis by promoting vascular

maturation [108]. In mice with about 50% reduction in PHD2 protein level,

maturation of tumor blood vessels was improved due to HIF-dependent upregula-

tion of VEGF receptor-1 and VE-cadherin [108], resulting in reduced tumor cell

intravasation and metastasis. Thus, in spite of the apparently counterintuitive

nature, PHD inhibition could be an anticancer strategy. However, because PHD2

itself is now considered a tumor suppressor protein [96], systemic and long-term

PHD inhibition may have dual effects: besides antitumorigenic effects, as discussed

above, it may also accelerate tumor growth by other mechanisms such as increased

angiogenesis or modified cell growth properties. Future studies should address

these issues.

7.4 Inflammation

Recent evidence suggests that hypoxia accelerates inflammation [109–112], and

that HIF-1a is a prerequisite for an innate immune reaction [112]. HIF-1a deficient

myeloid cells show reduced inflammatory responses due to decreased glycolytic
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activity [109, 113], and mice carrying HIF-1a deficient myeloid cells produce

several proinflammatory cytokines at reduced levels [114]. Moreover, PHD inhibi-

tor mimosine boosts phagocytosis by human macrophages [115], and PHD1 knock-

down leads to the activation of a key inflammatory transcriptional factor NFkB
[73]. These data indicate that inflammatory responses are positively regulated by

HIF-1a and negatively by PHDs. However, conflicting data also exist.

Several studies indicate that pharmacological inhibition of PHDs reduced

inflammatory reactions in colitis and ischemic heart [87, 116, 117]. Therefore,

PHDs might regulate inflammation either positively or negatively in a context-

specific manner. Further studies are required to clarify the role of specific PHD

isoforms and the effect of PHD inhibition in different types of inflammatory

disorders.

8 Conclusion

PHDs are oxygen sensors and important negative regulators for the HIF pathway.

A variety of biological processes upregulated by HIFs are inversely regulated by

PHDs. Moreover, PHDs regulate non-HIF targets as well. Given the diversity of

different PHD/HIF-a combinations, advanced animals such as mammals have a

sophisticated oxygen-sensing network to fine tune adaptive responses. While PHDs

are attractive targets for disease treatment, their maltifaceted roles raise a concern

of potential side effects. However, it is hoped that isoform and tissue-specific PHD

inhibition may offer novel opportunities to develop more specific strategies with

minimal side effects.
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Chapter 23

Oxygen-Dependent Regulation of Erythropoiesis

Volker H. Haase

Abstract Oxygen-regulated erythropoiesis serves as a paradigm of systemic hypoxia

responses. Efforts to understand its molecular basis have led to the identification of

erythropoietin (EPO) and hypoxia-inducible factor (HIF). This chapter provides an

overview of the most recent advances in oxygen-dependent erythropoiesis and dis-

cusses (a) how molecular oxygen-sensing mechanisms regulate and integrate cellular

and systemic hypoxia responses that stimulate and support erythropoiesis and (b) how

these mechanisms may be exploited pharmacologically for the treatment of anemias.

Specifically this chapter addresses the role of the HIF pathway in regulating and

coordinating tissue-dependent EPO production and iron metabolism, and discusses

inherited forms of erythrocytosis that result from a disruption of molecular oxygen-

sensing mechanisms.

Keywords Erythropoietin � HIF � pVHL � Iron � Oxygen sensing

1 Introduction

Tissue hypoxia is the result of a discrepancy between oxygen availability and

demand and triggers systemic and cellular responses that are aimed at improving

tissue oxygenation and thus cell survival. Hypoxia is a frequently encountered

clinical problem in patients with pulmonary, cardiovascular, or hematological

conditions that impair oxygen delivery, but also occurs under physiologic condi-

tions during normal embryonic development, when alterations in tissue oxygen

levels provide important microenvironmental signals that modulate cellular growth

and differentiation. In order to adapt to low partial oxygen pressure following
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ascent to high altitude the human body undergoes multiple physiologic changes.

These include an acute increase in ventilation, heart rate, and cardiac output. One of

the more extensively studied systemic adaptations to high altitude is enhanced

erythropoiesis, which is the result of a well-executed transcriptional response that

is aimed at improving oxygen carrying capacity and blood oxygen content. It was

the interest in understanding the physiologic and molecular basis of this erythro-

poietic response that not only led to the discovery of erythropoietin (EPO), the

glycoprotein hormone, which is essential for the regulation of red blood cell mass,

but more importantly, led to the identification of the molecular machinery, which

senses oxygen and controls the wide spectrum of transcriptional responses to

hypoxia. Oxygen-dependent induction of EPO therefore serves as the paradigm of

hypoxic gene regulation, and the search for the transcription factor that mediates

this increase resulted in the discovery of hypoxia-inducible factor (HIF) as the

central mediator of cellular adaptation to low oxygen. There is now mounting

experimental evidence that HIF not only stimulates red blood cell production by

increasing serum EPO levels, but that it also promotes erythropoiesis through

coordinated cell type–specific hypoxia responses that result in enhanced iron uptake

and utilization, as well as favorable changes in the bone marrow microenvironment

that facilitate erythroid progenitor maturation and proliferation. Because of this

central role in the regulation of erythropoiesis, pharmacological targeting of the

HIF oxygen-sensing pathway offers enormous potential for the treatment of ane-

mias associated with inadequate EPO production. Recent insights into the molecu-

lar mechanisms that underlie the oxygen-dependent regulation of EPO synthesis,

iron metabolism, and erythroid progenitor maturation and their relevance to clinical

disorders are discussed in this chapter.

2 EPO Regulation as a Paradigm of Systemic Hypoxia

Responses

Over 100 years ago Paul Bert, by many considered to be the founder of modern

aerospace and high altitude medicine, and his collaborator the French physician

Denis Jourdanet observed the association between reduced atmospheric oxygen

pressure and elevated red blood cell numbers [1–3]. Jourdanet, who practiced

medicine in Mexico and studied the clinical manifestations of chronic mountain

sickness, noted that residing at high altitude was associated with increased blood

viscosity, while Bert found elevated hemoglobin concentrations in animals living in

the mountains of Bolivia and speculated that this increase in red cell mass might

represent an inherited condition. During an expedition to the Peruvian Andes in

1890, Francois-Gilbert Viault discovered that high altitude, however, provided a

direct stimulus for erythropoiesis and documented this acute elevation in red blood

cell counts in his own blood and that of his companions [4]. In 1906, Paul Carnot
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and his assistant C. Deflandre postulated that serum contained an erythropoietic

factor (hemopoietin) [5], which Bonsdorff and Jalavisto later called erythropoietin

[6]. In their experiment, Carnot and Deflandre injected serum from mildly anemic

rabbits into normal rabbits and found increased red blood cell counts [5]. However,

it was not until almost 50 years later that their results could be reliably reproduced

by Allan Erslev [7], finally proving the existence of EPO. Using biological assays,

normal serum EPO concentrations were determined to be in the range of 5–30 mU/

mL, whereby 1 U of EPO was defined as equivalent to the erythropoietic effects of

5 mmol of CoCl2 [8]. The ability to quantify serum and urine EPO led to investiga-

tions into the dynamics of the hypoxia-induced EPO response, which is very rapid,

pO2-dependent, and results in exponential increases in serum EPO levels when

hematocrit declines in a linear fashion [9–11]. Eventually human EPO was purified

from large quantities of urine obtained from severely anemic patients by Miyake

et al. [12]. This permitted determination of its protein sequence and cloning of the

EPO gene [13, 14], ultimately resulting in the production and successful clinical

use of recombinant EPO; EPO as a therapeutic agent was approved by the U.S.

Food And Drug Administration in 1989. Important further steps in the molecular

understanding of hypoxic EPO induction were reports by Nielsen et al. [15] and

Goldberg et al. [16], who discovered that the human liver tumor cell lines Hep3B

and HepG2 produced EPO in an oxygen-dependent manner. The availability of

EPO-expressing cell lines permitted detailed studies of EPO gene regulation,

which aimed at understanding the molecular basis of its hypoxia-inducibility (for

a summary of studies see [17]). Gregg Semenza et al. from Johns Hopkins

University used transgenic mice to identify and validate the hypoxia-sensitive

regulatory elements in the EPO gene and then were able to purify HIF-1 as the

transcription factor that binds to its 30-hypoxia-enhancer, mediating its hypoxic

induction [18–21].

EPO’s major action is the prevention of apoptosis in EPO-dependent colony-

forming unit-erythroid (CFU-E) cells and erythroblasts that have not begun hemo-

globin synthesis. The human EPO gene encodes a glycoprotein hormone, which as

a pro-hormone consists of 193 amino acids. Following removal of its peptide

leader sequence and a carboxy-terminal arginine, it is reduced in size to 165

amino acids in its circulating form. Serum EPO is heavily glycosylated and

amounts to a molecular mass of about 30 kDa, with approximately 40% being

derived from its carbohydrate portion. Its receptor (EPO-R), which is also hypoxia-

inducible [22–24], lacks intrinsic enzymatic function and associates with the

tyrosine kinase Janus kinase 2 (JAK2). Upon ligand binding and homodimerization

JAK2 phosphorylates EPO-R at multiple sites, thus providing docking sites for

signal transducing molecules that contain src homology 2 (SH2) domains. Path-

ways through which EPO-R signaling occurs include the signal transduction and

activator of transcription (STAT) 5 pathway, the phosphatidyl-inositol-3-kinase/

protein kinase B (PI-3K/AKT), and mitogen-associated protein kinase/extracellular

signal-related kinase (MAPK/ERK) pathways, as well as signaling through protein

kinase C.
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3 Regulation of EPO Synthesis by Molecular Oxygen

The primary physiologic stimulus of EPO production is tissue hypoxia, which can

induce several 100-fold increases in circulating serum EPO levels, depending on

the hypoxic condition [25]. Studies aimed at isolating transcription factors

responsible for the hypoxia-mediated induction of EPO identified the heterodi-

meric basic helix-loop-helix (bHLH) transcription factor hypoxia-inducible fac-

tor-1 (HIF-1) [20, 21]. HIF-1 belongs to the PAS (PER/aryl-hydrocarbon-receptor

nuclear translocator [ARNT]/single minded [SIM]) family of hypoxia-regulated

transcription factors and consists of an oxygen-sensitive alpha subunit and the

constitutively expressed beta-subunit ARNT [26–28]. Together with HIF-2a (also

known as EPAS-1, HLF), HIF-1a facilitates oxygen delivery and cellular adapta-

tion to hypoxia by stimulating erythropoiesis, angiogenesis, and anaerobic glu-

cose metabolism [29]. HIFs regulate gene expression by binding to hypoxia-

response elements (HREs), specific DNA recognition sequences located in the

regulatory regions of HIF target genes (Fig. 1). Three HIF-a subunits, HIF-1a,
HIF-2a, and HIF-3a, have been identified. Under normoxic conditions, all three

homologues are targeted for rapid proteasomal degradation by the von Hippel-

Lindau tumor suppressor pVHL, which acts as the substrate recognition compo-

nent of an E3 ubiquitin-ligase complex [30, 31]. Whereas HIF-1a and HIF-

2a heterodimers function as transcriptional activators, splice variants of HIF-3a
have been shown to be inhibitory [32, 33]. Although HIF-1 and HIF-2 share many

common transcriptional targets, they regulate unique targets and have specific

biological functions. Anaerobic glycolysis, for example, appears to be predomi-

nantly controlled by HIF-1 [34], whereas HIF-2 has now emerged as the main

regulator of EPO production in the adult [35–38] (Fig. 1). In addition to hetero-

dimerization with HIF-b, HIF-a modulates cellular signaling pathways through

functional interaction with proteins that do not contain PAS domains. These

include, among others, tumor suppressor protein p53, the c-Myc proto-oncogene,

and the Notch intracellular domain [39–42].

Under normal oxygen conditions HIF a-subunits are rapidly degraded following
ubiquitylation by the pVHL-E3-ubiquitin ligase, precluding the formation of tran-

scriptionally active heterodimers. pVHL-mediated polyubiquitylation of HIF-a
requires hydroxylation of specific proline residues (Pro402 and Pro564 in human

HIF-1a; Pro405 and Pro531 in human HIF-2a) within its oxygen-dependent degra-

dation domain (ODD) [43–49]. Hydroxylation of HIF-a is carried out by three major

2-oxoglutarate-dependent dioxygenases (prolyl-4-hydroxylase domain [PHD] pro-

teins), PHD1, PHD2 and PHD3, and requires molecular oxygen, ferrous iron, and

ascorbate [50] (Fig. 1). To add complexity to this system, transcription of PHD2 and
PHD3 is increased under hypoxia through HIF-dependent mechanisms, and PHD1

and PHD3 protein turnover under hypoxia is regulated by Siah proteins, which

themselves are hypoxia-inducible [51, 52]. An additional hypoxic switch operates

in the carboxy-terminal transactivation domain of HIF-a with oxygen-dependent

asparagine hydroxylation by factor-inhibiting-HIF (FIH) blocking CBP/p300
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recruitment. Inhibition of FIH under hypoxic conditions facilitates CBP/p300

recruitment, resulting in increased HIF target gene expression in VHL-deficient
cell lines or under pronounced hypoxia [53–56].

A defect in the ability to ubiquitylate HIF-a, for example as a consequence of

mutated pVHL, results in HIF-a stabilization, increased HIF transcriptional activ-

ity, and upregulation of HIF target genes such as vascular endothelial growth factor

(VEGF), glucose transporter 1 (GLUT-1), and EPO irrespective of oxygen levels.

Clinically, mutations in pVHL are associated with the development of sporadic

renal cell cancer of the clear cell type (CCRCC), VHL disease (a familial tumor

Fig. 1 HIF-2 regulates EPO in kidney and liver. Under normoxia, HIF-2a is hydroxylated by

prolyl-4-hydroxylases and targeted for proteasomal degradation by the pVHL-E3-ubiquitin ligase

complex. When prolyl-4-hydroxylation is inhibited (e.g., in the absence of molecular oxygen),

HIF-2a is not degraded and translocates to the nucleus where it heterodimerizes with HIF-b. HIF-
2a/b heterodimers bind to the HIF consensus binding site RCGTG and increase EPO transcrip-

tion. The hypoxic induction of EPO in the liver is mediated by the liver inducibility element

located in the 30-end of the EPO gene and in renal interstitial fibroblast-like cells by the 50 kidney
inducibility element, which is located 6–14 kb upstream of its transcription start site. Nitric oxide,

reactive oxygen species, Krebs cycle metabolites succinate and fumarate, cobalt chloride, and iron

chelators such as desferrioxamine inhibit HIF prolyl-4-hydroxylases in the presence of oxygen.

EPO mRNA is encoded by five exons, depicted by boxes, coding sequences are shown in red;

untranslated regions are shown in blue; numbers indicate distance from the transcription start site

in kb (not drawn to scale). Shown also are the binding sites of HNF-4 in the 30 liver inducibility
region. HIF hypoxia-inducible factor; pVHL von Hippel-Lindau protein; CoCl2 cobalt chloride;
EPO erythropoietin; Fe2+ ferrous iron; HNF-4 hepatocyte nuclear factor-4; NO nitric oxide; ROS
reactive oxygen species
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syndrome associated with renal cysts and CCRCC, hemangioblastomas of the

central nervous system [CNS] and retina, pheochromocytomas, and other tumors),

and Chuvash polycythemia, an inherited form of erythrocytosis. Other forms of

inherited secondary erythrocytosis are associated with mutations in PHD2 and in

HIF-2a (see below on clinical syndromes associated with disrupted oxygen sens-

ing), demonstrating that functional disturbances in any of the major components of

the VHL/HIF/PHD oxygen-sensing pathway lead to clinically relevant effects on

erythropoiesis.

More recently, posttranslational modifications of HIF-2a have been shown to

modulate the systemic EPO response. HIF-2a is acetylated during hypoxia and

deacetylated by Sirtuin1, a redox-sensitive class III histone deacetylase whose

enzymatic activity is controlled by NAD/NADH levels and nicotinamide. Sirtuin1

increases HIF-2-dependent EPO synthesis in vitro and in vivo, thereby linking

cellular energy and thus redox state to systemic hypoxia responses [57]. Sirtuin1-

deficient mice produced significantly lower amounts of fetal liver EPOmRNA, and

during adulthood less renal EPO in response to hypoxia (6% O2). Interestingly,

caloric restriction, which increases Sirtuin1 activity, suppresses EPO production in

the liver [58, 59]. Further studies are needed to reconcile these contradicting find-

ings. Another posttranslational modification that has been shown to directly impact

EPO synthesis and erythropoiesis is SUMOylation. SUMO (small ubiquitin-like

modifier) proteins are structurally similar to ubiquitin and are reversibly attached to

target proteins by SUMOylating enzymes, thus altering their function and cellular

localization. One of the enzymes that removes SUMO from target proteins is SENP

(Sentrin/SUMO-specific protease). SENP1 knockout mice developed severe fetal

anemia and died during midgestation [60]. In this model de-SUMOylation under

hypoxic conditions did not occur in the absence of SENP and prevented the activa-

tion of HIF signaling in the nucleus, which resulted in a strong reduction of hepatic

EPO mRNA levels. Instead, SUMOylated HIF-a was targeted for proteasomal

degradation in a pVHL- and ubiquitin-dependent, but PHD-independent manner,

as PHDs are not active in the absence of molecular oxygen [60]. Although SUMOy-

lation of HIF-awas specifically investigated with regard to hypoxic HIF-1 signaling,
the anemic phenotype suggests that, in light of HIF-2’s function in fetal erythropoi-

esis, SENP’s role in hypoxic signaling must extend to HIF-2a as well.

4 Tissue Sources of EPO

Animal experiments, in which various organs were resected, identified the kidney

as the major site of EPO production [61], as nephrectomy led to anemia and to a

severe blunting of the erythropoietic response to hypoxic stimuli. Despite initial

uncertainties and debate, there is now strong experimental and morphological

evidence that interstitial peritubular fibroblast-like cells located in the renal inner

cortex and outer medulla, not tubular epithelial cells, are the cellular source of
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renal EPO [62–67]. EPO expression in other renal cell types, such as tubular

epithelial cells, appears to be suppressed by inhibitory GATA transcription

factors, in particular GATA-2 and GATA-3. Mutations of the GATA binding

site in EPO-green fluorescent protein (GFP) transgenic animals resulted in GFP

expression in distal tubular cells under normoxic and hypoxic conditions, sug-

gesting that in the kidney, these factors are important in limiting the expression of

EPO to peritubular fibroblast-like cells [67]. It is also interesting that the kidney

does not respond to hypoxia by dynamically increasing the EPO message in

individual cells, but rather by pO2-dependent recruitment of additional cells that

generate a fixed amount of EPO. In this regard, renal EPO production appears to

be mechanistically different from EPO synthesis in hepatocytes, hepatoma, neu-

roblastoma, or melanoma cell lines [64, 67].

The isolation and establishment of EPO-producing cells from the kidney has

been largely unsuccessful, although hypoxic induction of EPO synthesis was

reported in 4E cells, a mesenchymal cell clone isolated from the adult kidney

[68]. EPO-producing renal cells, however, have been successfully tagged with

GFP [67], which should permit their isolation and purification by fluorescence-

activated cell sorting (FACS) and facilitate the establishment of permanent cell

lines in the near future. In their study, Obara et al. used homologous recombination

to generate BAC transgenes, in which a segment of the murine EPO gene, spanning

from exon 2 to the 30-end of intron 4, was replaced with GFP cDNA, bringing GFP

under the control of EPO regulatory elements [67]. GFP expression in transgenic

mice was induced by anemia in renal peritubular interstitial cells specifically, and in

hepatocytes surrounding the central vein, supporting the notion that these two cell

types are the major sources of EPO production under hypoxic conditions. Obara

et al. furthermore demonstrated that the number of GFP-expressing cells increased

exponentially with a linear decline in hematocrit, supporting the notion that in the

kidney, it is the number of EPO-producing cells and not cellular transcript abun-

dance that changes in response to anemia. Renal EPO-producing cells, named REP

cells by the authors, were unique in their morphologic appearance and possessed

dendrite-like processes, which resembled those of neurons. Indeed, REP cells

expressed neural-specific markers, such as microtubule-associated protein

2 (MAP2) and neurofilament protein, light polypeptide (NFL), suggesting that they

may be derived from progenitor cells related to the neural lineage. In keeping with

this notion, Frede et al. recently described the establishment of an EPO-producing

renal tumor cell line with similar morphologic and molecular characteristics [69].

These exiting findings will certainly stimulate further interest and investigation into

the histogenetic origin of renal EPO-producing cells.

While the kidney is the primary physiologic site of EPO synthesis in the adult,

the liver is the main source during embryonic development. In the adult it is the

major extrarenal source of EPO synthesis when stimulated by hypoxia. While

hepatocytes have been identified as the primary cell type responsible for EPO

synthesis in the liver, EPO can be detected in hepatic stellate cells, which are

also known as ITO cells [70, 71]. The onset of the transition from liver to the kidney

as the primary site of EPO production is species-dependent and usually occurs in
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late gestation or around birth [72–75]. Despite extensive efforts by many labora-

tories, the molecular mechanisms underlying this switch are still poorly understood

and may involve transcriptional repression, or reduced expression of certain tran-

scriptional activators such as transcription factor GATA-4 [76]. In the adult, liver

EPO mRNA levels, which are very difficult to detect at baseline, rise substantially

following hypoxic stimulation and account for most, if not all, physiologically

relevant systemic EPO of extrarenal origin [77, 78]. While the liver responds poorly

to mild hypoxia, hepatic EPO production is significantly stimulated by severe

hypoxia (7.5% O2) and may account for more than one third of total serum EPO,

with the remainder being kidney-derived [73, 79]. Hypoxia-induced EPO transcrip-

tion in the liver seems to be negatively affected by uremia in some studies, as

demonstrated in bilaterally nephrectomized rats, in which liver EPO mRNA was

reduced by almost 50% compared to controls [73]. Nevertheless, in stimulated

uremic rats that had undergone partial nephrectomy, hepatic EPO accounted for

more than 80% of an approximately tenfold increase in total serum EPO compared

to 25–50% of an approximately 40-fold increase in control animals, illustrating the

potential of the liver to produce large quantities of EPO under hypoxic conditions,

despite the presence of uremia [80]. However, physiologic production of liver EPO

under normoxic conditions is usually not adequate to compensate for the loss of

renal EPO in the setting of nephrectomy or advanced renal failure. Because of the

recent advances in understanding the molecular basis of HIF oxygen sensing,

pharmacological stimulation of HIF signaling through prolyl-4-hydroxyase inhibi-

tion, with the goal stimulating hepatic EPO synthesis, offers great potential as a

therapeutic strategy in the treatment of renal anemia or other conditions that are

associated with inadequate EPO production (see Sect. 10).

The distinct regulatory elements that control HIF-mediated induction of EPO in

liver and kidney are located on the opposite ends of the EPO gene, the kidney-

inducibility element in the 50-region and the liver-inducibility element in the 30-
region. Semenza et al. first identified these in transgenic mouse lines that expressed

human EPO gene fragments of different sizes. The shortest of these transgenes,

tgEPO4, contained, in addition to the EPO coding sequence, 0.4 kb of upstream and

0.7 kb of downstream regulatory sequence, sufficient for hypoxic transgene induc-

tion in the liver, but not in kidneys. The inclusion of additional 14 kb 50-flanking
sequence, tgEPO18, resulted in renal expression. Further in vivo mapping studies

located the kidney-inducibility element to a region approximately 6–14 kb 50 of the
EPO transcription start site [18, 81, 82]. That hypoxic induction of EPO in the liver

is mediated by the EPO 30 HRE in vivo, was also shown by Suzuki et al., who, by

mutating the 30 HRE in an EPO-GFP transgenic mouse abolished hypoxia-

inducibility of GFP in the liver, but not in kidneys, elegantly demonstrating that

the EPO 30 hypoxia enhancer is liver specific [83].
Aside from kidney and liver as the two major sources of synthesis, EPO mRNA

expression has also been detected in the brain (neurons and astrocytes), lung, heart,

bone marrow, spleen, hair follicles, and reproductive tract [75, 84–93]. However, it

appears that these sites do not make a significant contribution to systemic EPO

homeostasis and erythropoiesis, and that locally synthesized EPO acts, most likely,
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in an auto- or paracrine fashion, impacting, for example, regional angiogenesis and

cell survival under hypoxic stress (for a overview of the nonhematopoietic actions

of EPO see Jelkmann [94]).

5 Nonrenal Oxygen Sensing in EPO Homeostasis:

Indirect Mechanisms

Experiments with isolated perfused kidneys and isolated hepatocytes provided the

first direct evidence that kidneys and liver directly sense decreases in regional

oxygen tension, to which they respond with increased EPO synthesis. In addition,

it has also been shown that, under certain experimental conditions, EPO production

in the kidney can be activated by extrinsic signals. VonWussow et al. postulated the

existence of an O2-sensitive sensor in the brainstem, which triggers renal EPO

production through the release of yet to be identified humoral factors (isolated

brainstem hypoxia was generated by increased intracranial pressure) [95]. More

recently, Boutin et al. demonstrated that the skin has the potential to modulate renal

and hepatic EPO synthesis indirectly through HIF-1- and nitric oxide (NO)–me-

diated effects on dermal blood flow [96]. This, however, is dependent on the ability

of the kidney and liver to perceive changes in tissue oxygen levels locally at the

sites of EPO production. Keratinocyte-specific inactivation of HIF-1a, but not HIF-
2a, resulted in a blunted renal EPO response to hypoxia (9% O2 for 14 h), which

was associated with increased blood flow to the kidney, presumably resulting in

increased tissue oxygenation and thus suppression of EPO synthesis [96]. Con-

versely, activation of HIF signaling in the skin through genetic ablation of pVHL

produced dermal vasodilatation in a NO-dependent manner, which redirected blood

flow to the skin and away from the kidneys and liver, resulting in persistent tissue

hypoxia, which in turn led to increased EPO production and the development of

polycythemia (EPO mRNA in the skin was not detected in this study). It is of

interest to mention here that experimental stenosis of the renal arteries causes only a

small linear increase in serum EPO, as opposed to a large exponential increase in

response to anemia [97]. This is most likely due to the fact that renal blood flow

(RBF) and glomerular filtration rate (GFR) are functionally linked, that is, that the

effects of decreased RBF and thus decreased O2 delivery on renal tissue oxygena-

tion are frequently offset by a simultaneous decrease in GFR and thus reduction in

tubular workload and oxygen consumption. In light of these considerations addi-

tional studies are warranted to determine whether changes in RBF alone can

completely account for renal tissue hypoxia that led to increased renal EPO

synthesis in the skin knockout model. Boutin et al. furthermore proposed that the

skin, independent of blood oxygen levels, senses differences in environmental

oxygen to which it responds with changes in vascular tone, that is, vasoconstriction

and a reduction in blood flow under conditions of acute hypoxia. This was demon-

strated experimentally by delivering different oxygen concentrations to the lungs
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and skin of mice for a short period of time (5 h), that is, mice were breathing

hypoxic gas while their body was exposed to either normoxic (21% O2) or hypoxic

gas (10% O2). Mice breathing hypoxic gas with their skin exposed to normoxia had

an enhanced renal EPO response, while the renal EPO response in mice whose lung

and skin were exposed to the same degree of hypoxia was diminished. The latter

response was associated with HIF-1-dependent dermal vasoconstriction and a

relative increase in RBF. Given the finding of EPO synthesis in hair follicles

[90], a direct contribution of dermal EPO to total serum EPO cannot be completely

ruled out. Whether this is the case or not, the studies by Boutin et al. have certainly

highlighted the importance of the skin in the regulation of EPO homeostasis and

erythropoiesis.

6 HIF-1 VS HIF-2 in EPO Synthesis

Although HIF-1 was the first HIF transcription factor that was isolated from human

Hep3B cells utilizing the HIF binding sequence in the EPO 30 hypoxia enhancer,

there is now compelling experimental evidence that HIF-2 acts as the main media-

tor of the hypoxic induction of EPO in the adult kidney and liver. This notion is

based on in vitro and in vivo studies using human cell lines and genetic mouse

models, as well as on histological studies, which demonstrated that the location of

HIF-2a-expressing renal cells coincided with the location of EPO-producing renal

interstitial fibroblast-like cells [98].

The expression profile of HIF-2a was initially thought to be limited to endothe-

lial cells. Further detailed analysis, however, demonstrated that HIF-2a was

expressed in additional cell types, although not as widespread as HIF-1a, which
is broadly expressed in all organs. Aside from endothelial cells, HIF-2a-expressing
cells include hepatocytes, cardiomyocytes, glial cells in the central nervous system,

type-II pneumocytes in the lung, and renal peritubular interstitial cells [98, 99].

First insights into the functional differences between HIF-1 and HIF-2 with

regard to EPO regulation came from the analysis of HIF-1a and HIF-2a knockout

mice. HIF-1- and HIF-2-deficient mice differ dramatically in their phenotypes.

Mice that lack both copies of HIF-1a die in utero between embryonic day (E)

8 and E11 from neural tube defects, increased cell death in the cephalic mesen-

chyme, and cardiovascular malformations [100, 101]. Mice with homozygous

deletion of HIF-2a die in utero or around birth, unless bred as heterozygotes in a

mixed C57/BL6J and 129S6/SvEv genetic background [102]. Three different

phenotypes have been described for homozygous HIF-2a germ line inactivation:

(a) defective catecholamine synthesis in the organ of Zuckerkandl, leading to heart

failure and midgestational death [103]; (b) abnormal VEGF-mediated lung matura-

tion, resulting in perinatal death [104]; and (c) severe vascular defects in the yolk sac

and embryo proper, resulting in death between E9.5 and E13.5 [105].When bred in a

mixed genetic background, HIF-2a knockout mice survived into adulthood but
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developed hepatic steatosis, skeletal myopathy, and cardiac hypertrophy, which

were associated with mitochondrial abnormalities and deficiencies in reactive oxy-

gen species (ROS) scavenging, resulting from an inadequate production of superox-

ide dismutase (SOD) [102]. Hematologic analysis revealed pancytopenia associated

with hypocellularity of the bone marrow [106]. Since renal EPO synthesis was

decreased and red blood cell counts were corrected with recombinant EPO [36],

anemia in HIF-2-deficient mice resulted from inadequate renal EPO production and

not from a significant cell-autonomous defect in erythroid precursor maturation.

While Morita et al. had previously demonstrated a role for HIF-2 in the synthesis of

retinal EPO [35], the study by Scortegagna et al. established for the first time that

HIF-2 was essential in the regulation of systemic EPO homoeostasis [36, 106]. The

relative contribution of HIF-2 to the hypoxic induction of EPO in the adult, however,

remained unclear, since a direct comparison between HIF-1a and HIF-2a knockout

mice was not possible due to the embryonic lethality that is associated with homo-

zygous deletion of HIF-1a in the germ line. In order to study the effects of homozy-

gous HIF-1 deficiency on EPO synthesis and erythropoiesis in vivo, Yoon et al.

analyzed HIF-1-deficient embryos at E9.5 and were able to establish a role for HIF-1

in the regulation of embryonic EPO, erythropoiesis, and iron metabolism [24]. They

found a reduction in myeloid multilineage and committed erythroid progenitor cells,

while EPO mRNA levels were decreased in the embryo proper but not in yolk sac.

EPO-RmRNA was decreased in both tissues. In adult mice with heterozygous HIF-

1a deficiency, Yu et al. reported delayed erythrocytosis on exposure to chronic

hypoxia (10% O2 over a period of up to 6 weeks, serum EPO or tissue EPO mRNA

levels were not measured) [108]. Given recent findings on the role of skin oxygen

sensing in the regulation of EPO, it could be possible that in this study, reduced

expression of dermal HIF-1a may have indirectly affected the renal EPO response

through a redirection of blood flow [107]. Cai and colleagues observed that renal

EPOmRNA did not rise following treatment with 1-h intermittent hypoxia, support-

ing a role for HIF-1 in the hypoxic induction of renal EPO in the adult [109].

However, the degree to which individual HIF-a subunits contributed to EPO pro-

duction, that is, whether EPO was coregulated by HIF-1 and HIF-2, or whether it

was preferentially regulated by one HIF or the other, could not be determined by

these studies. Warnecke et al. used cell lines to address this issue and treated Hep3B

and Kelly cells with small interfering RNAs (siRNA) directed against HIF-1a or

HIF-2a. They found that the hypoxic induction of EPO was largely HIF-2-depen-

dent, while HIF-1, in contrast to other HIF-regulated genes, played only a minor role

in the hypoxic regulation of EPO [110]. The same was found in EPO-producing

cultured cortical astrocytes [111], whereas studies in other cell lines suggested HIF-

1 dependence [17].

The most compelling support for the notion that HIF-2 is the main regulator of

EPO, at least in adults, comes from conditional knockout studies in mice. Gruber

et al. observed that postnatal global ablation of HIF-2a, but not of HIF-1a, resulted
in anemia, which, similar to the findings in mice with HIF-2a germ line deletion,

was treatable with recombinant EPO [37]. This study made use of a tamoxifen-

inducible and ubiquitously expressed Cre-recombinase transgene, which produced
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efficient, albeit not complete, recombination of HIF-a conditional alleles in every

tissue. While the increase in renal EPO in response to phenylhydrazine treatment

(phenylhydrazine induces hemolytic anemia) was blunted in HIF-2a ablated mice,

postnatal deletion of HIF-1a had no effect on renal EPO production. Although the

effects of chronic hypoxia on erythropoiesis were not examined in these mice, this

study allowed direct comparison of HIF-1 to HIF-2, and did not find any obvious

role for HIF-1 in the regulation of EPO homeostasis at baseline or in response to

anemia [37].

Work from our laboratory has demonstrated that HIF-2, not HIF-1, regulates

EPO in hepatocytes under different experimental conditions. Cell type-specific

inactivation of pVHL in a subpopulation of hepatocytes (20–30%) resulted in

HIF-2- but not HIF-1-dependent erythrocytosis, while pharmacological inhibition

of HIF prolyl-4-hydroxylases caused an HIF-2-dependent increase in liver EPO
mRNA levels. More importantly, we found that HIF-2, not HIF-1, induced liver

EPO in response to anemia using hepatocyte-specific HIF-1a and HIF-2a knockout

mice, and that inactivation of hepatic HIF-2 resulted in postnatal anemia, which

resolved with maturation to adulthood (the liver is the main tissue source of EPO

during embryonic development). Consistent with our findings are studies by Kim

et al., who expressed a nondegradable form of HIF-1a or HIF-2a in hepatocytes

[112]. Overexpression of HIF-2a in mouse livers produced erythrocytosis, whereas

HIF-1a did not. In addition, our laboratory was able to demonstrate that inactivation

of renal HIF-2a alone completely ablated the renal EPO response when mice were

subjected to normobaric hypoxia (10% O2 for 10 days), anemic hypoxia induced by

phlebotomy, or when they were treated with an prolyl-4-hydroxylase inhibitor

[113]. Taken together, conditional knockout studies support the concept that, in

the adult, renal and hepatic EPO is regulated by HIF-2, not by HIF-1, identifying

HIF-2 as a pharmacological target that, when activated, stimulates EPO synthesis.

To investigate the molecular basis for HIF-2-dependent regulation of EPO, we

carried out chromatin immunoprecipitation (ChIP) assays in Hep3B cells and found

that HIF-2, not HIF-1, associated with the endogenous EPO HRE element. In

contrast, we found that HIF-1 preferentially bound to the unmodified EPO HRE

fragment in vitro, consistent with the purification of HIF-1 from hypoxic Hep3B

extracts using a 18-nucleotide fragment containing the EPO 30 HRE [19]. Our

findings suggested that in vivo, HIF-2 binding to the EPO HRE requires additional

nuclear factors, which associate with the EPO gene. This notion is supported by the

recent observation that HIF-2-mediated expression of an EPO HRE-luciferase

construct required a 223-bp enhancer fragment, which contained additional tran-

scription factor binding sites [19, 110]. One of these sites includes a DR-2 element,

which is a binding site for members of the nuclear hormone receptor family.

Hepatocyte nuclear factor-4 (HNF-4) binds to this element and has been proposed

as a candidate factor that may cooperate with HIF-2 in the regulation of EPO [110].

Similar to HIF-2, HNF-4 expression coincides with sites of EPO production in the

liver and renal cortex and is required for the hypoxic induction of EPO in Hep3B

cells [110, 114, 115]. The notion that binding of HIF-2 to specific target genes

depends on the availability and cooperation with other transcription factors bound
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to cognate elements in target gene regulatory sequences has been previously

suggested; however, further studies are needed to isolate factors that interact with

HIF-2 specifically and mediate HIF-2-dependent induction of EPO [116].

7 Oxygen-Dependent Regulation of Iron Homeostasis

The transition metal iron (Fe) is a component of hemoproteins, iron-sulfur proteins,

and other metalloproteins, such as dioxygenases, which includes HIF prolyl-4-

hydroxylases. Thus iron is critical for a multitude of biological processes that

range from chemical catalysis and electron transfer to oxygen transport. In red

blood cells O2 is carried by hemoglobins, which are heme-associated tetrameric

metalloproteins that are present in millimolar concentrations and contain slightly

more than half of the human body’s iron. Iron is therefore absolutely required for

normal erythropoiesis, and a depletion of iron stores will inevitably lead to anemia.

Recent studies have demonstrated that molecular oxygen-sensing mechanisms play

a critical role in maintaining adequate serum iron levels and modulate the bone

marrow microenvironment to facilitate erythroid maturation (Fig. 2).

The major control mechanisms that regulate serum iron levels involve intestinal

absorption from diet, transport in blood, recycling of iron released from phagocy-

tosed erythrocytes through splenic and hepatic macrophages, and release of iron

from other tissue stores, such as the liver. Since little iron is lost on a daily basis

(e.g., as a result of sloughing of epithelial surface cells or from menstruation), only

relatively small amounts need to be replaced through dietary uptake, on average

approximately 1–2 mg/day. Most of the iron used for normal erythropoiesis is

recycled from phagocytosed erythrocytes (approximately 20 mg/day) (for a review

see [117]). When erythropoiesis is stimulated by hypoxia, iron demand in the bone

marrow increases. This necessitates increased intestinal iron uptake, an augmenta-

tion of serum iron-binding capacity, and enhanced mobilization of iron from

internal stores. Therefore, it is not surprising that the expression levels of proteins

with key roles in iron metabolism are oxygen-sensitive. HIF not only provides a

strong stimulus for erythropoiesis through EPO, but it also regulates factors that

indirectly support erythropoiesis. HIF-regulated proteins involved in iron metabo-

lism include transferrin, which binds iron in its ferric form (Fe3+) for transport to

target organs, and its high affinity receptor, transferrin receptor-1 (TfR1)

[118–120]; ceruloplasmin, which oxidizes Fe2+ to Fe3+ and is also important for

iron transport [121]; the divalent metal transporter-1 (DMT1) [122, 123], which

transports iron into the cytoplasm of cells; duodenal cytochrome b (DcytB) [122],

which reduces ferric iron to its ferrous form (Fe2+); heme-oxygenase-1 (HO1),

which cleaves the heme ring of hemoglobin and produces iron, biliverdin or

verdoglobin, and carbon monoxide and is important for the recycling of iron from

phagocytosed erythrocytes [124]; hepcidin [125]; and others.

The intestinal uptake of dietary iron is hypoxia-sensitive and is mediated by

DMT1, which moves iron across the cell membrane in its ferrous form. Before this
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occurs a reduction of dietary iron from its ferric form to Fe2+ is necessary, which is

mediated by DcytB. HIF-2 increases the cellular expression of DMT-1 and DcytB

and is capable of enhancing intestinal iron uptake [122, 123]. Following uptake by

enterocytes, iron is then released into the circulation through the membrane protein

ferroportin, which is the only known iron transporter that exports iron out of cells.

It is also expressed in hepatocytes and macrophages. The number of ferroportin

molecules on the cell surface determines how much iron is exported, that is, how

much iron is either taken up from diet or released from iron stores in the liver or the

reticuloendothelial system. Its surface expression is negatively regulated by hepci-

din, a small polypeptide that is produced in the liver (25 amino acids in its

Fig. 2 The hypoxic EPO response is coordinated with enhanced iron metabolism. Shown is a

simplified overview of hypoxic and hypoxia-inducible factor (HIF)-mediated effects on iron

metabolism. HIF-2 induces renal and hepatic EPO transcription in response to hypoxia, which

results in increased serum EPO levels (circle) and erythropoiesis, necessitating an adjustment of

iron metabolism to satisfy the increased demand for iron in the bone marrow. In the duodenum,

duodenal cytochrome b (DcytB) reduces ferric iron (Fe3+) to ferrous iron (Fe2+), which is then

transported into the cytosol of enterocytes (depicted by a square) by divalent metal transporter-1

(DMT1). DcytB and DMT1 are hypoxia-inducible, which appears to be preferentially mediated by

HIF-2. Ferroportin (FPN) exports iron, which, following oxidation, is transported in its ferric form

to target organs (liver, reticuloendothelial [RES] cells, bone marrow) by transferrin (Tf). Tf is HIF-

regulated and hypoxia increases its serum levels. Hepcidin synthesis in the liver, which is inhibited

by low serum iron and by a putative factor that signals increased erythropoietic drive, is also

hypoxia-sensitive, and hepcidin serum levels are low when erythropoiesis is stimulated by

hypoxia. As a result, FPN degradation is diminished, and its cell-surface expression is increased

and more iron is exported or released from enterocytes, hepatocytes, and RES cells. If intracellular

iron is low, iron regulatory protein (IRP) inhibits HIF-2a translation, thereby hypoxia-induced

erythropoiesis
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active form). Elevated serum hepcidin levels result in low ferroportin cell surface

expression, and thus in decreased iron release from enterocytes, hepatocytes, or

macrophages, leading to hypoferremia. Since its synthesis is increased in inflam-

matory states (interleukin-6 induces hepcidin transcription through JAK/STAT),

hepcidin has been proposed to have a key role in the development of anemia of

chronic disease and inflammation [126]. Conversely, constitutively low expression

of hepcidin is associated with the development of hemochromatosis [127]. Physio-

logically, hepcidin serum levels are low in hypoferremic states or when erythropoi-

esis is stimulated by an increase in serum EPO. This results in enhanced ferroportin-

mediated intestinal iron uptake and mobilization of iron from intracellular stores in

hepatocytes and macrophages, which in turn leads to increased iron availability for

red cell production.

The regulation of hepcidin synthesis is complex and incompletely understood, but

clearly dependent on (a) serum iron levels and (b) the degree of the underlying

erythropoietic drive. In vitro and in vivo studies have demonstrated that molecular

oxygen coregulates hepcidin synthesis [125, 128], and several mechanistic explana-

tions have been proposed, the simplest model being that HIF-2 induces renal EPO,

thereby indirectly suppressing hepcidin, because of the increase in erythropoietic

drive, which would be signaled to the liver by yet to be identified humoral factors.

A candidate factor is growth and differentiation factor 15 (GDF15), an iron- and

oxygen-regulated (HIF-independent) member of the transforming growth factor-b
(TGF-b) superfamily [129, 130]. Studies with liver-specific knockout mice suggested

that HIF-1 contributes directly, albeit to aminor degree, to the hypoferremia-mediated

repression of hepcidin synthesis by binding to an HRE located in the 50-end of the

hepcidin gene [125]. In this model liver hypoxia, as a result of hypoxemia or iron

deficiency anemia would result in HIF activation and inhibition of hepcidin synthesis.

However, the direct HRE-mediated regulation of hepcidin by HIF is controversial.

Recent in vitro studies suggested that the hypoxic suppression of hepcidin involved

HIF prolyl-4-hydroxylases but was independent of HIF [131]. Another model is based

on the effects of hypoxia on the iron-dependent regulatory pathways that control

hepcidin transcription. These involve HFE, a protein that is mutated in patients with

hereditary hemochromatosis, TfR1 and TfR2 [127, 132], and possibly hemojuvelin

(HJV), which acts as a coreceptor for bone morphogenetic protein-6 (BMP6) and

induces hepcidin transcription in a SMAD-dependent fashion [133–135]. HIF-1

regulates furin, a proprotein convertase that cleaves HJV, generating soluble HJV

(sHJV). sHJV lowers hepcidin synthesis by competing for binding to BMP6, thereby

antagonizing signaling through membrane-bound HJV [136, 137].

The link between HIF and iron is bidirectional and complex. Iron is necessary

for HIF prolyl-4-hydroxylation, and its oxidation state and abundance affects the

activity of PHDs and the efficiency by which normoxic HIF degradation occurs

(HIF prolyl-4-hydroxylation is dependent on ferrous iron). An additional feedback

loop has been proposed that links intracellular iron levels to HIF-2 translation and

would limit HIF-2-induced EPO synthesis when intracellular iron levels are low.

HIF-2a mRNA contains an iron-regulatory element (IRE) in its 50-untranslated
region, which is an RNA stem loop structure that binds iron-regulatory protein
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(IRP), when intracellular iron levels are low. IRPs (IRP1 and IRP2) function as

intracellular iron sensors that control the expression of iron-regulated genes, such as

transferrin and TfR [138, 139]. When abundant, iron is incorporated into an iron-

sulphur cluster at the center of IRP1 and converts IRP1 to an enzyme with aconitase

activity. In its aconitase form IRP1 does not bind to IREs. In contrast to IRP1, IRP2

is regulated via proteasomal degradation. Depending on the location of the IRE

stem loop, IRP binding either inhibits translation (50-IRE), as is the case for ferritin,
or it has an mRNA stabilizing effect (30-IRE), as in the case of TfR1 (TfR1 mRNA

levels increase when intracellular iron is low). In the case of HIF-2a, the IRE is

located in the 50-untranslated region, inhibiting translation in the presence of IRP.

In the absence of adequate systemic iron, intracellular iron levels are expected to be

low and would result in an inhibition of HIF-2a translation, thereby limiting EPO

synthesis and adjusting the hypoxic induction of erythropoiesis to iron availability.

8 Oxygen and the Bone Marrow

Changes in oxygen levels have direct effects on erythroid progenitor maturation

and proliferation and the bone marrow microenvironment [140, 141]. Hypoxia and

anemia stimulates EPO receptor expression and regulates components of the

hemoglobin synthesis pathway [22–24, 142]. It furthermore modulates interaction

of erythroid cells with other cell types in the bone marrow. This interaction is

important for stem cell maintenance, lineage differentiation, and maturation. Its

importance is illustrated by recent observations, which demonstrate that endothelial

HIF-2 facilitates hypoxia-stimulated erythropoiesis [141]. Yamashita et al. pro-

posed that this occurs through HIF-2-dependent expression of vascular cell adhe-

sion molecule-1 (VCAM1) in bone marrow endothelial cells [141]. VCAM1 is an

integrin receptor that binds very late antigen-4 (VLA4), which is expressed on

erythroblasts and supports erythroid maturation. In their studies, the investigators

described an erythroid maturation defect in mice with globally decreased expres-

sion of HIF-2a (mutant mice had increased number of immature erythroblasts) that

was dependent on endothelial HIF-2. These studies bring attention to an area of

hypoxia research and HIF biology that is largely unexplored, and a better molecular

understanding of erythroid cell-stromal interactions may lead to the development of

novel therapeutic strategies for the treatment of anemias.

9 Erythrocytosis Associated with Genetic Alterations in the HIF

Oxygen-Sensing Pathway

Clinically, even mild to moderate perturbations in the VHL/HIF/PHD oxygen-

sensing pathway lead to the development of erythrocytosis. Erythrocytoses can be

divided into primary and secondary forms. In primary erythrocytoses, the molecular
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defects reside within the erythroid progenitors themselves, most frequently affect-

ing JAK2 and the EPO receptor [143, 144]. Whereas serum EPO levels are

suppressed in primary erythrocytoses, secondary forms are typically the result of

increased EPO production. They can occur as a response to chronic hypoxic

conditions, such as chronic obstructive pulmonary disease, right-to-left cardiac

shunts, and high altitude, or can be due to EPO-producing tumors or genetic

alterations in the molecular machinery that controls EPO synthesis.

The initial observations that linked perturbations in the VHL/HIF/PHD oxygen-

sensing pathway to the development of erythrocytosis were made in patients with

Chuvash polycythemia, which is a rare autosomal recessive disease endemic to

Chuvashia, a republic in central European Russia, and is associated with a homo-

zygous mutation in the VHL tumor suppressor at codon 200 (C598T ! R200W);

compound heterozygotes have also been described [145–147]. Codon 200 is located

in the C-terminal end of pVHL outside the central binding groove for hydroxylated

HIF-a (b-domain core). C-terminal to the b-domain lies the a-domain (amino acid

residues 157–189), a small a-helical region through which pVHL interacts with the

E3-ligase component via Elongin C [148]. Genetic alterations in these two core

regions are strongly associated with VHL disease, an inherited autosomal dominant

tumor syndrome, where individuals who carry one defective VHL allele in their

germ line (transmitted from an affected parent) are predisposed to the development

of highly vascularized tumors that occur in multiple organs. These tumors include,

among others, renal cell carcinoma, hemangioblastomas of the CNS and retina, and

pheochromocytomas [149]. Tumor development is associated with inactivation or

loss of the remaining VHL wild-type allele, which is consistent with Knudson’s

two-hit hypothesis of tumor development, that is, VHL behaves as a typical tumor

suppressor gene, where the defective allele is transmitted through the germ line,

while the second allele is somatically inactivated in affected tissues. Based on

observations in knockout mice, homozygosity for mutations, which generate pVHL

species that are incapable of capturing or ubiquitylating hydroxylated HIF-a, is
predicted to result in embryonic lethality [150]. In contrast to patients with renal

cancers and hemangioblastomas, who carry pVHL mutations affecting the a- or
b-domain [151, 152], patients who are homozygous for the R200W mutation are

not predisposed to the development of tumors. When expressed in murine embry-

onic stem cells or in VHL-defective renal carcinoma cells, pVHL-R200W targets

HIF-a less efficiently for proteasomal degradation, affecting HIF-2a more than

HIF-1a [153]. How this exactly occurs is unclear, but may involve changes in

protein stability or conformational changes, which could impinge on the pVHL-

HIF-a interaction. Although individuals with Chuvash polycythemia are not prone

to VHL-associated tumor development, they suffer from premature morbidity and

mortality due to pulmonary hypertension, cerebrovascular accidents, and vertebral

hemangiomas [154, 155]. Following the initial discovery in Chuvash patients,

the R200W mutation as well as other pVHL mutations have now been found in

patients with idiopathic erythrocytosis that are ethnically distinct from this group

[156, 157].
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Further investigations into the role of the VHL/HIF/PHD oxygen-sensing

pathway in the development of idiopathic erythrocytosis have identified families

with heterozygous mutations in HIF-2a and PHD2. Interestingly, mutations in

HIF-1a have not been found, underscoring the role of HIF-2 as the critical regulator

of EPO synthesis in humans. The point mutations that were identified in HIF-

2a change glycine at position 537 to tryptophan or arginine, and the methionine

residue at position 535 to valine [158, 159]. Codons 537 and 535 are close to proline

residue 531, which is one of the sites targeted for hydroxylation by PHDs (the other

hydroxylation target is proline 405). Biochemical analysis of mutation G537W

showed that this amino acid change impaired recognition, as well as the hydroxyl-

ation, of HIF-2a by PHD2, producing a partial gain of function mutation.

Conversely, several mutations have been identified in PHD2, which result in

diminished prolyl-hydroxylase activity and in increased red blood cell production

that is associated with inappropriately normal serum EPO levels [160, 161]. These

mutations include an amino acid change at position 317, which is in the direct

vicinity of two iron-chelating amino acid residues (position 313 and 315) that are

critical for PHD catalytic activity.

It is important to point out in this context that only approximately 5% of renal

cancers are associated with erythrocytosis [162]. Most of these cancers are VHL-
deficient and stabilize HIF-1a and HIF-2a constitutively, resulting in increased

expression of many HIF-regulated genes; EPO transcription, however, is repressed,

despite the very high levels of HIF-2 activity. The molecular basis for EPO

repression in this setting is not clear, but may involve certain transcriptional

regulators, such as GATA-2 and GATA-3 [67].

10 The VHL/HIF/PHD Axis as a Therapeutic Target

Pharmacological targeting of the VHL/HIF/PHD axis, with the goal of boosting

synthesis of endogenous EPO by activating HIF-2, has the potential to benefit

patients with anemias that result from inadequate EPO production. These include

renal anemia, which is typically associated with advanced renal failure, indepen-

dent of disease etiology. Mechanistically, renal anemia is not completely under-

stood. Possible reasons for inappropriately low renal EPO production include, but

are not limited to (a) decreased renal oxygen consumption as a consequence of

reduced GFR and thus tubular workload, resulting in preservation of tissue oxygen

levels despite anemia, (b) transdifferentiation of EPO-producing cells into myofi-

broblasts in areas of fibrosis, and (c) proinflammatory cytokine accumulation,

impairing EPO production. As discussed above, the VHL/HIF/PHD oxygen-sens-

ing pathway is still intact in diseased kidneys as renal EPO production increases in

response to hypoxia, and the liver is capable of producing large quantities of EPO

under hypoxic conditions or when HIF-2 is activated under normoxia (e.g., in the

setting of VHL-deficiency) [38, 73, 80]. Thus, small molecule compounds that
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effectively inhibit HIF degradation in both organs have the potential to boost EPO

synthesis in patients with chronic kidney disease and renal anemia.

In keeping with clinical observations in families with PHD2 mutations,

inactivation of PHD enzymes in mouse models increases serum EPO levels and

causes erythrocytosis, demonstrating that PHD inhibition is a feasible approach to

boost erythropoiesis pharmacologically. More importantly, these studies, together

with in vitro experiments, have also indicated that individual PHDs are functionally

different with regard to EPO synthesis, and that targeting of individual PHDs may

improve specificity. Global deletion of PHD2 in the adult, using inducible Cre/

loxP-mediated gene targeting, results in severe erythrocytosis (HCT values >80%)

and multiple other organ pathologies, while homozygous inactivation of PHD2 in

the germ line is embryonically lethal, resembling the phenotype that resulted from

pVHL inactivation, in particular when PHD3 is inactivated simultaneously

[163–166]. PHD1- and PHD3-deficient mice, which survive into adulthood,

develop erythrocytosis only when both enzymes are inactivated together. Erythro-

cytosis is moderate (HCT of 67% in mutants vs. 53% in controls), while serum EPO

levels were suppressed compared to wild type. Taken together these in vivo findings

illustrate that PHD2 is the most critical regulator of HIF proteolysis under nor-

moxia, and that complete inactivation of PHD2 results in a major disruption of

oxygen sensing and massive upregulation of HIF target genes, which leads to

embryonic lethality, similar, but not identical, to pVHL inactivation [164]. PHD1

and PHD3, on the other hand, play distinct roles in oxygen-dependent HIF proteol-

ysis and may be better suited as drug targets with regard to boosting EPO synthesis.

Functional differences between individual PHDs are expected, because of differ-

ences in cellular localization, hypoxia-inducibility, and biochemical behavior.

For example, only PHD2 and PHD3 are hypoxia-inducible, and PHD3 does not

hydroxylate proline 402 in HIF-1a, which, although not directly proven, is most

likely also the case for the corresponding residue in HIF-2a (for a review see [167,

168]). Furthermore, PHD1 and PHD3 appear to have a preference for HIF-2a in vitro
and in vivo [163, 169]. PHD1/PHD3�/�mice upregulate HIF-2a but not HIF-1a in

the liver [163], while PHD2 inactivation increases both HIFs [165]; a preference of

PHD2 for HIF-1a, however, has been suggested by in vitro studies [169].

Analogues of 2-oxoglutarate, which is the substrate for PHDs and FIH, have

been successfully used for the stimulation of endogenous EPO production in vivo,

and furthermore have the potential to improve the clinical outcome of acute

ischemic injuries as demonstrated in animal models [170–172]. Some compounds

have entered clinical trials for the treatment of renal anemia and are awaiting safety

and efficacy evaluations. One of these compounds was investigated in rhesus

macaques by Hsieh et al., who demonstrated that oral administration of an PHD

inhibitor resulted in transient activation of HIF and an induction of EPO synthesis

and erythropoiesis [172]. The same compound resulted in an increase of serum EPO

levels in patients on dialysis, including anephric patients [173]. Although pharma-

cological targeting of HIF may be an attractive alternative to treatment with

recombinant EPO due to the predicted beneficial effects on iron metabolism, a

word of caution is warranted. HIF transcription factors regulate a multitude of

23 Oxygen-Dependent Regulation of Erythropoiesis 455



biological processes, and HIF activation over prolonged periods of time may lead to

profound systemic and cellular changes affecting metabolism, growth, and differ-

entiation. Whether long-term or intermittent treatment with HIF stabilizing com-

pounds is safe will have to be carefully established.
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Chapter 24

Intricate Link between Hypoxia and Oxidative

Stress in Chronic Kidney Disease

Tetsuhiro Tanaka

Abstract Hypoxia in the tubulointerstitium has been implicated in a number of

progressive renal diseases. Following the initial hypothesis of chronic hypoxia

raised about a decade ago, much effort has been made to substantiate hypoxia in

the tubulointerstitial compartment in various models of progressive renal disease.

The discovery of hypoxia-inducible factor (HIF) further accelerated research in this

field. Expression and the functional operation of this transcription factor have been

extensively characterized in pathophysiological contexts, and there is accumulating

evidence that HIF may either protect kidneys from injury or aggravate damage,

depending on the context. On the other hand, hypoxia per se, or subtle changes in

tissue oxygenation, result in mitochondrial generation of reactive oxygen species

(ROS) in various organs including the kidney. Depending on the kind of ROS and

the quantity generated, ROS either serve to transduce cellular signaling or cause

cellular injury and death. Notably, there is experimental evidence that ROS gener-

ated by complex III of the electron transport chain stabilize HIF-a, suggesting that

mitochondria serve as oxygen sensors and provide a link between hypoxia and

oxidative stress. This chapter focuses on the significance of hypoxia and oxidative

stress in understanding the pathogenesis of renal diseases and provides an insight

into how they are mutually related and cooperate to modify disease progression.
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1 Introduction

Human beings consume as much as 500–600 L of oxygen per day to meet the

metabolic demand. Under circumstances in which ambient oxygen levels are below

optimal, individuals try to transport up more oxygen, by increasing respiratory

depth and frequency, increasing heart rate, and raising the number of erythrocytes.

However, when this compensation is less than enough and the ambient O2 level

falls below 8–10%, humans experience severe neurological insufficiency and are

no longer able to survive. Therefore, oxygen utilization is extremely important in

our daily lives.

At the cellular level, nearly 90% of available oxygen is consumed by

mitochondria, to generate adenosine triphosphate (ATP) in the most efficient

way. In the steady state of normoxia, glucose is converted to pyruvate by the

glycolytic pathway, which occurs in the cytoplasm. Pyruvate then enters mito-

chondria and is converted to acetyl CoA to initiate the tricarboxylic acid (TCA)

cycle. In the TCA cycle, the electron carrier NADH (nicotinamide adenine

dinucleotide plus hydrogen) is generated, and its electrons are further passed to

the process of oxidative phosphorylation. Oxidative phosphorylation takes place

in complexes I–IV, in which electrons are passed through cytochromes to molec-

ular oxygen, the final acceptor. During this process, a proton gradient is generated

in the inner mitochondrial membrane, which serves as a driving force to synthe-

size ATP. The entire process is extremely efficient and one molecule of glucose

results in generation of as many as 38 molecules of ATP, which are then utilized

to maintain cellular function. Importantly, however, this process does not use all

the available oxygen, and regulated proton leakage in the electron transport

results in generation of reactive oxygen species (ROS). This is even more evident

when the balance between oxygen demand and supply is distorted or fluctuates,

temporarily. Therefore, changes in cellular oxygenation status are closely related

to ROS production.

2 Tubulointerstitial Hypoxia in the Kidney

During evolution, kidneys in land mammals, including humans, developed a

mechanism with which to reabsorb sodium and water as efficiently as possible,

by maximally concentrating urine. This is accomplished by constructing a counter-

current system of blood vessels and tubules in the medulla. As a consequence,

renal medulla is reasonably placed at the borderline of hypoxia in the physiological

state [1].

In the pathological state, however, hypoxic areas extend to the cortical

tubulointerstitium as well. In many types of chronic renal diseases, whether

glomerular, vascular, or metabolic in origin, tubulointerstitial hypoxia is reported

as one of the common mediators. This is supported by observation of human
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kidneys, indicating that the loss of the peritubular capillaries in the renal cortex

correlates with the degree of residual renal function in various types of glomerular

diseases [2, 3].

About a decade ago, a hypothesis on “chronic hypoxia in the tubulointerstitium”

was proposed by Fine et al. [4]. In glomerulopathies, for example, the initial insult to

the glomeruli damages local endothelial structures and occludes postglomerular

capillary blood flow. Ischemia in the affected region then triggers several phenotypic

changes in tubular cells, including abnormal proliferation, epithelial–mesenchymal

transition (EMT), and cell death. Hypoxic tubular cells in turn serve as a source of

key mediators involved in macrophage infiltration and tubulointerstitial fibrosis.

Interstitial accumulation of extracellular matrix further impairs local oxygenation

by impeding oxygen diffusion, thus accelerating regional hypoxia and creating a

vicious cycle. At the cellular level, hypoxia serves as a driving force for tubular

epithelium to alter the rate of cell proliferation [5], experience EMT [6], or undergo

cell death [7]. These lines of experimental evidence in cell culture studies further

raise the possibility that hypoxia is a critical mediator in progression of chronic renal

diseases.

These hypotheses, although highly plausible in theory, were initially met with

some skepticism because evidence was lacking that the tubulointerstitial compart-

ment experienced hypoxia during the pathogenesis of different diseases. Direct

demonstration of tubular hypoxia is still awaited.

In subsequent studies, a lot of efforts have beenmade to substantiate tubulointerstitial

hypoxia in experimental models of progressive renal diseases, using various tools.

Pimonidazole is a chemical hypoxia probe that allows detection of hypoxia at the

cellular level. With this probe, hypoxia was demonstrated in the diseased tubulointer-

stitium of the rat progressive Thy-1.1 nephritismodel, whichwas associatedwith loss of

peritubular capillaries or stagnant capillary blood flow [8]. A similar method was

applied in the rat remnant kidney, and hypoxic tubules were observed at day 7, a time

point before any pathological signs of tubulointerstitial injury were to be observed.

Tubular hypoxia in this model was linked to narrowing and distortion of neighboring

cortical peritubular capillaries [9]. However, this method is potentially unreliable and

based on the assumption that the chemical adduct is evenly distributed in target organs.

Moreover, it only allows detection of hypoxic cells at oxygen tension below 10mmHg.

This degree of hypoxia may be too severe to occur during the course of many diseases,

andwemay potentially havemissed detection of hypoxic tubulointerstitium,which is of

a milder degree and still pathophysiologically more relevant.

Blood oxygen level-dependent (BOLD) magnetic resonance imaging (MRI) is a

noninvasive method to measure oxygen bioavailability in organs. Changes in blood

concentrations of deoxyhemoglobin result in increased magnetic spin dephasing of

blood water protons and decreased signal intensity on T2-weighted MRI sequences.

Therefore, the apparent relaxation rate (1/T2) is directly proportional to tissue

deoxyhemoglobin levels and the increased 1/T2 implies decreased oxygen bioavail-

ability in the tissue. Conceptually, this may be more physiologically relevant, and

by using this method, hypoxia was detected in the outer stripe of outer medulla, the

part most susceptible to ischemic injury, in streptozotocin (STZ)-induced type 1
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diabetes model in the rat [10]. In summary, results of these studies have provided

further evidence that the tubulointerstitial compartment is hypoxic during the

pathogenesis of certain types of progressive renal diseases.

As exemplified above, tubular hypoxia is most frequently associated with

stagnant capillary flow or rarefaction of peritubular capillary network. However,

this is probably not the only cause of regional hypoxia, given that hypoxia is

determined by the balance between oxygen supply and demand. In this regard,

many studies have focused on the possible role of alterations in oxygen consump-

tion. Conceptually, oxygen consumption in the kidney is primarily determined by

tubular uptake of electrolytes, mainly sodium, which correlates with the amount

filtered in the glomerulus [11]. However, recent studies suggest that the linear

relationship between oxygen consumption (QO2) and sodium reabsorption (TNa)

may be variable, and increases in QO2/TNa are observed in spontaneously hyper-

tensive rats and in a number of high angiotensin II and low nitric oxide conditions

[12], suggesting a disproportionate increase in oxygen utilization under these

conditions, which, at least in theory, may contribute to net hypoxia.

3 Hypoxia-Inducible Factors and Their Role

in Renal Disorders

Hypoxia-inducible factor (HIF) is a transcription factor that plays a central role in

cellular response to hypoxia. It is a heterodimer that belongs to the basic helix-loop-

helix per-arnt-sim (bHLH-PAS) family, composed of an oxygen-dependent a subunit

and constitutively expressed b subunit (also referred to as aryl hydrocarbon receptor

nuclear translocator [ARNT]). The expression of the a subunit is under tight regula-

tion by oxygen at the posttranslational level. In normoxia, the a subunit is hydro-

xylated at two conserved proline residues (Pro402 and Pro564 of human HIF-1a) by
members of the prolyl hydroxylase domain (PHD) family (also referred to as the

EglN family), which allows recruitment of the von Hippel-Lindau protein (pVHL), a

recognition component of the E3-ubiquitin ligase complex, and promotes proteaso-

mal degradation [13–15]. In hypoxia, the a subunit escapes degradation, translocates

into the nucleus, forms a heterodimer with the b subunit, and can transactivate

100–200 target genes, including erythropoietin (EPO),vascular endothelial growth

factor (VEGF), and glycolytic enzymes. In addition, factor-inhibiting HIF-1 (FIH-1)

mediates oxygen-dependent hydroxylation at the asparagine residue in the C-terminal

transactivator domain (C-TAD), which inhibits recruitment of the coactivators

CBP/p300 and subsequently transactivation. Therefore, hypoxia regulates the expres-

sion and functional operation of HIF through similar mechanisms of hydroxylation.

Earlier immunohistochemical studies characterized HIF-a expression in

the ischemic kidney [16]. After a number of ischemic challenges, such as ambient

hypoxia, functional anemia, and renal artery ligation, HIF-1a was expressed

in tubular and glomerular epithelial cells, as well as in papillary interstitial cells.

Likewise, HIF-2a expression was identified in endothelial and interstitial cells.
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In addition, renal expression of functional HIF was confirmed using transgenic rats

carrying the HRE-driven luciferase vector (HRE-luc transgenic rats) [17]. In these

rats, an increase in transgene expression, reflecting HIF activation, was observed in

the cortical tubular epithelium in proteinuric renal disease (puromycin nephropathy)

and glomerular hypertension (remnant kidney). This provides further evidence that

HIF is activated and likely involved in the pathogenesis of chronic renal diseases.

Demonstration of HIF expression in renal diseases, in turn, raised an important

question of what role it plays in renal pathology. To address this question, we

pharmacologically overexpressed HIF in the rat using cobalt and tested for its func-

tion. Cobalt reduces PHD activity by serving as a chelator of iron or through depletion

of intracellular ascorbate, thus allowing HIF-a protein to accumulate. Administration

of cobalt in rats protected kidneys from injury in a number of acute and chronic renal

diseases, through induction of a set of protective HIF-target genes [18].

Kidneys facing ischemic insult, whether acute or chronic by nature, experience

bursts of ROS. The simplest example will be ischemia–reperfusion injury, such as it

occurs in kidney transplants in the clinical setting. Rapid reintroduction of oxygen

and nutrients in areas in which blood flow was initially occluded triggers ROS

generation and contributes to tissue injury. Importantly, sustained hypoxia also

appears to generate ROS in ischemic organs, although the amounts of ROS

measured during ischemia are considerably less and appear more transient as

compared to reperfusion, as seen, for example, in the heart [19]. Measurement of

such small and transient signals is challenging with the methods available to date,

and, therefore, there is no firm conclusion to draw on this issue for now. Neverthe-

less, hypoxic production of ROS is likely and is to be envisaged by the incessant

stagnation/occlusion and reflow/reopening of blood flow at the microvascular level

in the chronically ischemic kidney, which leads to changes in tissue oxygenation

status and triggers ROS. Sources of ROS could be either resident cells or infiltrating

inflammatory cells.

4 Reactive Oxygen Species in Hypoxia

As discussed above, mitochondria bind oxygen at cytochrome oxidase, and they

represent the primary site of oxygen consumption [20]. Oxygen is utilized as a final

acceptor of electrons during oxidative phosphorylation to generate maximal

amounts of ATP. Although this entire process is extremely efficient and sufficient

to fuel individual cells under normal conditions, it is not completely efficient, and

about 20% of protons undergo regulated proton leak during oxidative phosphoryla-

tion, which yields mitochondrial ROS. In terms of quantity, the mitochondrial

electron transport chain is by far the most important source of ROS.

When oxygen demand exceeds its supply (hypoxia), there is an increase in

glycolytic ATP production mediated by transcriptional upregulation of genes

involved in glycolysis (Pasteur effect), while the relative contribution of ATP

production through the TCA cycle and subsequent oxidative phosphorylation
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becomes less relevant. HIF-1 plays a central role in this metabolic switch [21].

In hypoxia, HIF-1 upregulates a set of genes involved in glycolysis. At the same

time, HIF-1 induces pyruvate dehydrogenase kinase 1 (PDK1) to cause a decrease

in the amount of pyruvate/acetyl-CoA entering the TCA cycle and lactate dehydro-

genase A (LDHA) to convert pyruvate to lactate, thus switching the machinery of

ATP production from oxidative phosphorylation to glycolytic metabolism. From

the viewpoint of mitochondrial ROS, this switch could be regarded as a defense

mechanism to protect cells from excessive production of ROS, which potentially

damages cellular function.

With respect to mitochondrial ROS generation in a hypoxic milieu, there is

controversy regarding whether hypoxia causes changes in the amount of ROS.

While several reports describe a decease in ROS decrease in hypoxia, others

documented an increase in ROS when cells experience insufficient oxygen supply

[22–24]. Possible explanations for this apparent discrepancy include cellular

background, basal cell metabolism, and the degree and duration of hypoxia experi-

enced, as well as methods used for the detection of ROS.

Hypoxic induction of ROS in mitochondria may sound somewhat paradoxical at

first glance, because, as stated above, ROS is produced during the process of oxida-

tive phosphorylation through the electron transport chain, in which oxygen represents

a final acceptor of electrons. Lack of molecular oxygen would therefore make it

unlikely for mitochondria to generate ROS. Nevertheless, hypoxic cells do appear to

generate ROS utilizing oxygen. In fact, there is evidence that considerable molecular

oxygen is apparently available for reaction in most conditions of hypoxia. On the

basis of solubility of oxygen in water and lipids, even at 1 mmHg partial pressure of

oxygen (PO2), 1.3 and 6.5 mM O2, respectively, are available for reactions [25].

In addition, it is reported that hypoxia or ischemia alters mitochondrial inner mem-

brane fluidity [26], and such changes allow the ubisemiquinone, an electron donor in

complex III that mediates conversion of O2 to O2
�, to gain access for longer periods,

necessary for oxygen reduction [27]. Taken together, it is likely that there is still a

sufficient amount of oxygen available for mitochondrial ROS production, even under

pathological conditions in which oxygen availability is limited.

One caveat in substantiating hypoxic production of mitochondrial ROS is the

limitation of available methods to reliably measure ROS. One of the most widely

used would be the one based on oxidation of dichlorofluorescein to the fluores-

cent product. Using this method, several groups observed that the intracellular

fluorescence increases when gas bubbling in the media is switched to a hypoxic

mixture, indicating that hypoxia indeed induces ROS in the cell [28–30]. In

cardiac myocytes, the extent of fluorescence intensity was found to be propor-

tional to the severity of hypoxia, and the largest ROS signal was observed at

approximately 7 mmHg PO2 in the perfusate [31]. These changes were attenuated

by rotenone and thenoyltrifluoroacetone, inhibitors that block the electron transfer

at complex I and II, respectively. In addition, myxothiazol, a specific inhibitor of

complex III at the binding site of ubiquinol to QO that prevents generation of

ubisemiquinone, also inhibited hypoxic induction of ROS, suggesting that hypoxia

generates ROS at the Q cycle in complex III [32]. But again, these findings had to be
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viewed with caution, partly because they relied heavily on pharmacological tools,

which may have effects other than those related to their class effect. Obviously,

demonstration of hypoxic ROS by approaches using nonchemical tools, such as

genetic manipulation, are still awaited.

5 A Role of Mitochondrial ROS in Hypoxia

Mitochondria have been implicated in a number of hypoxic responses, many of which

take place through the hypoxic induction ofmitochondrial ROS. Such responses include

myocyte contraction [30, 31], adipose differentiation [33], Na/K-ATPase activation

[34], and glutathione depletion [35]. One of the most extensively studied and relevant

with respect to renal diseases would be the impact of ROS on HIF-a expression, which

will be discussed below. Details on the role of ROS in acute kidney injury, as well as

chronic kidney disorders, will be reviewed separately in other chapters.

The role of cellular redox status on hypoxic gene inductionwas initially investigated

in cell culture models of EPO production, yielding conflicting results. In one study,

hydrogen peroxide (H2O2) inhibited hypoxic induction of EPO, which was reversed by

catalase [36]. In another study, ectopic administration of H2O2 at concentrations of

0.1–1.0 mM resulted in a decrease in HIF-1a protein, with parallel impairment of its

DNA binding and a resultant dose-dependent decrease in EPOmRNA expression [37].

On the other hand, there is experimental evidence that H2O2� and ROS-generating

systems increased hypoxic EPO production, while ROS scavengers showed the oppo-

site effect in EPO-producing renal carcinoma cells [38] and Hep3B cells [39].

In the midst of these existing controversies, the first report concerning the positive

regulation of HIF-1a expression by mitochondrial ROS appeared in 1988, describing

that ROS generated by mitochondria in hypoxic cells were necessary and sufficient to

accumulate HIF-1a [28]. But again, these studies relied heavily on pharmacological

approaches, and their proposal was challenged by reports demonstrating that cells

lacking the mitochondrial respiratory chain (r0 cells) were still able to accumulate

HIF-1a [40, 41]. Those apparent discrepancies on the effect of ROS, in hindsight,

might have been reconciled by differences in hypoxic conditions. In contrast to the

subnormal range of oxygen tensions used in the former study, the latter group [40]

employed near anoxic conditions. Anoxic accumulation of HIF-a occurs evenwithout
functional mitochondrial respiratory chains and ROS generated therein [42], likely

because HIF-hydroxylases play a dominant role under these conditions.

6 Regulation of HIF-a by PHDs

In terms of regulation of HIF-a proteins, PHDs, especially PHD-2, play a dominant

role [43, 44]. In higher mammals, three PHD paralogs have been reported, and they

belong to the Fe(II) and 2-oxoglutarate-dependent oxygenase superfamily, the

enzymatic activity of which is completely dependent on oxygen. Measurement of
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values for the apparent KM for oxygen (the concentration of oxygen that supports a

half-maximal initial catalytic rate) that use HIF-a polypeptides suggests that the

PHD oxygen KM values are approximately 100 mM [45]. Given that oxygen

concentrations in tissues are typically 10–30 mM and are always below the KM

value for oxygen, it follows that the enzymatic activity is modulated by molecular

oxygen availability over the entire physiological range. This explains why PHDs

are excellent candidates to operate as an oxygen sensor. However, several other

factors participate in HIF-a hydroxylation by influencing PHD enzymatic activity.

In fact, these enzymes require Fe2+, 2-oxoglutarate, and ascorbate, in addition to

molecular oxygen, and there is experimental evidence that PHD-2 activity is also

influenced by changes in intracellular succinate (converted from 2-oxoglutarate)

and redox states [46, 47].

7 Mitochondria as an Oxygen Sensor

Several lines of evidence now support the view that ROS also plays a role in the

hypoxic induction of HIF-a. In 2005, three groups reported the role of mitochon-

drial ROS in HIF-a expression simultaneously, using novel approaches to over-

come technical limitations.

First, Guzy et al. [48] used a novel ROS-sensitive fluorescence resonance energy

transfer (FRET) probe and confirmed hypoxic induction of mitochondrial ROS.

Then, using siRNA techniques to suppress expression of the Rieske iron-sulfur

protein of complex III, they proved that ROS, generated by complex III of the

electron transport, is required for the hypoxic stabilization of HIF-1a and HIF-2a,
under physiological hypoxia.

Second, Mansfield et al. [49] demonstrated that murine embryonic cells, lacking

cytochrome c and mitochondrial activity, were unable to accumulate HIF-1a and

HIF-2a, and that ectopic administration of H2O2 in these cells was sufficient to

stabilize HIF-a, suggesting that ROS generated by mitochondrial respiration play a

critical role for HIF-a accumulation.

Third, Brunelle et al. [50] used fibroblasts from a patient with Leigh’s syndrome,

a disease in which the Surf-1 gene product is disrupted, thus displaying improper

assembly of cytochrome c oxidase (COX) and residual levels of electron transport

activity. They demonstrated that these cells were able to accumulate HIF-1a,
indicating that oxidative phosphorylation is not required. Instead, H2O2 produced

at complex III was suggested as the responsible signaling molecule, because

hypoxic stabilization of HIF-1a was abolished when glutathione peroxidase 1

(GPX1) or catalase was overexpressed, while overexpression of copper zinc super-

oxide dismutase (SOD1) or manganese superoxide dismutase (SOD2) had no clear

effect. Results from these genetic approaches have provided more solid evidence

that ROS generated by mitochondria do contribute to hypoxic induction of HIF-1a
and HIF-2a.
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In contrast to the accumulating evidence that mitochondrial ROS are required

for hypoxic induction of HIF-a, it remains unclear how generated ROS participate

in the process of HIF-a accumulation. One of the plausible explanations is that ROS

dampens enzymatic activity of PHDs, thereby preventing the interaction of HIF-a
with pVHL and the subsequent proteasomal degradation (Fig. 1). Indeed, the loss of

JunD, a member of the AP-1 family of transcription factors, increases oxidative

stress in cells and results in normoxic accumulation of HIF-1 and its target gene

VEGF, by reducing enzymatic activity of PHDs [46]. It is also likely that ROS in

hypoxia could affect the oxidation status of PHD-bound iron, thereby modifying its

enzymatic activity. The pathological relevance of ROS in HIF signaling is high-

lighted by the observation that radiation-induced reoxygenation of tumor cells

induces ROS, which activate HIF-1 and contribute to resistance against radiation-

induced endothelial cell injury [51]. Conversely, there is experimental evidence

that antioxidants contribute to inhibition of tumor growth by diminishing HIF-1a
expression [52].

In addition to the previously described role of ROS, mitochondria also participate

in hypoxia sensing by redistributing intracellular oxygen through respiration [53].

This theory is based on the low KM of cytochrome oxidase for oxygen (less than

1 mM) as compared to that of HIF hydroxylases. According to this theory, the

majority of oxygen consumed by mitochondria leaves little oxygen available for

enzymatic activities to take place in the cytosol. The inhibition of mitochondrial

function in hypoxia increases the apparent KM of cytochrome oxidase and results in

HIF-1

bHLH C-TADN-TADPAS

Pro402 Pro564 Asn803

OH OH

OH
PHD FIH

VHL

E3-ubiquitination

Fe2+

O2
ascorbate

2-oxoglutarate

proteasomal
degradation

mitochondria

ROS

?

Fig. 1 Reactive oxygen species (ROS)-mediated stabilization of hypoxia-inducible factor (HIF)-

1a. Proposed mechanisms to date are shown in schematic diagrams. Expression of HIF-1a is

largely controlled by mechanisms of proteasomal degradation, which are initiated by prolyl

hydroxylation and mediated by prolyl hydroxylase domain (PHDs). Since PHDs require Fe2+,

ascorbate, and 2-oxoglutarate in addition to O2 for enzymatic activity, they fail to hydroxylate

HIF-1a and allow its expression in hypoxia. In addition, hypoxia triggers bursts of ROS production

by complex III of the mitochondrial electron transport chain, which inhibits PHD enzymatic

activity through redox changes in PHD-bound iron or yet to be identified mechanisms
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decreased oxygen consumption, leaving sufficient amount of oxygen for redistribution

into the cytosolic compartment and allowing PHDs to operate to some degree.

Notably, these two proposals may not be mutually exclusive and much further work

is needed to gain complete understanding on this issue.

Based on findings obtained with cell culture studies, it will also be interesting to

determine the possible impact of ROS on the hypoxia response in vivo. While

undoubtedly important, this proof-of-concept study will be challenging, because

only a few methods are available for reliable ROS detection as well as quantification

in vivo, and tools for pharmacological intervention are limited. In addition, above all,

it is almost impossible to distinguish ROS that serve as signaling molecules from

those generated supraphysiologically, which are more related to cytotoxicity in a

general sense. In many cases, with the methods available to date, ROS detected in

experimental animals in vivo belong to the latter group. This could partly explain

apparently discrepant observations that ROS in diabetic kidneys in vivo dampen the

hypoxia response through dysfunction of HIF-1, rather than facilitating its expression

[54, 55]. Although a detailed explanation for this discrepancy remains to be eluci-

dated, it may be due to a biphasic effect of oxidative stress, depending on the kind and

amounts. Again, while physiological amounts of ROS serve as a mediator of signal

transduction pathways, supraphysiological amounts of ROS are definitely cytotoxic.

8 Conclusion

During the past decade, much effort has been made to substantiate chronic hypoxia

in the diseased tubulointerstitium of the kidney. Discovery of HIF accelerated this

issue and contributed greatly to a better understanding of renal pathology mediated

by hypoxia. On the other hand, accumulating evidence indicates that hypoxia and

hypoxia/reoxygenation, which diseased kidneys often encounter, lead to ROS

production. The mutual relationship between hypoxia and ROS is still not

completely understood, but recent discoveries with respect to the role of hypoxia

on mitochondrial ROS generation, and conversely, the impact of ROS on hypoxia

sensing, would certainly compose an intricate, but physiologically relevant, link in

multiple organs, including the kidney. Together with PHDs, ROS may thus add an

additional layer of complexity to hypoxia sensing. Understanding this link could

ultimately offer a new strategy to prevent or minimize injury and treat both acute

and chronic renal diseases.
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Chapter 25

RNA Interference and the Regulation of Renal

Gene Expression in Hypoxia

Carsten C. Scholz, Colin R. Lenihan, Cormac T. Taylor,

and Ulrike Bruning

Abstract Hypoxia is a common occurrence both in health and disease, and it

contributes to both physiologic and pathophysiologic processes through the regula-

tion of gene expression. At the cellular level, highly conserved signaling pathways

that activate transcription factors, including (but not limited to) the hypoxia-

inducible factor (HIF) and nuclear factor kB (NFkB) demonstrate hypoxic sensi-

tivity and modulate gene expression in response to changes in microenvironmental

oxygen concentrations. Recent evidence has revealed that posttranscriptional

mechanisms based on RNA interference are also critically important in the regula-

tion of global gene expression. In this chapter, we will discuss the potential

importance of RNA interference in the regulation of gene expression in response

to hypoxia with a particular emphasis on renal disease.

Keywords HIF � NFkB � miRNA � siRNA � shRNA

1 Clinical Perspective: Hypoxia and Renal Disease

Tissue hypoxia occurs when the metabolic demand for oxygen exceeds the vascular

supply. Hypoxia is implicated in the underlying pathology of multiple renal

diseases including ischemic acute kidney injury (AKI) and chronic kidney disease

(CKD). It is surprising that an organ receiving 20% of cardiac output should be

vulnerable to hypoxic injury, however the process of renal counter-current

oxygen exchange results in a decline in the partial pressure of oxygen (pO2) from
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the well-oxygenated cortex to the borderline hypoxic medulla. Because of their

high metabolic activity, the S3 segment of the proximal tubule and the medullary

thick ascending limb are particularly prone to hypoxic injury following reductions

in renal perfusion [1].

AKI is a syndrome defined by an abrupt decline in glomerular filtration rate

(GFR), with consequent retention of nitrogenous waste products and loss of

homeostasis. AKI occurs in up to 7% of all hospitalized patients [2] and is a

major cause of morbidity and mortality. The mortality rate in AKI patients asso-

ciated with multiorgan failure is greater than 50% [3]. Management of AKI is

expensive and resource intensive when compared to other common medical con-

ditions [4]. Incomplete renal recovery may necessitate long-term renal replacement

therapy or result in CKD [5, 6]. The current management of AKI is limited to

supportive measures, including dialysis.

Acute tubular necrosis (ATN) is the most common form of intrinsic AKI and is

most frequently caused by a renal hypoxic/ischemic insult [6]. Three main factors

contribute to the reduction in GFR associated with ATN: hypoxic tubular injury,

vascular dysfunction, and intrarenal inflammation. Hypoxic tubular injury gives

rise to intratubular obstruction, causing back-leak of glomerular filtrate and renal

insufficiency. Profound vasoconstriction directly lowers GFR and exacerbates

hypoxic injury. An intense inflammatory reaction within the renal parenchyma is

also associated with ischemic AKI [7].

Chronic kidney disease is a major public health problem with a rising rate of

incidence [8]. CKD management, particularly dialysis and renal transplantation,

is extremely expensive [9]. End-stage renal disease is characterized by inflamma-

tion, capillary rarefaction, glomerulosclerosis, and tubulointerstitial fibrosis [10].

The chronic hypoxia hypothesis proposes that hypoxia mediates the progression

of CKD to end-stage renal failure [11]. This hypothesis suggests that an initial

disease specific insult results in postglomerular peritubular capillary injury, which

in turn leads to hypoxia of surrounding tissue. Hypoxia-induced renal fibrosis

accelerates capillary destruction and impairs tissue oxygen diffusion, creating a

cycle of fibrosis and hypoxia that is independent of the initiating disease

aetiology. Multiple experimental studies confirm the presence of hypoxia in

animal and human CKD [12–16]. The case for tubulointerstitial hypoxia as a

driver of CKD progression is furthered by evidence that it precedes the develop-

ment of overt histological injury [17]. Hypoxia induces many of the key patho-

physiological events that cause renal fibrogenesis including epithelial to

mesenchymal transition (EMT), fibroblast activation, collagen matrix deposition,

and inflammation [18–20].

Hypoxia induces an extensive transcriptional response with a change in

expression of a large number of genes involved in a range of processes, including

cell survival and adaptation [21, 22]. A number of transcriptional regulators have

been shown to demonstrate responsiveness to hypoxia [22]. Cellular adaptation

to hypoxia is largely mediated by a transcription factor known as hypoxia-

inducible factor (HIF), which is the best understood of the hypoxia-responsive
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transcriptional regulators. The regulatory subunits, HIF-1a or HIF-2a, are

degraded in normoxia [23] in a manner dependent upon a family of oxygen-

sensitive HIF hydroxylases, including three prolyl hydroxylases, PHD1, PHD2,

and PHD3, and one asparagine hydroxylase, the factor inhibiting HIF (FIH) [24].

In hypoxia, HIF-hydroxylase activity is inhibited, leading to accumulation and

nuclear localization of HIF-a, dimerization with HIF-b subunits and activation of

HIF-dependent gene expression. Active HIF binds to hypoxia response elements

(HREs) on target genes, causing increased expression of genes involved in

glycolysis, angiogenesis, and vasodilatation [25].

HIF-1 accumulates in renal tubular, interstitial, and vascular endothelial cells

exposed to hypoxia [26]. In experimental AKI, there is a positive correlation

between HIF-1 staining and cell survival, suggesting a protective role for HIF-1

[26]. In addition some HIF-1-induced gene products (erythropoietin [EPO] and

heme oxygenase-1 [HO-1]) have been shown to ameliorate ischemic renal injury

[27, 28]. HIF-1 is also likely to play a role in ischemic preconditioning. Indeed in

AKI models, preactivation of the HIF pathways, using either hypoxia or pharmaco-

logical hydroxylase inhibition, results in the attenuation of renal injury in response

to subsequent ischemic insult [29]. Therefore, therapies that promote HIF-induced

hypoxic adaptation are a potentially attractive prophylaxis for AKI. In contrast,

however, in the setting of the sustained hypoxia associated with CKD the activation

of HIF may contribute to disease progression by inducing EMT and the transcrip-

tion of pro-fibrotic gene products [30].

The inflammatory response in AKI is maladaptive and worsens renal injury.

In animal models, renal damage is attenuated by various interventions that

interrupt the inflammatory process, including depletion/blockade of various leu-

kocyte subtypes [31], complement depletion [32], the addition of anti-

inflammatory cytokines [33], and treatment with monoclonal antibody against

the pro-inflammatory cytokine interleukin-6 (IL-6) [34]. Additionally, in patients

with AKI, increased plasma cytokine levels are associated with higher mortality

[35]. Nuclear factor kB (NFkB) is central to the function of the human immune

system and regulates the expression of cytokines, growth factors, and immune-

effector enzymes in response to cellular signals [36]. NFkB is rapidly activated in

experimental models of AKI [37]. Experimental reduction of NFkB activity

ameliorates functional and histological renal injury. This is demonstrated indi-

rectly via the experimental silencing of Toll-like receptor-2 (TLR-2) and directly

with reduction of NFkB activity using decoy oligonucleotide treatment [38, 39].

Hypoxia activates NFkB in cultured cells, at least in part through decreased

activity of PHD1 and PHD2 [40].

In summary, hypoxia is an important mediator of injury in both acute and

CKD. Transcriptional regulators of the response to hypoxia include HIF and

NFkB, which, depending on the context, may be adaptive or maladaptive in

nature. A further mechanism of regulating gene expression that has been recently

recognized is through RNA interference (RNAi). This will be discussed in the

next section.
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2 RNA Interference

In 1990 Napoli et al. introduced a chimeric gene for chalcone synthase (CHS) in

petunia to overexpress the enzyme in an attempt to intensify the violet color of

the flowers [41]. However, counter to expectations, the flowers color was reduced

or absent (white flowers occurred). This was associated with a reduced abundance

of the chalcone synthase mRNA. In fact, the expression of both the introduced

and the endogenous gene was suppressed in a phenomenon the authors termed

“co-suppression.” The mechanism, however, remained unclear. Two years later,

in 1992, Romano and Macino demonstrated a transient inactivation of gene

expression in Neurospora crassa (a type of red bread mold of the phylum

Ascomycota) by transformation with homologous DNA sequences in a response

that the authors termed “quelling” [41a]. The mechanism behind these findings

remained unknown until 1998, when Fire et al. injected double-stranded RNA

(dsRNA) into the nematode Caenorhabditis elegans and were able to show an

efficient and sequence-dependent inhibition of the gene expression caused by the

introduced dsRNAs [42]. This landmark study established the concept of RNAi.

In 2006 Andrew Fire and Craig Mello were awarded the Nobel Prize of Physiol-

ogy and Medicine for their discovery.

RNAi is an evolutionarily conserved process that controls sequence-dependent

silencing of genes via small dsRNAs. These RNAs can inhibit the gene activity by

posttranscriptional gene silencing (PTGS) [43] and transcriptional gene silencing

(TGS) [44, 45]. Small silencing RNAs can be separated into different classes

including microRNAs (miRNAs) and small interfering RNAs (siRNAs), which

will be discussed in more detail in the following sections.

3 The Biology of Micro RNA

Micro RNAs (miRNAs) are approximately 22 nucleotides in length and have

recently been recognized to play an important role in the regulation of protein

expression at the PTGS level. The first miRNA lin-4 was discovered in C. elegans
in 1993 and was found to be complementary to the 30 untranslated region (UTR) of

the lin-14 mRNA [46]. The translational repression of the lin-14 mRNA by lin-4
was demonstrated in the same year [47] and subsequently demonstrated to be

important in temporal regulation of larval development. These studies represented

the first functional characterization of miRNAs.

Currently, it is thought that a third of all genes in mammals may be regulated by

miRNAs [48, 49] and hundreds of miRNAs have been identified in different species

[50, 51]. The structure of miRNAs includes both complementary regions and

characteristic mismatches, resulting in bulges and stem loops. Genes for miRNAs

can be included in either coding regions or introns of their pre-mRNA host genes.

In addition, there are miRNA genes under the control of their own promoter region,
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and several miRNA genes form characteristic clusters on chromosomes [52].

Primary miRNA transcripts (pri-miRNAs) have a length of up to 2,000 nucleotides

and are predominantly transcribed by RNA polymerase II with a 50 cap and 30

polyadenylation [53]. In the nucleus the ribonuclease type-III enzyme Drosha

associates with the dsRNA binding protein DGCR8 to cleave pri-miRNA, liberat-

ing the 60–70 nucleotide stem loop intermediate, known as the miRNA precursor

(pre-miRNA). The pre-miRNAs, which feature characteristic 50 phosphate and a

two nucleotide 30 overhang, are transported into the cytoplasm by the Ran GTP/

GDP shuttle system via the transport factor Exportin 5. The maturation of pre-

miRNAs in the cytoplasm is completed by another RNase type-III enzyme called

Dicer, which is complexed with TAR RNA binding protein (TRBP) and results in

double-stranded mature miRNA after cleavage. The mature miRNA duplex enters

the multi-protein complex, which contains one of several Argonaute proteins

(AGO1–4). Argonaute 2 (AGO2) was identified to have endonuclease activity,

whereas the actual function of other Argonaute proteins remains unclear [54, 55].

One strand of the miRNA duplex binds to target mRNA in the RISC, while the other

strand is degraded. The miRNA nucleotides 2 to 8 are known as the seed region and

are responsible for sequence specific mRNA target binding [56]. The presence of

multiple conserved miRNA binding sites on the 30UTR of a given mRNA strongly

suggests that its parent gene is a bona fide miRNA target [57]. In animals, miRNAs

generally have imperfect complementarity to their target sequences. Bulges or

mismatches in the central region of the miRNA–mRNA duplex prevent AGO2-

mediated endonucleolytic cleavage of mRNA. Instead, miRNAs inhibit protein

expression by sequestering mRNA in the RISC, halting the translation machinery

[58]. mRNA degradation by partially complementary miRNAs in animals may

additionally occur through the removal of the poly(A) tail by the deadenylase

Ccr/Not [59, 60]. In plants but rarely in animals, miRNAs bind with total comple-

mentarity to their target sequence, leading to AGO2-mediated endonucleolytic

cleavage of the miRNA:mRNA duplex between the nucleotides pairing the

miRNA residues 10 and 11 [61]. Recent studies suggest greater complexity in the

regulatory action of miRNAs, raising the possibility that more than one mechanism

may be involved [62]. At least one group has shown that miRNA can upregulate

translation [63]. Specialized protein complexes in the cytoplasm, known as the P-

bodies, were identified as the place of mRNA decay and translational repression.

The regulatory role of miRNA covers all spheres of physiological processes,

including tissue and organ development, proliferation, death, and metabolism.

Furthermore, altered expression of miRNAs is often associated with pathological

features such as tumorigenic transformation or chronic inflammation [64–69]. Each

miRNA has a large number of gene targets, so it is not surprising that miRNA

activity leads to complex posttranscriptional fine tuning of protein expression. In

mammals the average number of predicted conserved target genes per miRNA is

approximately 200 [70]. Bioinformatic algorithms such as MiRanda, TargetScan,

and PicTar are useful for individual miRNA target prediction [57, 70, 71], however,

few predicted miRNA targets have been experimentally validated.
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4 Hypoxia and miRNAs

As well as being a physiologic stimulus, hypoxia is a microenvironmental feature of

neoplastic and chronically inflamed tissues. Recent studies have investigated the

impact of hypoxia upon miRNA expression. A number of hypoxia-regulated

miRNAs have been recently identified [72]. A subgroup of these miRNAs (including

miR-26, miR-107, and miR-210) have been predicted to play a role in cell survival

under hypoxic conditions. miR-210 is generally upregulated in hypoxia in a manner

that is not cell-type dependent. In endothelial cells, the receptor tyrosine kinase

ligand ephrin A3 was validated as a bona fide miR-210 target, and its inhibition was

shown to be necessary for stimulation of tubulogenesis and cell chemotaxis in

hypoxia [73]. Another target of miR-210 is the e2f transcription factor 3 (e2f3),

which plays a role in cell cycle regulation in low-oxygen environment [74]. Gene

copy deletion of miR-210 is associated with ovarian cancer [75] and breast cancer

[76], whereas other studies have shown overexpression of miR-210 in cancer tissues

[72]. Further functional aspects of hypoxia regulated miRNAs are in the early stages

of investigation, and several miRNAs have been shown to regulate expression of the

hypoxia-dependent protein vascular endothelial growth factor (VEGF) under hyp-

oxic conditions in a nasopharyngeal carcinoma cell line [77]. HIF-1a was found to

be critical in the hypoxic induction of miR-210 and miR-373, and both miRNAs

seem to play a role in DNA repair regulation [78]. In one study HIF-1a was

investigated as a target of the miR-17-92 cluster in lung cancer cells [79]. One

recent study has demonstrated a high degree of complexity in mRNA regulation by

miRNAs in hypoxia [80]. In this approach the pattern of hypoxia-regulated miRNA

expression did not match the predicted expression pattern of target genes. These

results raise the possibility of combinatorial actions of several miRNAs in the

regulation of specific target genes. As outlined above, PHDs are inactive under

hypoxic conditions, leading to an accumulation and nuclear translocation of HIF-1a
[81]. A key question that remains as yet unanswered is the role of miRNAs in the

expression of PHDs and HIF under conditions of normoxia and hypoxia (Fig. 1).

5 Inflammation and miRNAs in the Immune System

Several miRNAs were found as key molecules in immune cell development

and hematopoiesis, including miR-155, miR-150, miR-223, the miR-17-92 cluster,

and the miR-146 family [82]. miRNA-155 has been shown to be involved in the

inflammatory response of macrophages, and it appears that the c-Jun N-terminal

kinases (JNK) pathway is involved in this [83]. In the bone marrow miR-155

induction after lipopolysaccharide (LPS) treatment leads to an expansion in hema-

topoietic stem cell proliferation, indicating a potential role in inflammatory stresses

and pathological states such as acute myeloid leukemia (AML) [84]. In an LPS-

stimulated human acute monocytic leukemia cell line, miR-146a/b was upregulated
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in a NFkB-dependent manner and functioned as a negative feedback on NFkB
signaling by targeting IL-1 receptor-associated kinase 1 (IRAK1) and tumor necro-

sis factor (TNF) receptor-associated factor 6 (TRAF6) [85].

6 MicroRNA Expression and Regulation in the Kidney

Microarray and bioinformatic analyses were used in many studies to investigate

expression patterns of relevant miRNAs in the kidney. For instance, one group

has shown the differential expression of miRNAs in the renal medulla and renal

cortex in rats where several reciprocal pairs of miRNAs and their predicted target

proteins could be identified [86]. The importance of functional miRNAs in the

kidney was demonstrated in studies on conditional (podocyte-specific) Dicer

knockout mice. The loss of function of this key molecule in the miRNA biogenesis

demonstrated a critical role of miRNAs in maintaining the glomerular filtration

barrier [87–89].
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miRNAs are involved in the pathogenesis of a number of important renal

diseases, including polycystic kidney disease (PKD) and diabetic nephropathy.

Both miR-217 and miR-31 expression is upregulated in PKD compared to normal

kidneys [90]. Another group has shown that miR-15a contributes to hepatic cysto-

genesis by repression of cell-cycle regulator molecule Cdc25A in a PKD rat model

[91]. In diabetic nephropathy the accumulation of extracellular matrix is a key

feature of disease progression. miRNA-192 was demonstrated to play a role in

transforming growth factor-b1 (TGF-b1)-mediated accumulation of extracellular

collagens [92]. Our understanding of hypoxia and the regulation of miRNA in renal

pathophysiology is at an early stage, and further work will be required to determine

their therapeutic value in kidney diseases.

7 siRNAs and shRNAs

In early studies [42], long dsRNAs were used to induce gene silencing in the

nematode C. elegans. However, attempts to use long dsRNAs in mammalian cell

culture to induce RNAi failed [93, 94]. The reason for this is that dsRNAs of greater

than 30 nucleotides induce the interferon response, which causes nonspecific

destruction of RNA and inhibition of protein synthesis [95, 96]. Three years after

the discovery of RNAi Elbashir et al. found a solution to this problem by introdu-

cing 21 nucleotide dsRNAs into mammalian cells [95]. These small dsRNAs were

able to specifically suppress gene expression in the transfected cells and were

termed siRNAs. siRNAs can either be generated within a mammalian cell by

Dicer mediated cleavage of long dsRNAs [97, 98] or be introduced into the cell

in their biologically active form.

Another important step in developing our understanding of siRNA was the

demonstration that siRNAs can be delivered within plasmids or viral vector gen-

omes as gene expression cassettes and can be expressed in the intracellular com-

partment (reviewed in [99]). These small silencing RNAs are expressed as

miRNAs or short hairpins (shRNAs) and subsequently processed into ~21–25

nucleotide RNAs by Drosha and Dicer (miRNAs) or Dicer alone (shRNAs). The

advantage of this approach is the long-lasting gene silencing in comparison to

transfected siRNAs.

siRNAs and shRNAs are usually designed to be 100% complementary to their

targeted mRNA. This mediates PTGS by inducing cleavage and subsequent degra-

dation of its target. siRNAs contain a two-nucleotide overhang at the 30-end, a
phosphate group at the 5’-end, and have an overall length of approximately 21

nucleotides [95, 100], mimicking Dicer derived cleavage products. Each siRNA

duplex consists of an “antisense” strand, which contains the nucleotide sequence

complementary to its mRNA target and a corresponding “sense” strand. The

antisense strand is incorporated into AGO2 and serves as a template to bind
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sequence-specific mRNA targets, while its paired sense strand is broken down.

After binding the target mRNA to the antisense strand-protein complex (siRISC),

AGO2 catalyzes its cleavage adjacent to guide strand nucleotide 10 and 11 and

releases the products [101]. Subsequently, the cleaved mRNA is degraded and the

siRISC can go on to process further targets [61] (Fig. 2).

8 siRNA-Mediated RNAi as an In Vitro Tool

Soon after the discovery of RNAi in C. elegans [42] and its first successful

induction in mammalian cells [95], siRNA-mediated RNAi became a widely used

in vitro tool for functional gene analysis in cell culture because of its high efficiency

and specificity. Here, we will use two examples pertaining to hypoxia-elicited gene

expression to visualize the usefulness of siRNAs as an in vitro tool.

In 2003, three prolyl hydroxylases (PHD1–3)were identified inmammals andwere

implicated in the regulation of HIF. The level of contribution of each of the PHDs to

the HIF regulation was not known. Berra et al. utilized siRNAs against PHD1, PHD2,

and PHD3 to demonstrate that PHD2 was the vital oxygen sensor responsible for the

low HIF-1a protein levels in normoxia [102]. They showed that siRNA-mediated

knockdown of PHD2 led to an increase of HIF-1a protein level and activity in
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normoxia. The knockdown of PHD1 or PHD3 showed no significant effect on

normoxic HIF-1a protein level or activity. Furthermore, their results indicated that

PHD2 also controls HIF-1a stability after reoxygenation of hypoxic cells.

Using the same approach, Cummins et al. provided evidence that the prolyl

hydroxylases were also important in the regulation of NFkB [40]. Using siRNA-

mediated RNAi their results showed that the NFkB pathway was sensitive to

knockdown of both PHD1 and PHD2, respectively, although it appeared to be

more sensitive to silencing of PHD1. Many other examples of the use of siRNA

as an in vitro tool can be found.

9 siRNA as an In Vivo and Clinical Tool

The first time that siRNA-mediated RNAi was utilized in mammals was in adult

mice in 2002 [103]. A short time later, the potential of siRNAs as therapeutic

entities was demonstrated in a mouse model of autoimmune hepatitis where

siRNAs targeting Fas mRNA were found to be protective against liver fibrosis

[104]. In 2004, phase I of the first clinical trial of siRNA-based human therapy was

undertaken in patients with wet age-related macular degeneration.

Another example of the in vivo use of siRNAs is the work of Yuan et al. [105].
It was previously shown that the 12/15-lipooxygenase (12/15-LO) pathway of

arachidonate acid metabolism is important in several incidences related to diabetic

nephropathy (DN). Therefore, the authors investigated the impact of

siRNAs targeting 12/15-LO in a mouse model of streptozotocin-induced type 1

diabetes. For a higher delivery rate of the siRNAs to the kidney in vivo, the

oligonucleotides were conjugated with cholesterol, which increases the uptake

of oligonucleotides by distinct tissues [106]. This study demonstrated that choles-

terol conjugated siRNAs directed against 12/15-LO were renoprotective in diabetic

nephropathy [105].

A further example for the use of siRNAs in vivo is the study of Molitoris et al.

[107]. Their results show that naked siRNAs are rapidly taken up by the proximal

tubule cells (PTCs) of the kidney following intravenous injection in rats. The renal

proximal tubules are prone to ischemic and nephrotoxic injury. The rapid uptake of

naked siRNAs by PTCs was therefore utilized by the authors to investigate the

efficacy of siRNAs directed against p53 (an important protein in apoptosis) on

ischemic and cisplatin-induced AKI. The siRNA treatment effectively reduced

apoptosis in PTCs by knocking down p53, indicating a potential therapeutic benefit

of these siRNAs in ischemic and nephrotoxic kidney injury.

The most advanced RNAi-based therapeutic in clinical trials is an siRNA against

the VEGF, Bevasiranib, which is used for the treatment of wet age-related macular

degeneration. A more detailed overview on the current RNAi-based therapeutics in

clinical trials is given by Castanotto and Rossi [108].
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10 Side Effects and Problems with siRNA- or

shRNA-Mediated RNAi

Despite great advances with RNAi in vitro and in vivo and several promising clinical

trials, there are various reports, which underline the need for further improvements

in understanding and utilization of the RNAi mechanism. One of the biggest

problems is the so-called “off-target” effect. siRNAs may induce unwanted knock-

downs through their interactions with partially compatible mRNA sequences in a

manner similar to that described for miRNA:mRNA interaction. Unfortunately,

these effects are hard to predict and to eliminate [109, 110]. Furthermore, passenger

strands may also mediate RNAi and can “misguide” the RISC [111, 112]. Great

efforts are beingmade to overcome these problems by optimizing the siRNA designs

(e.g., with asymmetric interfering RNAs [aiRNAs] or chemical modifications of

siRNAs) [96, 101, 113, 114].

Another important issue is the capacity of siRNAs to stimulate an immune

response. Initially, this problem seemed to be avoided by using RNAs with a length

of ~21 nucleotides, circumventing the recognition of long dsRNAs by cellular

sensors [95]. It is now evident that other receptors also detect foreign RNA via

several mechanisms. These include the Toll-like-receptors TLR-3, -7, and -8, which

detect sequence elements within siRNAs, or the helicase RIG-1 (retinoic acid-

inducible gene-1), which recognizes distinct structural features [115–117]. A recent

example of siRNA-induced immune stimulation was demonstrated by Kleinman

et al. in an investigation of the mechanism of action of siRNAs against VEGF or its

receptor VEGFR1 (also called FLT1), both of which are currently in clinical trials

for the treatment of blinding choroidal neovascularization (CNV) from wet age-

related macular degeneration [118]. The results show that the effect of the siRNAs

on CNV is due to nonspecific inhibition of angiogenesis by activation of TLR-3.

Active TLR-3 signaling leads to activation of IL-12 and interferon-g, which then

downregulates VEGF [118].

In 2006 Grimm et al. reported that expression of shRNAs in the liver of mice

could result in early liver damage, organ failure, and death [119]. Their results

indicated that this problem occurred due to oversaturation of the miRNA pathway.

The exact mechanism is still under investigation, but the results of Grimm et al.
suggested that saturation of Exportin 5 was crucial. Another report demonstrated

that high doses of siRNAs could also interfere with the endogenous RNAi machin-

ery [120]. Exogenously introduced siRNAs do not need Exportin 5 to be biologi-

cally active [121]. Therefore, these results indicate that other parts of the machinery

play an important role in the competition of exogenous with endogenous small

silencing RNAs. Overall, these results highlight the importance of delivering the

right amount of si/shRNA to targeted cells in order to knockdown the desired

mRNA without interfering with the endogenous RNAi machinery.

A further major issue in the use of siRNAs and shRNAs in animal and human

studies is the specific and efficient delivery of the nucleic acids. Naked siRNAs are

not readily taken up by most of the cells because of their size and negative charge
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and are rapidly degraded in serum. Furthermore, small RNAs are rapidly excreted

via the kidneys or cleared by the liver (for more detailed information’s regarding

the pharmacokinetics and biodistribution of oligonucleotides as individual mole-

cules see the study by Juliano et al. [122]). The delivery of shRNAs by viral vectors

is also problematic, for instance even nonpathogenic viruses are potentially immu-

nogenic. Additionally, a viral vector genome mutation could result in aberrant gene

expression or insertional mutagenesis [108].

11 Conclusion

Hypoxia is a key event in a number of renal pathologies, and a major component of

this occurs via the regulation of gene expression. While transcription factors

including HIF and NFkB (and likely several others) are important in regulating

this response, recent evidence has indicated that RNAi through hypoxia-regulated

miRNAs also plays a key role in shaping the cellular response to hypoxia. Further-

more, manipulation of this response through the introduction of therapeutic siRNA

has heralded a new and exciting therapeutic approach in a range of disorders where

hypoxia plays a role in disease development.
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Chapter 26

Cardio-Renal Connection: The Role

of Hypoxia and Oxidative Stress

Carsten Willam, Tilmann Ditting, Roland Veelken, and Johannes Jacobi

Abstract In recent years the interference of heart and kidney disease has

increasingly found attention in basic science and clinical research. A new classifi-

cation of cardiorenal syndromes has now been proposed to address acute and

chronic heart or kidney disease with its consequences on the respective other

organ. However, it also becomes clear that the different clinical cardiorenal syn-

dromes share common pathways. These basically include activation of the renin

angiotensin system and of the sympathetic nervous system, but also inflammation,

fibrosis, and accelerated atherosclerosis. These factors eventually support genera-

tion of oxidative stress and tissue hypoxia in the kidney and heart, culminating in

irreversible tissue damage and aggravation of organ ischemia. This chapter sum-

marizes aspects of the cardiorenal connection and oxygenation imbalances.

Keywords Renin � Angiotensin � Cardiorenal syndrome � Chronic kidney disease �
Hypoxia � HIF � Acute kidney injury

1 Introduction: The Concept of the Cardiorenal Connection

1.1 The Association of Cardiovascular Disease in Chronic
Kidney Disease Patients

Chronic kidney injury is clearly associated with increased cardiovascular morbidity

and mortality [1]. In particular diabetes and hypertension are the main contributors

of an increasing number of patients with chronic kidney disease (CKD) that

ultimately require renal replacement therapy. The enormous economic burden of

C. Willam (*)

Department of Nephrology and Hypertension,

Friedrich-Alexander-University Erlangen, Krankenhausstrasse 12,

D-91054 Erlangen, Germany

e-mail: carsten.willam@uk-erlangen.de

T. Miyata et al. (eds.), Studies on Renal Disorders, Oxidative Stress in Applied Basic

Research and Clinical Practice, DOI 10.1007/978-1-60761-857-7_26,
# Springer Science+Business Media, LLC 2011

499



end stage renal disease (ESRD) for health care systems throughout the world is

substantial. About 13% of the U.S. population suffers from CKD, with 341,000 on

chronic dialysis and 140,000 with kidney transplants [2, 3]. Epidemiologic studies

indicate that CKD patients have a markedly higher mortality rate due to cardiovas-

cular events compared to patients with normal kidney function [4, 5]. Cardiovascu-

lar events increase inversely with declining glomerular filtration rate (GFR) and

account for 45% of mortality of patients on dialysis [5]. This led to a report of the

National Kidney Foundation in 1998 emphasizing the risk of cardiovascular disease

in CKD patients, with a 10–30 times higher mortality of CKD patients compared to

others [6]. If myocardial infarction occurs in CKD patients, their prognosis is poor.

A large population-based study demonstrated a 1- and a 5-year mortality rate of 59

and 90%, respectively [7]. On the other hand, progressive renal impairment has

clearly been identified as a major risk factor in patients with acute or chronic heart

failure. Mortality increases incrementally by approximately 7% for each decline of

10 mL/min in eGFR [8]. These clinical observations led to the conclusion that renal

function and cardiovascular morbidity are closely related to each other and that

renal function is a major risk factor for cardiovascular death, which eventually led

to the new paradigm of the cardiorenal connection.

1.2 The Acute or Severe Cardiorenal Syndrome

Although many aspects of the association of heart and kidney failure were inten-

sively analyzed within the past two decades [9], the term “cardiorenal syndrome”

was coined primarily with respect to acute heart failure and its impact on renal

function. About one fourth of patients who are hospitalized for acute heart failure

are at risk to suffer a decline in renal function [10, 11]. So far cardiorenal syndrome

has been identified as the clinical condition where (a) heart failure is associated with

(b) a decline in renal function and (c) a diuretic resistance, which can lead to a

vicious cycle of sodium retention, volume overload, and progressive congestive

heart failure [10]. The underlying pathophysiology was attributed to a reduction of

effective circulating arterial blood volume and the activation of the neurohormonal

axis. Accordingly, Bongartz et al. readopted Guyton’s description of the physio-

logical framework of the relationship of cardiac output, extracellular volume

control, and blood pressure to describe the severe cardiorenal syndrome (CRS)

[12] and related its pathophysiology to inflammation, the renin angiotensin aldoste-

rone system (RAAS), sympathetic nervous system (SNS), and the balance of nitric

oxide (NO) and reactive oxygen species (ROS) generation.

1.3 The New Proposed Classification for CRS

Regarding the effects of acute heart failure on kidney function, it became clear that

the relationship of heart and kidney is more complex and also includes kidney

diseases affecting the cardiovascular system. This led to a recent proposal by a
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consensus conference under the auspices of the Acute Dialysis Quality Initiative in

2008 to establish a new classification, including five types of CRS [13, 14]. The

acute CRS (type 1) includes the classical concept of acute heart failure and the

rapidly decreasing kidney function before and during cardiac therapy. Increasing

doses of diuretics are needed to resolve peripheral and lung edema, while creatinine

rises and diuresis often declines. The common concept to explain CRS1 is that heart

failure is followed by decreased renal perfusion, which stimulates renin release,

sympathetic tone, and sodium retention [10]. Vasoconstrictive effects of vasopres-

sin and the sympathetic tone hereby support renal ischemia. Ischemia leads to acute

energy deprivation in particular of the tubular epithelium and acute tubular necro-

sis, which leads to acute kidney injury (AKI) [10]. This concept primarily includes

patients with severe heart failure such as patients in cardiogenic shock who develop

AKI in about 70% of cases [15]. In cardiogenic shock an acute decline in blood and

oxygen delivery usually occurs and can lead to hypoxia and ischemia of the kidney.

The chronic CRS (type 2) is characterized by chronic heart dysfunction and

progressive chronic kidney disease. In theory, a decrease of cardiac output leads to

critical organ supply of blood and oxygen, which compromises kidney oxygenation.

Intriguingly, the overall correlation of cardiac output and kidney function in chronic

CRS is rather poor. Thus, analysis of cardiac function parameters in the ESCAPE

study, which compared clinical evaluation and use of the pulmonary artery catheter

to diagnose and treat heart failure [16], revealed that only the right arterial pressure

correlated – albeit weakly – to increases in creatinine. There was no correlation to

the pulmonary capillary wedge pressure (PCWP), the cardiac index, or the vascular

systemic resistance, which could have indicated a reduced blood supply to the

kidney [17]. Accordingly, Damman et al. analyzed 2,557 patients undergoing right

heart catheterization and found a significant association of increased central venous

pressure (and thus elevated venous pressure on the kidney) and glomerular filtration

rate [18]. The conclusion would be that the venous congestion is potentially a central

pathophysiological event for CRS. Hereby higher venous pressure reduces effective

arterial perfusion pressure and thus worsens oxygen supply. Activation of the RAAS

and SNS system in the chronic CRS are essential mediators that maintain renal

perfusion; on the other hand, angiotensin II (Ang II) and the SNS induce oxidative

stress and contribute to a progressive inflammatory and pro-fibrotic state, which

eventually injures heart and kidney tissues.

In contrast to the acute and chronic CRS, where the heart leads to kidney dysfunc-

tion, in types 3 and 4 CRS kidney injury affects heart function. In this context, acute

renocardiac CRS (type 3) is characterized by acute kidney injury, which leads to acute

cardiac malfunction due to volume overload, arrhythmia, acid base disorders, or

uremic pericarditis. AKI has been recently redefined according to the Acute Kidney

Injury Network consensus criteria 1–3. These criteria allow clinical evaluation, make

studies comparable, and enable cardiovascular and mortality risk stratifications [19].

The chronic renocardiac CRS (type 4) is characterized by cardiovascular alterations

that follow CKD. This includes accelerated atherosclerosis, which is common in

patientswith CKD, hypertension, and renal anemia, possibly leading to left ventricular

hypertrophy and cardiac microangiopathy.
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Finally, the secondary CRS (type 5) includes clinical situation where a disease

induces renal and cardiac dysfunction. In acute disease the septic AKI is probably

the most important secondary CRS. The common concept of septic AKI is that

inflammatory mediators lead to acute systemic vasodilatation. Baroreceptors, Ang II,

and the SNS are activated to counterbalance decreases in vascular organ blood supply.

When renal perfusion drops below the autoregulatory threshold, endogenous vaso-

constrictors like angiotensin and the SNS increase the afferent arteriolar resistance,

which aggravates acute renal ischemia and leads to acute tubular necrosis [20].

Ischemic tubular injury predominantly occurs in the outer medulla, where the S3

segment of the proximal tubule and the thick ascending limb are the prevailing cellular

structures. A further characteristic is vascular congestion in the deep medullary

segments, which has been associated with an endothelial damage and disturbed

vascular blood transport, potentially due to vasoconstrictive effects in the renal

vasculature [21]. However, this concept has been challenged, since several investiga-

tions failed to observe a decline in renal blood flow (RBF) in septic AKI [22, 23]. In a

pig model of hyperdynamic sepsis, Ravikant and Lucas [24] instead found an increase

in RBF, and Brenner, who used a thermodilution catheter in critically ill patients,

measured unaltered RBF [25], which has been supported by newer findings by

Bellomo and coworkers [26–28]

2 Pathophysiological Paradigms in CRS

A major criticism of the CRS nomenclature is that, albeit the sequelae of clinical

events allows classification, the underlying pathophysiological processes essen-

tially overlap [29]. Indeed, common paradigms for the chronic kidney–heart and

heart–kidney connection could be delineated, which includes the accelerated ath-

erosclerosis, the RAAS, and SNS activation and an inflammatory state.

2.1 RAAS Activation

Oxidative stress is a key regulator of accelerated atherosclerosis, development of

fibrosis, and organ dysfunction. Coronary calcification, microangiopathy, and left

ventricular hypertrophy result in reduced cardiac output. The baroreceptors in the

aortic arch and coronary sinus sense a decreased cardiac output and attenuate the

tonic inhibition of the afferent parasympathetic signals to the CNS. This activates

the sympathetic tone and supports vasoconstriction and sodium retention and

promotes oxidative stress on a cellular level (discussed below). Furthermore, the

reduced cardiac output and the increasing venous congestion, which reduce effec-

tive perfusion pressure, lead to hypoperfusion of the kidney with activation of

counter-regulatory mechanisms, mainly the release of renin and Ang II. Ang II

leads to arteriolar constriction in the glomeruli, leading to a decrease in renal blood

flow. Acute or chronic infusions of Ang II [30–32] increase vascular resistance and
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impair renal blood and oxygen supply [33]. Video microscopy studies have impres-

sively shown that infusion of Ang II leads to a rapid decline of renal blood flow

by 30–40% due to an increased vascular resistance [34]. Also in blood oxygen level-

dependent magnetic resonance imaging, Ang II infusion was associated with a

decreased renal oxygenation in humans [35]. Conversely, angiotensin receptor block-

ers improve tissue oxygenation [32]. In an experimental setting, increased sodium

transport after Ang II administration enhances renal oxygen consumption and is

associated with increased ROS production [36]. Sodium retention and fluid overload

can vice versa aggravate cardiac congestion and worsen heart failure [37]. This can

lead to a vicious cycle resulting in tissue hypoxia and organ failure [38]. Ang II has

been shown to induce reactive oxygen species that interferewith protein synthesis, cell

hypertrophy, inflammation, and cellular injury [39–43]. Ang II-induced release of

oxygen free radicals can directly contribute to reduced renal oxygenation, as evi-

denced by direct measurements using intrarenal oxygen probes. The application of

antioxidant scavengers was protective under these conditions [31].

2.2 Sympathetic Nervous System

Numerous studies have shown that CKD as well as chronic heart failure (CHF) are

characterized by an increased activity of the SNS. Increased SNS activity mediates

high catecholamine-levels and -spillover and a high sympathetic nerve activity

(SNA), which both have been shown to be clearly associated with increased

mortality and morbidity [44–47].

The basal sympathetic tone is generated by premotor neurons in the rostral

ventrolateral medulla oblongata (RVLM), which receives input from a number of

hypothalamic areas, the caudal ventrolateral medulla (CVLM), the caudal pressure

area (CPA), as well as from the nucleus tractus solitarii (NTS), which receives input

from numerous afferent pathways controlling the activity of the SNS [48]. These

include vascular and cardiac mechano- and chemoreceptors and renal and further

visceral afferent peptidergic nerve fibers. The term “peptidergic” refers to the fact that

in addition to electrical signal transmission the afferents are able to release different

neurokinins at their terminals, such as calcitonin gene related peptide (CGRP),

substance P, and others, which are involved in the regulation of local perfusion and

immune response. Release and afferent trafficking is mediated mainly via transient

receptor potential vallinoid type 1 (TRPV1) channels.

Cardiac sympathetic efferents act positively chronotropic, inotropic, and dromo-

tropic, while parasympathetic efferents act in the opposite way. Interestingly, the

kidney only has sympathetic innervation, no parasympathetic components have been

described. Efferent renal sympathetic nerve activity (RSNA) is involved in renin

release from the juxtaglomerular granular cells via alpha1- and beta1-adrenergic

receptor mechanisms [48, 49], thus activating the RAAS. Furthermore, RSNA

is involved in tubular sodium and water reabsorption (salt retention) [50] and

renal hemodynamics (cortical vasoconstriction). These effects are dependent on
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characteristic renal nerve discharge patterns and contribute to the long-term regulation

of blood pressure and volume homeostasis [48, 51–53]. These effects also lead to

increased oxidative stress, ROS formation, volume overload, hypertension, cardiac

hypertrophy, and pro-inflammatory signaling due to noradrenaline-mediated cytokine

production [12]. Several mechanisms have been identified that are involved in the

increased SNS activity in different types of the cardiorenal syndrome. Ang II is one of

themost important mediators in the cardiorenal interplay. On the one hand, RSNA can

activate the RAAS and thus increases Ang II levels. On the other hand, Ang II leads to

sympathoexcitation via peripheral and central AT1-receptor mechanisms. Interest-

ingly, at least in the central nervous system, high levels of Ang II induce upregulation

of AT1 receptors, which is part of a positive feedback mechanism [45].

A further important aspect of reno-cardial sympathoexcitation is related to NO-

dependent mechanisms. CKD is characterized by decreased NO availability, due to

decreased NO precursors, decreased NOS activity, and accumulation of natural nitric

oxide synthase (NOS) inhibitors such as asymmetric dimethyl arginine (ADMA).

Probably more important are the central effects of NO deficiency [44]. Neuronal NOS

seems to be critically involved in transduction pathways that tonically inhibit sympa-

thetic outflow from the brainstem [54]. Sympathetic outflow is strictly controlled by

reflex mechanisms whose afferent pathways originate from the great vessels (arterial

baroreceptor reflex [ABR]) the lungs and the heart [46]. These reflexes mainly act as

inhibitory feedback loops: for example, increases in blood pressure or cardiac filling

pressure lead to sympathoinhibition, which might be drastically impaired in various

disease states like CKD and CHF [55]. A further inhibitory chemosensitive reflex is

the Bezold-Jarisch reflex mediated by the 5HT3 system and many others. However,

the polymodality of some afferent fibers [56] might lead to a paradoxical SNS

disinhibition. For example, a subthreshold 5-hydroxytryptamine activation (serotonin)

has been shown to desensitize cardiac mechanoreceptors [57, 58] in rats. Furthermore,

there are sympathoexcitatory reflexmechanisms (cardiac afferent sympathetic reflex),

which might be activated by some inflammatory mediators (e.g., bradykinin, ROS,

and others) that play a role in the setting of acute cardiac ischemia [58, 59].

There is strong evidence in humans [60, 61] and animals [62] that the diseased

kidney conveys some sympathoexcitatory afferent signals to the brainstem. However,

neither the signal nor the exact role of the peptidergic renal afferent nerve fibers that

innervate all functionally relevant structures in the kidney together with sympathetic

efferents [63, 64] are as yet clearly determined. Renal ischemia might be one of the

factors contributing to increased SNS activity; however, this issue is still under

investigation.

2.3 Uremic Calcification and Coronary Heart Disease

Higher cardiovascular morbidity and mortality in patients with renal impairment are

related to excess cardiovascular complications, such as left ventricular hypertrophy,

cardiac microangiopathy, and most importantly accelerated atherosclerosis[65].
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Lindner et al.[66] have shown that 60% of a cohort of patients undergoing dialysis for

6.5 years died, and cardiovascular events as a consequence of severe atherosclerosis

were the most common causes of death. Overt atherosclerosis usually becomes

evident at a GFR of 50–60 mL/min and below [5, 67] and is often not symptomatic

until complications occur [68]. Atherosclerosis is not only more frequent in patients

with CKD, but the manifestation of vascular changes is also different. One of the

characteristic findings in patients with kidney disease is excessive vascular calcifica-

tion. Possible primary reasons for this phenomenon are (a) mineral and bone disorder

due to secondary hyperparathyroidism, (b) systemic inflammation and increased

C-reactive protein (CRP) levels, (c) hyperhomocysteinemia, (d) increased oxidative

stress with the accumulation of endogenous inhibitors of NOS such as ADMA,

(e) renal anemia due to erythropoietin (EPO) deficiency, and (f) yet poorly defined

disturbances in endogenous activators and inhibitors of calcification. Importantly, in

uremic patients the secondary hyperparathyroidism, which develops due to a reduced

capacity to hydroxylate the vitamin D precursor, together with elevated phosphate

levels markedly contributes to the pro-inflammatory and atherosclerotic phenotype.

Although many CKD patients are diabetic, hypertensive, and less frequently physi-

cally active, they have some protective factors (less obesity, lower cholesterol) that

are considered to be favorable in the general population. Nonetheless, these so-called

protective factors do not translate into a better outcome in CKD patients, a phenom-

enon that has been termed reverse epidemiology [69]. The arterial calcification in

CKD differs from the normal atherosclerotic plaque in patients with intact kidney

function. Much of the calcification resides in the media of the artery and does not

directly lead to narrowing of the vessel lumen [70]. Calcification scores obtained in

computed tomography of CKD patients correlate with the severity of cardiovascular

disease and indicate a poor prognosis [71]. Accelerated atherosclerosis results in

vessels calcification with reduced vascular compliance due to an increased stiffness

of large arteries, a reduced pulse wave velocity, and an increased cardiac afterload

[65]. Together these factors aggravate coronary heart disease and left ventricular

remodeling. Vascular insufficiency in turn leads to tissue ischemia and induction of

hypoxic gene regulation. This includes activation of neoangiogenesis essentially by

the HIF pathway (as discussed below) in order to counteract chronic oxygen

deficiency. However, if lack of oxygen prevails, heart and kidney tissues undergo

a fibrotic state with ultimate loss of organ function.

2.4 Inflammation

Chronic kidney disease has been shown to be associated with a chronic inflammatory

state [72]. In CKD patients elevated levels of proinflammatory cytokines like tumor

necrosis factor a (TNF-a) or interleukin (IL) 1b are present [73]. A pathophysiologi-

cal link may be the fact that T-cells from CKD patients demonstrate higher levels

of stimulation by increased surface marker expression and cytokine production in
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vitro [74]. Moreover, increased expression of adhesion molecules on endothelial cells

support tissue infiltration of inflammatory cells. Elevated CRP levels correlate with

increased mortality (see discussion below).

A few models have been proposed to identify factors that contribute to the

increased cytokine, adhesion molecule, and T-cell response as factors of the chronic

inflammatory state of CKD. Besides uremic toxins, malnutrition, hypoalbuminemia,

and atherosclerotic processes play important roles in the chronic inflammatory state.

Circulating and membrane-bound factors that have been associated with

inflammation in CKD include leptin, the peroxisome-proliferators activated

receptor, fetuin-A, lipopolysaccharides, beta-glycans, L-fucose, decreased gluta-

thione levels, and others (reviewed in [72]). Kimmel et al. found that reduced

albumin levels as a marker of malnutrition are associated with increased levels of

IL-13 and TNF-a, but inversely correlate with IL-2 and T-cell counts and

function. These effects were accompanied by an increased cardiovascular mortal-

ity [75]. In diabetes advanced glycation end products support inflammation and

contribute to the generation of diabetic retinopathy, nephropathy, or neuropathy

[76]. Inflammation contributes to the generation of oxidative stress (discussed

below). Inflammation and oxidative stress are centrally involved in the onset of

endothelial dysfunction, which is regarded as an early step of atherosclerotic

vascular disease.

The four major pathophysiological events – RAAS and SNS activation, inflam-

mation, and uremic calcification – have diverse effects on cellular integrity and are

the key events in the cardiorenal connection. Its numerous aspects are probably still

not very well understood in all their complexities. However, oxidative stress and

tissue hypoxia turn out to be centrally involved in the generation of organ dysfunc-

tion and cellular injury following the cardiorenal pathophysiological sequelae.

Next, the major aspects of hypoxia and, later, of oxidative stress in the cardiorenal

connection will be further discussed.

3 Hypoxia and Its Role in CRS

3.1 The Kidney and Hypoxia

About 20% of the cardiac output is supplied to the kidneys. Nevertheless, the

prevailing oxygen tension in the medullary parts is about as low as 10–15 mmHg

even under normal physiological conditions [77]. This paradox can best be

explained by the specific vascular architecture of the kidney. In the cortex, high

oxygen tensions of about 50–60 mmHg can be found, where blood supplies the

glomeruli by the interlobular and arcuatae arteries. The efferent vessels that emerge

from the cortical glomeruli then supply the cortical tubules through the peritubular

capillary network, before the blood drains into the venous system. In comparison
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the medullary tubules are supplied with blood by the efferent vessels, which leave

the juxtamedullary glomeruli.

The drop in oxygen tension in the renal medulla has been explained by an

oxygen countercurrent mechanism of its arterial and venous vessels [78]. Oxygen

shunting leads to a comparable low oxygen extraction in the kidney (10–15%)

compared to the heart (45%) [79]. Correspondingly, oxygen extraction remains

relatively constant over the physiological blood flow range [80, 81]. Using ultra-

sound flowmetry for blood flow and optical oxygen probes for tissue oxygenation,

Leong et al. [81] observed that fractional extraction of oxygen and tissue oxygen

tension remain relatively constant despite changes in renal blood flow within a

physiological range. Adaption in oxygen extraction can best be explained by

increased preglomerular diffusional shunting of oxygen between the arterial and

venous circulation, and it has been calculated that only about 10% of the renal blood

flow enters the medulla [82]. Thus, autoregulation can maintain renal oxygenation

over a certain range in situations of prerenal volume depletion, whereas a drop in

systemic oxygen delivery cannot be compensated by reduced oxygen shunting or

higher oxygen tissue extraction, thus leading to a rapid decline in oxygenation

particularly of the outer medulla [83]. Correspondingly, Leong et al. [81] saw a

60–70% reduction of cortical and medullary partial pressure of oxygen (pO2) when

rabbits were ventilated with 10% oxygen.

The specific vascular architecture of the kidney also implies that injuries of the

cortical vasculature can lead to a critical decrease of oxygen and to hypoxia in

the deeper regions of the kidney. Matsumoto from Nangaku’s group [270] elegantly

demonstrated a reduced capillary blood flow by intravital microscopy and tissue

hypoxia in a glomerulonephritis model, implying an impaired blood supply to the

postglomerular capillary network in the medulla, even before tubulointerstitial

fibrosis occurs.

Interestingly, in most experimental settings, the tubules of the inner medulla

with low metabolic demands seem to be well adapted to hypoxia with high

capacities to produce adenosine triphosphate (ATP) by lactate synthesis [84–86].

In contrast, the outer medulla is very susceptible to ischemic injury. In particular,

the S3 segment of the proximal tubule, which is located in the outer medulla, is

prone to ischemia and acute tubular necrosis under conditions like severe hypoten-

sion, shock, or hemorrhage. This has been explained by a restricted glycolytic

capacity (S3 proximal tubule) and by the high oxygen-consuming ATP demand due

to the extensive transtubular transport activities (mTAL) [85, 87]. The mTAL,

which is also located in the outer medulla, has the highest rate of oxygen con-

sumption compared to other epithelia of the nephron [88] and possesses a high

mitochondrial density similar to cardiac myocytes [89].

Taken together, acute tubular injury and necrosis of the S3-proximal tubule

and the mTAL in the outer medulla can occur because of (a) the relatively low

fraction of renal blood flow entering the medulla (10%), (b) a further postglomerular

diffusional oxygen shunting in the vessels running parallel to the U-shaped loop of

Henle, and (c) the high metabolic demand in S3-proximal tubules and in the mTAL.
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3.2 Hypoxia and Hypoxic Gene Regulation in the Kidney
and the Heart

Hypoxia has long been regarded as a state of oxygen and energy deprivation. Research

over the past two decades has unraveled the complex genetic and physiological

regulatory mechanisms, how the organism responds to hypoxia and can switch on

protective pathways to adapt and survive. These hypoxic responses are largely

mediated by the two hypoxia-inducible transcription factors (HIF-1a and HIF-2b),
which are stabilized under low oxygen tensions and can initiate transcription of more

than 100 genes, which are involved in glycolysis, angiogenesis, erythropoiesis, and

cell cycle regulation or cell survival [90]. In the kidney HIF-1a has been localized to

the tubular epithelia, whereas HIF-2a is predominantly located in endothelial, glo-

merular, and interstitial cells [91–93]. Concordantly, HIF-2a appears to be the HIF

variant controlling EPO production in peritubular interstitial cells [94, 95]. In the

presence of oxygen, two proline residues within the oxygen-dependent degradation

domain of the HIFa chain are hydroxylated [96, 97] by HIF-prolyl hydroxylases

(prolyl hydroxylase domain proteins [PHD]), of which three functional different

forms have been identified (PHD 1–3) [98]. Hydroxylation of the proline residues

leads to recognition by the pVHL ubiquitin ligase and subsequent ubiquitination,

which targets HIF-a for proteasomal degradation. When molecular oxygen is not

available for hydroxylation, HIF can accumulate in the cell and can bind to specific

hypoxia response elements (HREs) in the promoter regions of its target genes

(review in [99]).

Kidney ischemia-reperfusion experiments in rats have demonstrated an induction

of HIF-1 in tubules. These HIF signals correlated well to the hypoxia marker pimo-

nidazole, which accumulates in regions of low oxygen tension and can be detected by

a specific antibody [91, 100]. Also in segmental infarctionmodels of the kidney [101],

in a multihit injury model, including contrast media application [102], and in human

specimens of kidney transplant rejections [100], HIF was significantly induced.

Complexity of the renal HIF system rises with a specific tissue expression pattern of

the PHDs. PHD 1–3 are predominantly found in distal tubular cells and podocytes and

appear to be present where HIF accumulation occurs [103].

In the heart both HIF variants, HIF-1a and HIF-2a, have been found in experi-

mental or clinical states associated with oxygen deprivation [104]. In myocardial

infarction models both isoforms localize to the perinfarcted, still viable regions of

the infarct [105]. HIF correlated well with increased PHD-2 and -3 levels in infarct

borders, implicating a feedback mechanism to restrict an uncontrolled HIF activa-

tion and target gene induction [106]. Myocytes have a high capacity to use fatty

acids as an energy substrate as long as oxygen is available [107]. Hypoxia leads

to a shift to glucose metabolism to maintain the basic energy supply [108]. A major

event in more severe hypoxia is the induction of the HIF target gene pyruvate

dehydrogenase kinase 1 (pdk1), which is a negative regulator of the pyruvate dehy-

drogenase complex. Pyruvate dehydrogenase complex controls entry of pyruvate

into the oxygen-dependent oxidative phosphorylation by the citric cycle and the
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mitochondrial respiration chain. Blockade induces lactate generation and ATP

generation by anaerobic glycolysis[109, 110]. This effect was attributed to HIF-1a
since elimination only of HIF-1a [111] but not HIF-2a muted the myocardial glyco-

lytic response [112]. Experimentally HIF-2a supports HIF-1a for normal vascular

development and is likely involved in vascular repair after ischemic injury of the heart.

There are numerous associations of hypoxia, HIF regulation, and oxidative stress

[113, 114]. A direct link of HIF regulation and the cellular redox system has been

demonstrated, since hydroxylation and thus degradation of HIF is dependent on

ascorbate to prevent Fe2+ oxidation, which is needed to utilize oxygen as the

hydroxylation substrate [115]. The interaction of both systems as well as its linkage

to Ang II [116] are still under intensive research.

Some of the identified HIF target genes play important roles particular in the

kidney and in renal physiology. These include hemoxygenase-1, adrenomedulin,

iNOS, endothelin, and erythropoietin. Hemoxygenase-1 is a HIF target gene that

catalyzes the degradation of heme to biliverdin/bilirubin, iron, and carbon monox-

ide and thus has protective effects on the endothelium and reduces reactive oxygen

species (reviewed in [117]). It is known to reduce oxidative stress by reducing heme

and to generate anti-inflammatory and antioxidant metabolites like bilirubin.

Hemoxygenase-1 is evaluated as a therapeutic target, since it can attenuate Ang

II-induced, ischemic or inflammatory tissue injury [118]. Experimentally, mice that

have a targeted deletion of the HO-1 gene are characterized not only by higher

creatinine levels and a higher mortality but also exhibit higher systemic levels of

IL-6 in serum, heart, and lung compared to wild-type mice after ischemia reperfu-

sion injury of the kidney [119].

The HIF target adrenomedullin [120] is a known potent vasodilator and is

largely expressed in the heart and lung, followed by the adrenal, kidney, and the

central nervous system [121, 122]. In the normal kidney it causes diuresis and

natriuresis probably via renal vasodilatation and increases in renal blood flow

reviewed in [123]. In fact, it has been reported that adrenomedullin plasma levels

are elevated in the context in AKI [124] or heart failure [125] and may be part of the

cardiorenal connection and response. Overall, adrenomedullin has been associated

with organ- and tissue-protective effects (vasodilatation, natriuresis, and anti-

inflammation) and is thus regarded as a potential therapeutic target [123].

At least one NOS, the inducible NOS (iNOS), has been shown to be an HIF

target gene [126]. Production of NO has not only potent vasodilatory effects but has

numerous other biological consequences. Importantly, NOS itself is involved in the

generation of oxidative stress and has effects on mitochondrial oxygen consump-

tion (discussed below).

In contrast, endothelin is a known HIF-1 target gene [127, 128] that induces

vasoconstriction and is involved in hypertension and heart failure. Endothelin induc-

tion by chronic or intermittent hypoxia has been identified to contribute to the develop-

ment of systemic pulmonary hypertension (reviewed in [129, 130]). High ET1 acts

synergistically with Ang II and increases vascular resistance and cardiac workload.

The net effect of the induction of the interplay of the diverse vasodilators and

vasoconstrictors on regional and systemic vascular tone is difficult to assess and still a
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matter of debate. In clinical practice acute hypoxia leads to vasodilation as long as the

SNS does not counteract hypotension. The NO system and the SNS are important

factors for the instantaneous vasodilatory effects of acute hypoxia. On the other hand,

chronic tissue hypoxia maintained by endothelial damage, fibrosis, and decreased

systemic oxygen supply (anemia, low cardiac output) is likely to participate in the

generation of a high vascular tone. Here HIF target genes like endothelin and systemic

activation of Ang II and the SNS are centrally involved.

3.3 Acute Kidney Injury and the Concept of Distant
Organ Damage

Hypoxia and the HIF/PHD system not only act locally in the kidney or in the heart

but also have systemic effects, which importantly participate in the cardiorenal

connection. Abundant evidence indicates that AKI rapidly induces distant organ

damage and dysfunction. Rabb and coworkers (reviewed in [131, 132]) and others

[133, 134] have shown that shortly after induction of an ischemic injury of one

kidney infiltration of T-cells and macrophages occurs in the contralateral kidney,

the lung, and the cardiac interstitium. Overall induction of AKI leads to various

derangements in lung and heart, including (a) a reduced antioxidative defense,

(b) higher levels of inflammatory cytokines and enhanced infiltration of inflamma-

tory cells, and (c) a reduced clearance of fluids thereby causing edema [131]. The

latter can be explained by changes in the expression of water channels, such as

aquaporin-5 (AQP5), or sodium channels, such as the epithelial sodium channel

(ENaC). Forty-eight hours after bilateral renal ischemia in rats, both channels were

markedly reduced in pulmonary tissues, which leads to decreased transport of fluids

from the alveolar space into the circulation and thus supports the development of

edema [135]. Increased systemic levels of IL-1 and TNF-a and markers of

increased apoptosis were observed in cardiac myocytes only 1 h after renal ische-

mia in the rat, which was paralleled by left ventricular dilatation and a reduced

shortening fraction in the echocardiogram [136]. These experimental findings

correlate in a striking way to day-to-day clinical observations, where AKI (cardior-

enal syndrome type 3) is associated with a pro-inflammatory state, the involvement

of other organ dysfunctions, the development of edema, and an increased cardio-

vascular morbidity and mortality.

3.4 Chronic Hypoxia and Kidney Fibrosis

The vascular supply of the kidney is not only crucial for acute kidney failure and

the ischemic injury of the S3 segment of the outer medulla, but it also plays a major

role in slowly developing renal malfunction in patients with CKD. Here, a renal

injury triggers a fibrotic process of the tubulointerstitium, which is paralleled by a
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rarefaction of the tubular capillary network (reviewed in [137–139]). Kang et al.

[140–142] have shown that the renal peritubular capillary network decreased with

progressive tubulointerstitial fibrosis [143]. And it has been convincingly shown

that interstitial fibrosis and the decreasing capillary network correlate better to the

declining renal function than the glomerular injury [144–146]. Capillary loss has

been associated with an imbalance of angiogenic and antiangiogenic factors and

endothelial injury [147]. In particular induction of the antiangiogenic factor throm-

bospondin-1 and reduced expression of the vascular growth factor (VEGF), which

is important for endothelial growth and survival, may play a central role [140, 148].

The capillary rarefaction then leads to a reduced blood supply and to hypoxia. To

prove renal ischemia and hypoxia the hypoxia marker pimonidazole [149] and a

transgenic rat have been used. In the latter the DNA binding site of HIF, the HRE of

HIF-target genes, has been used to control a FLAG-tag luciferase transgene [150].

A similar strategy was applied by Safran et al. [151] in transgenic mice, which

demonstrated a five- to tenfold increase in HRE-driven reporter gene activity under

systemic hypoxia. Noteworthy, exclusively the kidney appeared to have HRE

activity already under room air and showed a markedly higher response in animals

being exposed to 8% oxygen for 4 h compared to other organs.

Epithelial tubularcells are thesecondcell type in thekidney that is affectedbyhypoxia

besides endothelial and vascular cells. In epithelial cells renal hypoxia is involved in the

epithelial to mesenchymal transition (EMT), where the epithelial cell loses its polarity,

disorganizes its cell-to-cell junctions, and reorganizes to mesenchymal cells, which can

be analyzed by detection of mesenchymal markers such as a-smooth muscle actin,

fibroblast-specific protein-1, and N-cadherin (reviewed in [152]).

Third, renal interstitial fibroblasts play a central role in the process of renal

scaring because they present the main source for extracellular matrix synthesis

[153]. In CKD fibroblasts proliferate and differentiate into myofibroblasts and

increase ECM synthesis. The increased ECM production makes their isolation for

in vitro analysis technically difficult.

EMT, hypoxic induction of pro-fibrotic genes, and recruitment of inflammatory

cells all contribute to renal fibrosis. Renal hypoxia, resulting from the reduced

number of capillaries in the kidney, is further aggravated by the extended oxygen

diffusion distance in the fibrotic tissues. This may lead to a vicious cycle, when

hypoxia itself stimulates fibrotic processes in the kidney, which then aggravate

ischemia. To this end, many aspects of the chronic hypoxia hypothesis that have

been proposed by Fine et al. [38, 154] have been experimentally confirmed [92,

137, 138]. Overall, chronic hypoxia and fibrosis appear to importantly aggravate

CKD and its cardiorenal complications.

3.5 Anemia and Left Ventricular Hypertrophy

Another potential mediator of the cardiorenal connection is EPO, which a 165 amino

acid glycoprotein, type 1 cytokine hormone that acts via the EPO receptor on
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erythroid progenitors to stimulate erythropoiesis in the bone marrow. The strongest

inducers of EPO synthesis are hypoxia and anemia. EPO expression occurs in the

fetal liver and then after birth for about 90% in the adult kidney. In the kidney

interstitial fibroblasts have been identified to synthesize EPO [155]. So far the

hypoxic gradient in the kidney and disturbances in renal oxygen delivery are directly

linked to each other and play a central role in the cardiorenal connection. In CKD

anemia typically develops due to a reduced renal capacity to synthesizeEPO.Anemia

is further aggravated by inflammatory cytokines like IL-6 and TNF-a, which inhibit
EPO synthesis, iron uptake and release from the reticuloendothelial system through

hepcidin induction [156], which can directly diminish red cell production in the bone

marrow, and which reduce red blood cell survival [157].

It has been postulated that anemia, together with expansion of the extracellular

volume, and arteriovenous shunting in dialysis fistulas of CKD patients lead to

cardiac volume overload and thereby promote eccentric cardiac hypertrophy.

Arterial hypertension, on the other hand, is accompanied by increased pressure,

which is associated with concentric hypertrophy. The prevalence of left ventricular

hypertrophy (LVH) clearly correlates with the degree of anemia [158, 159], and

more than 75% of patients entering dialysis have LVH [160]. Epidemiologic studies

implied that LVH and anemia increase cardiac failure and mortality [158, 161].

Experimental studies have shown that anemia is compensated by increased oxygen

extraction within tissues and by activation of the SNS with a rise in heart rate and

elevation in stroke volume [162, 163]. LVH leads to impaired contractile function

and to a marked interstitial fibrosis in the myocardium [164, 165]. Importantly,

myocardial fibrosis even progresses in uremia alone, independent of blood pressure

and LVH [166]. Myocardial fibrosis – in analogy to the kidney – impairs oxygen

diffusion capacity in the tissue. Moreover, capillary growth in uremic hearts does

not keep pace with myocyte hypertrophy [167], both supporting hypoxia in the

myocardium.

In clinical nephrology recombinant EPO and iron treatment are cornerstones in

the management of patients with CKD. However, the debate regarding the optimal

hemoglobin (Hb) target level is still ongoing and controversial. In a retrospective

analysis of about 22,000 patients on dialysis, patients with a Hb < 8 g/dL had a

twofold higher mortality compared to patients having an Hb of 10–11 g/dL [168]. As

a matter of fact EPO substitution is associated with a reduction in cardiac workload

and with a regression of LVH in these patients [169, 170]. However, in up to one

third of cases EPO treatment was reported to induce or aggravate hypertension

[171]. Albeit smaller studies showed positive effects of EPO and implicated that

correction of anemia reduces morbidity and mortality, although recent trials could

not confirm positive effects of Hb correction in CKD patients: The Correction of

Hemoglobin and Outcomes in Renal Insufficiency (CHOIR) study enrolled 1,432

patients and showed a higher incidence of death, myocardial infarction, and hospi-

talization due to CHF in the higher target Hb group (13.5 vs. 11.3 g/dL Hb) [172].

Also the study of Cardiovascular Risk Reduction by Early Anemia Treatment with
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Epoetin Beta (CREATE)with 603 patients did not show a decrease in cardiovascular

events in the group targeted to a Hb of 13–15 g/dL as compared to a lower Hb target

with later onset of therapy [173].

Anemia, as one of the possible components of the cardiorenal connection, not

only occurs in CKD patients but is also regularly found in patients with chronic

heart failure (reviewed in [174–176]). Anemia has a prevalence of 9.1, 19.2, 52.6,

and 79.1% in NYHA (New York Heart Association) stages I, II, III, and IV,

respectively [177]. The reasons for anemia in CHF patients are inflammation,

progressive CKD, myelosuppressive effects of uremic toxins, iron deficiency, and

the use of angiotensin-converting enzyme (ACE) inhibitors (reviewed in [175]).

ACE inhibitors have been identified to aggravate anemia, since in the Studies of

Left Ventricular Dysfunction (SOLVD) enalapril increased the risk for developing

anemia by 56% at 1 year [178]. In analogy with the treatment of renal anemia,

recombinant EPO has been applied in anemic CHF patients to test for improved

outcome. Here some trials saw beneficial effects of applying EPO (and iron) [177,

179, 180], but larger studies are still ongoing.

Experimental findings imply that EPO may exert protective effects not only by

correcting hematocrit but also by other effects mediated by the EPO receptor.

Besides the bone marrow, EPO receptors have been postulated in many cells of

different organs, like neurons [181], smooth muscle cells [182], endothelial cells,

and cardiomyocytes [181, 183, 184]. Here EPO has been shown to contribute to

cellular effects, which can be protective and adaptive, for example, in the brain or

the kidney itself [185]. EPO exerts its protective effects as a survival factor and

is important for growth, angiogenesis, and repair [186]. Protective effects have

been evaluated, for example, for wound healing [187], ocular hypertension [188],

hepatic ischemia, and in many other experimental settings. Concerning the

myocardium, EPO reduced apoptosis in isolated myocytes [189, 190]. In murine

models of myocardial infarction EPO reduced fibrosis and improved myocardial

function [189, 191] and had positive effects on ventricular remodeling [192].

Some experimental findings imply a role of EPO in upregulating eNOS and

a consequent inhibition of nicotinamide adenine dinucleotide phosphate

(NADPH) oxidase, thus limiting oxidative stress [193, 194]. Either application

of L-NAME (NG-nitro-L-arginine methyl ester) or eNOS knockouts abrogated the

protective effect of EPO [195]. Experimentally and clinically in CHF patients,

EPO given for longer times led to endothelial growth and enhanced angiogenesis

[196, 197].

However, the results of more stringent randomized controlled trials are supposed

to assess the possible beneficial effects of EPO, including the Reduction of Events

With Darbepoietin Alfa in Heart Failure (RED-HF) [198] or the Rationale-Trial to

Reduce Cardiovascular Events with Aranesp Therapy (TREAT). As a matter of

fact, recent publication of the results of the TREAT trial suggested no benefit of

EPO treatment for cardiovascular events in patients with diabetes, chronic kidney

disease, or anemia [199].
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4 Oxidative Stress and Its Role in CRS

4.1 CRP and Oxidative Stress

The paradigm shift of atherosclerosis as a state of chronic vascular inflammation in

response to various stimuli challenged the traditional concepts of vascular pathobi-

ology and paved the way for an entirely novel field of cardiovascular research [200].

Advances in basic science within the past decade indicate a fundamental role of

inflammation in all stages of atherosclerotic vascular disease and have helped to link

cardiovascular risk factors to mechanisms of disease progression [201]. A wide

range of pro-inflammatory molecules have been associated with atherosclerosis, and

the list of potential cardiovascular biomarkers is steadily growing [202]. The most

appealing marker identified so far is CRP [203]. CRP, a member of the pentraxin

family of highly conserved cyclic pentameric proteins, is an acute phase protein that

is predominantly synthesized in the liver in response to inflammation [204]. It was

originally identified as a protein that could precipitate the C-polysaccharide

of pneumococcal cell walls [205]. Biosynthesis is not restricted to the liver;

extrahepatic local generation within atherosclerotic foci has been demonstrated in

humans [206–208].

Several epidemiologic studies support the notion of CRP as a useful biomarker

in the setting of primary prevention in cardiovascular disease, even in low-risk

category patients [209–211]. Whether CRP is merely a marker of underlying

atherosclerosis or itself plays a causal role as a culprit molecule in vascular disease

remains controversial. In a recently published large observational study CRP

polymorphisms were associated with an increase in CRP levels of up to 64%, an

increase that should have translated into a theoretically predicted increased risk of

up to 32% for ischemic heart disease and up to 25% for ischemic cerebrovascular

disease [212]. However, this was not the case since genotype combinations were

not associated with an increased risk of ischemic vascular disease. Even more

intriguingly, mice overexpressing CRP are resistant to endotoxemia, pointing to

an anti-inflammatory role of CRP, which has been explained by its ability to inhibit

neutrophil chemotaxis [213]. The pro- and anti-inflammatory actions of CRP have

in part been related to distinct species of CRP formed during inflammation. Thus,

pentameric or native CRP (nCRP) can be dissociated into free subunits. These

conformationally rearranged subunits are also referred to as modified or monomeric

CRP (mCRP). Interestingly nCRP and mCRP seem to exert opposite effects in

atherosclerosis. In apolipoprotein (apo) E-deficient mice, nCRP led to a dramatic

increase in vascular plaque burden, whereas mrCRP treatment was associated with

decreased atherosclerosis [214]. The latter effect may be explained by reduced

uptake of acetylated LDL (acLDL) by mCRP as shown in vitro [215].

As a pro-inflammatory molecule CRP has been linked with oxidative stress.

In coronary atherectomy specimens CRP co-localized with p22phox of NADH/

NADPH oxidase, an important source of ROS [208]. In addition, CRP impairs

endothelium-dependent NO-mediated vasodilation via activation of p38 kinase
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[216]. CRP may further bind oxidized LDL (oxLDL) and thereby promote oxLDL

uptake via macrophages [217]. However, the precise mechanisms of an association

between oxidative stress and elevated levels of CRP are not firmly established

(i.e., direct evidence in humans is sparse). To date, most studies in humans simply

show an association between markers of oxidative stress and CRP levels, which

does not ultimately imply a direct interaction [218–220]. Despite these limitations

the widespread use of CRP as a clinical biomarker in cardiovascular disease is an

indicator of its broad acceptance in the medical community.

4.2 Angiotensin II and Oxidative Stress

Ang II has long been identified as a major source of ROS formation. In vitro studies

in Ang II–treated vascular smooth muscle cells revealed marked production of

superoxide anions [221, 222]. Ang II–mediated ROS formation is largely driven by

NADPH oxidase. This membrane-bound enzyme complex consists of six subunits:

a Rho GTPase and five phagocytic oxidase (phox) units (gp91phox, p22phox,

p40phox, p47phox, p67phox). NADPH oxidase generates superoxide by transfer-

ring electrons from NADPH inside the cell across the membrane and coupling these

to molecular oxygen to produce superoxide anion. Ang II stimulates oxidative

stress by upregulation of all known subunits of NADPH oxidase [223–230]. All

these effects are mediated by the AT1 receptor. In contrast, stimulation of AT2

receptors seems to be vasoprotective via downregulation of Nox-1, p22phox, and

p67phox [231, 232]. Inhibition of the renin angiotensin system with ACE inhibitors

or AT1 receptor antagonists effectively inhibits NADPH oxidase activation [233].

In addition specific NADPH oxidase inhibitors, such as apocynin (prevents the

assembly of subunits) or diphenylene iodonium, have shown promising results as

potential therapeutic interventions, although their safety and effectiveness in treat-

ing vascular disease need to be determined [233–236]. While NADPH oxidase is

the predominant source of Ang II–induced ROS formation, other pathways have

been described. These include activation of mitogen-activated protein kinases

(MAPK) as well as involvement of transcription factors such as hypoxia-inducible

factor-1a (HIF-1a) [116, 228, 237–239].

4.3 Nitric Oxide Synthase and Oxidative Stress

Endothelial NOS is the key enzyme responsible for NO synthesis. Under normal

conditions a functional NOS transfers electrons from the C-terminally bound

NADPH reductase domain to the heme center in the amino-terminal oxygenase

domain, where L-arginine is oxidized to L-citrulline and NO. Lack of substrate

(L-arginine) or enzyme cofactors such as tetrahydrobiopterin (BH4) may lead to

uncoupling of oxygen reduction and arginine oxidation, a state referred to as NOS

uncoupling. In an uncoupled state electrons flowing from the reductase domain to
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the oxygenase domain are diverted to molecular oxygen rather than to L-arginine,

resulting in production of the free radical superoxide anion (lO2
�). NADPH

oxidase-derived superoxide interacts with eNOS-derived NO to form peroxynitrite

(ONOO�). Peroxynitrite is a highly reactive oxidant and nitrating agent. Due to its

oxidizing properties peroxynitrite avidly oxidizes the eNOS cofactor tetrahydro-

biopterin (BH4) to cofactor inactive molecules [240]. In addition, peroxynitrite can

interfere with NOS directly by oxidizing the zinc-thiolate cluster, causing the

release of zinc from the enzyme and leading to eNOS uncoupling [241]. Thus, a

dysfunctional NOS enzyme may become the major source of ROS formation. Other

enzymes that contribute to oxidative stress include xanthine oxidase, NADPH

oxidases, and enzymes of the mitochondrial respiratory chain.

Evidence for eNOS uncoupling stems from in vitro studies in endothelial cells

treated with oxidized LDL [242] as well as in vivo studies in Ang II or DOCA salt-

induced hypertension models in rodents [243, 244]. NOS inhibitors such as L-NAME

significantly attenuated ROS formation in these studies, pointing to the crucial role of

NOS uncoupling as a major source of oxidative stress [243]. On the contrary endoge-

nous NOS inhibitors such as NG-monomethyl L-arginine (L-NMMA) or NG,NG

dimethyl L-arginine (ADMA) may also facilitate or contribute to NOS uncoupling.

Thus, enhanced superoxide production stimulates protein arginine methyltransferases

(PRMTs), thereby increasing the generation of both L-NMMA and ADMA. Further-

more, oxidative stress reduces L-NMMA and ADMA degradation via impaired

expression or activity of the metabolizing enzyme dimethylarginine dimethylamino-

hydrolase (DDAH) [245]. The resulting net increase of intracellular L-NMMA and

ADMA concentration diminishes endogenous NO production via competition with L-

arginine for NOS enzyme. Both endogenous NOS inhibitors may also shift the NO/

ROS balance toward ROS via induction of eNOS uncoupling [246].

Various cardiovascular risk factors such as hypercholesterolemia [247], diabetes

[248], and essential hypertension [249] are associated with eNOS uncoupling

in humans.

Studies in rats indicate that within the kidneys NADPH oxidase and uncoupled

NOS are major sources of glomerular superoxide generation [250]. Blockade of

the renin-angiotensin system with angiotensin receptor blockers improves NOS

uncoupling in diabetic nephropathy by increasing BH4 bioavailability [251].

In addition, oral administration of NOS cofactor BH4 or substrate supply with

L-arginine ameliorates endothelial function in rats suffering from chronic renal

failure [252].

4.4 The Sympathetic Nervous System and Oxidative Stress

There are multiple links between the sympathetic nervous system and oxidative

stress (ROS), which mostly act as positive feedback loops. On the one hand, the

SNS is able to induce or perpetuate oxidative stress via Ang II induction and its
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downstream effects; on the other hand, oxidative stress is able to further activate the

SNS, which culminates in a viscous circle.

The most obvious connection between oxidative stress and SNS can be related to

the RSNA, which directly controls renin release from juxtaglomerular granular

cells via adrenergic mechanisms [48]. To this end, all the mechanisms described

above for the renal RAAS can be more or less analyzed in the context of the renal

sympathetic innervation as well. However, research of the past decade has empha-

sized the systemic, the afferent nerve, and the CNS effects of ROS on the SNS,

which will be outlined next.

Systemic effects of ROS on SNS: hydroxy-2,2,6,6-tetramethylpiperidinyloxy

(TEMPOL), a superoxide dismutase (SOD) mimetic has been shown to lower

both blood pressure and RSNA in normotensive rats [253], as well as in DOCA-

and spontaneously hypertensive rats (SHR) [254, 255]. This seems to be a systemic

effect because intracerebroventricular injection of TEMPOL did not have any effect

in SHR and the effects of TEMPOL were markedly reduced after pharmacological

blockade of sympathetic ganglia by hexamethonium in these three experimental

models [253–255]. Moreover, the effects on RSNA were not due to increased NO

availability, since they persisted after NOS inhibition [253, 255]. In an ischemia

reperfusion model of the kidney TEMPOL significantly reduced renal dysfunction

and injury. Similar observations were made in remnant kidney model (5/6 nephrec-

tomy model). However, the precise role of the SNS in these kidney injury models

still remains unclear.

Afferent effects of ROS on SNS: Oxidative stress certainly plays a pivotal role in
myocardial ischemia and reperfusion where large amounts of ROS are produced.

Some animal studies have been conducted to address this issue. Activation of the

sympatho-sympathetic cardiac sympathoexcitatory afferent reflex (CSAR) and pain

during ischemia could be shown to be at least in part due to direct activation of a

subgroup of cardiac sympathetic C- and Ad-fibers by ROS, especially �OH [256],

which finally leads to RSNA increase with consecutive activation of the RAAS.

However, vagal fibers are also activated by ROS in the setting of ischemia and

reperfusion, mediating a cardiodepressory and sympathoinhibitory reflex (Bezold-

Jarisch reflex) [257, 258]. It was demonstrated that ischemia-induced fiber activa-

tion could be blocked by indomethacin, whereas the reperfusion-derived activation

was unaffected, which suggests differential ROS-mediated activation pathways

[258]. The net effect of the CSAR and Bezold-Jarisch reflex due to ROS-mediated

stimulation, however, seems to be sympathoexcitatory. Furthermore, many other

chemosensory pathways that originate in the heart play an important role in

ischemia induced sympathoexcitation [259].

Central actions of ROS on SNS: The RVLM harbors the sympathetic premotor

neurons, which are pivotal in the regulation of central sympathetic outflow.

Several studies have shown that ROS stimulate central sympathetic outflow when

acting in the RVLM: SOD injected into the RVLM decreased sympathetic nerve

activity in swine [260]. TEMPOL was given in the lateral ventricle, leading to

reduced norepinephrine secretion from the posterior hypothalamus (PH) and

RSNA. It seems that ROS may raise blood pressure via activation of the SNS.
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This activation may be mediated in part by downregulation of nNOS and NO

production and in part by mechanisms independent of NO [261, 262].

Some studies have investigated the role of ROS in the nucleus tractus solitarius

(NTS), a major hindbrain area involved in cardiovascular regulation, which

receives primary afferent fibers from peripheral mechano- and chemoreceptors.

Interestingly, in contrast to the action in the RVLM, ROS injected into the NTS

induces hypotension and bradycardia probably due to glutaminergic mechanisms.

Importantly, there is evidence from numerous studies for a link between the

generation of central ROS and Ang II and the AT1 receptor in normal and

pathological states [263–265]. For example, in a rabbit model of chronic cardiac

failure a chronic upregulation of AT1 receptors along with various subunits of the

NADPH oxidase subunits in the RVLM was found [266].

In summary, oxidative stress activates the sympathetic nervous system. Due to

the link between ROS, AT1-receptors, and Ang II, many studies point to positive-

feedback mechanisms by which oxidative stress increases sympathetic activity,

which in turn further aggravates oxidative stress via Ang II–mediated effects.

However, some studies point to the existence of ROS defense mechanisms, such

as the Bezold-Jarisch reflex, which is mediated via vagal afferent cardiac fibers and

the sympathoinhibitory ROS-induced actions of the NTS. Furthermore, there is

increasing evidence for a protective action of peptidergic visceral afferent fibers,

which seems to be mediated via TRPV1 receptors. This has been shown in rats with

destruction of sensory nerves due to postnatal capsaicin treatment, in which

enhanced O2
� could be measured in the cortex and medulla of the kidney if these

animals where on a high-salt diet [267]. Activation of TRPV1 receptors leads to

release of potent microvascular vasodilator neuropeptides such as calcitonin

gene–related peptide and substance P, and it was recently shown that ROS seem

to be a mediator of such a neurogenic vasodilation [268]. The exact impact of this

finding and the role of other members of the TRP receptor family need further

investigation.

5 Perspectives: Therapeutic Options

Until now the pathophysiological cascades that are in involved in the complex

cardiorenal interaction are far from being fully understood. However, it is clear that

major players such as oxidative stress and SNS play an integral part in this

interaction. Factors known to be involved in the cardiorenal interaction give rise

to hope that beneficial therapeutic strategies that are in part already established or

are under current investigation find their way into the clinical routine. Among these,

blockade of the RAAS seems to be most promising. ACE inhibitors (ACEI) or

angiotensin receptor blockers (ARBs) have already been shown to reduce oxidative

stress, tissue hypoxia, and fibrosis. Blockade of the SNS has a long history in

cardiology and nephrology and may also be a promising tool to counteract cardior-

enal complications. Antioxidant therapy in acute and chronic disease is evaluated in
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several clinical trials, but at present the results are conflicting and difficult to

interpret [269]. EPO treatment has been established for almost two decades, but

the risks and benefits still have to be better defined.
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Chapter 27

Hypoxia-Inducible Factors in Acute Kidney

Injury: From Pathophysiology to a Novel

Approach of Organ Protection

Wanja M. Bernhardt, Carsten Willam, and Kai-Uwe Eckardt

Abstract Acute kidney injury remains a major clinical problem associated with

poor patient outcome and therapeutic options are still limited. The transcription of

hypoxia-inducible factors (HIF) is a key regulator of the cellular response to

hypoxia. Far more than 100 HIF target genes have been identified, including

genes that have been demonstrated to protect the kidney. Although renal cells

have a broad capacity to activate HIF, HIF is only sporadically stabilized in cases

of acute renal injury and therefore protective effects may be limited. Newly

identified inhibitors of the oxygen-sensing HIF-prolyl-hydroxylases now offer the

possibility to pharmacologically stabilize HIF independent of oxygen prior to a

renal insult in order to achieve protection. Thus, HIF activation appears as a

promising therapeutic target for the prevention of acute kidney injury.

Keywords Renin � Angiotensin � Cardiorenal syndrome � Chronic kidney disease

1 Introduction

Following the discovery of hypoxia-inducible factors (HIF) as a main regulator of

oxygen-dependent erythropoietin production, the HIF transcription factors have

been recognized as a master switch of cellular adaptation to reduce oxygen avail-

ability [1–3]. The functional consequences of HIF induction during health and

disease are increasingly recognized as complex and context dependent. From a

clinical perspective HIF induction can probably be either adaptive or maladaptive

in certain disease states and thus either limit or aggravate alterations in tissue

structure and function. The net effect of HIF induction may depend on
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circumstances and cells or tissues, but probably also on the process of disease.

Currently available evidence suggests that in the short term HIF induction mainly

induces protective effects, while the consequences of long-term activation are more

difficult to assess. Increasing understanding of the molecular mechanisms of HIF

regulation has started to provide opportunities for therapeutic intervention. While

interfering with the HIF system may be clinically meaningful with respect to the

variety of organ systems, most comprehensive data about beneficial effects of HIF

induction have so far been generated from studies of the kidney.

2 Renal Oxygenation in Acute Kidney Injury

Renal arteries normally receive approximately 25% of the total cardiac output blood

supply. Nevertheless, oxygen tension within certain areas of the kidney is low

and remains usually below the pO2 in the renal vein [4]. This pattern has been

attributed to the vascular architecture of the kidney, with arterial and venous vessels

running in parallel and close proximity. The countercurrent flow allows oxygen to

diffuse from arterial into venous branches before it has reached the peritubular

capillary bed [5]. Oxygen tensions are particularly low in the renal medulla, but

marked variability has also been measured in the renal cortex [6]. Tubular sodium

reabsorption varies with glomerular filtration rate and accounts for most oxygen

consumption in the kidney. Changes in oxygen delivery due to changes in renal

blood flow may thus provide an adaptive mechanism in situations with changes in

renal oxygen demand. In addition, the above mentioned diffusional arteriovenous

oxygen shunting provides a mechanism by which blood and oxygen can bypass the

renal microcirculation, thus preventing development of tissue hyperoxia or hyper-

perfusion. Actual concepts of renal oxygenation assume that renal blood flow-

dependent changes in oxygen shunt flow help to maintain constant renal oxygen

tensions [7]. However, the comparatively low oxygen tension under normoxic

conditions is considered a main reason for the extraordinary susceptibility of the

kidney to acute hypoxic injury [8]. In case of an acute renal injury, the breakdown of

the glomerular filtration rate may reduce renal oxygen consumption, but a number

of pathophysiological mechanisms, such as endothelial injury with microvascular

dysfunction or local inflammation, lead to a net aggravation of renal hypoxia [9].

Activation of hypoxia-inducible transcription factors may help to adapt renal cells to

low oxygen tensions and thus protect these cells from hypoxic injury.

3 The Kidney Has a Widespread Capacity to Induce HIF

Several studies have shown that genetic deficiency in one of the components of the

HIF system impairs normal development [10–14]. While these findings indicate

that HIF expression is an important signal for normal tissue development, the early
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mortality of HIF-1 knockout animals made assessment of the specific role of HIF in

renal development impossible. Kidney development still proceeds after embryonic

day (E) 10.5, where embryonic lethality in HIF-deficient animals occurred [10].

However, descriptive analysis of HIF expression in rodent and human fetal kidneys

revealed a widespread activation, which ceases with determination of kidney

development [15, 16]. These data suggest that HIF does play a role in nephron

formation. When renal development is completed, little or no HIF expression can be

detected in the kidney under baseline conditions, despite well-known marked

oxygen gradients and persistently low oxygen tensions in the renal medulla [17,

18]. However, exposure to systemic hypoxia reveals a widespread capability of

tubular and nonparenchymal cells in the kidney to induce HIF [17, 18]. Interest-

ingly HIF-1a and HIF-2a, the two most relevant oxygen regulated HIF isoforms,

are expressed in different renal cell populations. While HIF-1a is mainly expressed

in tubular cells, HIF-2a can be found in glomerular cells and interstitial cells,

including peritubular endothelial cells and interstitial fibroblasts [17, 18]. Demon-

stration of HIF-2a in the latter cell type provided the first hint that HIF-2a, rather
than HIF-1a, is the critical regulator of erythropoietin synthesis that occurs in the

cell population [17–19]. Meanwhile, the critical role of HIF-2a in erythropoietin

regulation has been supported by both in vitro studies [20] and several genetic

approaches [21–23].

Within tubular cells, HIF-1a is not uniformly expressed along the nephron.

Some segments, for instance S1 and S2, as well as a collecting duct reveal much

stronger HIF accumulation than the remaining parts of the nephron [17]. The reason

for this nonhomogenous expression remains poorly understood. The HIF prolyl-

hydroxylases (PHDs), the enzymes responsible for HIF hydroxylation in the pres-

ence of oxygen that serve as gatekeepers of HIF degradation [24–27], are also not

uniformly expressed along the nephron [28]. PHD2 protein, probably the most

relevant PHD enzyme, was predominantly expressed in distal tubular cells, in

particular in the medullary thick ascending limb, the distal convoluted tubule, and

the collecting duct. Overall, PHD2 protein expression gradually increased from the

cortical toward the medullary region of the kidney. Here, higher PHD2 expression

levels could potentially lead to a control of HIF accumulation and target gene

activation under normal conditions in the medulla, despite the prevailing low

physiological oxygen tensions [28].

4 HIF Is Upregulated in Different Forms

of Acute Kidney Injury

Similar to systemic hypoxia, acute regional hypoxia in the kidney regularly induces

HIF, albeit in a much more restricted fashion. The regional expression pattern in

relation to areas of severe hypoxia can most easily be assessed in infarct models

[29]. A band of cells at the border of renal infarct were found to upregulate HIF,
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presumably cells that are affected by reduced oxygen availability in the area

supplied by an obstructed vessel, but still viable enough to mount an HIF response.

A similar “border zone” expression pattern of HIF can also be observed in more

complex models of renal injury, in which hypoxia plays a role. For instance, in

a model of radio-contrast nephropathy in rats, tubules adjacent to the most hypoxic

segments in the outer medulla were found to show strongest upregulation of

HIF[30].

Further insight into the mechanisms regulating HIF was obtained from maneu-

vers modulating oxygen consumption. It is well established that renal oxygen

tensions depend on the balance between oxygen supply and consumption. Under

experimental conditions renal damage can be mitigated by inhibition of oxygen

consumption, for instance by the use of diuretics that block active sodium read-

sorption. Both in vivo and in the isolated perfused rat kidney a reduction in tissue

damage achieved by blocking sodium readsorption was found to be associated with

increased HIF accumulation [30, 31]. It is tempting to speculate that by reducing

oxygen consumption and thereby shifting the ratio between oxygen supply and

consumption into more positive range, cells are may be moved back into the

operational range of HIF expression. Moreover, it appears likely that the increased

HIF expression seen under these conditions contributes to mitigation of renal

injury.

A further aspect important for the functional consequences of HIF activation

is time. For instance, in a model of myoglobulinuric acute kidney injury tissue

hypoxia as assessed by staining for the bioreductive dye pimonidazole persisted

for up to 24 h, whereas HIF was induced by 3 h but had virtually disappeared after

6–24 h [32]. The reasons for this rapid downregulation of the HIF system during

persistent hypoxia are not fully understood, but may include HIF-dependent

induction of PHDs [33, 34]. The expression of HIF target genes is characterized

by a delay of several hours and was found to persist for up to 24 h, and thus

beyond demonstrable HIF activation [35]. In terms of potential intervention these

data suggest that several hours may be needed to induce a maximal HIF target

gene response.

4.1 Partial Deficiency of HIF Worsens Renal Injury

Because systemic HIF-1 knockout leads to embryonic lethality, regional and partial

knockout of the HIF variants were experimentally tested and gave new insights into

the adaptive role of HIF activation in acute renal injury. Kojima et al. demonstrated

that ischemia reperfusion injury of the kidney was aggravated in HIF-2a knockout

mice [36]. Similarly, Hill et al. showed that in mice, which were heterozygous for

either HIF-1a or HIF-2a, the injury following ischemia reperfusion was more severe

than in control animals [37]. These data were corroborated by a number of experi-

ments showing that, conversely, HIF induction ameliorated acute kidney injury.
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4.2 HIF Induction Protects Against Acute Renal Injury

Pathophysiological characteristics of acute kidney injury include changes in tubular

integrity, such as tubular necrosis and flattening, microvascular changes due endo-

thelial injury, local inflammation, and leukocyte infiltration. Via the activation of its

target genes, HIF stabilization has the potential to protect the kidney by inducing

adaptive mechanisms. In a simplified scheme Fig. 1 summarizes those adaptive

mechanisms by which HIF may contribute to renal protection.

In order to test the effect of HIF induction on the sensitivity toward subsequent

ischemic injury, rats were preexposed to systemic hypoxia prior to induction of renal

ischemia reperfusion injury [38]. Despite the much more prolonged reduction in

oxygen supply, renal structure and function were much better preserved in those

animals previously exposed to systemic hypoxia [38]. In addition to hypoxia, inhi-

bitors of the HIF-prolyl- and asparaginyl hydroxylases, which stabilize HIF and

subsequently activate HIF targets, can be used to mimic the hypoxic response.

Correspondingly, cobalt chloride, which most likely substitutes the active iron

in the catalytic domain of PHD and thus inhibits its enzymatic activity, has

been demonstrated to protect the rat kidney from acute ischemic injury [39].

cellular integrity acute kidney injury repair/regeneration

hypoxic/ischemic/toxic

apoptosis inflammation

necrosis ATP depletion

maintains prevents/reduces stimulates

HIF

proliferation

Fig. 1 A simplified schematic view with tubular cells representing pathophysiological changes in

acute kidney injury. Beside other mechanisms, the consequences of an acute renal insult are

characterized by a loss of cellular integrity, necrosis, and apoptosis of tubular epithelial cells. The

recovery phase is characterized by tubular regeneration. Via the activation of a whole array of

target genes, Hypoxia-inducible factor (HIF) may ameliorate acute kidney injury by reducing

cellular necrosis, apoptosis, inflammation and adenosine triphosphate depletion and may improve

renal regeneration and repair by increasing tubular proliferation. In summary, HIF activation may

help to maintain cellular integrity, to prevent a more severe renal damage, and to accelerate renal

regeneration
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Because the PHDs use 2-oxoglutarate as a substrate to hydroxylate the HIF proteins,

2-oxoglutarate analogues have been used to inhibit the PHDs competitively even in

the presence of oxygen, and the protective effect of systemic hypoxia could be

mimicked by a single dose of a small molecule PHD inhibitor, which is able to

stabilize HIF and activate HIF target genes [38]. Experiments in the isolated

perfused kidney have demonstrated that these protective mechanisms reside in the

kidney itself [40].

Besides hypoxia and pharmacological inhibition of PHDs, HIF can also be

activated by other stimuli. In a recent study, preconditional xenon treatment

protected mice kidneys from ischemia reperfusion injury via HIF activation in a

mammalian target of rapamycin dependent manner [41]. In models of renal ische-

mia reperfusion, HIF regulation has been shown to be modulated by p53, where

inhibition of p53 enhanced HIF accumulation [42].

Renal protection has not only been demonstrated in ischemic models but it has

also been shown in toxic models of acute kidney injury. Activation of HIF has

demonstrated that hypoxia can be protective in models of cisplatinum-induced renal

tubular cell injury [45, 43, 44]. However, there is still debate whether in cisplatinum

nephropathy protective effects of HIF can be explained due to protection from a

concomitant renal tissue ischemia or by counteracting apoptosis and direct cell

damage [45, 43, 44].

The concept of organ protection preceding exposure to episodes of ischemia and

reperfusion has long been introduced under the terms of ischemic preconditioning

[46]. The precise molecular mechanisms mediating this phenomenon have not been

unequivocally identified. However, it is likely that both ischemia and the subsequent

reperfusion do play a role, presumably through induction of reactive oxygen species

[47]. In contrast to ischemic preconditioning, HIF preconditioning is mediated by

hypoxia per se and does not require alterations in blood flow and reoxygenation.

It is likely that the maximum protective effect of HIF requires induction of the

HIF system prior to injury, although it is possible that HIF induction may also

protect against ongoing injury and through improved regeneration of tubular cells.

While the requirement for “preconditioning” may limit the clinical applicability,

there are numerous situations where injury to the kidney is predictable. One of the

most relevant may be kidney transplantation. Approximately one third of grafts

show early dysfunction immediately after transplantation as a consequence of organ

storage and ischemia reperfusion injury [48]. The majority of kidneys recover from

early dysfunction, but early dysfunction is associated with reduced long-term graft

function [48]. Recently in a rat model of kidney transplantation it was tested

whether HIF induction in organ donors following the application of a PHD inhibitor

can improve transplant outcome [35]. In an acute model, in which the recipient

animal was bilaterally nephrectomized and thus entirely dependent on the function

of the graft, donor treatment with the PHD inhibitor reduced early mortality and

improved function in surviving animals [35]. In a modified setting, in which the

contralateral nephrectomy was postponed in order to allow animals to survive an

early period of graft nonfunction, donor pretreatment with a PHD inhibitor was also

found to improve long-term outcome [35].
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5 The Perspective of HIF as a Therapeutic Target

Since the HIF system and the mechanism of its regulation have been unraveled, our

knowledge of interventional procedures to stabilize HIF independent of prevailing

oxygen tensions have remarkably expanded. Nowadays, the use of new pharmaco-

logical approaches to modulate the HIF system has become increasingly an option

in humans for therapeutic purposes. Oxoglutarate analogues, which had been

previously developed as potential antifibrotic agents [49, 50], are currently being

explored as HIF stabilizers. This approach focuses on induction of endogenous

erythropoietin formation as a novel strategy for the management of anemia [51].

Based on preclinical data, such as those described above, organ protection is

another potentially rewarding application of interfering with HIF stability. In

contrast to the induction of erythropoietin formation, organ protection reflects an

unmet medical need. Beyond organ protection in the context of transplantation,

several other indications probably deserve exploration. These include other forms

of acute kidney injury, including radio-contrast-induced nephropathy or acute

kidney injury associated with cardiac surgery as well as protective effects on

other organ systems.
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Chapter 28

Hypoxia in Chronic Kidney Disease:

The Final Common Pathway to End Stage

Renal Disease

Masaomi Nangaku

Abstract Because of the presence of arterial to venous oxygen shunt diffusion

between arterial and venous vessels, renal tissue oxygen tensions are comparatively

low, and accumulating evidence emphasizes chronic hypoxia in the tubulointersti-

tium as the final common pathway to end stage kidney disease.

Chronic hypoxia in the kidney is multifactorial and occurs via several mechan-

isms acting in concert. At a late stage of chronic kidney disease (CKD), as renal

scarring evolves, the involvement of progressive tissue hypoxia secondary to

obliteration and loss of the interstitial capillary bed predominates. Further, intersti-

tial fibrosis impairs tubular oxygen supply because of the reduced efficiency of

oxygen diffusion. Even at an early stage, kidneys suffer from hypoxia via functional

mechanisms, including decreased peritubular capillary flow due to imbalances in

vasoactive substances and inefficient oxygen utilization due to oxidative stress.

Studies verified a pathogenic role of hypoxia in various animal models of CKD

as well as in the aged kidney. Furthermore, recent studies showed that glomerular

cells are the target of hypoxia in addition to tubulointerstitial cells. Hypoxic cells

suffer from energy depletion and oxidative stress, and defensive mechanisms

against hypoxia are the sophisticated network of adaptation to oxygen depletion

and reduction of oxidative stress. Sitting at the center of this web of cellular

responses to hypoxia is hypoxia-inducible factor (HIF) and the concept that activa-

tion of HIF is effective in CKD has been validated in a variety of animal models of

chronic as well as acute kidney injury.
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� Tubulointerstitial injury
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1 Introduction

Chronic kidney disease (CKD) is a precursor to end stage kidney disease (ESKD) and

is associated with an increased risk of cardiovascular death. The early identification

of subjects with CKD and development of therapeutic approaches to halt or retard the

progression of CKD have therefore been the subject of intense investigation.

Once renal damage reaches a certain threshold, the progression of renal disease

is consistent, irreversible, and largely independent of the initial insult. The final

common pathway in this process has been closely studied in the hope that thera-

peutic approaches that target it may stop or slow the progression of CKD, whatever

its etiology. Close pathological analysis shows that functional impairment of the

kidney is better correlated with the degree of tubulointerstitial damage than with

that of glomerular injury, and this finding has in turn led to broad recognition that

the final common pathway of kidney failure operates principally in the tubulointer-

stitium. Accumulating evidence emphasizes chronic hypoxia at the center of

tubulointerstitial injury and ESKD.

2 Anatomical Basis of Hypoxia in the Kidney

Although blood flow to the kidney is high, accounting for 20% of cardiac output,

renal tissue oxygen tensions are in fact comparatively low because of the presence

of arterial to venous (AV) oxygen shunt diffusion between arterial and venous

vessels that run in close parallel contact. The existence of AV diffusional shunt for

oxygen that bypasses the circulation was shown by measurement of the respective

transit times for oxygen and erythrocytes, which revealed that oxygen transit was

always faster than that of erythrocytes [1]. Furthermore, Welch and colleagues

demonstrated that oxygen tension in the renal vein exceeded that in the efferent

arteriole [2], while Schurek and colleagues observed that oxygen tension in the

renal vein exceeded that in glomerular capillaries [3]. These studies clearly proved

the existence of renal arterial-to-venous oxygen shunting. In fact, the kidney

extracts only 10% of the oxygen delivered in the renal artery.

The kidney consumes oxygen mainly to generate chemical potential (adenosine

triphosphate [ATP]), which is needed for sodium reabsorption [4]. Approximately

two-thirds of this sodium reabsorption normally occurs in the proximal tubule.

In contrast to other vascular beds, in which hypoxia causes vasodilation and

hyperoxia induces vasoconstriction, renal blood flow is relatively insensitive to

the effects of hypoxia [5]. This allows the control of renal perfusion to be domi-

nated by the need to regulate renal excretory function, and not by energy demand.

As a consequence, the kidney is somewhat sensitive to changes in oxygen

delivery. While this sensitivity has the merit of facilitating the kidneys in their

adjustment of erythropoietin (EPO) production to changes in oxygen supply, it also

renders them prone to hypoxic injury.
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The chronic hypoxia hypothesis, proposed by Fine et al., emphasizes chronic

ischemic damage in the tubulointerstitium as the final common pathway in end

stage kidney injury [6]. Since its introduction, this fascinating hypothesis has been

intensively investigated and validated.

3 Mechanisms of Hypoxia in Chronic Kidney Disease

Chronic hypoxia in the kidney is multifactorial and occurs via several mechanisms

acting in concert.

In human kidney biopsy specimens, the degree of tubulointerstitial damage

correlates with the loss of peritubular capillaries [7]. Studies in 110 patients with

CKD showed that capillary density was significantly inversely correlated with an

index of chronic damage, which incorporated global glomerular sclerosis, intersti-

tial fibrosis, and atrophic tubules with thickened basement membranes, or large

tubules with thin epithelium among others [8]. Furthermore, loss of peritubular

capillaries predicted disease progression. A reduction in peritubular capillary

density was also shown to be associated with the decrease of renal vascular

endothelial growth factor (VEGF)-A expression in kidney samples of human

diabetic nephropathy [9]. Recent studies also showed marked narrowing and a

significant reduction in peritubular capillary density of the kidney in patients with

congenital nephrotic syndrome of the Finnish type (NPHS1), which is associated

with the rapid development of tubulointerstitial fibrosis [10]. There was increased

expression (up to 43-fold) of hypoxia-inducible factor-1alpha (HIF-1a), suggesting
tubulointerstitial hypoxia. Thus, as renal scarring evolves, the involvement of

progressive tissue hypoxia secondary to obliteration and loss of the interstitial

capillary bed predominate. Further, interstitial fibrosis impairs tubular oxygen

supply, because the extended distance between the capillaries and tubular cells

reduces the efficiency of oxygen diffusion.

Even at an early stage before the development of structural changes in the

tubulointerstitium, kidneys suffer from hypoxia via functional mechanisms.

Vasoconstriction of renal arterioles due to imbalances in vasoactive substances

functionally decreases postglomerular peritubular capillary blood flow, leading to a

decrease in oxygenation of the corresponding compartment. Among various

vasoactive substances, local activation of the renin-angiotensin system (RAS) is

an important contributor to the pathogenesis of chronic renal injury [11]. We

observed the initial hypoxia in the remnant kidney model, which was associated

with decreased perfusion status of the postglomerular peritubular capillary network,

as evaluated by lectin perfusion and Hoechst 33342 diffusion techniques [12].

We found that RAS activation leads to disturbances in postglomerular capillary

flow and precedes histological injury, demonstrating that these findings were

dependent on the activation of the RAS but antedated any histologic evidence of

tubulointerstitial damage.
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There is evidence that renal oxygen consumption is increased in the remnant

kidney model, and that this increase is associated with angiotensin II activity but

not blood pressure or glomerular filtration rate [13]. Oxygen consumption in the

kidney is determined by energy demand and oxygen utilization efficiency. Oxida-

tive stress induced by the activation of RAS may impair oxygen utilization

efficiency by exaggerating mitochondrial respiration and thereby induce relative

hypoxia in the kidney. In addition, intact remnant nephrons need to deal with the

compensatory increase in transport burden following the loss of nephrons, while

the increased demand for energy required for active transport means that oxygen

consumption is increased in remnant nephrons, resulting in a decrease in local

oxygen tensions.

Further, renal anemia hinders oxygen delivery due to the decrease in oxygen-

carrying capacity as well as the increase in oxygen consumption [14].

4 Animal Models of Chronic Hypoxia in the Kidney

Hypoxia of the kidney has been demonstrated in a variety of animal models. Using

a pimonidazole adduct, which binds to hypoxic cells in vivo, we showed tubuloin-

terstitial hypoxia in a model of chronic glomerulonephritis induced by uninephrect-

omy combined with repeated injection of anti-Thy-1.1 antibody in rats [15].

In diseased tubulointerstitium, cortical tubular cells were exposed to hypoxia,

which was associated with stagnant regional blood flow as estimated by intravital

microscopy analysis in rats. A decrease in cortical oxygenation in association with

narrowing and distortion of cortical peritubular capillaries was also demonstrated in

the remnant kidney model utilizing pimonidazole in rats [12].

Cellular metabolism depends on the availability of oxygen. The major regulator

of oxygen homeostasis is HIF, a highly conserved transcription factor that plays an

essential role in cellular and systemic homeostatic responses to hypoxia. Under

hypoxic conditions, HIF is stabilized and translocates to the nucleus where it binds

to hypoxia response elements (HREs) and activates the expression of target genes

implicated in angiogenesis, cell growth, and survival. To develop a novel method of

identifying and quantifying tissue oxygenation at the cellular level, we developed a

hypoxia-responsive reporter vector using a HRE of the 50 VEGF untranslated region

and generated a hypoxia-sensing transgenic rat. This genetically engineered animal

enabled us to identify diffuse cortical hypoxia in puromycin aminonucleoside-

induced nephrotic syndrome and focal and segmental hypoxia in the remnant

kidney model even at an early stage of disease [16].

Hypoxia in the tubulointerstitial compartment is not limited to glomerulopathy,

but applies to nephropathy associated with metabolic disease. Chronic hypoxia in

diabetic nephropathy is discussed in detail in the next chapter (see Chap. 29).

Johnson and colleagues proposed that hypertension is initiated by agents that

cause systemic and intrarenal vasoconstriction [17]. Intrarenal injury develops with

microvascular disease, maintaining intrarenal vasoconstriction and hypoxia with a
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change in local vasoconstrictor-vasodilator balance favoring sodium retention.

As blood pressure rises, renal ischemia is ameliorated and sodium balance is

restored completely (in salt-resistant) or partially (in salt-sensitive) for hyperten-

sion, but at the expense of a rightward shift in the pressure natriuresis curve and

persistent hypertension. Thus, it is feasible that chronic hypoxia in the kidney plays

a pathogenic role in hypertension and hypertensive kidney injury. To support this

notion, recent studies utilizing transfection of HIF decoy oligodeoxynucleotides

into the renal medulla in uninephrectomized rats showed that HIF-mediated gene

activation serves as an antihypertensive pathway by regulating renal medullary

function and sodium excretion [18]. Among oxygen-sensitive genes regulated by

the HIF-HRE pathway are nitric oxide synthase, cyclooxygenase-2, and heme

oxygenase-1. The natriuretic responses and increases in renal medullary blood

flow that respond to the elevations of renal perfusion pressure were significantly

blunted in decoy rats: in these rats, high salt intake caused a greater positive sodium

balance with subsequent elevation of systemic blood pressure.

5 Chronic Hypoxia in the Aging Kidney

Aging is associated with a progressive decline in renal function and the development

of glomerulosclerosis, interstitial fibrosis, and loss of peritubular capillaries [19].

Impaired angiogenesis and subsequent loss of renal microvasculature associated

with alterations in renal expression of VEGFmay induce tubulointerstitial injury via

chronic hypoxia of the corresponding region [20]. Using two distinct methods,

pimonidazole immunostaining and expression of the “hypoxia-responsive” reporter

of transgenic rats, we identified the age-related expansion of hypoxia in all areas of

the kidney [21]. Clusters of hypoxic tubules were observed in the superficial cortical

zones and areas adjacent to the outer nephrons and increased in size with age in the

medullary rays. The degree of hypoxia was positively correlated with the age-related

tubulointerstitial injury. These findings point to the involvement of hypoxia and

highlight the pathological relevance of HIF and its target genes in the aging kidney.

Aging is also associated with an increased susceptibility to hypoxic injury.

When renal ischemia was induced in young and old rats by renal arterial occlusion,

the resulting elevation of blood urea nitrogen (BUN) and serum creatinine levels as

well as histological renal tubular damage were more severe in older animals [22].

Studies utilizing renal slices subjected to hypoxic stress showed that slices from

aged rats were more susceptible to injury than young counterparts [23]. Impor-

tantly, caloric restriction of rats attenuated the increased susceptibility to hypoxic

injury. An attempt to identify the molecular pathway(s) underlying this response by

microarray analysis showed that the expression of 92 genes was changed during

aging and attenuated by caloric restriction, including claudin-7, kidney injury

molecule-1 (Kim-1), and matrix metalloproteinase-7 (MMP-7). A previously

reported age-dependent decrease in HIF-1a expression in the kidney may be

associated with the decreased adaptation to hypoxia found in aged animals and
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humans [24]. With increasing age, decreased expression of HIF-1a, which

correlated to an increased expression of prolyl-4-hydroxylase domain (PHD3),

was also found in mouse and human heart [25]. These data may explain the

reduction in HIF-1a and HIF-1 target genes, such as the VEGF, in aging tissue.

6 Molecular Pathophysiology of Chronic Hypoxia

in the Kidney

To elucidate the molecular pathophysiology of chronic hypoxia in the kidney, we

studied expression profiles of genes and proteins in the kidney under chronic

hypoxic conditions. We first induced chronic hypoxia in the rat kidney by constrict-

ing the left main renal artery and then performed microarray analysis and proteomic

studies with the kidneys. The renal artery stenosis model is a useful tool for studying

hypoxia of the kidney because it lacks changes in urinary protein excretion or other

confounding factors at an early stage. We confirmed hypoxia of the kidney with

renal artery stenosis utilizing pimonidazole and our hypoxia-sensing transgenic rats.

Induction of chronic hypoxia in this model has also been confirmed by direct

measurement of oxygen tensions via microelectrode [26]. In spite of decreases in

oxygen consumption, tissue oxygenation of the kidney decreased in a pig model of

renal artery stenosis due to a decrease in oxygen delivery [27].

Although the notion of oxidative stress under hypoxic conditions sounds

paradoxical, hypoxic cells do in fact suffer from energy depletion and oxidative

stress (see Chap. 24). We identified a paradoxical decrease in Cu/Zn superoxide

dismutase (SOD1) in the chronic hypoxic kidney with renal artery stenosis. The

tubulointerstitial injury in this model was ameliorated by TEMPOL (4-Hydroxy-

2,2,6,6-tetramethylpiperidinoxyl), an SOD mimetic, in association with a decrease

in levels of oxidative stress markers such as 4-hydroxyl-2-nonenal and nitrotyr-

osine. Our in vitro studies utilizing cultured tubular cells revealed a role for tumor

necrosis factor alpha (TNF-a) in the downregulation of Cu/Zn SOD. Since the

administration of anti-TNF-a antibody ameliorated Cu/Zn SOD suppression, TNF-

a appears to be a suppressant of Cu/Zn SOD. These results revealed that maladap-

tive suppression of Cu/Zn SOD was a mediator of the vicious cycle of oxidative

stress and the subsequent renal injury induced by chronic hypoxia [28].

Among the various genes upregulated in the kidney by chronic hypoxia in our

microarray analysis was metallothionein, which is known to provide protection

against metal toxicity, play a role in the regulation of physiological metals (Zn and

Cu), and provide protection against oxidative stress. In addition to these physiolog-

ical functions, we found that metallothionein stimulates the HIF-HRE pathway

through the ERK/mTOR pathway [29]. Hypoxia and exogenous metallothionein

increased HIF-1a protein in cultured tubular cells without changes in its mRNA

levels, suggesting protein stabilization.

We also found the endogenous expression of hemoglobin in the kidney.

This unexpected finding was confirmed by several techniques, including manual
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dissection and laser capture microdissection. Our overexpression studies showed

that hemoglobin decreased the production of hydrogen peroxide–induced intracel-

lular radical oxygen species and enhanced cell viability against oxidative stress in

cultured kidney cells [30] (see Chap. 6).

7 Consequences of Chronic Hypoxia

Chronic hypoxia in the affected region then triggers several phenotypic changes in

tubular cells, such as proliferation, epithelial-mesenchymal transdifferentiation

(EMT), and cell death. We previously demonstrated that exposure of cultured

tubular cells to chronic hypoxia induced EMT [31]. Tubular cells cultured under

hypoxic conditions showed morphological changes, enhanced cell motility,

increased collagen I production, and expression of alpha-smooth muscle actin.

Furthermore, we observed EMT in the chronic hypoxic kidney due to renal artery

stenosis. Recent studies showed the HIF-dependent involvement of Twist, a basic

helix-loop-helix transcription factor, in promoting EMT of human tubular cells

under hypoxic conditions [32].

Hypoxic tubular cells in turn serve as a source of key mediators involved in

macrophage infiltration and tubulointerstitial fibrosis. Interstitial accumulation of

extracellular matrix components further impairs local oxygenation by blocking

oxygen diffusion, thus accelerating regional hypoxia.

Connective tissue growth factor (CTGF) is associated with increased synthesis

of extracellular matrix and fibrosis and is upregulated in kidney diseases of different

etiology. One study showed upregulation of CTGF by hypoxia, which was depen-

dent on transcriptional activation of HRE in the mouse CTGF promoter by HIF-1

[33]. However, hypoxic regulation of CTGF remains controversial. The HRE are

not conserved in the human CTGF promoter, and downregulation rather than

upregulation of CTGF mRNA was observed in microarray analyses of human

proximal tubule cells exposed to hypoxia [34]. In addition, exposure of two

human proximal tubular epithelial cell lines to hypoxia reduced cellular as well

as secreted CTGF protein synthesis [35]. Studies of HIF-1a knockdown by siRNA

showed that hypoxic repression of CTGF synthesis was dependent on HIF-1. These

results suggested that CTGF is suppressed by target genes and activated by HIF

under hypoxic conditions in humans.

8 Hypoxia and Glomerular Injury

While most studies have focused on chronic hypoxia in the tubulointerstitium as the

final common pathway to ESKD, hypoxia also has an adverse effect on glomeruli.

Mesangial cells are the target of injury in many forms of glomerulonephritis and

other glomerular diseases. Hypoxia also stimulates the production of extracellular
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matrix such as type IV collagen and fibronectin by mesangial cells as well as

mesangial proliferation [36, 37].

Glomerular endothelial cells play a key role in the preservation and reconstruc-

tion of the glomerular capillary network following injury and thereby to maintain

tissue oxygenation. Accumulating evidence has shown that the failure to maintain

microcirculation leads to irreversible glomerular injury and glomerular sclerosis.

We exposed cultured glomerular endothelial cells to hypoxia and found that

hypoxic treatment induced apoptosis in association with a decrease in mitochon-

drial membrane potentials and an increase in caspase-9 activity [38]. It was likely

that changes in the quantity and localization of Bcl2 and Bax contributed to this

hypoxia-mediated apoptosis of glomerular endothelial cells.

Podocytes are terminally differentiated, and a decline in podocyte number is

crucial to the progression to glomerulosclerosis. Podocytes exposed to low-oxygen

conditions in diseases that affect primarily the vascular compartment of the glo-

merulus and hypoxia may contribute to the progression of human glomerular

disease by altering podocyte metabolism and survival [39]. HIF is essentially a

protective factor that induces broad and coordinated adaptive responses to hypoxia.

However, HIF activation may have deleterious effects on podocytes under some

conditions. Deletion of the Von Hippel–Lindau gene from podocytes of mice

initiated a necrotizing crescentic glomerulonephritis due to the stabilization of

HIFs and de novo expression of the HIF target gene Cxcr4, which encodes a

chemokine receptor in podocytes [40]. A pathogenic role of CXCR4 in podocytes

was highlighted by a recent observation of prominent induction of CXCR4 in

podocytes of human nephrosclerosis [41]. In addition to CXCR4, inappropriate
expression of VEGF-164 plays a pathogenic role in glomerular diseases. Immuno-

histochemistry revealed that kidneys from HIV-1 transgenic mice and from patients

with collapsing focal segmental glomerulosclerosis (FSGS) of HIV-associated

nephropathy (HIVAN) had greater expression of both VEGF and its transcriptional

regulator, HIF-2 [42]. Furthermore, expression of VEGF and HIF-2 were increased

in HIV-infected podocytes in vitro.

9 Therapeutic Approaches Targeting Hypoxia

in Chronic Kidney Disease

To economize energy use under hypoxic conditions, cells suppress protein synthesis

by activating the unfolded protein response in response to endoplasmic reticulum

stress (see Chap. 33). At the same time as this pathway is bringing about a general

inhibition of translation, however, the cell is also activating other pathways essential

to survival, which result in the expression of genes involved in adaptation to

hypoxia. This multiactor response occurs via the activation of a “master gene”

switch, which results in a broad and coordinated downstream reaction. Sitting at

the center of this web of cellular responses to hypoxia is HIF (see Chap. 21).
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If HIF activation were already maximal under pathological conditions,

therapeutic approaches that target HIF might be of little use. However, accumulat-

ing evidence suggests that HIF activation is suboptimal in CKD (Fig. 1). In a model

of diabetic nephropathy, oxidative stress hinders activation of HIF [43, 44]. Protei-

nuric states may also inhibit HIF activation [45]. Furthermore, optimal HIF activa-

tion requires a moderate and sublethal decrease in oxygen tension. If hypoxia is too

severe, cells suffer from suppression or disappearance of HIF and induction of

apoptotic cell death. This “window of opportunity” for HIF was demonstrated by

studies utilizing an ex vivo model of isolated perfused rat kidney with controlled

oxygen consumption [46].

HIF level is determined by hydroxylation-induced degradation (see Chap. 22),

bringing enthusiasm to the development of prolyl hydroxylase inhibitors as a

therapeutic approach (see Chap. 32). The concept that inhibition of prolyl hydroxy-

lase is effective in CKDhas been validated in a variety of animalmodels of chronic as

well as acute kidney injury by our group and others.

10 Findings in Humans

Demonstration of chronic hypoxia in human kidneys has been hampered by technical

difficulties in measuring oxygen tensions in human organs. Indirect evidence of

chronic hypoxia was provided by the demonstration of hemodynamic changes in

the kidneys of patients with CKD. Measurement of intrarenal vascular resistance by

Doppler ultrasonography showed an increase in renal resistive index (RRI) even at an

early stage of disease in patients with tubulointerstitial injury [47].

chronic hypoxia oxidative stress

CKD

structural
changes

hemodynamic
changes

HIF

Fig. 1 Chronic hypoxia in the kidney is multifactorial and occurs via both structural and

functional mechanisms acting in concert. Hypoxic cells suffer from energy depletion and oxidative

stress, and oxidative stress aggravates hypoxia via reduction of oxygen utilization efficiency.

Sitting at the center of this web of cellular responses to hypoxia is hypoxia-inducible factor (HIF).

Under certain conditions, oxidative stress suppresses HIF activation, and HIF leads to upregulation

of adaptive genes to hypoxic conditions as well as antioxidative enzymes
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Gene-expression profiling of isolated proximal tubular epithelial cells by laser

capture microdissection from cryocut tissue sections of patients with proteinuric

glomerulopathies identified activation of hypoxia response pathways in progressive

patients [48]. In progressive but not in stable proteinuric kidney disease, proximal

tubular epithelial cells show an attenuated VEGF-A expression, despite the activa-

tion of intracellular hypoxia response and VEGF signaling pathways, which might

be due to the decreased expression of positive coregulators, such as EGF and

insulin-like growth factor (IGF)-1.

Activation of the RAS plays a crucial role in the progression of CKD, and

blockade of the RAS is the gold standard of therapeutic approaches. Estimation

of kidney oxygenation in human volunteers by blood oxygenation level-dependent

(BOLD) magnetic resonance imaging (MRI) showed that administration of angio-

tensin II caused an immediate decrease in kidney oxygenation [49]. It is thus likely

that conditions associated with local activation of the RAS are associated with

hypoxia of the kidney. Studies utilizing Doppler ultrasonography showed that

treatment of chronic proteinuric patients with RAS inhibitors decreased resistive

index (RI) and pulsatility index (PI), suggesting local hemodynamic improvement

by RAS inhibitors [50].

The ability to estimate the oxygenation status of the kidney at bedside would

have an enormous impact on renal care. While BOLD-MRI is promising, hurdles

in daily use need to be overcome (see Chap. 30). Oxygen-specific markers may also

be useful, but many good candidates, such as KIM-1 and N-GAL, were found to be

upregulated by various insults and are not hypoxia specific. In addition, HIF, an

oxygen-dependent molecule, is difficult to detect because of its short half-life.

11 Conclusion

Chronic hypoxia is the final common pathway to ESKD. Hypoxia of the kidney

may develop in the tubulointerstitium before structural microvasculature damage in

the corresponding region and play a pathogenic role from an early stage of CKD.

Given expectations of efficacy in a broad range of renal diseases, therapeutic

approaches against this final common pathway are eagerly awaited.
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Chapter 29

Oxidative Stress and Hypoxia

in the Pathogenesis of Diabetic Nephropathy

Fredrik Palm, Lina Nordquist, Christopher S. Wilcox, and Peter Hansell

Abstract The etiology of diabetic nephropathy is presently not fully understood,

and several pathophysiological mechanisms are likely to be involved. However,

there is a fair amount of support for a central role of oxidative stress and subsequent

tissue hypoxia for the development of diabetes-induced kidney damage. This

chapter will summarize some of the major biochemical pathways activated in the

diabetic kidney and discuss how these are related to increased oxidative stress,

tissue hypoxia, and the progression of diabetic nephropathy.

Keywords Reactive oxygen species � Oxygen consumption � Polyol � Nitric oxide
� Advanced glycation end product

1 Introduction

Diabetic nephropathy can be defined as a progressive impairment of kidney function,

which usually shows increased serum creatinine or calculated glomerular filtration

rate (GFR) and increased excretion of albumin and protein (24-h urinary albumin

excretion �300 mg). There are characteristic morphological changes that include

Kimmelstiel-Wilson syndrome (intercapillary glomerulonephritis), mesangial expan-

sion, and ultimately diffuse glomerulosclerosis, interstitial fibrosis, and extracellular

matrix accumulation [1]. Hypertension and cardiovascular morbidity are commonly

associated with the progression of diabetes and correlate with angiopathy of the

glomerular capillaries. However, diabetic nephropathy usually is delayed 12–15

years from diagnosis. Therefore, metabolic alterations occur before themorphological
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changes. At this entry stage, the kidney can demonstrate functional defects including

increasedGFR and oxygen consumption (QO2), resulting in decreased oxygen tension

(pO2) in the diabetic kidney [2–7]. The increased GFR is caused by increased

glomerular capillary pressure [8]. This increases the tubular electrolyte load and the

tubularNa+ transport (TNa) in order tomaintain electrolyte homeostasis. The increased

TNa inevitably increases the oxygen (O2) demand and thereby renal QO2. Indeed,

studies have shown that diabetic kidneys have reduced tissue pO2, which may be

linked in part to increased QO2 [5, 9, 10]. However, it should be noted that the

diabetes-induced increase in renal QO2 cannot be explained fully by increased active

TNa. Although animal models can reproduce many of the functional defects and the

presence of proteinuria, the special histological features are seen in full only in human

diabetic nephropathy.

Although accounting for only about 0.5% of total bodymass, the kidney consumes

approximately 10% of the bodyO2. About 80% of the renal QO2 is attributed to active

transport of electrolytes by tubular cells [11], while the remaining 20% is due to basal

metabolism [12]. The major renal consumer of energy is Na+/K+ adenosine tripho-

sphatase (ATPase), located in the basolateral membrane of most tubular cells. The

metabolism in the renal cortex is mainly aerobic and therefore highly dependent on

pO2. In the renal medulla, on the other hand, glucose oxidation is relatively high

compared to in the cortex, indicating a high glycolytic rate. The medulla has a

relatively low QO2 and anaerobic metabolism [12]. As a consequence, the cells in

the renal medulla function under close to hypoxic conditions even in normal physiol-

ogy [13]. The energy metabolism within the renal medulla is also highly heteroge-

neous. Glucose oxidation and QO2 are higher in the outer part of the medulla, while

the deeper, inner medulla is more dependent on anaerobic metabolism, with high

glycolytic rate, but almost undetectable QO2 [14].

Approximately 25% of the cardiac output is directed through the kidneys. Most

of this perfusion is directed toward the renal cortex, while only about 2.5% of

cardiac output perfuses the O2-poor medullary structures. The low medullary blood

flow is required to maintain an osmotic gradient, thereby optimizing urinary

concentration capacity [15]. Blood flow to the renal medulla is derived through

the closely situated ascending and descending vasa recta, creating a counter current

system where electrolytes are recirculated from the ascending to the descending

vessel. This counter-current system is necessary for maintaining the high osmotic

gradient used for concentrating the urine. However, the high pO2 of blood entering

the vasa recta ensures that O2 is shunted in the opposite direction, leading to a low

O2 delivery to the medulla [16, 17]. Clearly, shunting of O2 could influence

medullary pO2 [18], possibly leading to further reduced pO2, tubular damage, and

reduced kidney function. Several factors have been incriminated in the genesis

of diabetic nephropathy, and various defense mechanisms have been targeted for

prevention of ischemic and hypoxic kidney injury [19, 20]. In this chapter,

these factors and mechanisms will be discussed and the interplay between them

critically summarized.
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2 The Role of Hypoxia and Oxidative Stress

Approximately 30% (3.1% per year) of all type 1 diabetic patients will eventually

develop diabetic nephropathy [21, 22], and 20% will develop end stage renal failure

[23, 24]. Diabetes is the most ubiquitous reason patients require dialysis or kidney

transplant [25, 26]. Diabetic nephropathy develops as a result of genetic suscepti-

bility interacting with environmental factors. Increased plasma glucose is accom-

panied by activation of numerous cellular pathways, and the exact mechanisms

that account for the deterioration in renal function have not yet been elucidated.

However, it has been suggested that a reduced renal parenchymal pO2 may

accelerate the development of nephropathy during several pathological conditions

[27–29].

Diabetes is closely associated with increased oxidative stress in many tissues,

including the kidneys. Five major metabolic pathways have been reported to

induce oxidative stress in hyperglycemia and diabetes: increased polyol pathway;

activation of protein kinase C (PKC); glucose-derived advanced glycation end

products (AGE); induction of the hexosamine pathway; and angiotensin II (Ang II)-

induced activation of the nicotinamide adenine dinucleotide phosphate (NADPH)

oxidase.

2.1 Diabetes-Induced Decreases in Kidney Oxygen Tension

The pO2 in any tissue will be the result of the O2 delivery and the QO2. The

majority of QO2 in the kidney is related to TNa, which itself correlates with the

filtered load [30]. Therefore, the diabetes-induced increase in kidney QO2 has

been ascribed to the effect of glomerular hyperfiltration that increases proximal

tubular reabsorption [5, 31]. However, although in the early stages of diabetes,

glomerular hyperfiltration and concomitant increases in transport-dependent QO2

are common [9], QO2 is also elevated in tubular cells from diabetic rats with

normal GFR [10], suggesting additional mechanisms for the increased QO2 in

diabetic kidneys (Fig. 1). In diabetes, excess formation of reactive oxygen species

(ROS) can derive from the electron transport chain located in the inner mitochon-

dria membrane or the NADPH oxidase [32–34]. Remarkably, correcting the

diabetes-induced ROS formation completely prevents the decreased pO2 in the

diabetic kidney [9]. In addition, a diabetes-induced decrease in interstitial reno-

medullary pH [10] would increase the shunting of O2 from the arterial blood in

descending vasa recta to the venous blood in ascending vasa recta due to the

Bohr effect. The net result will be a reduced O2 delivery to renal medulla and

hence reduced pO2. A decreased pO2 could be involved in progression of

nephropathy [27].
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2.2 Diabetes Induces Increases in Kidney Oxygen Consumption

Since QO2 has been found to be increased in diabetic cells from the kidney, there

must be impaired effects on O2 metabolism in diabetes that are independent of

hemodynamic changes such as hyperfiltration [9, 10]. The increased cellular QO2

has been linked to increased Na+/K+-ATPase activity [5, 35]. Increased activity of

the Na+/glucose-linked transporters (SGLT) as a result of the increased filtered load

of glucose can increase Na+/K+-ATPase activity [5]. Moreover, hyperglycemia

enhances the expression of uncoupling protein-2 and increases gluconeogenesis

and fatty acid metabolism, thus inducing a further increased QO2 [36, 37]. Nitric

oxide (NO) inhibits mitochondrial QO2 reversibly and dose dependently. Thus, the

ROS-induced increase in cellular QO2 in the diabetic kidney is at least partly due to

increased degradation of NO [38].

2.2.1 Activation of the Polyol Pathway and Pseudohypoxia

With their report on polyol pathway in Science in 1966, Gabbay et al. described the

first pathological mechanism in basic diabetes research [39]. The diabetes-induced

increase in intracellular glucose concentrations activated the polyol pathway in tissues

with insulin-independent glucose uptake [40, 41]. The NADPH-dependent enzyme

aldose reductase not only inactivates toxic aldehydes by reducing them to alcohols but

also metabolizes glucose. Within the renal tissue, aldose reductase was found pre-

dominantly in themedulla, whereas low enzymatic activity was detected in the kidney

cortex [42]. Aldose reductase has a low affinity for glucose (Km ¼ 70mmol/L), which

accounts for polyol pathway as being only a minor contributor to the total glucose

Fig. 1 Schematic view of mechanisms linking hyperglycemia to reduced kidney oxygenation and

the development of diabetic nephropathy
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usage during normoglycemia. However, during manifest diabetes with excessive

intracellular glucose levels the activity of the polyol pathway increased substantially.

The initial step of the polyol pathway (i.e., aldose reductase) entails a reduction

of glucose to sorbitol, consuming NADPH. Since NADPH is required to regenerate

the antioxidant capacity of tissues, this will predispose to oxidative damage. More-

over, the sorbitol formed by aldose reductase is further oxidized to fructose, thereby

reducing NAD+ to NADH and altering the intracellular redox-state [43]. This can be

detected as an increased lactate/pyruvate ratio, mainly due to increased lactate

concentration [40]. In diabetes, the lactate/pyruvate ratio increases in the renal

cortex as well as in the medulla, but inhibition of polyol pathway prevented the

increase in the medulla only [10], corresponding to the medulla being the

main location of aldose reductase [44]. An increased NADH/NAD+ ratio can

mimic cellular abnormalities induced by hypoxia, even though the available O2

is well above hypoxic threshold. Thus, this state is commonly referred to as

“pseudohypoxia” [40]. However, an increased activity of the polyol pathway also

will reduce renal pO2 in the diabetic kidney [10]. Glucose-induced activation of

polyol pathway has been demonstrated in numerous tissues affected by diabetes,

including renal medulla [10, 45–47]. Activation of the polyol pathway may induce

pathology by activation of the pentose phosphate pathway, diacylglycerol (DAG),

and PKC [40]. Additionally, the protein expression, as well as the activity of the

aldose reductase, is increased during manifest diabetes mellitus [41].

Presently, there are no clinical treatments directed against the polyol pathway to

test the impact of this mechanism. However, a polymorphism of the aldose reduc-

tase gene (ALR2) is associated with decreased risk of microvascular diabetic

complications and thus could be a therapeutic target [48]. Since NO inhibits aldose

reductase [49], strategies to restore NO may be effective in part by reducing this

pathway. Aldose reductase inhibition for 5 years preserved nerve conduction

velocity in diabetic dogs [50]. However, a similar study showed no beneficial

effects of aldose reductase inhibition for albuminuria or renal morphological

changes [51]. It should be noted that inhibiting excessive ROS formation at the

level of mitochondrial membrane totally inhibited the activation of the polyol

pathway [33]. Thus, beneficial effects of antioxidant strategies might be mediated

in part by reduced activity of the polyol pathway.

2.3 Alterations in the Nitric Oxide System

NO in the kidney acts as a vasodilator, and it regulates GFR, tubuloglomerular

feedback, proton secretion, Na+ reabsorption, and pO2 by affecting both O2 delivery

and QO2 [52–57]. In proximal tubular cells, NO inhibits QO2 both by inhibiting

TNa, and fluid transport and by direct inhibition of the mitochondrial respiration

[56–58]. On the other hand, it should be noted that in pathological states such as

diabetes nitric oxide synthase (NOS) may be the source of superoxide through

“NOS uncoupling,” linked to increased cytotoxic peroxynitrite formation and a
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reduced bioavailability of tetrahydrobiopterin (BH4) [59, 60] (Fig. 2). Peroxynitrite

in diabetic mice increased renal eNOS monomer expression and decreased renal

eNOS dimer expression, which is predicted to switch eNOS from producing NO to

superoxide radicals [60–62]. Additionally, peroxynitrite may cause irreversible

damage to the mitochondria, which may induce further oxidative stress and inflam-

mation [63].

There are at least three known isoforms of NOS: constitutive endothelial NOS

(eNOS), neuronal NOS (nNOS), and inducible NOS (iNOS). There are reports that

diabetic patients with overt nephropathy have altered allele frequencies in the gene

expressing eNOS compared to normoalbuminuric diabetic patients [64], but there is

controversy regarding the nature of NOS alterations in diabetes. The expression of

eNOS in diabetic rats is often enhanced [65–67], but the renal cortex from diabetic

rats displays a 50% reduction in total NOS activity [68]. Both the renal density and

the distribution of NOS binding sites are decreased in diabetic rabbits [69]. Also, it

should be noted that increased NOS expression does not necessarily result in

increased NO release [66]. Hyperglycemia reduced eNOS activity in bovine aortic

endothelial cells [70]. Komers et al. showed that eNOS expression was decreased in

cortical membrane preparations, whereas the expression in cytosolic fractions was

increased [71]. Since eNOS is a membrane-bound enzyme, this may imply

decreased NOS activity. However, the nNOS isoform has been assigned a special

role in the development of diabetic nephropathy [72]. The expression of nNOS is

decreased in the macula densa and in the renal cortex of diabetic rats [73]. There may

be a relationship between decreased expression of nNOS and diabetic nephropathy

[74]. However, there are also reports of increased nNOS in diabetes [75]. Moreover,

inhibition of nNOS with S-methyl-L-thiocitrulline (SMTC) has been shown to be

renoprotective [76]. Hyperglycemia-induced alterations in NOS expression and

activity can be restored fully by intense insulin treatment [68, 71, 77]. The iNOS

isoform is soluble. It has little constitutive expression but is induced by immunos-

timulants such as infections, bacteria, and cytokines. The involvement of iNOS in

diabetic nephropathy is controversial [67], but cortical iNOS is induced during

Fig. 2 Elevated superoxide

levels causes oxidation of

tetrahydrobiopterin (BH4) to

dihydrobiopterin (BH2),

which causes uncoupling of

endothelial and neuronal

nitric oxide synthase (eNOS

and nNOS, respectively). The

result is that the NOS switch

from producing nitric oxide to

superoxide radicals, which

further increases the oxidative

stress
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diabetes [78], and NO synthesis is increased during the development of nephropathy

[79]. Ketoacidosis is thought to reduce NO production via reduction of iNOS

activity [80]. An 80% reduction of iNOS activity has been reported in mesangial

cells during low pH, despite close to normal iNOS mRNA and protein levels. This is

restored by normalizing the pH, but not by L-arginine supplementation. It is not clear

yet how this relates to the effects of ketoacidosis.

Some studies in diabetes have reported increased levels of NO [81, 82] and an

increased urinary excretion of NO metabolites [83], whereas others have reported

decreased NO bioavailability [69, 84, 85]. These results may not be in conflict since

the renal tissues become unresponsive to the vasodilatory effect of NO in diabetes

[72, 86] and may therefore have increased susceptibility to vasoconstriction [87].

Oxidative stress promotes vasoconstriction and scavenges NO, which add further to

the overall hypoperfusion of the kidney during the more advanced state of the

diabetic nephropathy [34, 88]. Schnackenberg and Wilcox demonstrated that the

response to acetylcholine in isolated afferent arterioles was shifted from a profound

vasodilatation in vessels from normoglycemic rabbits to a profound vasoconstric-

tion in diabetic vessels [89] (Fig. 3). Importantly, acute treatment with the antioxi-

dant tempol (4-hydroxy tempo; 1 mmol/L) in the bath shifted the response back

to a vasodilatation, demonstrating a pivotal involvement of oxidative stress. It is

well-established that NO deficiency eventually results in hypertension and the

development of progressive kidney dysfunction [90].

There are at least two additional mechanisms that may account for decreased NO

activity in the diabetic kidney. Diabetic animals have increased NOS uncoupling

and reduced plasma L-arginine concentration, both of which will limit NO produc-

tion [84]. The administration of L-arginine induces a pronounced increase in

Fig. 3 The response of isolated

afferent arterioles from

normoglycemic control and

streptozotocin (STZ)-diabetic

rabbits to acetylcholine (Ach).

Ach caused a vasodilation in

normal arterioles, whereas it

induced vasoconstriction in

afferent arterioles from diabetic

rabbits. The vasodilation was

partly restored by acute

administration of tempol

(1 mmol/L) to the isolated

vessels. Data from

Schnackenberg and

Wilcox [89]
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bioavailable NO specifically in diabetic animals [84] and causes vasodilatation, an

effect that is enhanced by insulin [91]. Romero et al. suggested further that there

was an augmented intracellular arginase activity in diabetes, which would further

limit L-arginine levels inside the NO-producing cells [92]. This may be a mecha-

nism that will limit the efficiency of L-arginine supplementation to diabetics.

2.3.1 Dimethyl Arginines

Endogenously produced NOS inhibitors may regulate NO generation in a number

of disease states [93]. Among the most important is the L-arginine analogue

asymmetric dimethyl arginine (ADMA), which is a competitive inhibitor of NOS

isoforms [94, 95], whereas its enantiometric form symmetric dimethyl arginine

(SDMA) has no direct inhibitory effect on NOS activity. However, SDMA may

compete with L-arginine for cellular uptake by cationic amino acid transporters and

thereby interfering with NO production [96]. Augmented plasma ADMA concen-

trations have been reported in diabetic animal models, as well as in patients with

chronic renal disease, diabetic neuropathy and retinopathy, patients with insulino-

penic diabetes, type 2 diabetes, or insulin resistance syndromes [97–107]. Plasma

concentrations of ADMA in patients with end stage renal disease strongly predict

both cardiovascular disease and overall mortality [108, 109]. Intracellular accumu-

lation of ADMA inhibits NO production and may be a causative mechanism

involved in the development of renal and cardiovascular failure.

Cellular ADMA originates from turnover of arginine residues within proteins

that have been posttranslationally methylated by protein arginineN-methyltransferase

(PRMT) class I [95, 110]. ADMA is an important regulator of NO production and NO

concentrations in the kidney [94, 95]. ADMA and SDMA are both excreted in

the urine. In addition, ADMA is metabolized by NG, NG-dimethylarginine dimethy-

laminohydrolase (DDAH) [111–113]. The kidneys are crucial for metabolizing

ADMA. DDAH isoforms I and II are expressed in the kidney at sites of NOS

expression [114]. DDAH I is mainly found in the proximal tubules, whereas DDAH

II is found in the arteriole, glomerulus, macula densa, renal vasculature, and distal

tubule [100]. Since proximal tubules comprise the major part of the renal cortex,

DDAH I may therefore be the most important isoform for renal metabolism of

ADMA. DDAH II localization suggests that it may regulate kidney hemodynamics,

which has also been implicated in the development of diabetic nephropathy [72, 86,

115]. Onozato et al. demonstrated that DDAH I is downregulated in diabetes, whereas

DDAH II is upregulated [100]. This finding of upregulated DDAH II may provide an

explanation for the afferent arteriolar vasodilation seen in states of reduced renal NO

availability [72, 84, 86, 115–117]. Decreased DDAH I in diabetes could increase renal

tissue levels of ADMA, thus inhibiting cortical NOS and reducingNO bioavailability.

A concomitant upregulation of DDAH II in the macula densa and afferent arteriole

would protect nNOS activity and thereby cause a NO-dependent vasodilatation of

the afferent arteriole, even though the total NO availability in the diabetic kidney is

reduced.
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2.4 Proinsulin C-Peptide

Other factors besides hyperglycemia are implicated in the development of diabetic

nephropathy. Proinsulin C-peptide is secreted from the pancreatic islets of

Langerhans together with insulin. When, as in type 1 diabetes mellitus, insulin

synthesis is impaired, there is a corresponding reduction in the synthesis and

secretion of C-peptide. C-peptide has been shown to improve function in many of

the tissues commonly affected by diabetes complications [118–123]. This provides

some insight into the finding that pancreas transplantation reduces diabetic lesions

after 10 years of normoglycemia [124]. C-peptide had renoprotective effects both in

diabetic patients and in animal models [120, 125]. C-peptide acutely decreases

hyperfiltration in diabetic patients [118, 125, 126] and improved renal function

when administered chronically to diabetic patients [127]. In experimental diabetes

mellitus, C-peptide reduced renal hypertrophy, proteinuria, and albuminuria [120,

128, 129].

C-peptide inhibited Na+/K+-ATPase in isolated proximal tubular cells from

diabetic animals [130]. This normalized baseline proximal tubular QO2 [131].

The C-peptide–induced inhibition of Na+/K+-ATPase in diabetes is supported by

the in vivo observation that C-peptide increases both urinary lithium clearance

and fractional Na+ excretion, which are the results of inhibited TNa in diabetic rat

kidney [130].

C-peptide has been shown to affect O2 transport, uptake, and consumption in

several tissues, including the kidney, which in part is accomplished by inducing NO

release [131]. In the kidney, C-peptide administration likely possesses dual actions:

the peptide constricted the afferent arteriole but induced a compensatory dilation

of the efferent arteriole, which maintained renal blood flow [130, 132]. Similar

effects have been reported for adenosine, as well as for insulin [133–136].

C-peptide also improved diabetes-induced erythrocyte deformability, which has

the potential to improve O2 uptake in capillaries and thus tissue pO2 [131].

It appears that C-peptide possesses state-specific effects; although generally

reported to be a stimulator of eNOS, C-peptide counteracts diabetes-induced

increases in renal eNOS expression [137, 138]. In normoglycemic rat proximal

tubular cells, C-peptide stimulated Na+/K+-ATPase [139, 140], whereas, it had the

opposite effect in isolated proximal tubular cells from diabetic animals [130] and

normalized baseline proximal tubular QO2 [130, 131].

2.5 Adenosine

In addition to regulating blood flow by modulating vascular resistance, adenosine is

also coupled to energy metabolism and TNa. The renal effects of adenosine are more

pronounced in the renal medulla than in the cortex. Adenosine increased medullary

pO2 but decreased cortical pO2 [141]. Adenosine caused vasoconstriction in the
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renal cortex via acting on the adenosine A1-receptor (A1AR), which directly

reduced GFR [142]. Furthermore, selective A1AR blockade increased cortical

blood flow by 15%, whereas medullary blood flow remained unchanged in normo-

glycemic control rats [143]. However, the same study reported that medullary pO2

decreased more than 40% after A1AR blockade. Thus, it is not yet fully elucidated

whether adenosine is protective or damaging to the diabetic kidney [144, 145]. It is

clear that the vascular effects of adenosine are both concentration and time depen-

dent. Adenosine caused renal vasoconstriction in short time and at low doses, and

renal vasodilation later on and in higher concentrations [142, 146–148]. The

vasoconstrictor effect of adenosine is enhanced in diabetic kidneys [149], perhaps

via interaction with Ang II [146].

3 Sources and Molecular Effects of Oxidative Stress

Diabetes is closely associated with increased oxidative stress in the kidneys [9].

This may be offset by upregulation of the antioxidant enzyme hemeoxygenase-1

[150]. Treatment with antioxidants (e.g., a-tocopherol, pycnogenol, beta-carotene,
and alpha-lipoic acid) have reduced oxidative stress in diabetic rats [151]. Antioxi-

dant treatment reduced the diabetes-induced increase of the hemeoxygenase-1 and

increased the activity of glutathione and glutathione redox enzymes [152, 153]. We

have previously shown that treating diabetic animals with the free radical scavenger

a-tocopherol fully prevented the diabetes-induced decrease in kidney pO2 and

normalized the cellular QO2 [9]. Prevention of the early metabolic alterations

occurring in diabetic kidney is likely to significantly improve or delay the onset

of the structural and functional changes commonly associated with the progression

of diabetic nephropathy.

3.1 Reactive Oxygen Species: The Unifying Mechanism

Oxidative stress is the result of an imbalance between ROS formation and the

activity of the antioxidant defense system (e.g., superoxide dismutase [SOD]).

Increased production of ROS during diabetes is accomplished by several different

pathways, for example, increased NADPH oxidase activity, uncoupled NOS, and

mitochondrial superoxide production. ROS are implicated in the development of

diabetic nephropathy [9, 34, 154–157]. ROS can damage enzymes and DNA and

regulate transcription factors and the activity of various O2-sensitive genes. Hyp-

oxia-inducible factor (HIF)-1 has emerged as an important mediator for medullary

adaptation to low pO2 under physiological conditions [158]. A unifying mechanism

has been reported whereby hyperglycemia-induced ROS activated several path-

ways known to participate in the development of diabetic complications, namely

568 F. Palm et al.



the hexosamine pathway, glucose flux through the polyol pathway, formation of

AGE, and activation of PKC [33, 157, 159]. However, this theory does not specify

where the ROS are produced, only that the normalization of the superoxide con-

centrations at the levels of the mitochondria membrane prevents activation of

these pathways. In the view of the excessive capability of NADPH oxidase to

produce superoxide anions as a result of AT1-receptor activation, it seems likely

that superoxide anions produced in the cytosol could influence mitochondria

function and potentially activate these pathways.

3.1.1 Activation of Protein Kinase C

PKC is activated via synthesis of DAG within a few days of hyperglycemia [160,

161]. Increased PKC activity is linked to numerous diabetic complications, includ-

ing nephropathy [157, 162]. PKC mediated alterations in renal blood flow [163],

possibly by decreasing the production of NO [164]. PKC is also an activator of the

mitogen-activated protein kinase (MAPK) pathway, a regulator of cell growth, and

is pivotal for development of hypertrophy in the diabetic kidney [165]. Superoxide

production by the medullary thick asending loop of Henle (mTAL) has recently

been shown to be partially PKC dependent [166]. mTALs from diabetic rats display

increased superoxide production that can be abolished by specific inhibition of

PKCa or PKCd. Inhibition of PKC decreased mesangial expansion, albuminuria,

and GFR and increased pro-inflammatory gene expression and vascular permeabil-

ity in several models of experimental diabetes [157, 163, 167].

3.1.2 Advanced Glycation End Products

Posttranslationally modified proteins, such as glucose-derived AGE, are increased

in diabetic glomeruli and urine [156, 168]. AGEs are formed when glucose

auto-oxidizes to dicarbonyls, which thereafter react with protein amino groups and

modify proteins, alter extracellular matrix function and stimulate the production of

cytokines and ROS-specific receptors [169, 170]. AGE induce mitochondria-induced

oxidative stress in the kidney [171], and AGE-modified plasma proteins caused

vascular pathology [170]. A polymorphism in an AGE receptor (RAGE) was asso-

ciated with a weak protective effect and a longer duration of nephropathy-free

diabetes [172]. Recently, the renoprotective effects of angiotensin receptor blocker

(ARB), calcium channel blocker, lipid- (bezafibrate) or glucose-lowering (pioglita-

zone) agents, and the HIF activator cobalt chloride in a model of type 2 diabetes were

related to a reduction in the intrarenal AGE accumulation [173]. Taken together with

reports of inhibition of AGE that prevented manifestations of diabetic nephropathy

[174–176], this suggests that AGE play an important role for progression of diabetic

nephropathy.

29 Oxidative Stress and Hypoxia in the Pathogenesis of Diabetic Nephropathy 569



3.1.3 The Hexosamine Pathway

Shunting of excess intracellular glucose increased the delivery of substrates to the

hexosamine pathway [177] whose end product (UDP-N-acetylglucosamine) causes

glycosylation and affects several transcription factors [178–180]. The rate limiting

step in the formation of hexosamines is glutamine:fructose-6-phosphate amido-

transferase (GFPT), and increase in mesangial GFPT activity increased cytokine

levels [181]. Intracellular glucose that enters the hexosamine pathway is metabo-

lized to glycolipids, proteoglycans, and glycoproteins [157], which in turn increase

the transcription of pro-sclerotic transforming growth factor and plasminogen

activator inhibitor-1 (PAI-1) [179, 182], which cause microvascular dysfunction.

The hexosamine pathway may also increase the expression of growth factors and

leptin [183]. However, activation of the hexosamine pathway is dependent on

excessive ROS levels at the level of the mitochondrial membrane [33].

3.2 Hypoxia and Oxidative Stress in Mitochondria

The mitochondria require a proton gradient across the inner membrane to produce

ATP, which is accomplished by the transfer of electrons along the electron transfer

chain. Complexes I, III, and IV are all coupled to proton transport, and for every

two electrons passing through the electron transport chain, ten protons are pumped

into the mitochondrial intermembrane space. This creates a proton gradient across

the inner membrane, which is used by ATP-synthase to produce ATP from adeno-

sine diphosphate (ADP) and inorganic phosphate (Pi). Mitochondria generate ROS

even during normal respiration, which may account for approximately 0.2% of total

normal cellular QO2 [184, 185]. However, mitochondrial ROS generation is ele-

vated in diabetes and aging [186, 187]. An abnormally high proton gradient is

created across the inner mitochondrial membrane during sustained hyperglycemia,

causing increased ROS formation [162, 188].

Several aspects of mitochondria function are altered in the diabetic kidney.

Within the kidney, mitochondrial QO2 is normally coupled to active transport (i.e.,

it depends on the availability of ADP and the subsequent ATP production) [189].

In brown adipose tissue, however, mitochondria display no such relationship due to

the presence of uncoupling protein (UCP)-1, which is responsible for nonshivering

thermogenesis. UCPs belong to a mitochondria anion carrier family and have an

uncoupling function (i.e., uncoupling QO2 from ATP production). This is accom-

plished by allowing protons to leak back across the inner membrane without passing

through the ATP synthase [33, 188, 190–192]. Even minor UCP-related uncoupling

will cause a mild depolarization, thus reducing the mitochondrial membrane poten-

tial [191].

Recently, UCP-2 was identified in both rodent and human kidneys [193–197].

Proximal tubular cells as well as cells of the medullary thick ascending loop of
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Henle showed heavy staining for UCP-2 in the rat kidney [195]. It was also shown

that mitochondria isolated from kidney cortex of diabetic rats display glutamate-

stimulated QO2 during inhibition of ATP synthase, indicating mitochondria uncou-

pling. This was further confirmed by addition of the UCP specific blocker guanosine

diphosphate (GDP), which blocked all uncoupled QO2 [196, 198]. Although the

increased mitochondria uncoupling likely has a protective role against excessive

ROS formation in the diabetic kidney, it will increase theQO2 needed to sustain ATP

production [190, 199–201]. This may provide an explanation for the lack of rela-

tionship between the diabetes-induced increase in renal QO2 and active transport of

electrolytes, and explain the increased electrolyte transport-independent QO2 occur-

ring in these kidneys [9, 10]. It should be noted that intense insulin treatment

abolished the increased UCP-2 protein expression and the increased cellular QO2

in the diabetic kidney [196].

3.3 NADPH and the Pentose Phosphate Shunt

NADPH is the main intracellular reductant and regenerator of the antioxidants

glutathione and lipoic acid. The entire antioxidant system is dependent on a

sufficient supply of NADPH since glutathione and lipoic acid in turn exert impor-

tant intracellular antioxidant activities by reacting with ROS and organic peroxides

[202]. NADPH is formed during glycolysis, oxidative phosphorylation, and by the

pentose phosphate shunt, which controls the synthesis of sorbitol and glutathione.

Binding of glucose to mitochondria leads to the formation of both ADP and

glucose-6-phosphate (G6P). ADP that enter the mitochondria will stimulate oxida-

tive phosphorylation, whereas G6P acts as the switch between glycolysis, glycogen

synthesis, and the pentose phosphate shunt and can induce NADPH production.

Since production of NADPH is dependent on G6P dehydrogenase, a decrease in

G6P dehydrogenase activity results in decreased NADPH levels, increasing the risk

for oxidant damage [203, 204].

The enzymes of the renal pentose phosphate shunt are activated in kidneys from

both animal models of experimental diabetes and in suboptimally treated diabetic

patients with chronic metabolic acidosis [205, 206]. These alterations are likely of

relevance in development of renal hypertrophy [206].

3.4 NADPH Oxidase

Several studies have reported a role for NADPH oxidase in the development of

experimental hypertension and nephropathy [207, 208]. NADPH oxidase includes

the membrane-associated subunits Nox-2 (originally referred to as gp91phox),

p22phox, and the regulatory cytosolic proteins p47phox, p67phox, p40phox, and Rac1

[209]. The cytosolic elements all assemble and bind to subunits Nox-2 and p22phox

to form an active superoxide producing enzyme [210, 211].

29 Oxidative Stress and Hypoxia in the Pathogenesis of Diabetic Nephropathy 571



All components of the NADPH oxidase, as well as isozymes Nox-1 and -4, are

expressed in the kidney [212]. The main locations correlate with the sites of ROS

production. The sites of intrarenal expression include renal vessels, glomeruli,

podocytes, thick ascending limbs of the loop of Henle (TAL), macula densa, distal

tubules, collecting ducts, and cortical interstitial fibroblasts.

Renal NADPH oxidase produces a significant amount of superoxide radicals [213],

which can react with NO to form peroxynitrite, which is a potent oxidant and

nitrosylating agent. This reaction coincidentally causes NO deficiency. Since NO

normally regulates tubuloglomerular feedback and enhances renal blood flow, with

some relevance for Na+ excretion, NO deficiency could result in hypertension, glo-

merulosclerosis, proteinuria, and eventually the development of renal failure [90].

Furthermore, several vasoconstrictors are activated by oxidative stress [90]. Thus,

oxidative stress has been increasingly implicated in the pathogenesis of diabetic

renal injury [214]. A high salt intake increased renal superoxide generation by

diminishing the renal expression of SOD and increased NADPH oxidase activity

[215]. Nox4 is induced by activation of the renin-angiotensin system (RAS) [216].

Nox1 activity and p22phox are also upregulated by activation of RAS and by infusion

of Ang II [216, 217]. Interventions directed against the RAS normalized p47phox

protein expression [34]. However, the mechanisms of NADPH oxidase activation in

the diabetic kidney are not fully elucidated [218], but the protein expressions of

several subtypes increased shortly after induction of diabetes and correlated with

proteinuria [34, 154, 207, 219]. Translocation of p47phox to themembrane resulted in

increased oxidative stress in diabetic kidneys [154]. NADPH oxidase expressions

were upregulated in glomeruli of type 1 diabetic mice [220]. Streptozotocin-induced

diabetic rats had increased mRNA for p47phox, p22phox, and Nox4 in both tubular

cells and glomerular podocytes [154, 221]. Exposure of mesangial cells to advanced

oxidation protein products led to membrane-associated phosphorylation of PKCa,
which caused phosphorylation of cytosolic p47phox and led to membrane transloca-

tion that activated of NADPH oxidase [222]. The NADPH oxidase inhibitor apoc-

ynin decreased expression of the subunit gp91phox and repressed activation of

p47phox in diabetic rat kidneys [154].

Nox4 is believed to be the major renal source of ROS in diabetic animals. Renal

oxidative stress is paralleled by an increase in Nox4 and decreased superoxide

dismutase activity in type 1 as well as in type 2 diabetes [223, 224]. Knockdown

of Nox4 by siRNA reduced NADPH oxidase activity and blocked glucose-induced

mitochondrial superoxide generation [223]. Part of the diabetes-induced renal mito-

chondrial oxidative stress was due to increasedmitochondrialmembrane permeability

and to protein modifications by nitrotyrosine generation [224].

3.5 Angiotensin II

The RAS plays a key role in the development of diabetic nephropathy, and intrarenal

Ang II is increased in insulinopenic diabetes [100]. Through its action on Ang II
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receptor subtype 1 (AT1), Ang II increased NADPH oxidase activity, which stimu-

lated the formation of superoxide anions [34, 215, 217, 225, 226] (Fig. 4). Ang II

modulated the NO pathway in the diabetic kidney [115], partly by directly regulating

the intrarenal ADMA levels [100]. Additionally, Ang II activated PKC [227]. Early

diabetes mellitus in rats was associated with a transient increase in plasma renin

activity [228], causing an increase in Ang II formation. A renin gene polymorphism

may contribute to diabetic nephropathy through increased renin gene expression

[229]. In addition, certain polymorphisms of angiotensin converting enzymes (ACE)

are associated with increased susceptibility to diabetic nephropathy [64].

Inhibition of RAS activity has a renoprotective effect during diabetes [65,

230–233]. ARB and ACE inhibition have beneficial effects on albuminuria in both

animal models of experimental diabetes and diabetic patients [234–236]. RAS inhibi-

tion prevented diabetes-induced eNOS expression in rats with streptozotocin-induced

diabetes [34, 65], reduced diabetes-induced endothelin-1 activation [237], and inhib-

itedNADPHoxidase activity [238, 239]. Onozato et al. reported that diabetes-induced

increases in renal Ang II andADMAboth are normalized by anARB,which increased

the renal expression of ADMAmetabolizing enzyme DDAH I, decreased the expres-

sion of the ADMA synthesizing enzyme PRMT-1, and resulted in increased intrarenal

NOproduction [100]. These novel results provide at least a partial explanation for why

patients with advanced nephropathy likely will be those who benefit the most from

blockade of the RAS [240].

Fig. 4 Angiotensin II

activates the nicotinamide

adenine dinucleotide

phosphate (NADPH) oxidase

to produce superoxide

radicals via AT1-receptors,

which induces a further

increase in superoxide

production by the

mitochondrial electron

transport chain. ARB
angiotensin II AT1-receptor

blocker; MPT mitochondrial

permeability transition pore
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4 Conclusion

These considerations suggest that there could be substantial advances in the

treatment of diabetes by better understanding of the complex interplay between

oxidative stress, NO, and O2 metabolism in the diabetic kidney. Since oxidative

stress-induced hypoxia of kidney tissue may underlie diabetic nephropathy, potent

antioxidants are strong candidate drugs for therapeutic strategies to prevent diabe-

tes-induced kidney damage. Even more appealing may be combining treatments, by

prescribing a multitargeting therapeutic strategy that inhibits RAS, AGE, and

ADMA formation and contain antioxidant and C-peptide supplementation to treat

or prevent diabetic nephropathy. Prevention of the early metabolic alterations that

occur in diabetic kidney is likely to improve or delay the onset of the structural

and functional changes commonly associated with the progression of diabetic

nephropathy.
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Chapter 30

Estimation of Kidney Oxygenation by Blood

Oxygenation Level Dependent Magnetic

Resonance Imaging

Lu-Ping Li and Pottumarthi V. Prasad

Abstract Presence of renal hypoxia and its consequences to renal pathophysiology

is well accepted now. Most data on renal oxygenation available today are based on

animal models, and an ability to translate the findings to humans was highly desired.

Although, several novel methodologies are being pursued, to date blood oxygena-

tion level dependent (BOLD) magnetic resonance imaging (MRI) is the only known

technique available to evaluate renal oxygenation in humans. The technique is

noninvasive, based on an endogenous contrast mechanism, and can be applied to

both animal models and humans. The ability to evaluate relative renal oxygenation

status in both health and disease could be useful in better understanding the patho-

physiology and allowing for monitoring of potential novel interventions.

In this chapter, we provide an overview of the principles involved and the

implementation and various applications that investigators around the world have

pursued to date.

Keywords Hypoxia � Magnetic resonance imaging � Diabetes � Hypertension �
Transplantation
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GFR Glomerular filtration rate

HIF Hypoxia-inducible factors

LiPc Lithium phthalocyanine

L-NAME N (G)-nitro-L-arginine methyl ester

MRI Magnetic Resonance Imaging

NADPH Nicotinamide adenine dinucleotide phosphate

NO Nitric oxide

NOS Nitric oxide snythase

NOSi Nitric oxide synthase inhibition

NSAID Non-steroidal anti-inflammatory drugs

pO2 Partial oxygen pressure

R2*,R2* The observed rate constant of the FID due to loss of phase coherence,

MRI parameter, (R2* ¼ 1/T2*)

RAS Renal artery stenosis

RBF Renal blood flow

RCM Radio-contrast media

STZ Streptozotocin, a naturally occurring chemical that is particularly toxic

to the insulin-producing beta cells of the pancreas in mammals

T1 Longitudinal relaxation time, MRI parameter

T2 Transverse relaxation time, MRI parameter

T2* The observed time constant of the FID due to loss of phase coherence,

MRI parameter

TE Echo time, MRI parameter

TR Repetition time, MRI parameter

UUO Unilateral ureteral obstruction

1 Introduction

Kidney is a highly perfused organ and has the least arteriovenous difference in

oxygen saturation, suggesting minimal oxygen consumption [1, 2] and hence well-

oxygenated tissue. In fact, it is estimated that the ratio of oxygen consumption to

delivery is on the order of 7% for kidney as a whole [3]. However, it is now well

known that kidney is highly susceptible to ischemic injury [4]. This apparent

contradiction was resolved when invasive microprobe measurements became avail-

able and it was shown that the hemodynamics were significantly different in the

renal cortex and medulla [5, 6]. This led to the theory of medullary hypoxia and its

potential implications to kidney disease, especially acute ischemic injury [4].

Hypoxia is also becoming widely accepted as a key proponent of progression in

chronic kidney disease [7, 8].

While early estimates were based on whole organ measurements [9], the more

widely accepted data on renal oxygenation and blood flow are based on invasive
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microprobe measurements. These have led to a better understanding of the regional

differences in these measurements within the kidney and have allowed for the

understanding of several molecular mechanisms that influence them [1]. However,

the invasive nature left many of the findings not being translated to humans. The

first demonstration of the ability to translate some of these findings to humans was

done in mid-1990s using blood oxygenation level dependent (BOLD) magnetic

resonance imaging (MRI) [10]. The study for the first time demonstrated that renal

medulla in humans is hypoxic and that it can be influenced by maneuvers such as

administration of furosemide and water diuresis.

In this chapter we will review the basic principles involved in BOLD MRI, the

different techniques available, the many applications pursued by several different

groups around the world, and finally summarize the advantages and pitfalls of the

method.

1.1 Renal Medullary Hypoxia

Since this topic is more extensively dealt by other chapters, we will restrict the

discussion here so as to put the rest of the chapter in context. The magnitude of

medullary hypoxia can be explained by a combination of (a) low blood flow to the

region, (b) presence of oxygen shunting between the arterial and venous sections of

the vasa recta, and (c) relatively higher oxygen consumption to support the sodium

reabsorption along the medullary thick ascending limbs. The renal medulla has a

significantly low ambient partial oxygen pressure (pO2) (<20 mmHg) [5, 11]

compared to even systemic venous blood (<40 mmHg). Sufficient evidence has

now been obtained to support a pathogenic role of hypoxia in a number of diseases,

such as ischemic acute renal failure [4], in the development of nephrotoxic acute

kidney injury [12, 13] and in radiocontrast nephropathy [14, 15]. Furthermore,

accumulating evidence suggests that chronic hypoxia is a final common pathway to

end stage kidney failure in chronic kidney disease [8, 16].

1.2 Renal Oxygenation Measurements

The most widely applied method to study renal medullary hypoxia uses invasive

microelectrodes to measure tissue pO2 [5, 6, 17–23]. Recently a novel laser-based

probe for pO2 measurements has become available [24–27]. With the probe size on

the order of a couple of hundred micrometers, as opposed to tens of micrometers

with conventional microelectrodes, there are some fundamental differences in the

data obtained. However, considering the extreme fragility of microelectrodes,

the laser probes may have practical advantages. A histological method involving

the reduction of pimonidazole by nicotinamide adenine dinucleotide phosphate

(NADPH) has been used to map hypoxic regions [28]. Pimonidazole mapping is

not a quantitative technique and is typically sensitive only at pO2 less than

30 Estimation of Kidney Oxygenation by BOLD MRI 589



10 mmHg. Another objection to pimonidazole is that it may be reduced by an

increase in NADPH produced by increased synthesis rather than hypoxia. Recently,

the endogenous marker of hypoxia, upregulation of hypoxia-inducible factors (HIF)

has been demonstrated [11, 29]. Electron paramagnetic resonance (EPR) has been

shown to be useful in measuring changes related to tissue oxygenation [30, 31]. It

necessitates introducing lithium phthalocyanine (LiPc) crystals in to the tissue, from

which the EPR signals can then be monitored. The line width of the LiPc signals is

directly related to surrounding tissue pO2. EPR imaging may be used in concert with

suitable spin probes [32]. Oximetry based on 19F MRI has been demonstrated [33,

34]. None of these methods are readily applicable to humans today.

BOLD MRI is a noninvasive technique that has been shown to be sensitive to

tissue oxygenation. The technique has been widely used in the brain [35, 36]. It has

also been evaluated in the heart [37, 38], kidney [10, 39], muscle [40, 41], and

tumors [33, 42, 43] in both animal models and in humans.

For a more exhaustive review of the methods to measure renal oxygenation,

please refer to a recent review by Evans et al. [44].

1.2.1 Magnetic Resonance Imaging Technique

A detailed discussion on the principles of MRI is beyond the scope of the present

review. However, those interested are referred to a recent chapter by Storey [45].

MRI utilizes the large number of hydrogen nuclei present within the body (water

and fat molecules mostly). The hydrogen nuclei behave like tiny rotating magnets

(and hence referred to as spins) and are generally incoherent in terms of their

orientation, resulting in a zero net magnetization. When the body is placed in a

large constant homogenous magnetic field B0, these small spins align along or

against the field, resulting in a net magnetization along the direction of B0. An

electromagnetic pulse applied at the resonant frequency of the rotating spins is used

to change the orientation of hydrogen nuclei. Once the pulse is turned off, the spins

relax back to the equilibrium status, depending on two characteristic relaxation

times: T1 and T2. Even though the magnetic field within the scanner is highly

homogenous, in the presence of inhomogenous objects, such as a human body, the

uniformity is lost. This results in an apparent enhancement in T2 relaxation process

and is usually termed T2* (T2* � T2). Repetition time (TR) refers to the time

between the excitation pulses, and echo time (TE) refers to the time between

the excitation pulse and when the signal is acquired. These two usually control

the amount of T1 and T2 weighting on the image intensity.

1.2.2 BOLD MRI Principle

As the name BOLD suggests, the technique uses changes in blood oxygenation

levels to modulate the observed MRI signal. Deoxyhemoglobin is paramagnetic,

while oxyhemoglobin is diamagnetic. Changes in the oxygenation status within the
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blood vessels lead to changes in regional magnetic field homogeneity, resulting in a

change in regional T2*. Thus, an area with more deoxygenated blood will show up

relatively dark on a T2*-weighted image compared to region with well-oxygenated

blood around. The ratio of oxyhemoglobin to deoxyhemoglobin is related to the

pO2 of blood. Since pO2 of capillary blood is thought to be in a dynamic equilib-

rium with that of surrounding tissue, changes estimated by BOLD MRI can be

interpreted as changes in tissue pO2 [10].

While changes in T2* weighted signal intensity can be used to perform BOLD

MRI measurements [10], it is desirable to use T2* or R2* (¼1/T2*) as a BOLDMRI

parameter. This is because signal intensity will depend on many settings not related

to T2*. Signal intensity measurements are preferred when fast temporal response is

desired or when the magnitude of change in T2* is small, such as in brain functional

MRI [46]. Since most applications in the kidney do not need fast temporal resolu-

tion and the main interest is to follow the oxygenation status in the renal medulla,

which is relatively hypoxic at baseline, it is feasible to use R2* as a BOLD MRI

parameter.

1.2.3 R2* as a BOLD MRI Index

Calculation of R2* involves acquiring images with different echo times, as illu-

strated in Fig. 1. The initial study utilized echo planar imaging technique to acquire

images with each echo time during a different breathhold interval [10]. Due to

potential misregistration artifacts between each of these images, no attempt to

create an R2* map was made. Later a more robust and simpler acquisition sequence

was used to acquire multiple gradient echo images within a single breathhold to

allow for inline R2* mapping [47]. This is the method that is being widely used for

renal BOLD MRI.

BOLD MRI acquisition typically would include two or more images with

different echo times to provide different amounts of T2* weighting. These images

are then analyzed on a pixel-by-pixel basis to construct an R2* map. R2* is

calculated by fitting an exponential decay function to the signal intensity vs. echo

time data. Figure 2 is an example of multiple echo BOLD MRI images and the R2*

map generated from those images. Owing to the relative simplicity of fitting to a

linear function, some prefer to use a linear fit to Ln(signal intensity) vs. echo time

data [47]. While both approaches provide similar results, the potential differences

may be when the signal at longer echo times reaches the noise levels. One guiding

principle to avoid this condition is to use the longest echo time to be equal to the T2*

of the tissue of interest. At 1.5 T, T2* of medulla is approximately 50 ms, and so we

usually limit the maximum TE to be around 50 ms.

The R2* maps can be displayed either in gray scale [10] or color format [48, 49].

Given the magnitude of changes observed with pharmacological maneuvers, such

as furosemide, nitric oxide synthase (NOS) inhibition, gray scale display of R2*

maps is adequate. Figure 3 is an example of human kidney R2* map with the

indication of medulla and cortex. However, in situations where more subtle changes
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are expected, visualization in color may be advantageous [10, 49]. Here it is

important to realize that color scales need to be empirically determined. While

the color display allows for potentially better visualization, it has no influence over

the regional quantitative measurements.

1.2.4 Practical Logistical Issues When Using BOLD MRI

When scanning human patients, it is preferred to ask them to fast overnight (i.e.,

without food and drink) and perform the study in the morning. This is a way to

reduce the variability introduced by the hydration status. Our own studies have

indicated the effects of waterloading [50–52]. On the other hand, consumption of

coffee and alcohol lead to dehydration and could adversely influence renal oxyge-

nation level. Consumption of certain types of food could result in production of

excess gas, leading to bulk susceptibility artifacts on the T2* weighted images.

Patients should be coveredwith sheets to keep them at a comfortable temperature.

In our experience, breathholding provides the ideal solution to minimizing motion

artifacts. For this reason, we prefer to acquire a single slice during a breathhold so as

to minimize the breathhold interval (typically 12–15 s). This is important especially

in patients who may not be able to hold their breath for longer durations.

Fig. 1 Blood oxygenation level–dependent (BOLD) magnetic resonance imaging (MRI) changes

with partial pressure of oxygen (pO2). The deoxygenation of hemoglobin changes its magnetic

characteristics, leading to changes in a parameter of magnetic resonance called R2* (apparent spin-

spin relaxation rate). R2* can be estimated from signal intensity measurements made at several

different echo times (a–e). The slope of Ln (intensity) vs. echo time determines R2* and is directly

related to the amount of deoxygenated blood. A decrease in the slope implies an increase in the

pO2 of blood. We can either measure the slope or obtain intensity measurements at a single echo

time (e.g., d) to detect a difference in pO2. Because blood pO2 is thought to be in rapid equilibrium

with tissue pO2, changes in BOLD signal intensity or R2* should reflect changes in the pO2 of the

tissue. Reproduced from [10]
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For rodent studies, imaging can be performed either on dedicated small bore

scanners or using the scanners designed for human use. Studies are performed in

anesthetized animals and the type of anesthesia could potentially influence renal

physiology. Most widely used agent is inactin. An inherent advantage of this agent

is that the animals stay under its influence for a sufficiently long time with no need

for redosing. On the flip side, the animals do not recover, so the experiments are

terminal. For longitudinal studies, alternate short-acting anesthesia should be used.

Inhalant anesthesia such as isoflurane is commonly used for small animal scanning.

The use of whole body scanners designed for humans have certain practical

advantages when being used for rodent studies: (a) more widespread availability of

scanners, especially in large academic medical centers; (b) more open access to the

animal during the experiments formonitoring; and (c) easy translation to larger animal

models and humans. In addition to these general advantages, BOLD MRI methods

may have fewer limitations due to bulk susceptibility artifacts at the clinical field

strengths, especially in the abdomen. While studies in rat kidneys can be performed

using standard coils, for mouse studies custom-designed coils may be necessary [53].

Minimizing bulk susceptibility artifacts, primarily due to bowel gas, is a major

concern. Shimming is essential prior to performing BOLD MRI measurements. In

our experience, overnight fasting and positioning the animals on their sides help to

reduce the effects of bowel gas. Others have used MRI-compatible kidney isolator

[54]. It is not known if use of such a device has any effect on renal hemodynamics.

Fig. 2 Shown is a typical set of multiple gradient echo (mGRE) images with different echo times

along with the corresponding R2* map, which is generated by fitting the signal intensity in each

echo time image to a single exponential decay function on a pixel-by-pixel basis
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1.2.5 Effect of Field Strength

Because the susceptibility affects scale with field strength, sensitivity to BOLD

increases with higher field strength. Most reports to date on renal BOLD applica-

tions in humans have been at 1.5 T. However, 3.0 T scanners are becoming

increasingly available, and preliminary evaluation has demonstrated almost dou-

bling of the R2* values at 3.0 T compared to 1.5 T. Changes in R2* in response to

furosemide also scaled similarly [55]. At the same time the severity of bulk

susceptibility-induced artifacts were not much different from those at 1.5 T.

These observations suggest that measurements at 3.0 T would be preferred when

a choice is available.

2 Experimental Studies

2.1 Renal BOLD MRI Validation Studies

There have been few studies to date where BOLD MRI measurements have been

correlated with microprobe measurements. The initial BOLD MRI studies evaluat-

ing the effects of furosemide and acetazolamide in rat kidneys [56] showed a good

correspondence with previous reports using microprobes [5, 6]. Pedersen et al. [57]

Fig. 3 A representative data set: anatomic image of the kidney (top), together with R2* maps from

the same slice, showing the effect of nitric oxide synthase (NOS) inhibition. At the center is the

baseline R2*map, at the bottom the R2*map acquired 18min after the NG-Monomethyl-L-arginine

acetate (L-NMMA) infusion (peak response). Both maps are displayed with the same window and

level settings. Note that the medulla is relatively brighter than the cortex on the baseline R2* map,

indicating lower basal oxygenation. Its brightness increases with L-NMMA administration, imply-

ing a further reduction in oxygenation in response to NOS inhibition. Reproduced from [26]
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performed studies in swine where blood pO2 was modulated by varying the

breathing gas. They obtained BOLD MRI measurements in one kidney and corre-

lated them with microelectrode measurements performed in the contralateral kid-

ney. They did not use the electrodes in the same kidney to avoid susceptibility

artifacts due to the electrode. More recently, two studies have performed BOLD

MRI and microprobe measurements in the same animal models [25, 26]. One study

reported an increasing level of hypoxia over the first 4 weeks after administration of

streptozotocin (STZ) to later develop type 1 diabetes [25]. Simultaneous blood flow

measurements performed in the microprobe group showed that the increase in

hypoxia was not related to reduced blood flow (Fig. .4). On the other hand, when

evaluating the effects of L-NAME (NG-nitro-L-arginine methyl ester) [26], it was

found there was a dose-dependent increase in the level of hypoxia that correlated

with the reduction in blood flow (Fig. 4). These later studies were performed with

Oxylite/Oxyflo probes, which are MRI compatible. However, with the lack of MRI

compatible probe holders, simultaneous measurements have not yet been per-

formed.

2.1.1 Reproducibility Study

Over the past decade since the introduction of renal BOLD MRI, there have been a

number of studies performed by different investigators throughout the world that

have shown consistent findings [48, 52, 54, 57–73]. These studies were performed

on different vendor platforms and at different field strengths. Response to furose-

mide has been repeated in different species [47, 53, 56, 67] by different groups. In

human studies, the baseline values and the change following administration of

furosemide were comparable. In addition, two studies reported on reproducibility

specifically [70, 74]. One looked at short-term reproducibility (i.e., during the same

study session) [70, 73], and the other studied the long-term reproducibility [74].

Both studies showed the R2* measurements were reproducible within 12%. We

have shown measurements with a waterloading paradigm in three studies in humans

[50–52] and also reported limited reproducibility in one study [74]. Overall we

believe that waterloading may be more subject dependent compared to use of

furosemide.

2.2 Renal BOLD MRI Applications

2.2.1 Physiological/Pharmacological Induced Changes in Intra-Renal

Oxygenation

BOLDMRI is most effective in monitoring changes induced by pharmacological or

physiological maneuvers [10, 66]. The most widely applied maneuver is adminis-

tration of furosemide [55, 64, 71, 75, 76]. Waterload is another simple and effective
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Fig. 4 Summary of blood oxygenation level dependent (BOLD) magnetic resonance imaging

(MRI) measurements vs. direct partial pressure of oxygen (pO2) and blood flow measurement

using OxyLite/OxyFlo in L-NAME (NG-nitro-L-arginine methyl ester) induced hypertension

model and streptozotocin (STZ)-induced diabetes model. Blood pressure (a), medullary R2*

(b), renal medullary pO2 (c), and blood flow (d) data obtained in six rats at different dose of
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maneuver to acutely change medullary oxygenation [10, 50–52]. The observed

improvement in medullary oxygenation (lower R2*) has been shown to be related to

endogenous prostaglandin production in waterloading studies [51, 52, 77]. This

maneuver has also been shown to differentiate responses in the elderly [51] and

patients with diabetes [50] compared to healthy young subjects.

Vasoactive substances influence intrarenal oxygenation, and hence their actions

could be monitored using BOLD MRI. Angiotensin II is known to diminish renal

perfusion [78] and is thus expected to reduce renal oxygenation. This was recently

confirmed by the BOLDMRI measurement in healthy subjects where angiotensin II

caused a shortening of BOLD T2* in renal cortex [59].

Nitric oxide (NO) is a soluble gas that is continuously synthesized by the

endothelium [79] and has a wide range of biological properties including relaxation

of vascular tone. In rat kidneys, administration of L-NAME (a nitric oxide synthase

inhibitor) resulted in a further increase in medullary R2*, suggesting enhanced

hypoxia [39, 80]. A dose-dependent response to L-NAME in medullary R2*

has been found in rats and be confirmed by invasive pO2 and blood flow

measurement [26]. Interestingly, such an increase was absent in a genetic model

of hypertension [39] and was shown to be restored when treated with an antioxidant

[81] (Fig. 5). Preliminary data in a small number of healthy young human subjects

with NOS inhibition have been reported [26].

Iodinated radio-contrast media (RCM) iopromide produced an increase in med-

ullary and cortical R2* values in humans 20 min after administration [66]. Calci-

neurin inhibitors, cyclosporine microemulsion (CsA-ME), and tacrolimus are

currently the most widely used baseline immunosuppressants for prevention

of acute rejection following kidney transplantation. A significant reduction in med-

ullary R2* values (suggesting improvement in oxygenation) was observed 2 h after

CsA-ME administration in healthy subjects [66]. This is in apparent contradiction to

the previously reported decrease in renal blood flow related to afferent arteriolar

vasoconstriction [82]. However, the study also suggested reduction in glomerular

filtration rate (GFR), and it is possible that there is an associated reduction in oxygen

consumption related to reduced sodium reabsorption in the medulla. Tacrolimus had

�

Fig. 4 (continued) l-NAME. L-NAME infusion started at time 0. L-NAME infusion resulted in

increased mean arterial pressure (MAP) and decreased renal medullary pO2 and blood flow. All

measured parameters show a dose response. Although medullary R2* increased consistently with

the reduced medullary pO2 and blood flow, a trend toward baseline was observed even during the

infusion of L-NAME. All time points are statistically significant compared with the baseline based

on Student t-test, except the few time points marked with “N.” Error bars represent standard errors.

Effect of diabetes on the renal R2* signal in the cortex (e) and outer medulla (f ). Note the

progressive increase in R2* values (suggesting increasing levels of hypoxia) in both cortex and

medulla during the 4-week period. Error bars show the standard error over different animals.

Effect of induced diabetes on the renal oxygenation (g) and blood flow (h) in rats (control, n ¼ 6;

2 days after inducting, n ¼ 6; 5 days, n ¼ 6; 14 days, n ¼ 6; 28 days, n ¼ 5). The outer medulla

pO2 was measured with OxyLite. The outer medulla blood flow was measured with OxyFlo. Error

bars show the standard error over different animals
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no significant effect onR2* values formedulla or cortex in healthy subjects [66], even

though the nephrotoxic effects are known to be similar to CsA. Further studies are

necessary to fully evaluate the significance of these observations.

Indomethacin has been shown to reduce medullary oxygenation by microelec-

trodes [67] and BOLD MRI [83] in rat kidneys. However, it did not induce a

significant change in renal medullary R2* in healthy subjects [66]. This might

indicate that a single dose of indomethacin as prescribed routinely does not

significantly influence renal oxygenation in humans. Similarly, another common

nonsteroidal anti-inflammatory drug (NSAID), ibuprofen, did not change baseline

renal medullary and cortical R2* [75]. However, administration of ibuprofen (and

similarly naproxen) significantly reduced the response to waterload [51, 52, 77].

Naproxen abolished the improvement in medullary oxygenation during

waterloading in both humans [52] and animal models [77]. On the other hand,

naproxcinod, a nitric oxide-donating anti-inflammatory compound, left intact the

improvement in oxygenation in renal medulla during waterload based on BOLD

MRImeasurement [77]. This implies that naproxcinodmay have less nephrotoxicity,

and that theNO-donatingmoiety partially compensates for the hemodynamic effects

of prostaglandin inhibition by naproxen. This may also suggest that use of a provoc-

ative maneuver such as waterloading may be necessary to evaluate the effects of

prostaglandin inhibition.

2.2.2 Renal BOLD MRI in Disease

Diabetes Mellitus

A recent animal study using invasive microelectrodes has shown that the pO2 in

chronic diabetic rats is decreased throughout the renal parenchyma [17]. Ries et al.

[54] and Edlund et al. [63] observed in an animal model that diabetic kidney had

significantly lower oxygenation level in renal medulla compared to a control group

Fig. 5 Illustration of individual changes post-tempol in SHR and WKY rats. Average (mean �
SE) of all points acquired at least 20 min after tempol administration was used as post-tempol R2*.

Mean R2* values pre- and post-tempol in the renal medulla and cortex were averaged over all rats

of each strain. SHRs show a significant response to tempol in medulla and cortex as evaluated by

blood oxygenation level dependent (BOLD) magnetic resonance imaging (MRI) measurements.

WKY rats did not show significant response to tempol. Reproduced from [81]
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using BOLDMRI at 5 days and 14 days postinduction [54, 63]. A similar study [25]

with BOLDMRI, along with invasive blood flow and oxygenation measurement by

optical fiber probes, showed that the pO2 was considerably lower in diabetic rats as

early as 2 days after induction. Further, the oxygenation continued to decrease at 5,

14, and 28 days following induction of diabetes compared to control rats. No blood

flow changes were observed in both diabetes and normal groups over this time

period, suggesting that the reduced oxygenation was related to increased consump-

tion probably related to hyperfiltration, known to be associated with early diabetes.

A recent study showed that renal oxygenation in mice with type 2 diabetes is

significantly lower than their normal littermates by BOLD MRI [84]. There is also

evidence that acute hyperglycemia reduces renal oxygenation [85, 86].

BOLD MRI has also been used to evaluate diabetic human subjects. A study of

18 patients (nine healthy nondiabetics and nine with mild, controlled diabetes) [50]

showed that in the healthy, water diuresis led to a significant increase in the

oxygenation of the renal medulla, but not in the patients with diabetes. These results

suggest that even patients with mild diabetes already show signs of renal injury long

before the onset of symptoms that usually accompany kidney disease and a likely

deficiency in the synthesis of endogenous vasodilator substances, such as prosta-

glandin or NO. BOLDMRI may provide important insight into the pathophysiology

of renal injury at early stages in diabetes and allow for the means to evaluate novel

drug interventions, especially those targeting renal hypoxia.

Hypertension

A study using BOLD MRI technique showed that medullary R2* increased signifi-

cantly in control rats in response to NOS inhibition, while hypertensive rats

exhibited a minimal change [39]. This is consistent with the known deficiency of

NO in hypertension rats [39] and previous reports based on invasive blood flow

measurement [87, 88]. Oxidative stress is known to play a key role in the develop-

ment of hypertension [89]. Tempol (4-hydroxy-2,2,6,6-tetramethyl piperidinoyl), a

superoxide scavenger, is known to reduce reactive oxygen species (ROS) and hence

improve NO bioavailability [90]. Tempol showed no effect on the R2* in normal rats

but significantly decreased in hypertensive rats evaluated by BOLD MRI [81]. The

degree of R2* changes is in qualitative agreement with the observedmedullary blood

flow and mean arterial pressure (MAP) changes induced by tempol administration

assessed by invasive measurement [91]. These studies, combined with the report on

angiotensin II [59], support a role for BOLD MRI in the understanding of patho-

physiology of hypertension and evaluation of novel drug interventions.

Renal Artery Stenosis (RAS)

RAS is a common cause of ischemia and hence has consequences to intrarenal

oxygenation. Juillard et al. [67] used a well-designed preclinical model to test if
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BOLD can detect the presence of renal hypoxia induced by RAS. They found that

R2* increased continuously and progressively in parallel with the decrease in renal

blood flow (RBF) in response to increasing levels of stenosis, suggesting evolving

hypoxia in both the medulla and cortex. Alford et al. [61] also documented an

increase in R2* following acute occlusion of renal artery. Contralateral kidney

showed no such change. They also demonstrated that the R2* returned to baseline

values upon releasing the occlusion. Recently, Textor et al. [71] reported on

measurements in human subjects with RAS. In normal-sized kidneys downstream

of high-grade RAS, R2* was elevated at baseline (suggesting enhanced hypoxia)

and fell after administration of furosemide. This was true even when the GFR was

significantly reduced. These results are supported by previous reports of preserved

cortical tissue volume in poststenotic kidneys, despite reduced function as

measured by isotope renography [92]. These in turn may suggest that GFR might

be recoverable in such cases and that nonfiltering kidney tissue represents a form of

“hibernation” in the kidney with the potential for restoring kidney function after

restoring blood flow [92]. On the other hand, atrophic kidneys beyond totally

occluded renal arteries demonstrated low levels of R2* (improved oxygenation)

that did not change after administration of furosemide [71] (Fig. 6). This may

suggest a nonfunctioning kidney with limited or no oxygen consumption. That

study also includes an example where a kidney with multiple arteries showed

different R2* values in regions supplied by a stenosed renal artery.

Fig. 6 Changes in blood oxygenation level dependent (BOLD) magnetic resonance imaging

(MRI) measurements (Delta R2*/s) before and after furosemide in patients with atherosclerotic

renal artery stenosis (RAS) with “normal” kidneys as compared with “nonviable” kidneys with

total occlusion. Nonfunctioning kidneys demonstrated no R2* response after intravenous furose-

mide, whereas poststenotic kidneys otherwise had consistent falls in R2* after furosemide,

particularly in medullary regions. Reproduced from [71]
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Unilateral Ureteral Obstruction

Pedersen et al. [57] demonstrated changes on BOLD MRI in a pig model of

unilateral ureteral obstruction (UUO). Twenty-four hours of UUO was associated

with an increased R2* in the cortex and a decreased R2* in medulla, as compared

with the baseline that indicated pO2 levels were reduced in the cortex and increased

in the medulla during and after release of obstruction. Similar results were reported

in a small number of patients with distal unilateral urethral calculus [72]. All

patients had significantly lower medullary and cortical R2* values in the obstructed

kidney compared to the contralateral nonobstructed kidney and literature values in

healthy subjects. The increase in oxygen content in medulla may indicate decreased

oxygen consumption as a result of reduced GFR in the obstructed kidney [72].

Renal Transplants

Several groups have evaluated the feasibility of BOLDMR imaging in patients with

renal transplants. Thoeny et al. [73] compared the BOLD index in transplanted

kidneys with those in kidneys of healthy volunteers. The medullary R2* was found

to be lower in transplant patients compared to healthy volunteers (P < 0.004),

implying a relatively improved oxygenation in transplanted kidney. This could be

explained as the result of reduced tubular fractional reabsorption of sodium and

increased blood flow due to allograft denervation. We believe that these observa-

tions may also be influenced by the time of the study following transplantation.

Sadowski et al. [93] evaluated 20 patients who had recently received renal trans-

plants in an attempt to obtain preliminary data on potential differences between

normal functioning transplants and those experiencing acute rejection and acute

tubular necrosis (ATN). Six patients had clinically normal functioning transplants,

eight had biopsy-proved rejection, and six had biopsy-proven ATN. Their results

showed that R2* measurements in the medullary regions of transplanted kidneys

with acute rejection were significantly lower than those in normally functioning

transplants or transplants with ATN. Similar findings were reported by a more

recent study in a much larger number of subjects (n ¼ 82) including biopsy-proven

acute rejection and ATN (Fig. 7) [65].

Djamali et al. applied BOLD-MRI to discriminate among different types of

rejection early after kidney transplantation [94]. Twenty-three patients underwent

imaging in the first 4 months posttransplant. Five had normal functioning trans-

plants and 18 had biopsy-proven acute allograft dysfunction, acute tubular necrosis,

and acute rejection, including borderline rejection (n ¼ 3; IA rejection: n ¼ 4; IIA

rejection: n ¼ 6: C4d(+) rejection: n ¼ 9). Their results in general agreed

with those of Sadowski et al. [93] in that medullary R2* levels were higher

(increased local deoxyhemoglobin concentration) in normal functioning allografts

(24.3/s � 2.3) compared to acute rejection (16.0/s � 2.1) and ATN (20.9/s � 1.8)

(P < 0.05). There was no statistically significant difference in cortical R2*. Med-

ullary R2* was the lowest in acute rejection with a vascular component (i.e., IIA
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Fig. 7 The color blood oxygenation level dependent (BOLD) magnetic resonance imaging (MRI)

R2
* maps of coronal transplant sections and corresponding pathological photos. Blue represents

the lowest R2
* level, indicating the lowest tissue deoxyhemoglobin concentration, and green and

orange distinctively represent increasing R2
* levels, showing the increase of tissue deoxyhemo-

globin concentration. In a normal functioning allograft, the cortex is blue with areas of green, and

the medulla is green and orange reflecting the decrease in tissue oxygen bioavailability from outer

medulla to inner medulla. In acute rejection (AR) allograft, the color gradient disappears with

increased blue areas in the medulla. Conversely, acute tubular necrosis (ATN) allograft shows

increased green areas in the cortex and more orange areas in the medulla, reflecting the decrease in

tissue oxygen bioavailability both in the cortex and in the medulla. (a) The color R2
* map of

normal functioning transplant. (b) The color R2
* map and pathological photo of ATN transplant

shows more green areas in the cortex and more orange areas in the medulla in B-1, and

pathologically tubular epithelial cell necrosis in B-2 (�200). (c) The color R2
* map and pathologi-

cal photo of T-cell-mediated (TMR) transplant shows the color gradient disappears with increasing

blue areas in the medulla in C-1, and tubulitis with interstitial inflammation in C-2 (�200). (d) The

color R2
* map and pathological photos of antibody-mediated rejection (AMR) transplant shows

more blue areas in the medulla in D-1, mild intimal arteritis in D-2 (�200), and C4d staining (+) in

peritubular capillary in D-3 (�400). Reproduced from [65]
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and C4d(+) compared to IA and “borderline” rejection). Receiver operator charac-

teristic (ROC) curve analyses suggested that the medullary R2* and medullary-

cortical ratios could accurately discriminate acute rejection in the early posttrans-

plant period.

Djamali et al. [62] also used BOLD MRI to evaluate patients with chronic

allograft nephropathy (CAN) and looked for correlations with other conventional

biomarkers of oxidative stress. Similar to previous reports on acute rejection, those

with CAN showed lower medullary and cortical R2* values. More importantly, they

observed that intrarenal oxygenation as evaluated by BOLD MRI showed a high

level of correlation with serum and urine biomarkers of oxidative stress (Table 1).

They concluded, “this pilot study is provocative in suggesting that oxygenation

patterns are different in CAN and, moreover, are strongly associated with oxidative

stress. Our therapeutics to date have not used oxygen delivery as an outcome of

therapy, but it may well be the case that optimal tissue oxygenation, not hypoxia nor

hyperoxia, is a target of therapy. The association in CAN between aberrant kidney

oxygenation and oxidative stress is important and may provide leads as to how to

slow loss of transplant function.”

3 Renal BOLD MRI: Limitations

Several limitations of BOLD MR imaging technique have to be considered. BOLD

signal is influenced by oxygen supply, oxygen consumption, blood flow/blood

volume [95, 96] hematocrit [97], and pO2 [98]. Moreover, changes in the oxygen-

hemoglobin dissociation curve may be influenced by factors such as pH and

temperature [99]. In addition, R2* is influenced by the vessel geometry and applied

pulse-sequence parameters. Therefore, the absolute magnitude of R2* is less reli-

able in practice than the relative changes observed. For the same reason, a direct

calibration of R2* vs. pO2 has to be viewed with caution.

Susceptibility artifacts caused by bowel gas [100] are sometimes marked and at

times lead to uninterpretable observations. Motion artifacts caused by breathing

should also be carefully monitored. Use of a respiratory monitor could minimize

errors because of improper breathholding.

Because hydration status can significantly influence the renal BOLD MRImea-

surements, it is preferred to perform studies following 12-h fasting (overnight). This

would facilitate combining data from different individual subjects and comparison

of different groups of subjects.

4 Conclusion

We have provided a comprehensive review of renal BOLD MRI in this chapter.

Based on collective experience to date, BOLD MRI offers a unique opportunity to
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study renal oxygenation status in humans. The technique is translational in that

measurements in preclinical models can be carried out in the same way as in

humans. While the technique is relatively simple in implementation, interpretation

of BOLD MRI is complicated by the fact that R2* is influenced by many factors

other than blood oxygenation. But with a combination of appropriate validation

studies and choice of physiological or pharmacological maneuvers, BOLD MRI

could offer a way to better understand human renal physiology and pathophysiol-

ogy. Although not yet extensively investigated, renal BOLD MRI measurements

should be inherently sensitive to oxidative stress.
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Chapter 31

Anemia and Progression of Chronic Kidney

Disease

Danilo Fliser and Ferdinand H. Bahlmann

Abstract Tubulointerstitial fibrosis that results from renal tissue hypoxia is

thought to be a key element of progressive chronic kidney diseases (CKD). Find-

ings from epidemiological studies suggest that anemia in patients with CKD due to

inadequate erythropoietin (EPO) secretion may contribute to progression. How-

ever, results of prospective controlled studies that evaluated the effect of recombi-

nant human erythropoietin (rHuEPO) on the course of CKD were inconsistent.

Nevertheless, slowing CKD progression with rHuEPO (and correction of anemia)

may be achieved with a better understanding of the processes involved in the

damage caused by renal tissue hypoxia.
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pO2 Partial oxygen pressure

rHuEPO Recombinant human erythropoietin

ROS Reactive oxygen species

RRT Renal replacement therapy

STAT Signal transducers and activators of transcription

VEGF Vascular endothelial growth factor

1 The Progressive Nature of Chronic Kidney Disease

Until the 1990s, the “hyperfiltration” hypothesis put forward by Brenner et al. [1]

advocated altered glomerular hemodynamics as the key event that governs progres-

sion of chronic kidney disease (CKD): initial reduction in renal tissue causes

glomerular hypertension, hyperfiltration, and hypertrophy of functioning glomeruli,

leading to glomerular sclerosis and obsolescence, and finally into an ongoing vicious

circle of progressive renal damage. However, subsequent clinical work revealed that

in CKD patients the extent of kidney dysfunction is rather poorly associated with

glomerular pathology, but instead correlates well with chronic tubulointerstitial

injury and fibrosis, shifting the interest to other progression promoters [2–4]. An

increasing body of evidence from experimental and clinical studies highlights the

role of renal tissue hypoxia for the progressive nature of CKD [5].

In their seminal paper, Fine et al. [6] set the basis for the concept of renal tissue

hypoxia in CKD progression, proposing that kidney injury leads to a vicious circle

of tubulointerstitial fibrosis, pursuant obliteration of the renal microvasculature

with consecutive tissue hypoxia, and perpetuation of tissue injury. Indeed, analyses

of kidney biopsies obtained from patients with CKD and from animals with various

experimental kidney diseases have shown that, besides tubular destruction, intersti-

tial fibrosis is associated with a decrease in the number of peritubular capillaries,

and that there is a good inverse correlation between renal function, the severity of

interstitial fibrosis, and the number of peritubular capillaries [2, 7, 8]. However, it

also became clear that the ischemic lesions of tubular cells may also be worsened by

an increased consumption of oxygen by the remaining tubular cells, and this is

likely to be one of the mechanisms by which proteinuria accelerate the progression

of CKD [3]. Finally, hypoxia and reactive oxygen species (ROS) overproduction

are two factors of overriding importance that promote the release of proinflamma-

tory and pro-fibrotic molecules and can directly enhance the synthesis of extracel-

lular matrix by fibroblastic cells [9–12].
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2 Renal Tissue Hypoxia and CKD Progression

2.1 Methods to Assess Oxygenation of Renal Tissue

In the past decade the use of modern technologies have brought much insight into

renal parenchymal tissue oxygenation and regional hypoxia, for example, needle-

laser Doppler flow probes, oxygen microelectrodes, immunostaining for pimonida-

zole (a molecular “hypoxia probe,” which, following injection, binds to tissues with

oxygen tension below 10 mmHg), and immunostaining for hypoxia-inducible

factors (HIFs) [13]. Moreover, blood oxygenation level-dependent magnetic reso-

nance imaging (BOLD MRI), a noninvasive tool to measure dynamic changes in

the distribution and extent of deoxygenated hemoglobin within renal tissue, is now

available for experimental and clinical research [14]. These methods even permit

the quantification of renal tissue hypoxia in progressive CKD.

Appropriate oxygenation of renal parenchyma reflects the balance between

regional oxygen supply and consumption, mostly as a result of tubular solute

transport (mainly sodium). Oxygen supply of renal tissue depends on the oxygen-

carrying capacity of the blood and on factors that control intrarenal blood flow and

distribution such as the structure of the renal microcirculation. Experimental studies

have revealed that efferent arteriolar partial oxygen pressure (pO2) is lower than

renal venous pO2, implying cortical precapillary shunting that renders the renal

parenchymal at the edge of hypoxia [13]. Moreover, renal parenchymal pO2 sharply

declines at the cortico-medullary junction, reaching levels far below 25 mmHg

within the renal medulla even under normal physiologic conditions [15]. This

regional “physiologic hypoxia” of the renal medulla may further worsen under

pathophysiologic conditions that reduce perfusion of medullary tissue. The medulla

receives about 10% of the total renal blood flow, originating from efferent arterioles

of deep juxtamedullary glomeruli. These blood vessels merge to form vasa recta, a

central component of the renal concentrating machinery. Importantly, the counter-

current blood flow system in the vasa recta facilitates oxygen diffusion from

descending to ascending blood vessels, and this shift of oxygen reduces its avail-

ability to the medulla. Complex mechanisms participate in the preservation of renal

medullary oxygen supply, and several mediators such as nitric oxide (NO), adeno-

sine, and others act in concert to maintain this oxygenation balance by enhancement

of medullary blood flow and control of tubular transport.

2.2 Response to Renal Tissue Hypoxia

Chronic renal tissue hypoxia invokes a hypoxic response, mediated to a large

extent by HIFs [16, 17], as explained in detail elsewhere in this book. These

ubiquitous key transcription factors consist of a- and b-subunits. The former is

rapidly degraded and removed under normal ambient oxygenation by specific
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oxygen-sensitive prolyl hydroxylases. Hypoxia inactivates the degradation of HIF-

a by these enzymes, and it accumulates and binds with the b-subunit. The formed

heterodimer translocates into the nucleus, binds to hypoxia-response elements, and

activates a host of HIF-mediated genes that transcript for protective factors that

participate in cell adaptation to hypoxia such as erythropoietin (EPO) and vascular

endothelial growth factor (VEGF). These in turn may promote angiogenesis and

improve tissue oxygenation and cell survival. Indeed, rats with chronic tubulointer-

stitial disease or diabetes have shown unexpected resistance to acute hypoxic

insults, conceivably through hypoxia tolerance induced by HIF-mediated pathways

[18]. However, diabetic kidneys subjected to extreme hypoxic conditions, such as

ex vivo perfusion with red cell–free perfusate, are highly vulnerable to hypoxic

damage, suggesting that HIF-mediated reno-protection is ineffective beyond a

“window of opportunity” [18, 19].

There are at least two HIF-a isoforms: renal HIF is cell-type specific with

HIF-1a isoform principally expressed in tubular segments (mostly in collecting

ducts), while HIF-2a is mainly detected in vascular endothelial cells. Similarly,

genes activated by HIF are also cell specific, and EPO is selectively induced by

interstitial cells at the cortico-medullary junction [20]. Not surprisingly, this region

at the verge of hypoxia serves in the control of the blood oxygen-carrying capacity

by regulating EPO production. Using different techniques such as immunostaining

for expression of HIF and HIF-mediated genes, the extent and distribution of renal

hypoxia under different pathologic settings have been mapped [20, 21].

2.3 Renal Tissue Hypoxia in CKD

In patients with CKD increased concentration of deoxygenated hemoglobin

within the renal medulla (i.e., intensified regional hypoxia) was found by using

BOLD MRI, as compared to kidneys of healthy subjects [22]. Administration of an

angiotensin II receptor blocker attenuated hypoxia, implicating an important role

for angiotensin II in the generation of renal tissue hypoxia in CKD patients [23].

Importantly, BOLD MRI may also distinguish between severely compromised but

viable renal parenchymal tissue that is characterized by high basal deoxygenated

hemoglobin values that decreases after the administration of furosemide, and

nonfunctional scar tissue with low basal deoxygenated hemoglobin levels (unaf-

fected by furosemide administration) [24]. Basile et al. [25] showed that in an

animal model of chronic tubulointerstitial disease accompanied by rarefaction

of peritubular capillaries, the perfusion index falls in all renal regions along time,

resulting in less oxygen supply and tissue hypoxia. As the peritubular capillaries

originate from efferent glomerular arterioles, it is noteworthy that severe

glomerular diseases with loss of functioning nephrons also compromise down-

stream peritubular microcirculation and intensify parenchymal hypoxia [26, 27].
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In an experimental model of chronic tubulointerstitial disease induced by

ischemia-reperfusion injury, regions with depleted renal microvasculature and

expanded extracellular matrix display deposition of pimonidazole, indicating

critical hypoxia, as well as HIF expression, reflecting a cellular response to

hypoxia [28]. Similar indices of evolving hypoxia were documented in other

animal models of hypoxic/nephrotoxic tubulointerstitial disease induced by adria-

mycin or cyclosporine A [29–31]. Thus, the distorted anatomy of CKD further

augments hypoxia. Hypoxia may also exist in transplanted kidneys, especially

during rejection episodes [32], but studies using BOLD MRI have revealed

conflicting results [33].

2.4 Other Clinical Conditions Resulting in Significant
Renal Tissue Hypoxia

Not unexpectedly, aging is associated with intensified renal tissue hypoxia. As

shown by BOLDMRI, ambient pO2 is some 20 mmHg lower both in the medulla in

otherwise healthy aged individuals as compared with young subjects [34]. Hypoxia

and hypoxia adaptation were also noted in aged rat kidneys, and this may also

reflect the reduced capacity of the aged kidney to generate vasoactive substances

such as NO [35, 36].

Another important condition related to renal parenchymal hypoxia is diabetes.

As shown by Palm et al. [37] using oxygen microelectrodes in rats, the decline in

parenchymal oxygenation in the diabetic kidney is most pronounced in the medulla,

and this has also been documented using other techniques including BOLD MRI

[38–40]. With the control of hyperglycemia, medullary hypoxia disappears. More-

over, renal oxygenation is restored by the administration of antioxidants, which

scavenge ROS. Interestingly, though hypoxia is ameliorated, HIF expression inten-

sifies with the addition of a ROS scavenger, suggesting that ROS suppress hypoxic

adaptive responses [41]. These findings are in agreement with studies in cultured

proximal tubular cells and in diabetic rats, showing oxidative stress-regulated

attenuation of the HIF–VEGF pathway [42]. Collectively, the role of renal tissue

hypoxia in the progression diabetic kidney injury is now well acknowledged.

Besides hyperglycemia, hypertension may also lead to renal tissue hypoxia

via enhanced oxygen demand due to defective coupling of tubular transport and

oxygen consumption mediated by ROS [43]. In this respect it is of interest that

chronic salt consumption and volume depletion may invert the normal renal

oxygenation gradient: cortical pO2 declines, whereas medullary oxygenation para-

doxically improves [44]. The attenuated medullary hypoxia conceivably reflects

decreased tubular (sodium) transport. In summary, renal “physiologic” hypoxia,

particularly of the medulla, is aggravated in clinical conditions that predispose to

the evolution of CKD [5, 13, 45].
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3 Anemia and CKD Progression

Low hematocrit levels due to anemia result in decreased oxygen supply to the

kidney, and this was documented by the use of oxygen microelectrodes inserted

into the kidney during acute decrements in hematocrit; both cortical and medullary

pO2 decline significantly [46]. Whereas the relationship between chronically low

hematocrit (hemoglobin) levels, renal tissue hypoxia, and progression of CKD has

not been extensively explored in experimental studies, there is ample evidence from

observational trials and also from interventional trials that (renal) anemia in patients

with CKD is related to progression [47–51]. For example, a post-hoc analysis of the

RENAAL (Reduction in Endpoints with the Angiotensin Antagonist Losartan)

study, which explored the reno-protective effects of angiotensin II-receptor block-

ade with Losartan in patients with type 2 diabetes mellitus and diabetic kidney

injury, revealed a clear-cut relationship between the level of hemoglobin and

progression of renal disease [48]. This relationship was independent from the

randomization to the treatment intervention. Moreover, epidemiologic trials in

patients with primary and secondary (e.g., diabetic nephropathy) CKD have con-

firmed a close correlation between hemoglobin levels and progression of kidney

injury [49–51]. The question arose, however, if this was a causative relationship:

Does anemia contributes to CKD progression or is it merely a marker of progressive

CKD? This question can be properly answered only in intervention trials in which

anemia is treated with recombinant human erythropoietin (rHuEPO).

4 Renal Anemia, EPO, and rHuEPO

In the hematopoietic system, the principal function of EPO is the regulation of red

blood cell production. Consequently, following the cloning of the EPO gene,

rHuEPO forms, such as EPOetin-a and EPOetin-b and the long-acting analogs

darbepoetin a and continuous erythropoietin receptor activator (C.E.R.A.), have

been widely used for treatment of anemia in patients with CKD.

4.1 Tissue Expression of EPO and the Erythropoietin Receptor

In humans, EPO gene expression primarily occurs in the fetal liver and adult kidney

under the tightly control of an oxygen-sensing, HIF-dependent mechanism [52, 53].

Additionally, recent studies could identify EPO expression in several extrarenal

tissues and cell types, including astrocytes, neurons, the female genital tract, male

reproductive organs, mammary glands, placental trophoblasts, bone marrowmacro-

phages, and erythroid progenitors [54–62]. The expression of erythropoietin recep-

tor (EPOR) in nonerythroid tissues such as the brain, retina, heart, kidney, smooth
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muscle cells, myoblasts, and vascular endothelium has been associated with the

discovery of novel biological functions of endogenous EPO signaling in nonhema-

topoietic tissues [63–67]. For example, targeted disruption of either EPO or EPOR

in mice leads to in utero death between embryonic days (E) 11.5 and 13.5 because

of lack of definitive erythropoiesis in the fetal liver and, interestingly, defects in the

onset of the circulatory system, indicating the vital role for EPO–EPOR signaling

during vascular development [68].

The EPOmolecule is a glycoprotein with a molecular weight of 30.4 kDa, and its

tertiary structure is defined by four antiparallel a-helices. Binding of a single

molecule to two adjacent EPOR on the membrane of target cells leads to homo-

dimerization of the EPOR and the triggering of different intracellular signaling

cascades (Fig. 1). The major mechanism for degradation of EPO in the body occurs

in cells that express the EPOR, through receptor-mediated endocytosis of EPO,

followed by degradation in lysosomes [69]. However, these signaling cascades are

highly complex and their relevance for the cellular effects of EPO is not completely

understood so far. For example, by using EPOR fusion proteins, it has been shown

that distinct conformations of the EPOR exist that may activate different
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intracellular pathways. Thus, it may depend on the extracellular binding site of

EPO, from which receptor conformation is achieved and through which the signal-

ing pathway is subsequently activated [70, 71]. The tissue-protective effects of EPO

appear to require the expression of CD131 and a low-affinity, heterodimeric

EPOR–CD131 receptor [72], which might exert a different signaling behavior

than the “classical” EPOR [73]. In addition, different classes of EPOR with respect

to receptor affinity for EPO binding have been described: high (KD90–900 pM) and

low (KD20–9,000 pM) affinity EPOR [74, 75]. The former mediate the well-known

hematopoietic effects, whereas the latter seem to be involved in tissue protection by

EPO. Collectively, these data indicate that the interaction of EPO with its receptor

may be far more complicated than previously believed.

4.2 Molecular Actions of EPO

The activated EPOR exhibits more than 40 binding sites, and a pivotal molecule

that induces intracellular signaling is JAK2 tyrosine kinase. Activation of this

kinase leads to tyrosine phosphorylation and dimerization of signal transducers

and activators of transcription (STATs). The JAK2–STAT5 signaling pathway is

not only responsible for the effects of EPO on red blood cell differentiation,

proliferation, and survival, but can also mediate protection against programmed

cell death (i.e., apoptosis) (see Fig. 1) [76–78]. It can therefore be anticipated that

the JAK–STAT5 pathway plays an important role in the tissue-protective properties

of rHuEPO not related to anemia correction. Another important signaling pathway

triggered by EPO is the phosphatidylinositol 3-kinase, which activates AKT (i.e.,

serine/threonine protein kinase B). EPO-induced activation of the AKT pathway

and subsequent inhibition of apoptosis seem to be imperative for tissue protection

by rHuEPO, because prevention of AKT phosphorylation abolished the beneficial

action of rHuEPO in settings of tissue injury [79–81]. Besides these two important

pathways, additional intracellular EPO targets have been identified such as protein

kinase C. Although all of the above pathways seem to be activated via the classical

EPOR, it is presently unknown whether different ligands of the EPOR may induce

different signaling pathways or whether the single EPOR chain associates and

forms dimers with other membrane proteins. Theoretically, these “novel” receptors

may be the target of newly designed rHuEPO compounds such as the carbamylated

form of the hormone (i.e., CEPO) [73].

5 Treatment of Renal Anemia and CKD Progression

In the late 1980s when rHuEPO was introduced to treat renal anemia in patients

with CKD who were not on renal replacement therapy (RRT), a major concern was

that it could accelerate progression. This fear was nurtured by the observation of

618 D. Fliser and F.H. Bahlmann



Garcia et al. [82] who found pronounced tissue injury and faster progression in the

classical 5/6 nephrectomy model in the rat (remnant kidney model) when, in anemic

animals, an overcorrection of hemoglobin levels was achieved with rHuEPO. The

fact that ameliorating anemia does not accelerate the progression of CKD in

humans has been shown later in clinical studies and it is no longer questioned

[83]. Nevertheless, the question of whether correction of anemia with rHuEPO

slows the progression remained unanswered for more than a decade. Results of

several retrospective as well as smaller prospective clinical studies supported the

hypothesis that treatment of anemia in CKD patients with rHuEPO favorably

influences progression [84–90], but some trials did not confirm this (Table 1)

Table 1 Clinical studies on chronic kidney disease (CKD) progression with recombinant human

erythropoietin (rHuEPO)

References Type and duration of the study

Number

of

patients

Primary (P) or secondary (S)

study parameter and outcome

[84] Multicenter/prospective/

randomized/open label/48

weeks

83 Glomerular filtration rate (GFR)

with iothalamate clearance (P)

difference between treatments
[85] Monocenter/prospective/

randomized/open label

73 Doubling of serum-creatinine (P)

retardation of progression
[86] Monocenter/retrospective 63 Creatinine clearance retardation of

progression
[87] Monocenter/retrospective 18 1/Serum creatinine retardation of

progression
[88] Monocenter/prospective/

randomized/early vs. late

treatment/22.5 months

88 Doubling of serum creatinine or

hemodialysis (P) retardation of
progression

[89] Monocenter/prospective/

randomized/high vs. low

hemoglobin/36 months

241 GFR with iohexol clearance (P)

difference between treatment arms

[91] Monocenter/prospective/

randomized/high vs. low

hemoglobin

19 GFR with iohexol clearance (P)

retardation of progression

[92] Multicenter/prospective/

randomized/normal vs.

subnormal hemoglobin/48–76

weeks

416 Serum creatinine (S) no effect

[93] Monocenter/prospective/

randomized/high vs. low

hemoglobin/24 months

155 GFR with iothalamate clearance (S)

no effect

[94] Multicenter/prospective/

randomized/high vs. low

hemoglobin

172 Serum creatinine (S) no effect

[95] Multicenter/prospective/

randomized/high vs. low

hemoglobin/36 months

603 Estimated glomerular filtration rate

(eGFR) or hemodialysis (S) no
effect

[96] Multicenter/prospective/

randomized/open label/high

vs. low hemoglobin/16 months

1,432 Doubling of serum creatinine or

hemodialysis (S) no effect
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[91–93]. Data from recently published larger trials with rHuEPO in patients with

CKD and anemia (e.g., the ACORD [Anemia Correction in Diabetes], CREATE

[Cardiovascular risk Reduction by Early Anemia Treatment with Epoetin], and

CHOIR [Correction of Hemoglobin Outcomes in Renal Insufficiency] studies)

revealed no beneficial effect on progression [94–96].

For example, Ritz et al. [94] have studied 172 patients with type 1 and type

2 diabetes mellitus and nephropathy (ACORD study). Patients had mild to moder-

ate anemia were randomly assigned to attain a target hemoglobin level of either

13–15 g/dL or 10.5–11.5 g/dL. The primary endpoint was a change in left ventric-

ular mass, and secondary endpoints included renal function, quality of life, and

safety. At study’s end, mean Hb levels were 13.5 and 12.1 g/dL, respectively

(p< 0.001), but no significant differences were observed in median left ventricular

mass index between study groups. Furthermore, anemia correction had no effect on

the rate of decrease in creatinine clearance, whereas it resulted in significantly

improved quality of life in the group with higher hemoglobin levels (p¼ 0.04). In

the CREATE trial [95] 603 patients with an estimated glomerular filtration rate

(eGFR) of 15.0–35.0 mL/min/1.73 m2, and mild-to-moderate anemia (hemoglobin

level 11.0–12.5 g/dL) were randomized to a target hemoglobin value in the normal

range (13.0–15.0 g/dL) or in the subnormal range (10.5–11.5 g/dL). Treatment

with rHuEPO was initiated either at randomization (group 1) or only after the

hemoglobin level fell below 10.5 g/dL (group 2). The primary endpoint was a

composite of eight cardiovascular events, and secondary endpoints included

quality-of-life scores and CKD progression. During the 3-year study, complete

correction of anemia did not affect the likelihood of a first cardiovascular event

(p¼ 0.20), and the decrease in mean eGFR was comparable in both groups (3.6 and

3.1 mL/min/year; p¼ 0.40). In addition, dialysis was required in more patients in

group 1 than in group 2 (127 vs. 111; p¼ 0.03). However, general health and

physical function was significantly better in the group with hemoglobin normaliza-

tion, despite hypertensive episodes and headaches being more prevalent.

Finally, in the open-label CHOIR trial [96] 1,432 patients with CKD were

studied, 715 of whom were randomly assigned to receive a dose of rHuEPO

targeted to achieve a hemoglobin level of 13.5 g/dL and 717 of whom were

assigned to receive a dose targeted to achieve a level of 11.3 g/dL. During a median

follow-up of 16 months 222 composite events (death, myocardial infarction, hos-

pitalization for congestive heart failure, and stroke) occurred: 125 events in the

high-hemoglobin group, as compared with 97 events in the low-hemoglobin group

(hazard ratio, 1.34; 95% confidence interval, 1.03–1.74; p¼ 0.03). In addition, no

difference was observed with respect to progression of CKD.

In the above studies, CKD progression was a secondary endpoint, and (almost)

complete correction of anemia was accomplished within weeks using high doses of

rHuEPO. For example, the initial weekly starting dose in the CHOIR study was

10,000 IU of rHuEPO [96]. Such an abrupt increase in the hematocrit level in

patients with vascular problems might have mitigated putative beneficial effects of

rHuEPO on the kidney, particularly if one assumes that much lower doses could be

adequate for tissue protection (discussed next). Indeed, reanalysis of the CHOIR
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data indicated that a beneficial effect of rHuEPO on cardiovascular outcome is

present only in patient who responded to the therapy, irrespective of the randomi-

zation to high or low hemoglobin target levels [97]. It is not clear whether this also

holds true for renal endpoints.

6 Other Actions of rHuEPO and Its Derivates to Prevent

Renal Tissue Injury

Several recent studies investigated the ability of rHuEPO to modulate organ

function and cellular responses to diverse types of injury. Thus, in addition to its

essential role in the regulation of erythropoiesis, EPO signaling, activated either by

exogenous EPO or by endogenous EPO in an autocrine or paracrine fashion, has

emerged as a major tissue-protective survival factor in various nonhematopoietic

organs [98].

6.1 Tissue Protection by Nonhematologic Effects of rHuEPO

Recent in vivo data have revealed that the antiapoptotic effects of EPO can also be

observed with other cell types that express EPOR, such as neuronal cells, and that

systemic administration of rHuEPO can decrease the consequences of various

neurological experimental injuries [99, 100]. In vitro, rHuEPO has also been

shown to protect endothelial cells or vascular smooth muscle cells against apoptosis

[79, 101]. One can thus speculate that this effect also exists for other cells that

express EPOR, such as proximal tubular cells and renal endothelial cells. Further-

more, in vitro and in vivo experiments suggest that EPO may also have pro-

angiogenic properties [102, 103]. The antiapoptotic effects of EPO could also be

beneficial for the progression of CKD because apoptosis has been implicated in the

progressive loss of tubular cells observed during CKD [104]. For example, apopto-

sis appears to play an important role in the progression of tubular lesions observed

in rats submitted to subtotal nephrectomy or to experimental antiglomerular base-

ment membrane nephritis [105]. The mechanisms underlying the increased apopto-

sis of tubular cells are still poorly understood, but ROS could play a role in this

process. Thus, treatment with rHuEPO may have beneficial effects not only by

protecting tubular cells against apoptosis but also by decreasing the production of

ROS (i.e., protection against oxidative stress). The links between oxidative stress

and anemia come mostly from the fact that erythrocytes represent a major antioxi-

dant component of the blood [106]. Their antioxidant effects are mediated through

the glutathione system, enzymes such as superoxide dismutase or catalase, and

cellular proteins that are devoid of enzymatic activity but can react with ROS, such

as the low-molecular weight proteins of the erythrocyte membrane, vitamin E,
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or coenzyme Q. Furthermore, erythrocytes can regenerate consumed redox

equivalents through the pentose phosphate pathway and through reduction of

oxidized glutathione by glutathione reductase. In addition to increasing the number

of red blood cells, EPO may also reduce oxidative stress by increasing the antioxi-

dant potential of erythrocytes. Experimental data have shown that the binding of

EPO to its receptor activates nuclear factor kB (NFkB), which in turn enhances the

expression of genes encoding proteins, such as superoxide dismutase or glutathione,

that have antioxidant properties [107].

7 Renoprotection by Nonhematologic Effects of rHuEPO

As previously outlined, hypoxia of renal tissue appears to be an important factor for

interstitial fibrosis. Thus, preventing hypoxia with EPO should decrease tissue

injury and ultimately protect against nephron loss. Since EPO ameliorates cell

and tissue hypoxia by direct mechanisms that are unrelated to its hematological

action, renoprotection could be achieved with lower doses of rHuEPO than those

used for treatment of anemia [108, 109].

We used a hematologically noneffective dose of the long-acting rHuEPO analog

darbepoetin (i.e., a dose that did not affect hematocrit levels in treated animals) in

the established 5/6 nephrectomy remnant kidney model in the rat [110]. This model

features progressive injury to the renal microvascular endothelium, leading to

glomerular sclerosis and ischemia-induced tubulointerstitial damage. We could

demonstrate that chronic treatment with darbepoetin conferred renal vascular and

tissue protection, preserved renal function, and improved survival in this experi-

mental setting of chronic renal ischemia (Fig. 2). However, we could also document

that escalating doses of darbepoetin mitigate the protective effects on the remnant

kidney tissue and even worsen glomerulosclerosis [111].

We and others recently expanded these findings in experimental models of

diabetic, toxic, and immunologic kidney injury [112–116]. Chronic administration

of C.E.R.A. had beneficial dose-dependent effects on molecular pathways of

diabetic kidney damage and on loss of podocyte in vivo [112, 113]. However,

only the nonhematologically effective (low) dose was also clinically renoprotec-

tive, whereas high-dose C.E.R.A. aggravated albuminuria in this experimental

setting, despite clear-cut beneficial molecular effects. Interestingly, phlebotomy

in high-dose C.E.R.A.-treated mice preserved its tissue-protective effect. Eto et al.

[114] examined the mechanisms by which darbepoetin confers renoprotection in a

puromycin aminonucleoside-induced model of nephrotic syndrome in the rat. They

found that the decrease in proteinuria was correlated with the immunohistochemical

disappearance of the podocyte injury markers desmin and the immune costimulator

molecule B7.1, with the reappearance of nephrin expression in the slit diaphragm.

Podocyte foot process retraction and effacement along with actin filament rear-

rangement were reversed by darbepoetin treatment. Furthermore, puromycin treat-

ment of rat podocytes in culture caused actin cytoskeletal reorganization along
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with deranged nephrin distribution. All these effects in vitro were reversed by

darbepoetin. The same authors also investigated the role of rHuEPO in the regula-

tion of heme oxygenase-1, an antioxidative stress protein in an animal model of

chronic tubulointerstitial injury [115]. Treatment with rHuEPO reduced proteinuria

and renal injury, including peritubular capillaries rarefaction. This renoprotection

was associated with upregulation of heme oxygenase-1 in kidney tissue. Finally,

Logar et al. [116] tested the effects of darbepoetin in preventing podocyte apoptosis

in cultured immortalized mouse podocytes treated with low-dose ultraviolet-C

irradiation to induce apoptosis. Darbepoetin pretreatment significantly reduced

podocyte apoptosis, with this effect involving intact JAK2 and AKT signaling

pathways. Moreover, in mice with antiglomerular antibody–induced glomerulone-

phritis, chronic darbepoetin treatment significantly reduced podocyte apoptosis,

glomerulosclerosis, and proteinuria.

Collectively, these observations could be of considerable clinical relevance,

because “low dose” rHuEPO treatment may be a safe strategy to avoid potential

adverse effects of high-dose therapy (i.e., doses that cause a large increase in

hematocrit with accompanying changes in rheology and activate thrombocytes).

Fig. 2 Kaplan–Meier survival curves of remnant kidney model rats treated with either saline or

0.1 mg/kg body weight darbepoetin. Survival of darbepoetin-treated animals was significantly

better (p< 0.05) than in the saline-treated group. Note that hematocrit values were not different

between groups over time (inset)
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Thus, earlier administration of rather low doses of rHuEPO or analogs may be a

feasible way to limit renal tissue damage in patients with CKD. Moreover, rHuEPO

analogs that maintain tissue-protective effects but are devoid of the action on

erythropoiesis (and thrombopoiesis?) may represent a valuable alternative. Such

molecules like the carbamylated form of the hormone (CEPO) have already been

tested in experimental studies, revealing tissue-protective properties comparable

with that of classic rHuEPO, but without any effect on hematocrit or pro-

coagulative activity [117]. The potential of such rHuEPO analogs to prevent loss

of renal tissue in patients with CKD awaits further investigation, however. In

addition, better characterization of the nonerythropoietic biological effects of

EPO and understanding of the mechanisms of EPO–EPOR signaling activation in

nonhematopoietic organs and cell types are critical to the future development of

novel applications for EPO and its derivatives.

8 Conclusion

Renal tissue hypoxia does occur throughout the progression of CKD, as has been

shown by a variety of methods in experimental and clinical studies. The kidney

responds to declining ambient oxygenation by the activation of genes providing

adaptation and endurance, such as EPO. Since anemia was found to be an indepen-

dent predictor not only of cardiovascular morbidity but also of progression in

patients with CKD, treatment with rHuEPO was expected not only to improve

clinical symptoms of anemia, but also to reduce cardiovascular sequel and progres-

sion in this population. Indeed, data from epidemiologic studies suggest that

progression in CKD patients is faster with lower hemoglobin levels, but so far

intervention studies did not reveal a definite beneficial effect of rHuEPO treatment

on progression. It is conceivable that the development of renal anemia in CKD

patients is accompanied by renal tissue hypoxia and progression, but these two

conditions may not be as closely related as suggested. Thus, in clinical studies

treatment of anemia with rHuEPO may not have the same outcome as treatment of

renal tissue hypoxia.
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Chapter 32

Novel Therapeutic Approaches Against

Oxidative Stress and Hypoxia, Targeting

Intracellular Sensor Molecules for Oxygen

and Oxidative Stress

Toshio Miyata and Charles van Ypersele de Strihou

Abstract Besides hemodynamic andmetabolic abnormalities, a broad derangement

of oxygen metabolism, such as hypoxia and oxidative stress, has been implicated in

the genesis of diabetic kidney lesions. It further impacts on various biological

reactions linked to oxygen metabolism (e.g., nitrosative stress, advanced glycation,

carbonyl stress, endoplasmic reticulum (ER) stress). The causal role of an impaired

oxygenmetabolism in diabetic kidney lesions renovates our understanding of current

therapeutic benefits accruing from antihypertensive agents, the control of hypergly-

cemia or hyperinsulinemia, and the dietary correction of obesity. The cellular defense

mechanisms against hypoxia and oxidative stress have been recently explored.

The hypoxia-inducible factor (HIF) plays a key role to the defense against hypoxia.

Its activity is modulated by intracellular oxygen sensors, prolylhydroxylases (PHDs).

Small molecular PHD inhibitors improve kidney lesions in several animal models,

including diabetic nephropathy. PHD has three isoforms whose respective roles have

been delineated in mice by the specific disruption of each PHD gene. Unfortunately,

no current inhibitor is specific for a distinct PHD isoform. Nonspecific inhibition of

PHDs may induce adverse effects associated with PHD2 inhibition (e.g., angiogene-

sis). Specific disruption of the PHD1 gene induces hypoxic tolerance, without

angiogenesis and erythrocytosis, through the reprogramming of basal oxygen metab-

olism and an attendant decreased oxidative stress in hypoxicmitochondria. A specific

PHD1 inhibitor might therefore offer a novel therapy against hypoxia. On the other

hand, transcriptional factor Nrf2 regulates the basal and inducible expressions of

numerous antioxidant stress genes. Disruption of theNrf 2 gene exacerbates oxidative
renal injury. Nrf2 activity is modulated by Keap1, an intracellular sensor for

oxidative stress. Inhibitors of Keap1 may thus prove therapeutic against oxidative

tissue injury. Altogether, newer approaches targeting intracellular sensor molecules
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for oxygen and oxidative stress may offer clinical benefits not only in the diabetic

kidney but also in several diseases in which hypoxia or oxidative stress is a final,

common pathway.

Keywords Impaired oxygen metabolism � Oxygen sensor � Hypoxia tolerance

� Prolylhydroxylase (PHD) � Hypoxia-inducible factor (HIF) � Nrf2 � Keap1

1 Introduction

Several hemodynamic and metabolic derangements have been implicated in the

development of renal lesions associated with type 2 diabetes mellitus, for example,

hypertension, hyperglycemia, hyperinsulinemis, hyperlipidemia, and obesity

(Fig. 1). Prevention of diabetic nephropathy and of its dramatic consequences

thus relies on a multipronged approach targeting blood pressure (BP), serum levels

of glucose, insulin, lipids, and so forth. Unfortunately, despite significant advances,

these therapies do not fully prevent the renal complications of diabetes. Identifica-

tion of newer culprits and of novel agents that are able to interfere with them should

provide additional, dramatically needed benefits.

In this chapter, we propose a central role for oxygen metabolism, especially

hypoxia and oxidative stress, in the genesis and progression of diabetic nephropa-

thy, provide a single core hypothesis, including various biological reactions linked

to oxygen metabolism (e.g., nitrosative stress, advanced glycation/carbonyl stress,

endoplasmic reticulum stress), apply this hypothesis to understand the clinical

Hypoxia

Oxidative
stress

Carbonyl
Stress
(AGEs)

Mitochondria
dysfunction

Impaired
oxygen

metabolism
Nitrosative

stress
Endoplasmic

reticulum
stress

Fig. 1 Sequential events, stemming from hemodynamic and metabolic derangements and leading

to hypoxia, oxidative stress, and their eventual consequences in the diabetic kidney. Current

therapies targeting hemodynamic or metabolic abnormalities, such as antihypertensive agents

(renin-angiotensin system [RAS] inhibitors), control of hyperglycemia/hyperinsulinemia, and

dietary correction of obesity, modify the key features of abnormal oxygen metabolism in the

diabetic kidney
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benefits of current therapies, and, finally, propose more innovative therapeutic

approaches, targeting intracellular sensor molecules for oxygen and oxidative

stress, not only in the diabetic kidney but also in several diseases in which hypoxia

or oxidative stress is a final, common pathway.

2 Abnormal Oxygen Metabolism

2.1 Hypoxia

Oxygen is essential to various biometabolic processes, including oxidative

phosphorylation, during mitochondrial respiration. All organs, including the kidney,

depend on a sufficient and consistent supply of oxygen. The role of chronic hypoxia

in the progression of chronic kidney disease, first proposed in 1998 [1], has been

validated in a variety of human and experimental kidney diseases, including

diabetic nephropathy (reviewed in [2, 3]). Ries et al. [4] visualized tissue hypoxia

in the streptozotocin-induced diabetic kidney by blood oxygen level-dependent

(BOLD) imaging, a finding confirmed later by Rosenberger et al. [5] by means of

pimonidazole staining (a probe to detect hypoxia) and of hypoxia-inducible

factor (HIF). Tissue hypoxia was also documented in a hypertensive, type 2 diabetic

rat model [6].

The precise localization of hypoxia in the kidney has proven difficult as few

methods are able to identify and quantify tissue oxygenation at the cellular level.

Tanaka et al. [7] have used a new hypoxia-responsive reporter vector to generate a

novel hypoxia-sensing transgenic rat. In this animal, they identified “diffuse cortical”

hypoxia in the puromycin aminonucleoside-induced nephrotic syndrome and “focal

and segmental” hypoxia in the remnant kidney. In bothmodels, the degree of hypoxia

correlated positively with microscopic tubulointerstitial injury. Localization of tissue

hypoxia may thus differ according to the type of renal disease.

Causes of chronic hypoxia in the diabetic kidney are multifactorial. Glomerular

efferent arterioles enter the peritubular capillary plexus to offer oxygen to tubular and

interstitial cells. Diabetic glomerular and vascular lesions damage efferent arterioles,

decrease the number of peritubular capillaries, reduce oxygen diffusion to tubuloin-

terstitial cells, and lead, eventually, to tubular dysfunction and fibrosis [2]. Postglo-

merular peritubular blood flow is further decreased by vasoactive substances

generated in the diabetic kidney, such as angiotensin II and nitric oxide (NO) [8].

As shown by Palm et al. [9] NO regulates oxygen availability, so that its reduction in

diabetes causes hypoxia in the renal medulla. Anemia associated with chronic kidney

disease also hinders oxygen supply [10, 11].

Together with a significant decrease in oxygen supply, oxygen demand increases

in the tubule of the outer medulla of the diabetic kidney: remnant nephrons

compensate for tubular loss of nephrons, with an attendant enhanced tubular

transport and hence more energy consumption [12].
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2.2 Oxidative Stress

Under hypoxia, the cell relies on anaerobic glycolysis to generate adenosine

triphosphate (ATP), whereas the residual low oxygen supply still supports

some level of oxidative production of ATP through the tricarboxylic acid (TCA)

cycle and electron transport chain (ETC). In hypoxic cells, electrons leak from the

mitochondrial ETC and generate an excess of reactive oxygen species (ROS), that

is, oxidative stress. Although the existence of oxidative stress during hypoxia

sounds paradoxical, both an increase and a decrease in oxygen tension lead to

oxidative stress. Reoxygenation or high oxygen levels following ischemia further

exaggerate ROS generation. This concept opens the way to the clinical use of agents

able to scavenge ROS or to prevent their formation in ischemic diseases [13].

Both the existence of oxidative stress and its localization in diabetes have been

disputed.Williamson et al. [14] reported that diabetes is characterized by an increased

cellular nicotinamide adenine dinucleotide (NADH/NAD+ ratio) and suggested that it

is a state of “reductive stress” and “pseudo-hypoxia” rather than oxidative stress.

Oxidative stress was postulated in diabetes on the basis of indirect evidence, including

increased cellular nicotinamide adenine dinucleotide phosphate (NADP+/NADPH

ratio) and of oxidized to reduced glutathione [15–17]. Such a redox imbalance may,

however, rely on nonoxidative mechanisms (e.g., the polyol pathway), so that their

presence does not necessarily indicate an oxidative stress. Baynes and his colleagues

[18] revisited this issue with a new methodology centered on oxidative protein

modifications. They argued against a “generalized” oxidative stress in diabetes: the

age-adjusted levels in skin collagen of oxidized amino acids, ortho-tyrosine and

methionine sulfoxide, proved virtually identical in diabetics and nondiabetics.

In contrast with a generalized oxidative stress, we have demonstrated a local

oxidative stress in the human diabetic kidney [19]. Advanced glycation end pro-

ducts (AGEs), generated nonenzymatically with sugars on proteins, include two

different classes of structures: oxidative stress-dependent molecules (pentosidine

and Ne-(carboxymethyl) lysine [CML]) and oxidative stress-independent molecules

(pyrraline). Should tissue AGE formation depend solely on hyperglycemia, all

AGE structures would be detected in the diabetic kidney. The identification of

individual AGE structures established that this was not the case. Both pentosidine

and CML were present in diabetic glomerular lesions, together with other protein

modifications derived from the oxidation of lipids (e.g., malondialdehyde-lysine),

whereas pyrraline was absent. A local oxidative stress was thus postulated in the

diabetic kidney [19, 20]. This contention has been subsequently confirmed in

diabetic vascular lesions by Heinecke [21].

Altogether, diabetes is associated not with a generalized but rather with a local

oxidative stress. Currently, the presence of local oxidative stress in the diabetic

kidney is supported by a large body of evidence gathered in in vitro experiments,

in vivo animal, and human studies (reviewed in [22, 23]).

The primary cause of local oxidative stress in the diabetic kidney also remains

debated. Numerous enzymatic and nonenzymatic sources produce ROS or affect
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ROS production in the diabetic kidney, for example, the renin-angiotensin system

(RAS) activation [6, 24], NADPH oxidase activation [25–27], nitric oxide synthase

(NOS) and its metabolites (reactive nitrogen species) [28], mitochondrial respiratory

chain reaction abnormalities [29, 30], the polyol pathway [23], enhanced advanced

glycation and generation of reactive carbonyl compounds (RCOs) [19, 20, 31],

auto-oxidation of glucose and lipids, Fenton reaction catalyzed by transition metal

ions [32], and glutathione and other sulfhydryl compounds depletion [33].

As already mentioned, hypoxia also induces energy depletion and generates

oxidative stress. Aragonés et al. [34] have demonstrated in mice that genetic

disruption of the prolylhydroxylase-1 (PHD1) gene, an intracellular oxygen sensor,
lowers oxygen consumption in mitochondria of skeletal muscle, with an attendant

reduction of oxidative stress and an eventual enhanced cellular survival during

hypoxia. In agreement with this observation, the activation of HIF-1a reduces ROS

generation [35], whereas its inhibition worsens ROS generation [36].

Concurrently, oxidative stress exacerbates the status of hypoxia. In vitro studies

in rat proximal tubular cells [37] or in vivo studies in streptozotocin-induced

diabetic rats [5] show that high glucose blunts the activation of HIF, an effect

fully reversed by treatment with antioxidants, such as a-tocopherol or TEMPOL

(4-hydroxy-2,2,6,6-tetramethylpiperidinoxyl). NADPH oxidase activation also

aggravates renal hypoxia [38]. Altogether, hypoxia and oxidative stress are closely

linked in the diabetic kidney.

2.3 Broad Derangement of Oxygen Metabolism

Hypoxia and oxidative stress have an additional impact on various biological

reactions linked to oxygen metabolism (Fig. 2). First, oxidative stress modifies

proteins either directly through the oxidation of amino acids by ROS or indirectly

by an increased generation of RCOs from carbohydrates and lipids (i.e., carbonyl

stress) [39], which, in turn, stimulates the production of AGEs. A causal role of

oxidative stress in the formation of AGEs is supported by the correlation observed

in diabetic and uremic serum between pentosidine (an AGE) and oxidative markers

such as dehydroascorbate and advanced oxidation protein products (AOPP) [40, 41]

as well as by the colocalization of both oxidation-dependent AGE structures and

lipid peroxidation products observed in diabetic glomerular lesions [19, 20]. RCOs

also interfere with various cellular functions, independently of protein AGE mod-

ifications and influence intracellular signaling by multiple pathways [42], including

an interaction with the receptor for AGEs (RAGE) [43].

Second, hypoxia and oxidative stress interfere with the NO system. NO regulates

numerous kidney functions, including renal hemodynamics, renin release, and the

extracellular fluid volume [44]. It contributes to disease when it is either deficient or

in excess. NO deficient animal models indeed develop hypertension, proteinuria,

and glomerulosclerosis [45]. NO production and NO bioavailability progressively

decline in the diabetic kidney [46], influencing thus both oxygen utilization and
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supply [47]. Overproduction of superoxide and other related ROS, resulting in

oxidative stress, blunts the biological effects of NO. Superoxide, combined

with NO, forms peroxynitrite, a cytotoxic oxidant [28]. Peroxynitrite activates the

nuclear enzyme poly (ADP-ribose) polymerases (PARP) [48], which in turn

inhibits the activity of the glycolytic enzyme glyceraldehyde-3-phoshate dehydro-

genase (GAPDH) [49], eventually activating the polyol pathway and the formation

of AGEs, protein kinase C, and the hexosamine pathway [29], all of which have

been implicated in the genesis of diabetic nephropathy. ROS and reactive nitrogen

species (i.e., nitrosative stress) thus trigger subsequent cellular dysfunction in

diabetes through a multitude of mechanisms [44].

The function of mitochondria is influenced by hypoxia, oxidative stress, and

NO [50]. The function of the endoplasmic reticulum (ER) is also modified by

hypoxia and oxidative stress [51]. ER, an intracellular compartment, plays a critical

role in the processing, folding, and transport of newly synthesized proteins. All cells

are able to regulate their ER’s capacity and to adapt to an imbalance between

protein load and folding capacity, referred to as the ER stress, which has been

implicated in the diabetic kidney [52]. Defense against the ER stress includes the

unfolded protein response (UPR) with a transient attenuation of new protein

synthesis, the degradation of misfolded proteins, and the expression of a variety

of anti-ER stress proteins. Excessive ER stress tips the balance beyond the limit of

cellular UPR and, occasionally, leads to apoptosis.
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Fig. 2 Abnormal oxygen metabolism in the diabetic kidney. Impaired oxygen metabolism, such

as hypoxia and oxidative stress, is a final, common pathway not only in diabetic nephropathy but

also in a number of chronic conditions, such as a wide variety of kidney disorders, ischemic heart

disease, and stroke. They have an additional impact on various biological reactions linked to

oxygen metabolism (e.g., nitrosative stress, advanced glycation, carbonyl stress, and endoplasmic

reticulum stress). AGEs advanced glycation end products
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The phenomena, stemming from hemodynamic and metabolic derangements

and leading to hypoxia, oxidative stress, and their eventual consequences, are

tentatively integrated in a hypothetical scheme (see Fig. 1). The interrelationship

between these detrimental chain reactions is so complex that a single culprit is

probably not sufficient to account for the alterations of the diabetic kidney. What-

ever the sequential events, the consequences of an impaired oxygen metabolism

play a pivotal role in the genesis and progression of the diabetic kidney.

3 Implications in Current Therapies

Understanding the key features of abnormal oxygen metabolism in the diabetic

kidney renovates the interpretation of current therapeutic benefits. Targets of

current therapies are numerous and heterogeneous (e.g., blood pressure, glucose,

insulin, and obesity). As delineated below, in diabetic animal experiments, reno-

protection is not necessarily linked to blood pressure or glycemic control but,

interestingly, appears associated with an improved oxygen metabolism.

3.1 Inhibitor of the Renin-Angiotensin System: Blood
Pressure Lowering Agent

Several clinical studies, mainly but not only in diabetic patients, have demonstrated

that antihypertensive agents that inhibit the RAS, such as angiotensin converting

enzyme inhibitors (ACEIs), angiotensin II type 1 receptor blockers (ARBs), or a

direct renin inhibitor, achieve better renoprotection than other antihypertensive

drugs [53–58]. As a result, ARBs and ACEIs are now part of the standard treatment

of patients with diabetic nephropathy, even in the absence of systemic hypertension.

Interestingly, RAS inhibitors provide renoprotection independently of blood

pressure (BP) lowering [53–58]. The dissociation between BP and renoprotection

has been interpreted within the RAS inhibition hypothesis as a consequence of the

substantially higher angiotensin II concentrations within the kidney than in the

systemic circulation [59].

Alternatively, recent studies suggest, at least in part, an RAS-independent effect

of ARBs (i.e., benefits due to an effect on an impaired oxygen metabolism).

In addition to the protective benefits of BP lowering and angiotensin II type 1

receptor (AT1)-blockade, ARBs (and ACEIs) have unique abilities to correct not

only tissue hypoxia (by an increase in postglomerular peritubular blood flow [60] or

through AT2 receptor activation and NO production [61]) but also oxidative stress

and nitrosative stress [62, 63], carbonyl stress and advanced glycation [64, 65],

redox imbalance [66], and ER stress [67].

In order to dissect the mechanisms of ARBs’ protective benefits, we synthesized

a novel, nontoxic, ARB derivative, R-147176, characterized by a weak affinity for
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the AT1 (6,700 times less effective than olmesartan in AT1 binding inhibition), but a

striking inhibition of oxidative stress and advanced glycation [68]. Despite a

minimal effect on blood pressure, it provided a significant renoprotection in two

different experimental type 2 diabetic rat models, SHR/NDmcr-cp and Zucker

diabetic fatty. The renal benefit of ARB thus partly depends on its potent inhibition

of oxidative stress and advanced glycation. Whether or not this compound corrects

tissue hypoxia remains undetermined. R-147176, like ARBs, protects not only the

kidney but also brain cells in an experimental rat stroke model [69].

3.2 Glucose Lowering Agent

In addition to the critical role of hyperglycemia [70], recent studies have incrimi-

nated insulin resistance or hyperinsulinemia in the genesis of diabetic renal injury

[71]. Insulin sensitizers are therefore recommended for obese, diabetic patients with

nephropathy.

Of interest, the renal benefits of insulin and of pioglitazone (an insulin sensitizer)

are associated with a reduction of hypoxia [72], oxidative stress [73], nitrosative

stress [74], and advanced glycation [73]. Katavetin et al. [37] have shown in a

streptozotocin-induced diabetic rat model that hyperglycemia blunts HIF activa-

tion, an effect fully reversed by insulin treatment. In a hypertensive type 2 diabetic

rat SHR/NDmcr-cp model, we have demonstrated that insulin as well as pioglita-

zone reduced renal accumulation of AGEs and markers of oxidative stress to the

same extent [73]. However, in contrast with insulin, pioglitazone decreased signifi-

cantly plasma insulin levels and afforded markedly better renoprotection. This

puzzling observation is best accounted for by the ability of pioglitazone to reduce

the renal expression of transforming growth factor-beta (TGF-b). The latter,

together with hyperinsulinemia, might therefore prove a useful therapeutic target

[75], independent of glycemic control and impaired oxygen metabolism.

3.3 Correction of Obesity

Restriction of energy intake reduces oxidative stress in experimental animals

[76, 77]. Recent studies support a link between obesity and hypoxia [78, 79].

Crujeiras et al. [80] demonstrated that energy restriction in obese subjects improves

mitochondrial function and reduces oxidative stress.

In an obese type 2 diabetic rat model (SHR/NDmcr-cp), restriction of caloric

intake by 30% for 20weeks corrected obesity. Caloric restriction was associatedwith

a mild, not significant, fall in levels of HbA1c. Nevertheless, despite unchanged BP,

hyperglycemia, and hyperinsulinemia [81], proteinuria and histological abnormal-

ities of the kidney were prevented. Renal damage was impressively correlated not

only with body weight but also with the renal content of AGEs and the degree of
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oxidative stress [81]. Renoprotection in this model thus hinges upon the reduction of

oxidative stress but remains independent of hypertension and hyperglycemia.

4 Novel Therapeutic Target

4.1 Hypoxia-Inducible Factor

If hypoxia alters oxygen metabolism in diabetic nephropathy, let us review the

mechanisms of defense against hypoxia (Fig. 3). Defense against hypoxia hinges on

HIF [82, 83], whose activation induces a broad range of genes that participate in

erythrocytosis, angiogenesis, glucose metabolism, or cell proliferation/survival,

with the eventual protection of hypoxic tissues.

HIF-a is constitutively transcribed and translated. Its level is primarily regulated

by its rate of degradation. Oxygen determines its stability through an enzymatic

Fig. 3 HIF–PHD pathway under hypoxia. Hypoxia-inducible factor (HIF)-a is constitutively

transcribed and translated. Its level is primarily regulated by its rate of degradation. Oxygen

determines its stability through its enzymatic hydroxylation by PHDs. The hydroxylated HIF-a is

recognized by von Hippel–Lindau tumor suppressor protein (pVHL), which functions as an E3

ubiquitin ligase and is rapidly degraded by the proteasome. Nonhydroxylated HIF-a cannot

interact with pVHL and is thus stabilized. It binds to its heterodimeric partner HIF-b mainly in

the nucleus and transactivates genes involved in the adaptation to hypoxic-ischemic stress.

Expression of PHDs (PHD2 and PHD3) is regulated by HIF. PHDs interact with Siah1a/2

(PHD1 and PHD3) or FKBP38 (PHD2) and are subject to proteasomal degradation. PHD activity

is inhibited under hypoxia or by actions with nitric oxide (NO), reactive oxygen species (ROS),

transition metal chelators, cobalt chloride, 2-oxoglutarate analogs, or TM6008/TM6089
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hydroxylation by prolylhydroxylases (PHDs) [84, 85]. Hydroxylated HIF-a is

recognized by Hippel–Lindau tumor suppressor protein (pVHL) [86, 87], which

functions as an E3 ubiquitin ligase and is rapidly degraded by the proteasome

[88, 89]. Nonhydroxylated HIF-a does not interact with pVHL and is thus stabi-

lized. It binds to its heterodimeric partner HIF-b mainly in the nucleus [90] and

transactivates genes involved in the adaptation to hypoxic-ischemic stress.

Three isoforms of the HIF-a subunit have been identified [91] (i.e., HIF-1a,
HIF-2a, and HIF-3a). The former two are structurally and functionally similar.

In contrast, HIF-3a lacks the structures for transactivation found in the C-termini

of HIF-1a and HIF-2a, suggesting an alternative role as a negative regulator of

hypoxia-inducible gene expression.

Whereas HIF-1a distribution is rather ubiquitous, that of HIF-2a is localized in

certain types of cells [92]. In the kidney, HIF-1a is expressed in tubules, while

HIF-2a is confined to endothelial and interstitial cells. Recent studies in mice,

utilizing gene disruption of either HIF-1a or HIF-2a, have revealed that HIF-2a
functions as a physiological regulator of erythropoietin [93]. The HIF-2a gene is

responsible for familial erythrocytosis in humans [94] and for comparatively high

hemoglobin concentrations in polycystic kidney disease (pericystic hypoxia leading

to HIF-2 induction) [95]. In addition, as described below, HIF-2a plays a crucial

role in defense against oxidative stress [34, 96].

Therapeutic approaches targeting HIF might provide little clinical benefit if HIF

is maximally activated under pathological conditions. Fortunately, this is not neces-

sarily true. In the rat diabetic kidney, HIF activation is suboptimal, as illustrated by

its increase under antioxidants treatment [5, 37]. The amount of HIF-1a detected in

acute ischemia is substantially lower than that seen in animals exposed to carbon

monoxide [97], an HIF activator, indicating that HIF activation in experimental

renal ischemia is submaximal. Further HIF activationmight thus prove beneficial for

renoprotection. In agreement with this contention, Hill et al. [97] subjected knockout

mice for either HIF-1a or HIF-2a to renal ischemia reperfusion and found a more

severe renal injury in these mice than in littermate controls.

How could the activity of HIF be enhanced? As mentioned above, HIF-a is

constitutively transcribed but degraded through the oxygen-dependent hydroxyl-

ation of specific proline residues by PHDs. Inhibition of PHDs by small molecular

compounds should be an efficient therapeutic approach.

4.2 Oxygen Sensor (PHD)

PHDs belong to the Fe(II) and 2-oxoglutarate-dependent dioxygenase super-

family [91], which incorporates both atoms of molecular oxygen into their sub-

strates: one atom is used in the oxidative decarboxylation of 2-oxoglutarate to yield

succinate and carbon dioxide, whereas the other is incorporated directly into the

oxidized proline residue of HIF-a. They are called oxygen sensors [98], as their

activity rigorously depends on oxygen tension.
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Iron is essential for PHD activity, so that transition metal chelators might inhibit

PHD activity. Cobalt chloride also inhibits PHD activity through intracellular

depletion of ascorbate necessary for iron (reduced) activity [99]. Chemical precon-

ditioning with cobalt chloride also protected the kidney in a variety of experimental

models, including ischemic reperfusion [100], progressive uninephrectomized anti-

Thy1 nephritis [101], remnant kidney [102], and cisplatin nephropathy [103].

Cobalt chloride also protected the kidney in a hypertensive, type 2 diabetic rat

model (SHR/NDmcr-cp) [104]. Given for 20 weeks, it reduced proteinuria as well

as histological kidney injury, despite sustained hypertension and metabolic

abnormalities. Renal improvement was paralleled by a marked reduction in renal

tissue expressions of HIF-regulated genes, including erythropoietin, vascular endo-

thelial growth factor (VEGF), and heme oxygenase 1 (HO-1), and as well as by a

reduced renal production of TGF-b and AGEs.

In humans, the erythropoietic effect of cobalt has been established since the

1940s [105, 106]. In the 1970s, cobalt chloride was used in the treatment of anemia

associated with chronic renal failure [107]. Unfortunately, its toxicity prevented

further clinical use.

Recently, less cumbersome, nontoxic small molecular inhibitors of oxygen sensor

(PHDs) have been investigated [98]. Binding of the substrate 2-oxoglutarate to the

catalytic domain of PHDs appeared essential for enzymatic PHD activity. Chemical

compounds whose structure mimicked 2-oxoglutarate (e.g., N-oxalylglycine
(dimethyloxalylglycine) [108, 109], N-oxalyl-D-phenylalanine [110], L-minosine

[97]) were therefore able to inhibit PHD activity.

We utilized a different strategy, docking simulation based on the three-

dimensional protein structure of human PHD2, and synthesized two novel inhibitors

of PHDs (TM6008 and TM6089) [111]. Both compounds bound to the active site

within the PHD2 molecule where HIF binds (Fig. 4). As anticipated, given orally,

they stimulated HIF activity in various organs of transgenic rats expressing a

hypoxia-responsive reporter vector, and, given locally, they induced angiogenesis

in a mouse sponge assay [111].

Another small molecular inhibitor of PHD (FG4487) also offered renal benefits

[112]. Given intraperitoneally in a rat ischemic acute renal failure model, it

activated both HIF-1a and HIF-2a, induced the expression of HIF target genes,

ameliorated tubular injury, and, eventually, improved renal function. A similar

renoprotection has been demonstrated for other PHD inhibitors, such as L-minosine

and dimethyloxalylglycine [97], both of which increased HIF-1a and HIF-2a
expression and protected against renal ischemic injury by decreasing the number

of apoptotic cells in the absence of angiogenesis.

4.3 Specific Inhibitor for Oxygen Sensor

Unfortunately, nonspecific inhibition of HIF degradation augments VEGF and

erythropoietin production, both of which have proven detrimental in human
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diabetic retinopathy [113]. Dissociation of the benefits of HIF activation from its

effects on VEGF and erythropoietin is therefore needed.

Three different PHD isoforms have been identified [91] (i.e., PHD1, PHD2,

PHD3), each of which has its own tissue and subcellular distribution [114]. PHD1 is

exclusively nuclear, PHD2 is mainly cytoplasmic (but shuttles between nucleus and

cytoplasm [115]), and PHD3 is present in both cytoplasm and nucleus. PHD2 acts

as a decisive oxygen sensor in the HIF degradation pathway [116]. In the rat kidney,

all three isoforms of PHDs were expressed but PHD2 was the most abundant [117].

PHDs were more strongly expressed in tubular segments of the inner medulla where

oxygen tension is physiologically low [118]. Although it decreased PHD activity,

hypoxia induced expression of PHD2 and PHD3 through upregulation of HIF-1a
[117]. This HIF-induced PHD expression ensures rapid removal of HIF-a after

reoxygenation. In addition to hypoxia, NO and ROS also decreased PHD activity

[116, 118], but here again both resulted in a feedback upregulation of PHDs’

expression due to HIF-a accumulation. Feedback loops may prove very important

at different levels of hypoxia signaling [119].

The roles of the three PHD isoforms have recently been delineated by the

specific disruption of each PHD gene (Fig. 5). The angiogenic phenotypes of

Fig. 4 Predicted binding modes of

prolylhydroxylases (PHD)

inhibitors in human PHD2.

TM6008, TM6089, HIF proline,

and 2-oxoglutarate are shown in

light blue, magenta, yellow, blue,
respectively. Fe(II) is shown by a

green sphere. Figure is drawn by

the software Discovery

Studio Visualizer 2.0 (Accelrys

Software Inc., San Diego, CA)
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mice with targeted disruptions of these genes [120] revealed that PHD1 and

PHD3 gene knockout does not produce apparent angiogenic defects. In contrast,

broad-spectrum conditional knockout of PHD2 induced VEGF and an hyperactive

angiogenesis, with the formation of mature and perfused blood vessels. In agree-

ment with these observations, TM6008, a novel compound potentially binding

human PHD2 in docking simulation studies, induced angiogenesis in mice [111].

PHD3 was also involved in angiogenesis: in mice with hindlimb ischemia, PHD3

gene silencing provided a better therapeutic revascularization than PHD2 gene

silencing [121].

Data that demonstrate that upregulation of HIF results in tumor progression

[122] might caution against the long-term use of PHD inhibitors. Fortunately, a

recent study [123] reported that inhibition of PHD2 prompted endothelial cells to

readjust their shape and phenotype to restore oxygen supply, improved tumor

perfusion and oxygenation, and inhibited tumor cell invasion, intravasation, and

metastasis.

Both PHD1 and PHD3 gene knockout mice had no apparent effect on erythro-

poietin [93], but double knockout PHD1 and PHD3 mice accumulated HIF-2a in

Fig. 5 Respective role of each prolylhydroxylase (PHD) isoform in response to hypoxia.

Stimulation and inhibitory interactions are indicated with solid and broken arrows, respectively.
PHD2-HIF-1a pathway regulates angiogenesis and PHD2-HIF-2a dose erythrocytosis in the

kidney. PHD1(-HIF-1a) involves hypoxic tolerance through reprogramming basal oxygen metab-

olism and significant reduction of oxidative stress generated in mitochondria. PHDs also have

targets other than the hydroxylation of HIF-a, for example, the nuclear factor kB (NFkB) pathway
(inflammation), RNA polymerase II (cell growth), ATF4 (endoplasmic reticulum stress), and the

Nrf2 pathway (oxidative stress)
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the liver and developed moderate erythrocytosis. Adult PHD2-deficient mice

developed severe erythrocytosis, with a dramatic increase in erythropoietin serum

levels and in erythropoietin renal mRNA [93]. These results are taken to indicate

that PHD1/3 double deficiency leads to erythrocytosis partly by activating the

hepatic HIF-2a/erythropoietin pathway, whereas PHD2 deficiency leads to erythro-
cytosis by activating the renal pathway.

Evidence suggests that PHDs, especially PHD1 and PHD3, have other targets

than the hydroxylation of HIF-a. The nuclear factor kB (NFkB) pathway is

suppressed under normoxic condition, but it is activated by hypoxia through a

modification of its inhibitor I-kB kinase-beta by PHD1 [124]. PHD inhibition by

dimethyloxalylglycine or TM6008 interference inhibited lipopolysaccharide

(LPS)-induced TNF-a upregulation in macrophages, possibly through NFkB inhi-

bition [125], suggesting that PHDs are also positive regulators of LPS-induced

inflammatory process. PHD1 also interacts with RNA polymerase II, which reg-

ulates tumor growth [126]. PHD3 is involved in the apoptosis of neuronal cells after

nerve growth factor withdrawal, a phenomenon that is not prevented by simulta-

neous activation of HIF-a [127]. PHD3 binds to ATF4, an element involved in the

UPRs under ER stress, and regulates its stability [128]. Of interest, a PHD inhibitor,

dimethyloxalylglycine, activates antioxidant genes expression through the Nrf2

pathway [129]. These PHD-dependent but HIF-independent pathways might offer

other therapeutic clues for an improved protection against hypoxic or oxidative

stress tissue injury.

Dissociation between the benefits of HIF activation and its effects on angiogen-

esis and erythropoietin has been recently illustrated by Aragonés et al. [34].

The specific disruption of PHD1 unexpectedly induced hypoxic tolerance in

muscle cells, without angiogenesis and erythrocytosis induction, at least in part

through the activation of HIF-2a. Basal oxygen metabolism was reprogrammed

and generation of oxidative stress decreased in hypoxic mitochondria (Fig. 6).

Inhibition of PHD1 likely arouses various protective mechanisms, including ATP

production, through enhanced glycolysis and restriction of glycolytic intermediates

entry into the oxidative phosphorylation of glucose, through induction of pyruvate

dehydrogenase kinase, which attenuates entry of electrons into the ETC. Conse-

quently, energy is conserved, oxidative damage is reduced, and cells are protected

from hypoxic damage. These findings partly explain why hibernating or hypoxia-

tolerant animals are more resistant to ischemic insults [130, 131]. Inhibition

of PHD1 also protects cultured rat neuronal cells: PHD1, but not PHD2 and

PHD3, knockdown prevented oxidative stress-induced neuronal death [132].

Specific inhibition of PHD1 may thus mediate tissue protection through reduced

oxidative stress.

Unfortunately, none of the current, thus far reported, PHD inhibitors are

specific for a distinct PHD subtype. A specific PHD1 inhibitor may provide a

novel therapy without adverse effects associated with PHD2 inhibition (e.g., poly-

cythemia [93, 133, 134], congestive heart failure [132], placental defects during

pregnancy [135]).
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4.4 Nrf 2

Transcriptional factor nuclear factor-erythroid 2 p45-related factor 2 (Nrf2) is a

basic leucine zipper redox-sensitive transcription factor that regulates the expres-

sion of several cellular antioxidant and cytoprotective genes. Upon exposure to

oxidative stress or electrophiles, Nrf2 translocates into nuclei, heterodimerizes with

a small Maf protein, and eventually binds to the antioxidant/electrophile responsive

element (ARE/EpRE), leading to transcriptional activation of antioxidant genes

(Fig. 7), including heme oxygenase-1, glutathione peroxidase-2 (GSH-Px2), NAD

(P)H-quinone oxidoreductase 1 (NQO1), and glutathione S-transferase [136, 137].
Nrf2 thus activates a broad and coordinated set of downstream reactions against

oxidative stress.

In a recent study, induction of renal ischemia and reperfusion elevated Nrf2

levels and their downstream target genes in the kidney of wild-type mice [138].

Nrf2-deficiency enhanced susceptibility to both ischemic and nephrotoxic acute

Fig. 6 Inhibition of PHDs, increased oxygen supply, and decreased oxygen demand (hypoxia

tolerance). Under hypoxia in the kidney, two different adaptational reactions ensue. First, expres-

sions of erythropoietin, vascular endothelial growth factor (VEGF), and glucose transporter-1

(GLUT-1) are augmented in order to increase the supply of oxygen and nutrient, eventually

leading to erythropoietin (PHD2, PHD1/PHD3) and angiogenesis (PHD2). Second, PHD1-induced

reactions decrease oxygen demand, conserve energy, reduce oxidative damage, and protect the cell

from hypoxic damage (hypoxia tolerance), including stimulation of ATP production through

enhanced glycolysis and restriction of the entry of glycolytic intermediates (e.g., pyruvate) into

the oxidative phosphorylation (OXPHOS) of glucose
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kidney injury [139]: renal function, histology, vascular permeability, and survival

were significantly worse in the Nrf2 knockout mice. Treatment of the Nrf2 knock-

out mice with the antioxidants N-acetyl-cysteine or glutathione improved renal

function. Furthermore, Nrf2 knockout mice with a streptozotocin-induced diabetes

progressively increased their urinary excretion of nitric oxide metabolites and

developed renal injury [140]. Nrf2-mediated transcriptional responses are also

protective in other experimental diseases, including oxidative lung injury and

fibrosis, asthma, and brain ischemia reperfusion injury [141–143].

These data suggest upregulation of Nrf2 as a potential therapeutic target for

ameliorating oxidative stress-induced kidney injury.

4.5 Oxidative Stress Sensor (KEAP1)

The regulation of Nrf2 has been recently elucidated. Nrf2 is constitutively

transcribed and translated. Its level is primarily regulated by its rate of degradation

Fig. 7 Nrf2–Keap1 pathway under oxidative stress. Nrf2 is constitutively transcribed and

translated. Its level is primarily regulated by its rate of degradation through the Keap1-Cul3 system.

Nrf2 is ubiquitinated continuously and degraded within the proteasome. Under oxidative stress,

reactive cysteines within the Keap1 moiety are modified by oxidants, which, in turn, induce

conformational change, eventually leading to detachment of Nrf2 from Keap1 and to inhibition of

its ubiquitination. Oxidative stress thus inhibits degradation of Nrf2 and facilitates nuclear translo-

cation of Nrf2. Nrf2 then heterodimerizes with a small Maf protein, binds to the antioxidant/

electrophile responsive element (ARE/EpRE), and transactivates a variety of antioxidant genes
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through the Keap1-Cul3 system [144, 145]. Nrf2 is ubiquitinated continuously and

degraded within the proteasome. Keap1 acts as a sensor of oxidative stress and a

negative regulator of Nrf2. Under oxidative stress, reactive cysteines within the

Keap1 moiety are modified by oxidants and induce conformational changes, even-

tually leading to the detachment of Nrf2 from Keap1 and inhibition of its ubiqui-

tination (see Fig. 7). Oxidative stress thus inhibits degradation of Nrf2 and

facilitates nuclear translocation of Nrf2.

In Keap1 knockdown mice, Nrf2-regulated genes are significantly increased and

oxidative injuries in the brain and kidney are markedly ameliorated (Takizawa S,

Matsuzaka T, Miyata T, Yamamoto M, unpublished observations). Inhibition of

Keap1 could thus result in tissue protection through increased nuclear translocation

of Nrf2 and subsequent activation of antioxidant genes.

4.6 Nrf2 Inducer and Inhibitor of Oxidative Stress Sensor

Sulforaphane, which is enriched in cruciferous vegetables such as broccoli,

enhances in vitro Nrf2 activity and protects oxidative tissue damage in experimental

models of ischemia-reperfusion kidney injury [146] and of ischemic stroke [147].

Unfortunately, by contrast to the HIF–PHD pathway, synthetic small molecular

compounds able to interfere with the Nrf2-Keap1 system are very few. Effective

Keap1 inhibitors are not currently available. However, X-ray crystal structure

of Keap1 and the molecular mechanism of interaction between Nrf2 and Keap1

have been clarified [148]. By computer-based virtual screening based on the three-

dimensional structure ofKeap1, we searched for a compound that binds the active site

of Keap1 and inhibits in vitro interaction between Nrf2 and Keap1 (Yamamoto M,

Hirayama N, Miyata T, unpublished observation). Its effectiveness should be tested

in experimental kidney disease models. If its benefits are confirmed, a specific Keap1

inhibitormay offer another approach to treat oxidative stress injury in kidney disease.

5 Conclusion

Impaired oxygen metabolism, such as hypoxia and oxidative stress, is a final,

common pathway not only in diabetic nephropathy but also in a number of chronic

conditions, such as a wide variety of kidney disorders, ischemic heart disease, and

stroke. Advances in the treatment or prevention of diabetic nephropathy, delineated

in the present review, especially those targeting sensor molecules for oxygen

and oxidative stress, may thus herald new concepts in the management of a broad

spectrum of chronic illnesses linked to an impaired oxygen metabolism.

Acknowledgments We thank Drs. Guo-Hua Fong, Masaomi Nangaku, and Kotaro Takeda for

helpful discussion and Dr. Noriaki Hirayama for kindly providing representative pictures of

docking simulation.

32 Novel Therapeutic Approaches Against Oxidative Stress and Hypoxia 649



References

1. Fine LG, Orphanides C, Norman JT. Progressive renal disease: the chronic hypoxia

hypothesis. Kidney Int 1998; 53(Suppl 65): S74–S78.

2. Fine LG, Norman JT. Chronic hypoxia as a mechanism of progression of chronic kidney

diseases: from hypothesis to novel therapeutics. Kidney Int 2008; 74: 867–872.

3. Singh DK, Winocour P, Farrington K. Mechanisms of disease: the hypoxic tubular hypothe-

sis of diabetic nephropathy. Nat Clin Pract Nephrol 2008; 4: 216–226.

4. Ries M, Basseau F, Tyndal B, et al. Renal diffusion and BOLDMRI in experimental diabetic

nephropathy. Blood oxygen level-dependent. J Magn Reson Imaging 2003; 17: 104–113.

5. Rosenberger C, Khamaisi M, Abassi Z, et al. Adaptation to hypoxia in the diabetic rat

kidney. Kidney Int 2008; 73: 34–42.

6. Izuhara Y, Nangaku M, Inagi R, et al. Renoprotective properties of angiotensin receptor

blockers beyond blood pressure lowering. J Am Soc Nephrol 2005; 16: 3631–3641.

7. Tanaka T, Miyata T, Inagi R, et al. Hypoxia in renal disease with proteinuria and/or

glomerular hypertension. Am J Pathol 2004; 165: 1979–1992.

8. Singh P, Deng A, Weir MR, et al. The balance of angiotensin II and nitric oxide in kidney

diseases. Curr Opin Nephrol Hypertens 2008; 17: 51–56.

9. Palm F, Friederich M, Carlsson PO, et al. Reduced nitric oxide in diabetic kidneys due to

increased hepatic arginine metabolism: implications for renomedullary oxygen availability.

Am J Physiol Renal Physiol 2008; 294: F30–F37.

10. Nangaku M, Eckardt KU. Pathogenesis of renal anemia. Semin Nephrol 2006; 26: 261–268.

11. Bahlmann FH, Fliser D. Erythropoietin and renoprotection. Curr Opin Nephrol Hypertens

2009; 18: 15–20.

12. Nath KA, Croat AJ, Hostettor TH. O2 consumption and oxidant stress in the surviving

nephrons. Am J Physiol 1990; 258: F1354–F1362.

13. Kulkarni AC, Kuppusamy P, Parinandi N. Oxygen, the lead actor in the pathophysiologic

drama: enactment of the trinity of normoxia, hypoxia, and hyperoxia in disease and therapy.

Antioxid Redox Signal 2007; 9: 1717–1730.

14. Williamson JR, Chang K, Frangos M, et al. Hyperglycemic pseudohypoxia and diabetic

complications. Diabetes 1993; 42: 801–813.

15. Bravi MC, Pietrangeli P, Laurenti O, et al. Polyol pathway activation and glutathione redox

status in non-insulin-dependent diabetic patients. Metabolism 1997; 6: 1194–1198.

16. Jennings PE, Chirico S, Jones AF, et al. Vitamin C metabolites and microangiopathy in

diabetes mellitus. Diabetes Res 1987; 6: 151–154.

17. Suzuki E, Yasuda K, Takeda N, et al. Increased oxidized form of human serum albumin in

patients with diabetes mellitus. Diabetes Res Clin Pract 1992; 18: 153–158.

18. Wells-Knecht MC, Lyons TJ, McCance DR, et al. Age-dependent increase in ortho-tyrosine
and methionine sulfoxide in human skin collagen is not accelerated in diabetes. Evidence

against a generalized increase in oxidative stress in diabetes. J Clin Invest 1997; 100:

839–846.

19. Horie K, Miyata T, Maeda K, et al. Immunohistochemical colocalization of glycoxidation

products and lipid peroxidation products in diabetic renal glomerular lesions. J Clin Invest

1997; 100: 2995–3004.

20. Suzuki D, Miyata T, Saotome N, et al. Immunohistochemical evidence for an increased

oxidative stress and carbonyl modification of proteins in diabetic glomerular lesions. J Am

Soc Nephrol 1999; 10: 822–832.

21. Pennathur S, Wagner JD, Leeuwenburgh C, et al. A hydroxyl radical-like species oxidizes

cynomolgus monkey artery wall proteins in early diabetic vascular disease. J Clin Invest

2001; 107: 853–860.

22. Shah SV, Baliga R, Rajapurkar M, et al. Oxidants in chronic kidney disease. J Am Soc

Nephrol 2007; 18: 16–28.

650 T. Miyata and C. van Ypersele de Strihou



23. Forbes JM, Coughlan MT, Cooper ME. Oxidative stress as a major culprit in kidney disease

in diabetes. Diabetes 2008; 57: 1446–1454.

24. Jaimes EA, Galceran JM, Raij L. Angiotensin II induces superoxide anion production by

mesangial cells. Kidney Int 1998; 54: 775–784.

25. Gorin Y, Block K, Hernandez J, et al. Nox4 NAD(P)H oxidase mediates hypertrophy and

fibronectin expression in the diabetic kidney. J Biol Chem 2005; 280: 39616–39626.

26. Asaba K, Tojo A, Onozato ML, et al. Effects of NADPH oxidase inhibitor in diabetic

nephropathy. Kidney Int 2005; 67: 1890–1898.

27. Thallas-Bonke V, Thorpe SR, Coughlan MT, et al. Inhibition of NADPH oxidase prevents

advanced glycation end product-mediated damage in diabetic nephropathy through a protein

kinase C-alpha-dependent pathway. Diabetes 2008; 57: 460–469.

28. Szabo C. Role of nitrosative stress in the pathogenesis of diabetic vascular dysfunction.

Br J Pharmacol 2009; 156: 713–727.

29. Nishikawa T, Edelstein D, Du XL, et al. Normalizing mitochondrial superoxide production

blocks three pathways of hyperglycaemic damage. Nature 2000; 404: 787–790.

30. Kiritoshi S, Nishikawa T, Sonoda K, et al. Reactive oxygen species from mitochondria

induce cyclooxygenase-2 gene expression in human mesangial cells: potential role in

diabetic nephropathy. Diabetes 2003; 52: 2570–2577.

31. Tan AL, Forbes JM, Cooper ME. AGE, RAGE, and ROS in diabetic nephropathy. Semin

Nephrol 2007; 27: 130–143.

32. Monnier VM. Transition metals redox: reviving an old plot for diabetic vascular disease.

J Clin Invest 2001; 107: 799–801.

33. Baynes JW, Thorpe SR. Role of oxidative stress in diabetic complications: a new perspective

on an old paradigm. Diabetes 1999; 48: 1–9.

34. Aragonés J, Schneider M, Van Geyte K, et al. Deficiency or inhibition of oxygen sensor

PHD1 induces hypoxia tolerance by reprogramming basal metabolism. Nat Genet 2008; 40:

170–180.

35. Kim JW, Tchernyshyov I, Semenza GL, et al. HIF-1-mediated expression of pyruvate

dehydrogenase kinase: a metabolic switch required for cellular adaptation to hypoxia. Cell

Metab 2006; 3: 177–185.

36. Bonnet S. Archer SL, Allalunis-Turner J, et al. A mitochondria-K+ channel axis is suppressed

in cancer and its normalization promotes apoptosis and inhibits cancer growth. Cancer Cell

2007; 11: 37–51.

37. Katavetin P, Miyata T, Inagi R, et al. High glucose blunts vascular endothelial growth factor

response to hypoxia via the oxidative stress-regulated hypoxia-inducible factor/hypoxia-

responsible element pathway. J Am Soc Nephrol 2006; 17: 1405–1413.

38. Yang ZZ, Zhang AY, Yi FX, et al. Redox regulation of HIF-1alpha levels and HO-1

expression in renal medullary interstitial cells. Am J Physiol Renal Physiol 2003; 284:

F1207–F1215.

39. Miyata T, Kurokawa K, van Ypersele de Strihou C. From molecular footprints of disease to

new therapeutic interventions in diabetic nephropathy: a detective story. Curr Drug Targets

Immune Endocr Metabol Disord 2005; 5: 323–329.

40. Miyata T, Wada Y, Cai Z, et al. Implication of an increased oxidative stress in the formation

of advanced glycation end products in patients with end-stage renal failure. Kidney Int 1997;

51: 1170–1181.

41. Witko-Sarsat V, Friedlander M, Capeillère-Blandin C, et al. Advanced oxidation protein

products as a novel marker of oxidative stress in uremia. Kidney Int 1996; 49: 1304–1313.

42. Miyata, T, Kurokawa K, van Ypersele de Strihou C. Advanced glycation and lipoxidation

end products: role of reactive carbonyl compounds generated during carbohydrate and lipid

metabolism. J Am Soc Nephrol 2000; 11: 1744–1752.

43. Yan SD, Schmidt AM, Anderson GM, et al. Enhanced cellular oxidant stress by the

interaction of advanced glycation end products with their receptors/binding proteins. J Biol

Chem 1994; 269: 9889–9897.

32 Novel Therapeutic Approaches Against Oxidative Stress and Hypoxia 651



44. Modlinger PS, Wilcox CS, Aslam S. Nitric oxide, oxidative stress, and progression of

chronic renal failure. Semin Nephrol 2004; 24: 354–365.

45. Wilcox CS. Oxidative stress and nitric oxide deficiency in the kidney: a critical link to

hypertension? Am J Physiol Regul Integr Comp Physiol 2005; 289: R913–R935.

46. Prabhakar S, Starnes J, Shi S, et al. Diabetic nephropathy is associated with oxidative stress

and decreased renal nitric oxide production. J Am Soc Nephrol 2007; 18: 2945–2952.

47. Palm F, Teerlink T, Hansell P. Nitric oxide and kidney oxygenation. Curr Opin Nephrol

Hypertens 2009; 18: 68–73.

48. Garcia SF, Virág L, Jagtap P, et al. Diabetic endothelial dysfunction: the role of poly(ADP-

ribose) polymerase activation. Nat Med 2001; 7: 108–113.

49. Du X, Matsumura T, Edelstein D, et al. Inhibition of GAPDH activity by poly(ADP-ribose)

polymerase activates three major pathways of hyperglycemic damage in endothelial cells.

J Clin Invest 2003; 112: 1049–1057.

50. Friederich M, Hansell P, Palm F. Diabetes, oxidative stress, nitric oxide and mitochondria

function. Curr Diabetes Rev 2009; 5: 120–144.

51. Xu C, Bailly-Maitre B, Reed JC. Endoplasmic reticulum stress: cell life and death decisions.

J Clin Invest 2005; 115: 2656–2664.

52. Lindenmeyer MT, Rastaldi MP, Ikehata M, et al. Proteinuria and hyperglycemia induce

endoplasmic reticulum stress. J Am Soc Nephrol 2008; 19: 2225–2236.

53. Jafar TH, Schmid CH, Landa M, et al. Angiotensin-converting enzyme inhibitors and

progression of nondiabetic renal disease. A meta-analysis of patient-level data. Ann Intern

Med 2001; 135: 73–87.

54. Lewis EJ, Hunsicker LG, Clarke WR, et al; Collaborative Study Group. Renoprotective

effect of the angiotensin-receptor antagonist irbesartan in patients with nephropathy due to

type 2 diabetes. N Engl J Med 2001; 345: 851–860.

55. Brenner BM, Cooper ME, de Zeeuw D, et al; RENAAL Study Investigators. Effects of

losartan on renal and cardiovascular outcomes in patients with type 2 diabetes and nephrop-

athy. N Engl J Med 2001; 345: 861–869.
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Chapter 33

Endoplasmic Reticulum Stress as a Target

of Therapy Against Oxidative Stress

and Hypoxia

Reiko Inagi

Abstract Oxidative stress or hypoxia is the major disturbance that leads to

endoplasmic reticulum (ER) dysfunction. The ER maintains protein homeostasis,

including the regulation of the concentration, conformation, folding, and trafficking

of client proteins. ER dysfunction by the disturbances such as oxidative stress,

referred to as ER stress, induces intracellular stress responses, called the unfolded

protein response (UPR). The UPR initially serves as an adaptive response, but also

induces apoptosis in cells under severe or prolonged ER stress. The linkage of ER

stress with oxidative stress or hypoxia, both of which are pathogenic, indicates the

potential pathophysiological significance of ER stress across a wide range of dis-

eases. Accumulating evidence indicates that ER stress contributes to glomerular and

tubular damages in patients with acute and chronic kidney diseases. In glomeruli,

podocyte ormesangial dysfunction tends to induce the adaptive UPR,which involves

ER chaperone expression and the attenuation of protein translation to maintain ER

homeostasis and ensure cell survival. In tubules, apoptosis, resulting from epithelial

cell damage, is caused by the pro-apoptotic UPR, at least in part. These findings

emphasize not only the importance of ER stress as a new progression factor but also

the interesting future possibility of renoprotective strategy targeting ER stress. These

therapeutic approaches may act by breaking the vicious cycle of oxidative stress,

hypoxia, and ER stress.
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1 Endoplasmic Reticulum Stress and Its Cellular Response

Endoplasmic reticulum (ER) plays an important role in regulation of protein

biosynthesis, folding, trafficking, and modification. The ER functions are sensitive

to environmental insults such as oxidative stress or hypoxia, which can cause

aberrant protein folding. The accumulation of these aberrant unfolded and

malfolded proteins in the ER lumen in turn induces a range of ER dysfunctions,

collectively referred to as ER stress [1–3]. To ensure the fidelity of protein folding

and prevent the accumulation of unfolded or malfolded proteins in the ER, cells

experiencing ER stress invoke a well-conserved intracellular signaling known as

the unfolded protein response (UPR), which is classified as adaptive or maladap-

tive. The adaptive UPR is initially aimed at ameliorating the ER functional damage

by enhancing protein-folding capacity or attenuating protein translation and thereby

ensures cell survival. However, when the ER stress is severe or prolonged, or the

adaptive UPR is insufficient for maintaining ER homeostasis, the cells decide to

suicide, eventually triggering the maladaptive and pro-apoptotic UPR for cell death.

2 Pathophysiological States of ER Stress: A Link

to Oxidative Stress and Hypoxia

ER stress contributes to the pathogenesis of conformational diseases caused by

accumulation of malfolded protein in the ER due to mutations associated with

protein misfolding [2]. However, recent evidence clearly emphasizes that other

factors, including oxidative stress or hypoxia (or nutrient deprivation), induce the

impairment of protein-folding capacity and that these lead to pathogenic ER stress

in various diseases, including cancer, neurodegenerative and cardiovascular

diseases, diabetes, as well as kidney diseases. Most importantly, the crosstalk of

stress-induced cellular responses by hypoxia, oxidative stress, and ER stress is

highlighted (Fig. 1).

2.1 ER Stress and Hypoxia

Hypoxia and ischemia are well-known ER stressors. Hypoxic conditions associated

with the loss of energy initiate an imbalance between protein-folding capacity and

protein-folding load, thereby cause the accumulation of misfolded proteins in the

ER lumen. These ER functional changes lead to the activation of ER transmem-

brane signal transducers to initiate the UPR pathway. In tumor cells, the hypoxic

microenvironment brought on by poor vascularization brings about physiological

ER stress due to the loss of energy for protein folding. Of note, the hypoxia-induced

adaptive UPR is crucial to the survival of tumor cells [4]. ER resident chaperone,
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such as glucose-regulated protein 78 (GRP78), for example, is induced to enhance

protein-folding capacity in a wide range of human cancers, and expression levels

correlate with tumor progression, metastasis, and drug resistance [5]. While the

adaptive UPR promotes the survival of malignant cells, recent evidence suggests

the pathogenic involvement of pro-apoptotic UPR, another ER stress response,

during hypoxia or ischemia/reperfusion insults in various organs [6, 7]. Ischemia

or ischemia/reperfusion of the brain or heart induced several UPR pathways, which

are adaptive and organ-protective under brief or moderate stress or maladaptive and

apoptotic under prolonged severe stress [8–10]. In coronary artery segments, ER

chaperone expression via the adaptive UPR and cell apoptosis via the maladaptive

UPR are markedly increased in both smooth muscle cells and macrophages in the

fibrous caps of thin-cap atheroma and ruptured plaques, but not in those of thick-cap

atheroma and fibrous plaques, suggesting that ER stress plays a pathogenic role in

the rupture of atherosclerotic plaques [11].

Most interesting topics on ER stress and hypoxia have emphasized the linkage of

the UPR pathway with the hypoxia-inducible signal pathway, namely the hypoxia-

inducible factor (HIF) pathway. A proteomic analysis of cultured endothelial cells

under hypoxia showed upregulation of the proteins that are responsible for adaptive

and pro-apoptotic UPRs, including GRP78 and caspase 12, respectively [12].

Incubation with cobalt chloride, a stabilizer of HIF, increased the expression of

ER stress-inducible chaperons such as GRP78 and GRP94. These data reveal that

lowering oxygen tensions, probably in part through HIF, alters the expression of a

series of proteins involved in UPR. Of note, induction of ER stress by tunicamycin

and brefeldin A increased HIF-1a mRNA without altering intracellular calcium

HypoxiaOxidative stress

ER stress

Adaptive or proapoptotic UPR
Autophagy

Mild Severe

Adaptation
Apoptosis

Stress status

HIF pathwayNrf2 pathway

Fig. 1 Pathogenesis of endoplasmic reticulum (ER) stress. Various kinds of pathogenesis are

induced by ER stress. Oxidative stress induces ER stress through the accumulation of reactive

oxygen species (ROS) and vice versa. Hypoxia, which induces energy consumption for protein

folding, accumulates misfolding protein in the ER, thereby causing ER stress. The ER stress

induces unfolded protein response (UPR) and autophagy, of which they are cellular protective

under mild or short-term ER stress and apoptotic under severe or prolonged ER stress. Importantly,

UPR modulates oxidative stress-inducible Nrf2 (nuclear factor-erythroid-derived 2-related factor

2) pathway or hypoxia-inducible factor (HIF) pathway to enhance their target genes, which

maintain the cell survival
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concentrations in the human hepatocyte cell line HepG2 exposed to hypoxic

conditions, suggesting that ER stress pathways enhanced transcription of HIF-1a
mRNA [13]. Positive feedback between the HIF pathway and ER stress responses

under hypoxic conditions can occur.

In addition, ATF-4, an ER stress-inducible transcription factor, is translationally

induced under anoxic conditions, a process that is mediated by increased protein

stability through interaction of the zipper II domain of ATF-4 with the oxygen sensor

prolyl-4-hydroxylase domain 3 (PHD3) [14]. PHDs are well-known regulators of

HIF, and treatment with the PHD inhibitor dimethyloxalylglycine or proteasomal

inhibition increased ATF-4 protein levels. In contrast to the situation with HIF,

however, stabilization of ATF-4 by inhibition of PHD was independent of the

ubiquitin ligase von Hippel-Lindau protein. These data demonstrate that PHD-

dependent oxygen-sensing recruits both the HIF and ATF-4 systems in parallel.

To further emphasize the biological significance of interaction between the HIF and

ER stress pathways, studies utilizing Caenorhabditis elegans showed that HIF-1

deficiency extended lifespan in an UPR transducer IRE-1-dependent manner and

was associated with lower levels of ER stress [15].

2.2 ER Stress and Oxidative Stress

Recent accumulated evidence demonstrates that ER stress increases oxidative stress

in the stress-damaged cells and vice versa. Reperfusion after ischemia triggers

oxidative stress with production of reactive oxygen species (ROS), altering cellular

redox-dependent reactions and interfering with protein-folding capacity including

protein disulfide bonding, ultimately resulting in protein misfolding in the ER.

Studies utilizing overexpression of antioxidative stress enzymes have emphasized

the linkage of oxidative stress to the ER stress response. The ischemia-induced UPR

was markedly less pronounced in animals overexpressing copper/zinc superoxide

dismutase (Cu/Zn-SOD), suggesting that superoxide radicals play a role in this

pathological process [16]. Further, cadmium caused generation of ROS with

subsequent induction of ER stress in a cultured renal proximal tubular cell line,

which in turn led to apoptosis; this cadmium-induced ER stress and apoptosis were

significantly attenuated by transfection with manganese SOD [17]. Paradoxically,

ER stress also increases intracellular ROS production: increased protein disulfide

bonding enhances ROS production in the ER lumen, and alteration of ER Ca2+

homeostasis increases cytosolic Ca2+, thereby stimulating mitochondrial ROS

production. Of particular note, recent studies have demonstrated that the accumula-

tion of intracellular ROS caused by ER stress is attenuated by the double-stranded

RNA-activated protein kinase-like ER kinase (PERK) pathway of the UPR, which

simultaneously activates oxidative stress–inducible transcription factor Nrf2

(nuclear factor-erythroid-derived 2-related factor 2) andmaintains the redox homeo-

stasis, thereby ensuring cell survival. The antioxidant effects of the PERK pathway

are supported by the finding that PERK-deficient cells exposed to tunicamycin, an
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ER stress inducer, showed a toxic accumulation of intracellular ROS compared to

wild-type cells [18]. These findings are supported by studies demonstrating that

translation attenuation through the PERK/eIF2a pathway effectively prevents

protein-induced oxidative stress misfolding and maintains the cell [19].

Nitric oxide (NO), produced in excessive levels following ischemia, also

contributes to ER stress. Ischemia induces adaptive UPR-mediated translation

attenuation (activation of PERK and subsequent phosphorylation of eIF2a). The
translation attenuation is completely blocked in endothelial or neuronal NO synthase

(NOS) knockout mice with bilateral carotid artery occlusion [20]. Consistent with

this, the NO-releasing reagent SNAP activates the PERK pathway [20]. Pretreat-

ment with neuroprotective levels of a NOS inhibitor also ameliorated the ER stress-

induced disturbance of ER Ca2+ homeostasis by ischemic episodes, which cause Ca2

+ leakage into the cytosol and subsequent uptake into mitochondria, resulting in

mitochondrial ROS generation [21]. The excessive NO production seen in hypoxia,

which alters calcium homeostasis in both the ER and mitochondria, may initiate a

vicious cycle of ER stress, oxidative stress, and apoptosis. Taken together, these

observations indicate that NO plays a role in the ischemia/reperfusion-induced UPR.

Accumulating evidence indicates the involvement of ER stress in several types of

inflammation [22]. In inflammation of the central nervous system, for example,

interferon-g, induces ER stress and apoptosis of oligodendrocytes [23], while in

lipopolysaccharide-induced inflammation of the lungs, lipopolysaccharide induces

ER stress and C/EBP homologous protein (CHOP) expression, leading to the

apoptosis of lung cells [7]. At the same time, nuclear factor kB (NFkB), a key

transcriptional regulator of genes involved in the inflammatory response, is activated

by ER stress, an action caused by translational attenuation and degradation of the

inhibitor of NFkB (IkB) [22].
ER stress is also involved in autoimmunity. A microarray analysis of muscle

tissue obtained from patients with myositis revealed the induction of UPR proteins

such as GRP78, CHOP, and GADD45 in the cells, suggesting that the ER stress

response is responsible for the skeletal muscle damage and dysfunction evident in

autoimmune myositis [24]. Intestinal inflammation has been shown to result from

abnormalities of transcriptional factor of UPR, XBP1, in intestinal epithelial cells,

suggesting a link between cell-specific ER stress and organ-specific inflammation

[25]. In intestinal epithelial cells, Xbp1 deletion results in spontaneous enteritis,

while mutant variants of the gene are associated with both forms of human

inflammatory bowel disease (Crohn’s disease and ulcerative colitis).

The UPR pathway links not only the oxidative stress-inducible response (Nrf2

pathway) and inflammatory response (NFkB pathways), but also the mammalian

target of rapamycin (mTOR) pathway, which regulates cell growth and survival and

inflammation through changes in protein synthesis, autophagy, and metabolism.

mTOR activation causes ER stress by increasing client protein load in the ER,

subsequently causing the activated UPR (IRE1-TRAF2-JNK pathway) to down-

regulate mTOR activation [26]. The IRE1-TRAF2-JNK pathway is not only tied to

ER stress-mediated apoptosis but also negatively regulates mTOR activity through

the inactivation of insulin receptor substrate (IRS1). This may indicate the

33 Endoplasmic Reticulum Stress as a Target of Therapy 661



importance of this negative feedback loop between the mTOR and the UPR

pathways. Our recent study also showed a link between hypoxia, UPR, and the

mTOR pathway, in which upregulation of metallothionein expression in the hyp-

oxic kidney activates the HIF pathway via the ERK/mTOR pathway [27]. Like the

HIF pathway, mTOR and UPR are O2-sensitive signaling pathways. Thus, the

phenotype of hypoxic cells, particularly those associated with inflammation,

might be derived from the responses orchestrated by these pathways.

3 Contribution of ER Stress in Kidney Disease

ER stress plays a pathogenic role in diseases associated with the accumulation of

malfolded proteins, such as conformational diseases like Alzheimer’s, Parkinson’s,

and Huntington’s diseases. Further, ER stress is also associated with a wide range of

other conditions, including cancer, cardiac and cerebral ischemia/reperfusion

injury, diabetes, and atherosclerosis [2, 28–31]. These associations indicate the

importance of ER stress as a novel pathogenic agent and the possibility of its

linkage to the pathogenesis and progression of other conditions. Accumulating

evidence, including our previous studies, suggests the pathophysiological signifi-

cance of ER stress in kidney disease [32, 33] (Table 1).

Table 1 Pathogenic contribution of endoplasmic reticulum stress in kidney disease

Site Species Disease state

Glomerulus Human Membranoproliferative glomerulonephritis

Crescentic glomerulonephritis

Rat Passive Heymann nephritis

Puromycin nephrosis

Misfolded protein accumulation in podocytes

Anti-Thy-1 nephritis

Type 1 diabetic nephropathy

Mouse Focal segmental glomerulosclerosis model

In vitro Mislocalization of slit diaphragm components

Glycated protein-induced apoptosis in podocyte

Tubulointerstitium Human Acute kidney injury

Established diabetic nephropathy

Minimal change disease

Rat Ischemia-reperfusion injury

Puromycin nephropathy model

Tubular injury by nephrotoxic drug:

Antibiotics, immunosuppressants, anticancer drugs

Mouse Ischemia/reperfusion injury

Protein-overload nephropathy
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3.1 ER Stress in Glomerular Injury

Podocytes, which are crucial components of the glomerular filtration barrier, play

an important role in the development of glomerulosclerosis. Previous reports have

identified the induction of ER stress in podocytes in models of membranous

nephropathy (Heymann nephritis) [34, 35], focal segmental or minimal-change

nephrotic syndrome (puromycin nephrosis) [36], and focal segmental glomerulo-

sclerosis (FSGS) [37]. Among examples, complement-mediated podocyte injury

induced an adaptive UPR pathway, as demonstrated by the expression of ER

chaperones (GRP78 and GRP94), in proteinuric rats with Heymann nephritis.

In puromycin nephrosis rats, nephrotic-range proteinuria increased GRP78 expres-

sion in podocytes and led to the mislocalization of nephrin, a key component of the

slit diaphragm in the glomerular filtration barrier, to the cytoplasm, demonstrating

that proteinuria-induced podocyte damage was associated with ER stress, which in

turn affected the biogenesis of slit diaphragm proteins. Further, in vitro studies

utilizing human embryonic kidney-293 cells expressing human nephrin have

emphasized the pathogenic contribution of ER stress in podocytes. Energy depletion

evokes a rapid increase in ER stress, leading to the formation of underglycosylated

nephrin and accumulation of unfolded nephrin in the ER, in turn suggesting that ER

stress in podocytes may cause an alteration in nephrin folding and trafficking as an

underlying factor in the pathomechanism of proteinuria [38]. These observations are

consistent with our findings: in podocytes overexpressing a transgene, the excessive

product is susceptible to misfolding in the ER, with subsequent accumulation of the

misfolded protein in the ER in association with UPR and podocyte dysfunction,

including severe proteinuria [39].

With regard to mesangial cells, which maintain the glomerular structure and

hemodynamics via their synthesis and assembly of the mesangial matrix, mesangial

injury induced the UPR pathway in a rat model of mesangio-proliferative glomeru-

lonephritis, including the induction of ER chaperones (GRP78 and ORP150,

150 kDa oxygen-regulated protein) and translation attenuation via the PERK-eIF2a
pathway [40].

The pathogenic contribution of ER stress observed in animal models of glomerular

disease is supported by the finding that ER stress is significantly upregulated in renal

biopsies frompatientswithmembrano-proliferative glomerulonephritis and crescentic

glomerulonephritis [41]. Further, glomerular damage in diabetic nephropathy is also

associated with ER stress, which includes GRP78 expression and apoptotic UPR

activation through caspase 12 and JNK pathways, strongly suggesting the contribution

of ER stress to disease progression [42].

3.2 ER Stress in Tubulointerstitial Injury

A final common pathway to end stage kidney disease is expected to be found in

the tubulointerstitium. Tubular cells are particularly sensitive to ER stress
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inducers such as tunicamycin, which disturbs protein glycosylation in the ER and

induces UPR. Evidencing this, mice injected with tunicamycin develop acute

renal tubular necrosis [18], while those lacking the antiapoptotic protein BI-1

(Bax Inhibitor-1) in the ER are more sensitive to tunicamycin-induced renal

tubule cell death [43]. The effect of massive proteinuria, which mediates tubu-

lointerstitial injury in various chronic kidney diseases, has also been investigated

by utilizing puromycin nephropathy in rats [44]. These results demonstrate that

protein load in tubular cells invokes ER stress-induced apoptosis via the caspase

12 pathway, suggesting that ER stress contributes to the tubular damage induced

by proteinuria.

Chronic hypoxia, another important mediator of tubulointerstitial injury,

leads to end stage kidney disease. While the effects of chronic hypoxia on

tubular ER stress have not been elucidated, other investigations have successfully

shown the induction of ER stress in tubular cells subjected to acute ischemia

[45–47]. The major role played by the ER stress response in chronic tubulointer-

stitial injury was emphasized in a recent study examining knockin mice

expressing mutant GRP78, in which heterozygous mutant-GRP78 mice showed

significant tubulointerstitial lesions with aging [48]. These data, together with

the finding that prolonged proteinuria induced by chronic protein overload

accelerates lesion development associated with caspase 12 activation and

tubular cell apoptosis, indicate that the ER stress pathway is significantly

involved in the pathophysiology of chronic kidney injury with tubulo-

interstitial damage.

The body of evidence from in vivo and in vitro animal experiments, including

our results, is consistent with clinical observations in humans. The adaptive UPR

pathways and ER stress-induced apoptosis are invoked in the tubular epithelium of

patients suffering from established diabetic nephropathy or minimal change dis-

ease, suggesting that hyperglycemia and proteinuria can induce ER stress in tubules

in both humans and rodents [49].

Nephrotoxic drugs, such as cisplatin, gentamicin, and cyclosporine, are also

known to induce ER stress-mediated apoptosis in tubular cells [50–52]. Of note, in

cyclosporine nephropathy, ER stress induces autophagy in the tubules, which is a

third type of cell death [53]. We also showed that ER stress induces autophagy in

cultured tubular cells [54]. The representative ER stress inducers tunicamycin

and brefeldin A significantly increased LC3-II as a marker of autophagy, while

immunocytochemistry with LC3 and electron microscopy also showed the activa-

tion of autophagy by ER stress. Inhibition by bafilomycin A1 showed that

autophagy following ER stress fulfilled its intrinsic function, namely the degrada-

tion of cytoplasmic components. We also observed that extracellular-signal-

regulated kinase (ERK), a mitogen-activated protein kinase (MAPK) family

member, was necessary to the induction of autophagy by ER stress. Further

investigation will elucidate the pathogenic role of autophagy in the tubular damage

associated with ER stress.
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3.3 ER Stress in Aged Kidney

Various pathogenic responses induced by the stress are augmented by aging. They

include oxidative stress or ER stress responses. Several studies have demonstrated

that the abundance of ER resident chaperons or PDI (protein disulfide isomerase)

family enzymes, which act for redox-dependent protein folding and disulfide bond

formation, significantly diminishes with age in various organs, including brain,

liver, and kidney [55]. In rats, protein expression level of GRP78, a key sensor of

ER stress, is lower in aged kidney (>18 months old) than in young kidney (1 month

old), a change that is associated with an imbalance in UPR activation (diminished

adaptive UPR and enhanced pro-apoptotic UPR). Heterozygous mutant-GRP78

knockin mice, in which GRP78 function is diminished, show progressive tubuloin-

terstitial lesions with aging as compared to wild-type mice [48]. Further, given that

ER-resident proteins are highly susceptible to oxidative stress, the age-related

accumulation of oxidatively modified (carbonylated) GRP78 or PDI causes ER

dysfunction with age [56]. Taken together, these findings indicate that the insuffi-

cient ER function and imbalance in UPR activation (diminished adaptive UPR and

enhanced pro-apoptotic UPR) with age may contribute to the induction of the

aging-related senescence phenotype, including renal fibrosis.

4 Therapeutic Approaches Targeting ER Stress

From the findings that hypoxic or oxidative stress response links ER stress

response, therapeutic approaches targeting ER stress may be beneficial due to

their ability to break the vicious cycle of oxidative stress, hypoxia, and ER stress.

Indeed, several studies emphasize the idea that artificial modulation of ER stress

may provide protection to the cell. Cells overexpressing GRP78 are resistant to

conditions associated with ER stress [57]. Further, systemic overexpression of

ORP150 protects the kidney against ischemia/reperfusion injury [46]. However,

while gene transfer may be promising for future therapy, other therapeutic mod-

alities are needed to address immediate concerns (Table 2).

Preconditioning was first identified by the observation that in ischemic diseases

brief ischemic treatment before the subsequent insult induced a state of resistance to

blood loss by initiating a cascade of biochemical events, allowing for the upregula-

tion of the cellular protective genes in the tissues. In our previous study, we

observed beneficial effects of preconditioning with ER stress by utilizing a subne-

phritogenic dose of the ER stress inducer (tunicamycin or thapsigargin) in a model

of mesangio-proliferative glomerulonephritis [40]. Given that overwhelming ER

stress leads to eventual cell death via pro-apoptotic UPR, including activation of

caspase 12, induction of ER stress as a therapeutic approach may seem paradoxical.

However, ER stress also induces the adaptive UPR, shutting down translation and

expressing ER chaperones to aid in protein folding, which improves the efficiency
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of energy consumption. Cytoprotection by preconditioned targeting of ER stress

has also been confirmed in cultured renal tubular cells treated with clinically

relevant nephrotoxic drugs and in tubular injury in mice with renal ischemia/

reperfusion [58, 59]. Thus, preconditioned targeting of ER stress enhances the

adaptive UPR, thereby protecting the cell more effectively against the pathogenic

environment via maintenance of ER function.

Chemical compounds that target the ER stress pathways have been shown

effective across a range of situations, building enthusiasm for the therapeutic

potential latent in ER stress response augmentation. One study found that trans-

4,5-dihydroxy-1,2-dithiane (DTTox) stimulated an increase in GRP78 expression

and protected the proximal tubular epithelium against a nephrotoxic chemical [60].

A GRP78 reporter assay system identified the chemical compound BIX (BiP

inducer X, 1-(3,4-dihydroxyphenyl)-2-thiocyanato-ethanone) as an inducer of

GRP78 mRNA. In gerbils subjected to forebrain ischemia, prior treatment with

BIX protected against disease manifestation [9]. Further, screening for inhibitors of

ER stress–induced neuronal death identified the chemical compound salubrinal,

which suppresses protein phosphatases responsible for the dephosphorylation of

eIF2a, thereby increasing the accumulation of phosphorylated eIF2a and providing

protection from the apoptosis induced by several ER stress inducers [61]. Kim et al.

used a cell-based high throughput screening assay to identify components that

halted ER stress-induced apoptosis [62]. Results showed that benzodiazepinones

Table 2 Therapeutic modality targeting endoplasmic reticulum stress

Modality Function(s)

ER chaperone overexpression

GRP78 Translation shutdown"
ORP150 Protein folding"
ER stress preconditioning

ER stress inducers Basal adaptive UPR"
Chemical compounds

DTTox GRP78 expression"
BIX GRP78 expression"
Salubrinal Adaptive UPR (PERK-eIF2a)"
Benzodiazepinones IRE1/TRAF2/ASK1#
Chemical chaperones

4-PBA Protein folding", ERAD", caspase 12#
TUDCA Adaptive UPR", proapoptotic UPR#
Others

Anti-oxidative stress compounds

TM2002 Oxidative stress#
Butylated hydroxyanisole Protein-folding capacity"

Anti-inflammatory drug

Mizoribine Intracellular energy for protein folding"
Anti-hypertensive drug

Angiotensin II type 1 receptor blocker Proapoptotic UPR (CHOP)#
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selectively enhanced ASK1 phosphorylation at serine 967, which reduces but does

not induce ASK1 activity, resulting in inhibition of IRE1-ASK1 pathway. These

findings suggest the usefulness of a modulator of ASK1 function as an ER stress-

induced apoptosis inhibitor.

Alternatively, chemical chaperones present another possible treatment method.

Chemical chaperones such as sodium 4-phenylbutyrate (4-PBA) are a group of

compounds known to improve ER folding capacity and facilitate the trafficking

of unfolded or malfolded proteins by stabilizing their conformation. In one study,

pre- or posttreatment with 4-PBA at therapeutic dose attenuated infarction volume,

hemispheric swelling, and apoptosis and also improved neurological status in a

mouse model of brain ischemia, possibly due to a decrease in the protein load

retained by the ER [63]. Mutated nephrin associated with misfolding and misloca-

lization is rescued by 4-PBA, suggesting the beneficial effect of ER stress mod-

ulators in nephrosis induced by nephrin mutation [64]. Endogenous bile acid

derivatives, such as tauroursodeoxycholic acid (TUDCA), can also modulate ER

function, protecting liver cells against ER stress–induced apoptosis or restoring

glucose homeostasis in type 2 diabetic mice [65, 66]. Unlike 4-PBA, however,

TUDCA has not been shown to act as a chaperone that promotes the folding and

trafficking of unfolded or malfolded proteins. Instead, TUDCA is likely to increase

the stability of unfolded or malfolded proteins, possibly as a result of its influence

on UPR activation with subsequent enhancement of the ERAD pathway. ER stress

plays a role in advanced glycation end products (AGE)-induced apoptosis in murine

podocytes, and TUDCA prevents apoptosis by blocking an ER stress-mediated

apoptotic pathway [67].

From the evidence of crosstalk of oxidative stress, hypoxia, inflammation, and

ER stress, antioxidative stress, antihypoxia, or anti-inflammation drugs may also be

promising to reduce pathogenic ER stress. As an example, effective attenuation of

the ER stress response has also been observed in compounds that suppress oxidative

stress. TM2002, an inhibitor of oxidative protein glycation, shows renoprotective

effects associated with a reduction in ER stress in ischemic/reperfusion rats [68].

Malhotra et al. demonstrate that antioxidants such as butylated hydroxyanisole

reduce ER stress-inducible apoptosis and improve protein-folding capacity by

reducing intracellular ROS level, suggesting the effectiveness of intervention to

reduce ROS for cell survival through improvement of ER homeostasis [69].

A chemical HIF stabilizer prolyl hydroxylase inhibitor, which attenuates ischemic

cardiac injury, selectively activates adaptive UPR and lowers proapoptotic UPR

[70]. Mizoribine, an clinically used immunosuppressant, inhibits purine nucleotide

biosynthesis and subsequently restores the intracellular energy balance during ER

stress by salvaging adeosine triphosphate (ATP) levels. Mizoribine treatment

reduced ER stress and rescued the mislocalization of nephrin to the cytoplasm in

podocytes with glucose starvation, suggesting that the remission of proteinuria by

mizoribine is mediated by the reduction of ER stress [36]. This evidence indicates

the possibility that combination therapy of anti-ER stress drug and antioxidative

stress, antihypoxic, or anti-inflammatory drug shows the beneficial effects syner-

gistically. Further, an angiotensin II type 1 receptor blocker also shows the ER

33 Endoplasmic Reticulum Stress as a Target of Therapy 667



stress regulating effects. Angiotensin II type 1 receptor is one of the ER

stress inducers, while the molecular mechanisms of angiotensin II induce ER stress.

Therefore, it is reasonable that hypertrophic and failing heart after aortic constric-

tion induces ER stress, which contributes to cardiac myocyte apoptosis during the

disease progression, and angiotensin II type 1 receptor blocker prevents upregula-

tion of ER stress, thereby damaging the heart [71].

5 Conclusion

ER stress stimulates adaptive UPR to restore ER homeostasis and the pro-apoptotic

UPR to eliminate cells under prolonged stress. The balance of these two contrasting

UPRs appears to depend on either or both ER stress status (severity or duration) or

cell type. In acute and chronic kidney disease, ER stress contributes to the develop-

ment and progression of glomerular and tubular disease, and accumulating

evidence suggests the possibility of a novel therapeutic approach targeting ER

stress. The finding that ER stress links hypoxia, oxidative stress, and inflammation

further highlights the potential benefit of maintaining ER homeostasis by modulat-

ing ER stress status as a means of protecting the kidney against various pathogenic

environments.
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Chapter 34

Stem Cell Therapy Against Oxidative

Stress and Hypoxia

Takashi Yokoo and Motoko Yanagita

Abstract Stem cell therapy has the potential to treat renal diseases, and a number of

different approaches have been reported. Although these therapies hold enormous

promise, enthusiasm for their use in medical practice is tempered by the numerous

disappointments of the past decade. However, the efforts of a large number of

researchers are removing obstacles step by step. This chapter reviews many of the

recent advances in research on stem cell therapy, with a particular focus on oxidative

stress-induced renal disease. Progress to date is discussed under four categories or

approaches: (a) gene delivery of angiogenic factors using stem cells as a vehicle for

accessing the damaged kidney; (b) inducing mobilization of stem cells from respec-

tive niches; (c) supplementation of stem cells by transplantation; and (d) de novo

generation of renal tissue from stem cells. In addition, we discuss the optimal stem

cell sources and types for these purposes.

Keywords Endothelial progenitor cells � Hematopoietic stem cells �Mesenchymal

stem cells � Embryonic stem cell � Induced pluripotent stem cells

1 Introduction

As discussed in other chapters, oxidative stress and hypoxia play a critical role in

the progression of kidney injury and, thus, understanding how to control such

factors offers new possibilities for treating end stage renal disease. Rationales for

novel therapeutic effects include increasing oxygen production from neovascular-

ization and hematopoiesis, and several experimental trials of chemicals and growth

factors to achieve such an outcome have been conducted [1]. Recent advances in
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stem cell research have also suggested redox management using stem cells as a

clinical application, and the scope for such an approach is extensive. First, stem

cells recruited to an ischemic lesion could be used as a vehicle for angiogenic

factors to target a site of ischemia and induce angiogenesis. Such applications of

stem cells as a drug delivery system (DDS) seem feasible and practical. Second,

supplementation of stem cells studied in experimental models of ischemic renal

disease showed that transplantation and mobilization of stem or progenitor cells

could improve neovascularization and recovery of ischemic tissue and organ [2].

The underlying mechanism of this therapeutic effect was attributed, at least in part,

to (a) differentiation of the administered stem cells into kidney resident cells or

endothelial cells; (b) therapeutic fusion with the existing host cells; and (c) release

of paracrine signals from the administered stem cells [3]. Third, establishing

erythropoietin (EPO)-producing tissue from stem cells could provide an alternative

strategy in stem cell–based medicine.

This chapter reviews the recent advances and remaining challenges in stem cell

research and discusses the potential clinical application of stem cells for treating

oxidative stress in kidney.

2 Stem Cell Sources for Therapy Against Oxidative Stress

Several types of stem cells might be used in therapeutic strategies against oxidative

stress. This section reviews the possible sources of stem cells for this purpose.

2.1 Endothelial Progenitor Cells

Human peripheral blood contains bone marrow–derived endothelial progenitor cells

(EPCs), which may contribute to renal repair by maintaining vascular integrity [4, 5].

EPCs are characterized by the expression of early hematopoietic stem cell markers

CD34, CD133, and the vascular endothelial-cell growth factor receptor-2, and have

been differentiated in vitro into cells with endothelial characteristics [6]. Recently,

populations of resident mural cells were found to participate in re-endothelialization

and might therefore act in a salvage mechanism to restore the renal microcirculation

[7]. In several forms of renal disease, sloughing of endothelial cells is mediated by

oxidative stress, and inefficient subsequent recruitment of EPCs to hypoxic tissues

can lead to chronic renal failure [8]. Therefore, transfer or mobilization of EPCs is a

potential therapeutic strategy for oxidative stress–induced renal diseases. In fact,

infusion of EPCs was shown to restore damaged endothelial surfaces and stimulate

angiogenesis [9]. Recently, it was also shown that these re-endothelializing cells

derive from a commonmyeloid precursor, and that risk factors such as diabetes could

unfavorably alter the immunogenic properties of these myeloid-derived endothelial

cells [10]. In addition, EPCs reportedly showed reduced migratory capacity in
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response to stromal-derived factor (SDF)-1, impaired angiogenic function, and

enhanced cell senescence in several oxidative stress–related disorders, including

atherosclerosis, smoking, and diabetes [11–13]. These findings underpin the need

for rational design of EPCs for therapy against oxidative stress.

2.2 Hematopoietic Stem Cells

Hematopoietic stem cells (HSCs) are perhaps the most extensively studied and

“traditional” form of stem cells. HSCs can differentiate into many hematopoietic

cell lineages, as well as other cell types, including hepatocytes and myocardium

[14]. It was previously believed that bone marrow–derived HSCs could differenti-

ate into renal-resident cells after renal ischemia or reperfusion injury [15, 16];

however, recent studies suggested that the levels of bone marrow–derived cells that

engraft injured tubules and develop into functional renal tissue are very low, and

thus their overall contribution to renal repair would be minor [17, 18]. Therefore,

current studies are trying to enhance HSCs’ migration into injured kidney to

ascertain their true therapeutic potential [19].

HSCs may also have potential as a DDS to target angiogenic factors into

ischemic kidney. For example, inflammatory cells such as macrophages and

neutrophils can be recruited to and activated at sites of ischemia. Since these

cells are derived from HSCs, genetic manipulation of bone marrow–derived cells

or bone marrow per se using transplantation-based technology might be exploited

to deliver angiogenic factors and modify the oxidative insult. Such an approach

involves isolating the HSCs, genetic manipulation to insert an angiogenic gene, and

administering them back into the affected subject.

2.3 Mesenchymal Stem Cells

It has been suggested that mesenchymal stem cells (MSCs) have the capacity for

site-specific differentiation into various cell types, including chondrocytes, adipo-

cytes, myocytes, cardiomyocytes, bone marrow stromal cells, and thymic stromal

cells [20, 21], and that injection of MSCs could preserve renal function based on the

induction of various experimental models of oxidative stress–induced renal failure

[22]. However, Kunter et al. [23] reported recently that MSCs injected intraglo-

merularly maldifferentiated into adipocytes in vivo, thus offsetting the early

beneficial effect of the stems cells in preserving damaged glomeruli and maintain-

ing renal function. The precise glomerular microenvironment necessary for proper

MSC differentiation thus requires evaluation to enable efficient and successful cell

therapy for oxidative stress–induced renal failure using MSCs.

Our studies into the generation of EPO-producing tissue used primary human

MSCs (hMSCs) obtained from the bone marrow of healthy volunteers. As discussed
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later, embryonic stem (ES) cells are the ideal candidate source of cells for

therapeutic intervention [24]. Unlike ES cells, however, hMSCs injected into

established metanephroi might not integrate into renal structures during organ

culture, which is a distinct disadvantage for the potential clinical feasibility of

forming functional renal structures. Our finding that hMSCs do not express WT1 or

Pax2 (unpublished data) also suggested that hMSCs do not possess a complete set

of nephrogenic molecular features. Nevertheless, one advantage of hMSCs over

ES cells as a cell source for therapeutic use is the ease with which adult MSCs can

be isolated from autologous bone marrow and used therapeutically without serious

ethical issues or the requirement for immunosuppressants.

2.4 Embryonic Stem Cells

ES cells are undifferentiated pluripotent stem cells isolated from the inner cell

mass of blastocysts [25]. ES cells can differentiate into several cell types of

mesodermal, endodermal, and ectodermal lineages, depending on culture condi-

tions, and are a potential source of cells for angiogenesis as well as EPO-

producing tissue. The application of ES cells for therapeutic intervention has

been approved in many disease models, including Parkinson’s disease and diabe-

tes [26, 27]. Since human ES cells can differentiate into kidney structures when

injected into immunosuppressed mice [28, 29], studies have focused on identify-

ing the precise culture conditions that allow the differentiation of ES cells into

renal cells in vitro. To this end, Schuldiner et al. showed that human ES cells

cultured with eight growth factors, including hepatocyte growth factor (HGF) and

activin A, differentiated into cells expressing WT-1 and renin [30]. More recently,

mouse ES cells stably transfected with Wnt4 (Wnt4-ES cells) were differentiated

into tubular-like structures expressing AQP-2 in the presence of HGF and activin

A [31]. Using such in vitro techniques, it may eventually be possible to identify

the key molecules that determine the fate of ES cells, although establishing a

whole, functional kidney in vitro for clinical use with this technology might

remain difficult. An ex vivo culture system, in which ES cells (or ES-derived

cells) are cultured in the developing metanephros, was also investigated to deter-

mine the capacity of ES cells to differentiate into kidney cells integrated into the

kidney structure [32]. ROSA26 ES cells were stimulated with developmental

signals in the microenvironment of a developing kidney following injection into

a metanephros cultured in vitro. ES cell-derived, b-galactosidase-positive cells

were identified in epithelial structures resembling renal tubules with an efficiency

approaching 50% [32]. Based on these results, Kim and Dressler then attempted to

identify the nephrogenic growth factors needed to induce differentiation of ES

cells into renal epithelial cells [33]. When injected into a developing metanephros,

ES cells treated with retinoic acid, activin A, and BMP7 contributed to tubular

epithelia with near 100% efficiency. Furthermore, Vignewu et al. showed that ES

cells that expressed brachyury, a marker of mesoderm specification, became a
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renal progenitor population in the presence of activin A [34]. After injection into a

developing metanephros, these cells might be incorporated into the blastimal cells

of the nephrogenic zone. In addition, a single injection of the same cells into

developing live newborn mouse kidneys showed them stably integrating into

proximal tubules with normal morphology and polarization for 7 months without

teratoma formation [34]. Taken together, these data highlight ES cells as a

potential source of renal stem cells to be differentiated into renal-resident cells

including EPO-producing populations.

2.5 Induced Pluripotent Stem Cells

Major obstacles to using ES cells include the use of donated eggs and the possible

immune response to non-self cells. Therefore, an ideal cell source may be cells

with all the properties of ES cells but are derived from an adult source, such as the

skin. The first attempt to make such patient-specific stem cells used somatic cell

nuclear transfer or cloning, which involved reprogramming DNA from an adult

cell by transplanting it into the cytoplasmic environment of an unfertilized egg

[35] or, more recently, of a newly fertilized egg [36]. ES cells derived through

nuclear transfer have been generated in mice, albeit at a fairly low rate. The first

reported successful cloning in humans by Hwang et al. [37] was probably a

parthenogenetic ES cell derived from a blastocyst; however, later claims by this

group were found to be fraudulent. Theoretically, it should be possible to produce

pluripotent stem cells from an adult human source and, indeed, nonhuman primate

pluripotent stem cells have been produced from adult skin fibroblasts [38].

However, there remains no reported successful development of a human ES cell

line using nuclear transfer. In this context, Takahashi and Yamanaka [39]

produced pluripotent ES-like cells from cultured somatic cells by retroviral

transfer with Ocr3/4, Sox2, c-Myc, and Klf4, which are transcription factors

associated with pluripotency. These cells were termed induced pluripotent

stem (iPS) cells [40]. Rate-reprogrammed iPS cells were subsequently derived

by the reactivation of Fbx15 [40], Oct4 [40], or Nanog [41], all of which carry

a drug-resistance marker inserted into the respective endogenous locus by

homologous recombination or a transgene containing the Nanog promoter.

Furthermore, iPS cells were also isolated based on their ES-like morphology, without

the use of transgenic donor cells [42], and the therapeutic potential of autologous iPS

cells in a mouse model of a hereditary disease has been reported [43].

Recently, human iPS cells were successfully induced from adult skin fibroblasts

using the same four factors as detailed above [44]. iPS cells are epigenetically

and biologically indistinguishable from normal ES cells and, therefore, are

another potential source of patient-specific renal stem cells for forming

EPO-producing tissue.

34 Stem Cell Therapy Against Oxidative Stress and Hypoxia 677



3 DDS against Oxidative Stress Using Stem Cells

Stem cells as a DDS is another potential means of therapeutic intervention against

oxidative stress, enabling the continuous delivery of several known regulators of

angiogenesis into the temporally and spatially optimal site for combating the effects

of oxidative stress. HGF is an example of an angiogenic candidate for delivery since

it can exert anti-inflammatory actions in endothelial cells and renal epithelial cells

and was shown to be protective in ischemic renal injury [45]. Vascular endothelial

growth factor (VEGF) is another candidate for therapeutic angiogenesis. Expressed

by podocytes, tubular epithelial cells, and endothelial cells [46–49], VEGF could

contribute to maintaining glomerular capillary integrity, as evidenced by the effects

of decreasing intraglomerular VEGF levels by genomic manipulation or antibodies

(i.e., capillary endothelial cells swell, capillary loops collapse, and proteinuria

develops) [50]. Therefore, administration of these factors might help endothelial

cells to recover from oxidative stress–induced injury.

We recently established an in vivo differentiation system of transplantation-

based gene therapy [51] to enable the continuous and site-specific delivery needed

to get these angiogenic agents to the sites of renal injury. The system was initially

tested for efficiency of gene delivery by targeting an anti-inflammatory cytokine to

an inflamed site [52, 53]. Before differentiation and transplantation, HSCs were

genetically modified to express an anti-inflammatory cytokine via retroviral trans-

fection, such that anti-inflammatory mononuclear cells would be continuously

supplied from the reconstituted bone marrow and long lasting suppression of

local inflammation was achieved. The bone marrow of female recipient mice was

reconstituted with that of male mice that were genetically modified to express the

interleukin-1 receptor antagonist (IL-1Ra) gene or a mock gene [54]. Glomerulo-

nephritis was induced in the IL-1Ra and mock chimeras using antiglomerular

basement membrane serum 8 weeks after the primary transplantation. Serum

creatinine and urea nitrogen levels as well as urine albumin excretion levels rose

progressively in the mock chimera, whereas these increases were suppressed

significantly in the IL-1Ra chimera. This therapeutic effect persisted for 4 months

after the primary bone marrow reconstitution, demonstrating that the donor cells

secreting anti-inflammatory cytokine were continuously supplied from the recon-

stituted bone marrow [54]. This result indicated that bone marrow reconstitution

with anti-inflammatory stem cells confers long-lasting resistance against glomerular

inflammation and confirmed the potential application of this system for delivering

angiogenic factors into the kidney.

We next attempted to modify the system using another source of HSCs, since

taking stem cells from the bone marrow is highly inconvenient for clinical use,

especially for treating nonlethal and symptom-free diseases such as chronic renal

failure. Umbilical cord blood cells were chosen as a viable and useful alternative

since (a) a substantial amount of blood (about 100 mL from each delivery [55]) may

be collected without pain or risk to the mother or infant, (b) they contain a

significantly higher number of hematopoietic progenitor cells compared with
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adult peripheral blood [56], (c) a low incidence and severity of graft-vs.-host

disease after transplantation is encountered due to the immature immune system

[56], and (d) recently, large-scale banks of cord blood have been set up or are being

considered throughout the world. CD34+ cells from human cord blood have already

been transduced with a foreign gene using a retroviral vector [57]. Therefore, these

cells were the first alternative HSC source selected for our gene delivery system.

After retroviral transfection with the human b-glucuronidase (HBG) gene as a

reporter, human cord blood–derived CD34+ cells were transplanted into nonobese

diabetic/severe combined immunodeficiency mice since this strain is characterized

by a functional deficit in natural killer cells, absence of circulating complement, and

defects in the differentiation and function of antigen-presenting cells, as well as an

absence of T- and B-cell function, all of which facilitate reconstitution with human

hematopoietic cells [58, 59]. Flow cytometric analysis revealed that 24.1 � 14.5%

of bone marrow cells in these chimera mice expressed human HLA 8 weeks after

transplantation. Further, a clonogenic assay showed sustained engraftment of

human hematopoietic cells expressing HBG. CD14-positive cells were also

recruited into the glomeruli upon immune activation using Lipopolysaccharide

(LPS) treatment and they secreted bioactive HBG, suggesting that cord blood–

derived CD34+cells could efficiently differentiate into monocytic cells while main-

taining transgene expression [60]. These data demonstrated that human cord blood

cells present an alternative source of HSCs for transplantation-based gene delivery

systems. This option would allow the next step aimed at clinical application of stem

cell gene therapy for oxidative renal diseases to proceed.

4 Supplementing Stem Cells by Mobilization

and Transplantation

There are two strategies by which stem cell or EPCs could be supplied at the local

site of injury. The most practical way may be to induce mobilization from an

established stem cell niche (i.e., bone marrow). It was recently demonstrated that

circulating stem/progenitor cells are preferentially recruited to ischemic sites

through interactions between the chemokine, SDF-1, and its receptor CXCR4,

both of which are HIF-target genes [61–63]. The expression of SDF-1 in endothelial

cells indicates the presence of tissue ischemia and activates the recruitment of stem/

progenitor cells expressing CXCR4. Tissue oxygen tension and hypoxia also

influence the proliferation and differentiation of recruited progenitor cells. Interest-

ingly, SDF-1 is expressed in the bone marrow niche, where low oxygen tension

promotes stem cell expansion. In this context, the ischemic tissue may serve as an

“acquired stem cell niche,” thus recruiting the circulating stem cells and promoting

their expansion.

Mobilization of stem cells and EPCs has been extensively documented in acute

renal ischemia [50]. That these cells are consistently found at sites of oxidative
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injury alludes to the existence of intrinsic factors generated during oxidative stress

that may be responsible for their mobilization. Identification of such factors could

be exploited in therapeutic tools for oxidative stress. EPCs can be mobilized

pharmacologically using various factors, including statins, VEGF, EPO, angioten-

sin-converting enzyme inhibitor, and estrogens [64–68]. Since these agents are

multifunctional and not available simply for the purpose of stem cell mobilization,

more therapy-specific molecules are required. Uric acid exhibits a short-lived surge

after ischemia/reperfusion injury and thus it could act as a stress-signaling molecule

when discharged from ischemic tissue to activate the downstream mobilization and

recruitment of stem cells and EPCs [69]. In fact, exogenous uric acid leads to a

rapid mobilization of EPCs and HSCs and protection of the kidney against ischemic

injury. In contrast, Togel and coworkers [70] reported that cyclophosphamid- and

granulocyte colony-stimulating factor (G-CSF)–induced mobilization of endoge-

nous HSCs in the mouse renal ischemia model worsened renal failure, allegedly

because of the induction of granulocytosis. Such findings restate the need for more

highly specific inducers of stem cell mobilization for clinical use.

The other strategy is direct supplementation of isolated stem cells via systemic

administration, which may improve neovascularization and recovery of ischemic

tissue. Many studies have attempted to clarify the therapeutic potential of such an

approach, using bone marrow transplantation of marked donor cells to trace their

progeny. Among them, Lin et al. [71] were the first to report that bone marrow stem

cells (RhloLin-Sca-1+c-kit+ cells) isolated from male Rosa26 mice, which ubiqui-

tously express the LacZ gene, could differentiate into renal proximal tubular cells

and contribute to renal tubular regeneration when transplanted into female mice

with renal ischemia/reperfusion injury. Kale and coworkers [72] subsequently

reported the therapeutic potential of bone marrow stem cell infusion for the

treatment of ischemic renal injury. They introduced an ischemia/reperfusion injury

in mice, with and without bone marrow ablation, to control the contribution of bone

marrow–derived cells. Renal damage in the mice with bone marrow ablation was

much worse than observed in normal mice, and this exacerbation was reversed by

stem cell transfusion. This report provided the conceptual basis for therapeutic

strategies involving exogenous renal stem cells to enhance recovery from oxidative

stress. Since then, a numbers of papers have reported using different bone marrow

fractions or different experimental models to investigate these potential therapies.

These studies generally involved the transplantation of bone marrow cells marked

with LacZ, enhanced green fluorescent protein (EGFP), or a genetic marker

(Y chromosome) and their detection after induction of renal damage. Progeny of

these donor cells were then detected using X-gal staining, fluorescence microscopy,

or fluorescent in situ hybridization for the Y chromosome, respectively. Renal

tubular cells bearing these markers were detected, indicating that some fraction of

the transplanted bone marrow cells (e.g., bulk fraction, hematopoietic stem cells, or

mesenchymal stroma) contributed to the renal regeneration following ischemic

injury, confirming the therapeutic potential of such modalities. More recently,

however, Duffield et al. precisely demonstrated that all of the detection systems

used in these earlier studies, although well established, were capable of producing
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false positives that could overestimate the contribution of bone marrow–derived

cells to the renal repair [18]. Care is clearly required when evaluating therapeutic

effects of stem cell administration.

5 De Novo Establishment of EPO Producers

from Stem Cells

EPO is a glycoprotein hormone produced mainly by the kidney in an inverse

relationship to blood oxygen content. EPO is a major regulator of red blood cells

in the circulation by stimulating erythropoiesis and erythrocyte differentiation.

Anagnostou et al. [73] showed that EPO receptors are also expressed in mature

endothelial cells. Since angiogenesis is the endogenous response to hypoxia, it is

feasible that EPO also stimulates angiogenesis and proliferation of endothelial cells

during kidney development. Therefore, supplementation of EPO by establishing

EPO-producing cells could provide a therapeutic tool against oxidative stress.

The gene therapy approach [74], whereby the EPO gene would be transferred

directly to a recipient in vivo, and the cell therapy approach [75], whereby the EPO

gene would be transferred into isolated cells followed by their transplantation into

the recipient organism, have both been successfully applied in combination with an

artificial regulatory system [76–79]. However, both these methods require viral

vector-mediated delivery, which presents potential ethical consequences and could

prove unable to mimic physiological oxygen-dependent control of EPO production

due to the complexity and sensitivity of EPO regulation [80]. The ultimate thera-

peutic approach, then, is the establishment of functional tissue derived from autolo-

gous stem cells, capable of generating endogenous levels of EPO and retaining

physiological regulatory pathways to conditions such as anemia.

We attempted to establish an EPO-producing tissue from MSCs. Initially, we

built an organized and functional kidney structure using the developing heterozoic

embryo as an “organ factory.” Human MSCs expressing neurotrophin GDNF were

microinjected at the site of budding. The recipient embryo was grown in a whole

embryo culture system, and the formed metanephros was developed in organ

culture. With this combination (termed relay culture), donor cells can be stimulated

with numerous factors in a spatially and temporally identical manner to the endoge-

nous developmental process of nephron formation [81]. Using a xenobiotic devel-

opmental process for growing embryos thus allows endogenous hMSCs to undergo

epithelial conversion and be transformed into an orchestrated nephron comprising

glomerular epithelial cells (podocytes) and tubular epithelial cells that are linked, as

well as stromal cells that probably contain the EPO-producing cells. The hMSC-

derived kidney primordia were then transplanted into host omentum to allow growth

and differentiation into a functional renal unit with integration of vessels [82].

The resultant hMSC-derived neokidney was equivalent to a human nephron [83].

We subsequently confirmed that the neokidney vasculature in the omentum
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originated from the host and communicated with the host circulation. In fact,

analysis of liquid secreted from the expanded ureter showed higher urea nitrogen

and creatinine concentrations than in the recipient sera, with similar concentrations

to native urine [84]. This suggested that the neokidney was capable of producing

urine by filtering the recipient’s blood. Furthermore, the levels of EPO increased in

response to anemia induction and the presence of neokidney in rats suppressed the

recipient (rat) EPO production, with enhanced recovery from anemia compared to

control animals lacking the neokidney [84]. These data indicate that autologous

EPO-producing tissue could be established from MSCs by our methods and suggest

a powerful therapeutic tool to combat oxidative stress-induced renal disease (Fig. 1).

6 Conclusion

In this chapter we reviewed recent research into using renal stem cells to treat kidney

diseases and proposed their possible therapeutic application against oxidative stress.

We know that prior to the total loss of renal structure, kidney function can be restored

by reactivating quiescent renal stem cells or supplying renal stem cells expanded

Removal of 
bone marrow cells

Establishment of 
renal stem cell

Culturing in growing 
Xeno-embryo

Transplantation

iPS cell

Oxidative Kidney Injury

Fig. 1 Putative scenario for the application of stem cell therapy to oxidative kidney injury. Renal

stem cells derived from bone marrow cell or skin fibroblast of patient with oxidative kidney injury

are cultured in growing xeno-embryo for a given time to develop into kidney primordia, followed

by autologous implantation into the omentum of the same patients. Kidney primordia eventually

become self-organ that produce erythropoietin and angiogenic factors. The patient might be cured

from oxidative stress
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sufficiently in vitro. Such stem cells may contribute to neovascularization or

hematopoiesis, leading to recovery from hypoxic shock.

We believe that emerging knowledge of kidney stem cell biology and develop-

mental biology will enable the development of new therapeutic strategies for the

treatment of oxidative stress–induced renal diseases that aim to regain damaged

components in the kidney or restore kidney function.
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