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Azote is one of the most abundant elements; combined with caloric it fonns
azotic gas, or mephitis, which composes nearly two thirds of the atmosphere ...
When combined with oxygen, azote fonns the nitrous and nitric oxides and
acids ...

Antoine Laurent Lavoisier, "Elements of Chemistry"

One treadle sets a thousand threads a-going,
And to and fro the shuttle flies;
Quite unperceived the threads are flowing,
One stroke effects a thousand ties.

Johann Wolfgang von Goethe, "Faust," part I, 1924-8
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Preface

This book is unusual for two reasons. First, the very mingling of one of the
most archaic signaling molecule, nitric oxide, with one of the most recent fields
of Internal Medicine, Nephrology, is unorthodox. Second, both comingled fields
of knowledge are advancing so swiftly that describing them is akin to counting
sheep from a window of a moving train. Even a snapshot will provide certain
aberrations in the fast-changing landscape. Anyone glancing outside for the first
time will obtain a different prospective from that seen just a few moments ago.
This was exactly the reason why we felt an urging necessity to artificially carpe
diem, "freeze the moment," and scan the field with high-power binoculars.
There is a school of thought, favored by historians, that an objective description
of events requires a certain distance in time, when the dust has settled. Indeed,
Sir Walter Raleigh was once amazed by the difference in individual accounts on
a commotion in a courtyard that was actually observed by a host of prisoners.
Nonetheless, he doubted the accuracy of historic description of events from the
nonwitnessed past.
Hence, this book captures the first decade of nitric oxide history as it has been

evolving until the day when a group of investigators, all leaders in their respective
fields, settled to reflect on the subject "How advent in nitric oxide biology and
physiology fertilizes and fuels the development of Renal Medicine." The task
was accomplished briskly, within a few months; however, the duration was
sufficient for accumulation of some novel results. Therefore, some chapters are
accompanied by "notes added in proof" to reflect on such unincorporated new
data. This intensity notwithstanding, we hope that the produced snapshot would
offer the reader an appropriate starting point into diverse subjects, whereas the
high professionalism of the contributors should secure adequate objectivity and
depth of presentation. With this, we wish to express our profound gratitude to
all contributors who, frequently at the expense of their other calls, have dedicated
their invaluable time to this work produced in a timely fashion. We are also most
obliged to Professor Louis J. Ignarro for the Introduction to the book and to Mrs.
Lisa LaMagna for excellent editorial assistance.

ix
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Annotation

During the 1980s, an endothelium-derived relaxing factor (EDRF) described
by Furchgott and Zawadski has been extensively studied. Its identification with
nitric oxide heralded a new era in physiology and pathophysiology. Indeed, there
hardly exists a cell type in the body which does not either produce this smallest
and simplest autacoid or respond to its action. Not surprisingly, investigations
on the different aspects of EDRF-nitric oxide system are mounting. It has been
recognized that the kidney is not only the ultimate synthetic source for the
substrate for nitric oxide synthase L-arginine, and not only renal dysfunction
leads to the accumulation of an endogenous inhibitor of this enzyme, but that
the kidney and its various structural units represent also sensitive targets for
nitric oxide's multiple actions. All three known isoforms of nitric oxide synthase
have been disclosed within different segments of the nephron. Their complex
topography sheds light on the intricate and delicate regulatory network, which,
upon disarray, results in renal dysfunction. It is most appropriate, in this context,
to recall Shakespeare's lines:

Take but degree away, untune that string,
And, hark, what discord follows.

Despite a short history of research on the EDRF-nitric oxide system, the
amount of information is overwhelming and controversies are abundant. It has
become necessary, therefore, to summarize the existing knowledge on chemistry
of nitric oxide, molecular biology of the enzymes generating it, physiological
targets of nitric oxide in the kidney, and the role of this system in the pathogenesis
and pathophysiology of various renal diseases, including glomerulonephritis,
hypertension, renal failure, diabetic nephropathy and preeclampsia, to name a
few. According to these goals, the book consists of five major parts: "Introduction"
by LJ. Ignarro, which summarizes the first decade ofNO research, "Biochemistry

xv
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of nitric oxide", "Renal expression of nitric oxide synthases and production of
nitric oxide", "Functions of nitric oxide in regulating renal hemodynamics", and
"Role of nitric oxide in renal pathophysiology".
This venture was accomplished by an international team of experts in specific

areas of EDRF-nitric oxide research. The book will be of interest to physiologists,
biochemists and pharmacologists, as well as many nephrologists working on the
pathophysiology of renal diseases. The book should provide a solid background
for those nephrologists and physiologists who are just being attracted to the field
of nitric oxide, should systematize and prioritize the issues for those who are
already working on various aspects of nitric oxide, and should sketch the future
directions of this field of research for those who are still considering whether or
not to join investigative efforts on nitric oxide, thereby ensuring a lasting impact
on the development of this branch of science.



Introduction

Nitric oxide (NO), one of the ten smallest molecules in nature according to
Linus Pauling, has evolved from being an important molecule in the atmosphere,
microbes and plants to being one of the most important and ubiquitous biological
molecules in mammalian cells. It all started with Joseph Priestly more than 200
years ago, who discovered not only oxygen but also NO. Nitrogen oxides in
general have played an important part in the development of our understanding
of atmospheric pollution, the nitrogen cycle in microbes and plants, and in food
preservation. For example, nitrites and nitrates have been added to certain meats
not only to preserve them against microbial-induced spoilage but also to provide
a deep red color and thereby make the meat more appealing to the consumer.
This latter well-known use is attributed to the microbial-mediated reduction of
nitrite or nitrate to NO, which reacts with the hemoproteins abundant in meat to
form nitrosyl-hemoproteins having a distinctly red color. Indeed, NO has been
used since the 1860s as a probe to study ligand properties in metalloproteins
such as hemoglobin and myoglobin.
Interest in NO as a molecule that could affect mammalian cell function came

in the mid 1970s when NO was found to activate guanylate cyclase and stimulate
the formation of cyclic GMP in a variety of tissues. Following these observations
came the discovery that NO is an exceedingly potent vascular smooth muscle
relaxant and inhibitor of platelet aggregation, which elicits these pharmacological
effects via the intracellular second messenger actions of cyclic GMP. The question
arose as to why mammalian cells respond in this way to an air pollutant with
such great potency and efficacy. In 1981, the mechanism of vasodilator action
of nitroglycerin was attributed to the liberation of NO gas from nitroglycerin in
vascular smooth muscle. Although this was an important discovery that explained
the prior 100 years of documented clinical effects of nitroglycerin, the question
still remained as to why mammalian cells have receptors for the exogenous
chemical, NO. As a scientist very much interested in learning more about the

xvii
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pharmacology of NO, I truly believed that mammals must have an endogenous
NO or NO carrier such as nitroglycerin for the purpose of facilitating local tissue
blood flow and protecting against thrombosis. Designing experiments to test this
hypothesis proved to be quite a difficult task, but then it all came together in my
mind in 1985, just after relocating from New Orleans to Los Angeles.
While studying factors affecting the production and action of endothelium­

derived relaxing factor (EDRF), which was discovered five years earlier in 1980,
we noted that EDRF generated in arterial rings in response to acetylcholine and
bradykinin caused the activation of purified preparations of guanylate cyclase.
The EDRF had a very short half-life that was equivalent to that of authentic NO,
about 5 seconds. Moreover, the cyclic GMP stimulating effects of EDRF and
NO were antagonized by the guanylate cyclase inhibitor, methylene blue. These
observations were cautiously interpreted as signifying that EDRF might be NO
or a labile nitroso precursor of NO. As prior experiments from this laboratory
had revealed that NO activates guanylate cyclase by heme-dependent mecha­
nisms, new experiments were conducted to ascertain whether EDRF-elicited
activation of guanylate cyclase might also be heme-dependent. Upon learning
that such was indeed the case, we realized the impact of what we had found,
namely, that EDRF must be NO, and we presented the data in support of this
hypothesis at several meetings in 1986.
Clearly, these observations explained the long-appreciated potency of nitro­

glycerin as a vasodilator drug and quenched my search for the endogenous
nitroglycerin-like molecule. The discovery made independently by two groups
that EDRF as NO triggered an explosion in the field of NO research that is
unparalleled in modern science. This discovery took the form of a tidal wave,
sweeping the interest and imagination of so many basic and clinical researchers.
The number of annual publications on NO has surged from several dozen to
several thousand in the last decade. Who would have ever thought just 15 years
ago, even for a brief moment, that the free radical gas, NO, would turn out to
become one of the most universal and ubiquitous biological signaling molecules
involved in both physiology and pathophysiology.
The kidney represents one of many important target organs for NO. Renal

physiology and pathophysiology involve a multitude of actions of NO ranging
from the regulation of blood flow, renin secretion and glomerular filtration to
glomerulonephritis and renal failure. As is the case with other organs, there
appears to be both a good side and a bad side regarding the actions of NO in
the kidney. This book represents a state-of-the-art exposition of our current
understanding of NO in the kidney, and should serve as a springboard for future
research in renal physiology and pathophysiology.

Louis 1. Ignarro
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and Cellular Actions of NO



1

The Biological Chemistry of NO

Neil Hogg and Owen W. Griffith

1. Introduction

The most well-characterized biological function of nitric oxide (-NO) is the
elevation of cyclic guanosine monophosphate (cGMP) levels by the activation
of guanylyl cyclase [1-3]. Simplistically, this pathway involves diffusion of -NO
from its site of synthesis to a target enzyme in an adjacent cell or tissue. In this
respect, -NO is acting as a conventional paracrine messenger. However, the
known chemistry of -NO suggests that this journey is not at all simple and that
there is the potential for a plethora of side reactions to occur. The chemical
reactions between -NO and other biological molecules impact not only on the
efficiency of guanylyl cyclase activation but also contribute to the cytotoxic
potential of activated immune cells. Moreover, if uncontrolled, -NO synthesis
may be responsible for a variety of pathological processes.
It has become clear that in order to fully understand the biological chemistry
of -NO, the spontaneous, nonenzymatic reactions of -NO have to be considered.
Such reactions lead to the generation of secondary species which have been
variously (and perhaps confusingly) termed "reactive nitrogen intermediates" and
"reactive nitrogen species." Included in this group are peroxynitrite (ONOO-),
nitroxyl anion (NO-), and nitrosonium cation (NO+). Appreciation of the chemis­
try, biochemistry, pharmacology, and pathology of such species is critical to a
complete understanding of the often contradictory biological effects of -NO.

2. Molecular Properties of -NO

2.1. Nitric Oxide is a Hydrophobic Gas

At room temperature -NO is in the gaseous state [boiling point (bp) =-151°C]
[4]. In this form -NO is primarily monomeric, although small quantities of the

3



4 / Neil Hogg and Owen W. Griffith

dimeric form (NzOz) have been detected [5]. In aqueous solution, -NO is also
mainly monomeric and has limited solubility (about 2 roM at room temperature
[6]). -NO is more soluble in organic solvents and has an octanol partition coeffi­
cient of about 6 [7]. The hydrophobic nature of -NO implies that biological
membranes will not represent a barrier to -NO diffusion [7-9] and that -NO may
partition preferentially into the hydrophobic interior of phospholipid bilayers and
lipoproteins. The diffusion coefficient of -NO is 3300 I1mz S-I in water [10].

2.2. Nitric Oxide Is a Free Radical

Free radicals are molecules that contain one or more unpaired electrons (conven­
tionally indicated by a - symbol) in s or p orbitals. Free radical reaction mecha­
nisms are generally dominated by the propensity of unpaired electrons to find a
partner. Many free radicals are transient, highly reactive species that are able to
abstract electrons from other nonradical molecules, generating secondary radicals
and possibly initiating chain reactions. An example relevant to biology is the
initiation of lipid peroxidation by the highly reactive hydroxyl radical:

OH- + LH ~ HzO + L- (1)

The hydroxyl radical (OH-) abstracts a hydrogen atom from an unsaturated lipid
(LH) to form a water molecule and a lipid radical. The lipid radical can then
proceed to initiate the lipid peroxidation chain reaction. Other types of free
radicals are generally not reactive enough to abstract a hydrogen atom or an
electron from a nonradical source, but their electrons can be paired by radical­
radical reactions. This can lead to dimerization as shown in Eq. (2).

A- + A- ~ A - A (2)

NO belongs to this second class of radicals and its biological chemistry is
dominated by reactions with other free radicals. For example, the reaction of
-NO with oxygen (a biradical), superoxide (Oz'-), and nitrogen dioxide (-NOz)
are all radical-radical reactions. Dimerization of -NO may occur, but the resultant
NzOz is unstable and rapidly dissociates back to -NO.

2.3. Nitric Oxide Is a Reductant/Oxidant

The redox potentials for the reduction of -NO is within the biological range (/fl'
(-NOINO-) = 0.39 V [II]) indicating that, at least thermodynamically, it is
possible for -NO to be reduced in biological systems. In fact, such reactions
occur; for example, -NO undergoes redox-type reactions with glutathione [12,13].
One electron reduction of -NO leads to the formation of the nitroxyl anion

(NO-). Although the reactions of NO- in biological systems are incompletely
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understood, it is clear that in anaerobic systems dimerization of NO- leads to the
formation of nitrous oxide (NzO, "laughing gas") and detection of this species
is often taken as evidence for NO- formation. Under aerobic conditions, the
reaction of NO- with oxygen can form peroxynitrite (ONOO-) [14], a species
more commonly formed from the reaction between -NO and superoxide (see
Section 3.2).
NO- has been shown to posses Endothelium-Derived Relaxing Factor (EDRF)­

like bioactivity [15]. It is difficult to be certain, however, that NO- was not
oxidized to -NO, which has EDRF activity. To this end, Pino and Feelish have
used L-cysteine to distinguish between the effects of -NO and NO- [16]. L-cysteine
enhanced -NO-dependent relaxation of aortic rings, whereas it inhibited the
effects of NO-.
One-electron oxidation of -NO (EO' (NO+j-NO) = 1.21 V [liD yields the

nitrosonium cation NO+ [17,18]. In aqueous solution, this molecule will ultimately
give nitrite (NOz) by the addition of water. However, -NO+ is a highly reactive
species and there exists the potential for other reactions in biological systems
[19]. In fact, evidence for the formation offree NO+ is lacking, and the biological
chemistry of NO+ may be restricted to the transfer of "bound" NO+, as occurs,
for example, during transnitrosation reactions (Section 3.4).

2.4. Nitric Oxide as a Metal Ligand

One of the most widely appreciated properties of -NO is its ability to bind to
heme iron. Many years before the discovery of -NO as a mammalian biological
product, -NO was used to probe the ligand binding site of heme proteins [20,21].
Such studies proved highly relevant, as one of the major biological functions of
-NO involves binding to the heme prosthetic group of guanylyl cyclase, activating
the enzyme [22,23]. Upon binding of -NO to ferrous heme, the histidine on the
opposite side of the heme ring is displaced, and by this mechanism, the -NO
binding signal can be transformed into a protein conformational change [24].
-NO can bind to both the ferric and ferrous forms of heme proteins although the
affinity for the ferrous form is usually much greater [24].
-NO can also bind to nonheme iron, and it has been suggested that such an

interaction with low-molecular-weight iron complexes may inhibit the oxidative
stress associated with the presence of such complexes; that is, -NO will bind to
the iron complex and prevent iron redox cycling and the consequent oxygen
radical formation [25]. The reduction, by -NO, of nonheme iron in the active
site of Iipoxygenase has been suggested as a mechanism of inhibition [26].
Electron paramagnetic resonance (EPR) spectroscopy has identified dinitrosyl

iron complexes of -NO in biological tissues [27]. Such complexes spontaneously
form from low-molecular-weight thiols, such as cysteine, ferric or ferrous iron,
and nitric oxide, and have potent vasodilator activity [28]. Protein-bound dinitro­
syl complexes have also been identified and it has been proposed that such high-
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molecular-weight -NO complexes may act as a store of -NO that can be released
by low-molecular-weight thiols [29]. The biological consequences of dinitrosyl
iron complex formation in vivo has yet to be established.

3. Biological Reactions of Nitric Oxide

3.1. Oxygen

-NO reacts with oxygen in aqueous solution as shown in Eq. (3).

(3)

One molecule of oxygen consumes four molecules of -NO and generates nitrite
as the only nitrogen-containing product. The rate-limiting step for this reaction
is the third-order reaction between -NO and oxygen shown in Eq. (4) [30,31].

k ; 6xlO6M-1,-I

2-NO + O2 > 2-N02 (4)
k; I.IxlO9 M-1,-I

-N02 + -NO > N20 3 (5)
k;lxI03 ,-1

N20 3 + H2O > 2H+ + 2N02 (6)

The nitrogen dioxide formed from this reaction reacts rapidly with nitric oxide
to give dinitrogen trioxide [N20 3, Eq. (5)]. Hydrolysis of N20 3 finally yields
nitrite [Eq. (6)]. Dimerization of nitrogen dioxide gives dinitrogen tetraoxide
(N20 4) (not shown), which can hydrolyze to give equal quantities of nitrite and
nitrate. However, kinetic simulation of the above reaction scheme has indicated
that very low, nonbiological rates of -NO production are required before nitrate
is formed in significant amounts [32,33].
The kinetics of Eq. (4) imply that the rate of decomposition of -NO is propor­
tional to the square of the -NO concentration. This dependency on [-NOP has
the important consequence that at high concentrations of -NO, the reaction with
oxygen is rapid, whereas at low concentrations of -NO, the reaction is very slow.
For example, if 1 mM solutions of these gases are mixed, the initial rate of
oxidation will be approximately 6 mM S-I. However, if physiological concentra­
tions are considered (100 oM -NO and 20 JlM oxygen), the initial rate of oxidation
will be 1.2 pM S-I. It is arguable whether the reaction between -NO and oxygen
plays any role in vivo. It clearly cannot account for the measured biological half­
life of endothelial-derived nitric oxide of about 4 s [34].
In cell culture systems, the concentration of oxygen is usually significantly
higher than that found in vivo. Additionally, -NO synthesized by cells in culture
or added to such a system, will largely remain dissolved in the cell culture
medium; only a small proportion is likely to be lost by partition into the gas
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phase. Under such conditions, the reaction between -NO and oxygen may be a
significant determinant of the biochemistry and toxicology of -NO. Lewis et al.
[35] have attempted to analyze the fate of -NO, generated by activated macro­
phages, in cell culture by end-product determination. They concluded that even
in cell culture conditions, only about 50% of the measured NO-zcan be accounted
for by the reaction between -NO and oxygen.
There is evidence, however, that suggests the biological half-life of -NO is
oxygen dependent even though the kinetics of the reaction with oxygen are too
slow to explain -NO consumption. In an attempt to reconcile this paradox, it has
been suggested that the initial step of the reaction of -NO with oxygen is the
association of -NO and oxygen, to form the intermediate free radical ONOO-,
and that further reactions of this radical may represent a route of -NO decomposi­
tion [36]. This idea is as still highly speculative.
The reaction of -NO with oxygen as shown in Eqs. (4) and (5) forms Nz0 3 as
an intermediate. Nz0 3 is a powerful nitrosating agent and can react with amines
and thiols to form N-nitrosamines and S-nitrosothiols, respectively [37]. The
former are usually highly toxic mutagens, and this reaction has been implicated
in the mutagenic and toxic potential of -NO [38]. S-Nitrosothiols have been
suggested to be physiological storage and transport molecules for nitric oxide
and will be discussed later.

3.2. Superoxide

The reaction of -NO with superoxide was shown by Blough and Zifarou [39] to
form peroxynitrite:

-NO + O2 (7)

The chemistry of peroxynitrite had been sporadically studied since it was first
described in 1901 [40]. However, after Beckman et al. proposed in 1990 that
this molecule may account for much of the cytotoxic potential of -NO [41], the
reactions between peroxynitrite and biological molecules has been extensively
investigated, and peroxynitrite has been implicated in the mechanism of a number
of disease processes. The biological chemistry of peroxynitrite has been reviewed
by Pryor and Squadrito [42].
Peroxynitrite has a pKa of 6.8 [42] and is, therefore, partially protonated at
physiological pH. The state of protonation is of major consequence, as peroxyni­
trite and peroxynitrous acid undergo distinct chemical reactions with biological
molecules. The peroxynitrite anion will oxidize thiols such as glutathione with
a rate constant of about 3-6000 M-1 cm-I [43] and will nitrate tyrosine and
tryptophan residues in the presence of a suitable catalyst (i.e., metal ions or
superoxide dismutase) [44]. These nitrated amino acids, especially nitrotyrosine,
have been used as an immunological marker of peroxynitrite-mediated damage
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[45]. Peroxynitrous acid is a potent oxidant and undergoes both one- and two­
electron oxidation reactions [42].
There is evidence that the peroxynitrite-dependent oxidation of methionine
[46] and a-tocopherol [47] occur mainly via two electron oxidation reactions. For
example, peroxynitrite will oxidize a-tocopherol predominantly to a-tocopherol
quinine and only a small quantity of a-tocopheryl radical is formed [47]. Free
radical intermediates have also been observed in the oxidation of ascorbate [48]
and glutathione [49,50] and it is not yet established if they are a major or minor
product of the oxidation reaction.
The one-electron oxidation reactions of peroxynitrite are mediated either by

molecule-assisted homolysis reactions, where the interaction between peroxyni­
trous acid and the reactant molecule promotes homolytic dissociation, or by a
noninduced hydroxyl radical-like reactivity [42]. Although it was initially thought
that peroxynitrite could undergo homolysis to give hydroxyl radical and nitrogen
dioxide, such cleavage is not thermodynamically favorable. It has been more
recently proposed that the hydroxyl radicallike activity of peroxynitrite is due to
an excited-state intermediate that occurs during internal rearrangement to nitric
acid [51]. This modality of peroxynitrite chemistry includes many of the reactions
previously thought to be diagnostic for the hydroxyl radical, including the oxida­
tion of deoxyribose to malondialdehyde and the hydroxylation of benzoic acid
[41]. Moreover, typical hydroxyl-radical scavengers such as mannitol and ethanol
can inhibit product formation in these systems [41].
Many of the reactions of peroxynitrite such as deoxyribose degradation, a­

tocopherol oxidation, and the initiation of lipid peroxidation also occur in systems
where -NO and superoxide are generated simultaneously [52-54]. Such co­
formation can be achieved conveniently by the used of SIN-l [52], a sydnonimine
derivative that decomposes in oxygenated buffers to give stoichiometric amounts
of -NO and superoxide [55], or by using a separate source of both superoxide
and nitric oxide [54,56].
The biological consequences of the reaction between -NO and superoxide

remain controversial and are likely to depend on the system studied. For example,
in a number of studies, the reaction between -NO and superoxide has been
implicated as a protective mechanism of superoxide removal [57,58]. From an­
other perspective, it may be argued that the removal of -NO by this reaction is
of greater functional consequences than the formation of peroxynitrite. It has
also been suggested that the reaction has a profound impact on endothelial cell
function by regulating NFKB-dependent gene expression [59]. In some circum­
stances, the reaction of peroxynitrite with molecules in the experimental system,
such as glutathione and glucose, can lead to the generation of nitric oxide donor
compounds that will slowly release -NO [60,61]. Exposure of cells or biological
solutions to peroxynitrite can thus result in a long-lasting effect closely resembling
that seen with -NO.
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3.3. Heme Proteins

Heme biochemistry and -NO are intimately related. As noted earlier, the best
established physiological target of -NO is the heme group of guanylyl cyclase.
It has also been suggested that nitric oxide synthase is product-inhibited by -NO
binding to that enzyme's heme prosthetic group [61-62].
Although it has been known for many years that -NO is a ligand for the

heme arCu b (oxygen binding site) of cytochrome c oxidase, the functional
consequences of such a reaction have only recently been explored. -NO may not
only act as an inhibitor of cytochrome c oxidase (and hence mitochondrial
respiration) [63] but may also be reduced to NO- in the process [64]. It is
intriguing to speculate that mitochondria may represent a site of -NO catabolism
in vivo.
Another set of reactions that has been known for many years [65] is the

complex chemistry of -NO with hemoglobin and myoglobin. -NO reacts rapidly
with the oxygen-ligated ferrous forms of these proteins to form nitrate and the
ferric "met" form of the heme protein:

(8)

This reaction is rapid and is accompanied by a dramatic change in the visible
spectrum of the heme protein; the spectral change has be used to quantitate -NO
production [66]. This method is a very useful way ofdetermining the concentration
of an aqueous solution of -NO [67]. -NO will also bind to both ferric and ferrous
hemoglobin [68]. The ferrous--NO complex has a characteristic electron spin
resonance (ESR) signature that has been observed in the blood of endotoxin­
treated animals [69]. The corresponding myoglobin signal has been recently
observed in cardiac tissue [70]. The ferrous--NO complex is relatively stable
and its decay in the presence of oxygen is limited by the rate at which -NO
dissociates from the complex. The binding of -NO to ferric hemoglobin leads to
an ESR silent complex that undergoes slow autoreduction by an unknown mecha­
nism to eventually give the ferrous--NO complex [71].
The rapid kinetics of these reactions and the high concentration of hemoglobin

in blood make it likely that once -NO diffuses into a vessel it is rapidly destroyed.
This may represent the major route of -NO decomposition in vivo. Mathematical
simulations have indicated that the presence of blood-containing vessel can have
a major impact on the sustainable steady-state concentration of -NO in a vessel
wall [34].

3.4. Thiols

As nitric oxide diffuses within cells, one of the molecules it is most likely to
collide with is glutathione, which is present inside cells at very high concentrations
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(1-8 mM) [72]. There has been much speculation about the functional conse­
quences of reactions between -NO and thiols. It has been suggested that the
formation of S-nitrosothiols from this reaction represents a mechanism of either
storage or transport of -NO [73].
The biological chemistry of -NO and thiols is complex. -NO will oxidize

glutathione (GSH) to glutathione disulfide (GSSG) generating NO- [Eq. (9)] [74].

2GSH + 2-NO -----;. GSSG + 2NO- + 2H+
2NO- + 2W -----;. N20 + H20
NO- + O2 -----;. ONOO-

(9)
(10)
(11)

The chemistry ofNO- in biological systems is incompletely understood. Dimeriza­
tion of NO- leads to the formation of nitrous oxide [N20, Eq. (10)] and under
anaerobic conditions, 70% of -NO can be detected as N20 after reaction with
glutathione [74]. NO- may also be reduced by glutathione to yield hydroxylamine
and GSSG [17]. In the presence of oxygen, NO- can form peroxynitrite [Eq.
(11)] [14]. The reaction between protein thiols and nitric oxide also leads to the
formation of nitrous oxide, and if disulfide formation is not possible, the protein
cysteinyl residue is oxidized to the sulfenic acid (RSOH) [75]. The reaction of
peroxynitrite with glutathione generates mainly GSSG [43] and also small yields
of glutathione radical [50] and S-nitrosoglutathione (GSNO) [61]. It has been
reported that S-nitroglutathione (GSN02) is also generated from the reaction
between peroxynitrite and glutathione [76].
As mentioned previously, the reaction of -NO with oxygen leads to the forma­

tion of N20 3• This potent nitrosating agent can react with thiols to generate S­
nitrosothiols as shown in Eq. (12).

GSH + NZ0 3 -----;. GSNO + N02+ W (12)

Hence the reaction of -NO with GSH in well-oxygenated solutions leads predomi­
nantly to the formation of GSNO. However, in vivo, the reaction of -NO with
oxygen is thought to be of minor consequence, and the importance of this
mechanism of S-nitrosothiol synthesis remains to be established.
Although there is as yet limited direct evidence of endogenous low-molecular­

weight S-nitrosothiols in vivo, these compounds have been implicated in a number
of biochemical processes. For example, it has been suggested that EDRF more
closely resembles S-nitrosocysteine than -NO [77], though this has been contested
[78]. There is good evidence for the presence of S-nitroso-proteins in plasma
(e.g., S-nitrosoalbumin) [79] and in erythrocytes (e.g., S-nitrosohemoglobin) [80].
These and other examples establish that posttranslational modification of protein
cysteinyl residues can result in the formation of an S-nitrosocysteinyl residue
[81]. Such modification is easy to achieve in vitro, as incubation of any thiol­
containing protein with excess low-molecular-weight S-nitrosothiol generally
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results in the formation of an S-nitroso-protein. The mechanism for this reaction
involves transnitrosation: the transfer of NO+ from an S-nitrosothiol to a thiol:

RSNO + R'SH~ RSH + R'SNO (13)

These reactions are fairly rapid (k-IO-IOO M-1 S-I), reversible, and represent a
distribution of the nitrosyl functional group among all available thiols [82-84].
The high concentration of glutathione in the intracellular space may make transni­
trosation reactions effectively unidirectional and favors formation ofGSNO above
all other S-nitrosothiols. One exception is perhaps in the erythrocyte, where the
concentration of hemoglobin matches that of glutathione. Significant quantities
of S-nitrosohemoglobin have been measured in venous and arterial blood [79].
In the extracellular space, the thiol group of serum albumin may represent the
thermodynamic sink for the nitrosyl moiety [78]. Transnitrosation reactions have
been suggested to be the predominant mechanism of action of exogenously added
GSNO in vivo [85]. De Groot et al. [86] demonstrated that the cytostatic action
of GSNO on Salmonella typhimurium appears to be associated with the transfer
of the S-nitroso functional group to the cytoplasmic space rather than external
-NO release.
Most biologically relevant S-nitrosothiols are remarkably stable compounds

in the absence of light and contaminating transition metal ions, both of which
stimulate S-nitrosothiol decomposition [84,87,88]. Light stimulates homolytic
decomposition of S-nitrosothiols, resulting in the production of -NO and the
corresponding thiyl free radical [89]. Interestingly, transition metal ion-dependent
decomposition ofS-nitrosothiols does not appear to involve a thiyl radical interme­
diate [83]. As both light and free metal ions are unlikely to be present in biological
systems under normal conditions, it is not known how, or if, S-nitrosothiols
decompose to give -NO in vivo. Transnitrosation reactions will only redistribute
the nitroxyl moiety according to the thermodynamic parameters of the various
reactions but will not lead to -NO release. In the absence of a faster reaction,
GSNO will slowly react with GSH to give GSSG and NO- as shown in Eq.
(14) [74]:

GSNO + GSH~ GSSG + NO- +W (14)

As mentioned previously, NO- can result in the formation of N20 and ONOO-.
The mechanisms of S-nitrosothiol decomposition in vivo remain to be elucidated.

3.5. Peroxyl Radicals

Lipid peroxidation may be a consequence or a cause of many pathological states.
Peroxidation of lipid bilayers not only disrupts membrane integrity at the level
of the lipid but may transmit the damage to integral membrane proteins. Moreover,
the products of lipid peroxidation can have adverse consequences on the normal
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eicosanoid signaling pathways. As noted above, reactive free radicals can initiate
lipid peroxidation by a hydrogen abstraction reaction and ONOO- can also initiate
lipid peroxidation by a radical-like reaction. The propagation of lipid peroxidation
is represented in Eqs. (5) and (6):

L- +02 ----3> LOO­
LOO- + LH ----3> LOOH + L-

(5)
(6)

The lipid radical (L-) from Eq. 0) reacts rapidly with oxygen to give a lipid
peroxyl radical (LOO-). The lipid peroxyl radical can then abstract a hydrogen
atom from another molecule of lipid (LH) to give a lipid hydroperoxide (LOOH)
and a further lipid radical. Equation (6) is the rate-limiting step of this chain
reaction, and conventional chain-breaking antioxidants, such as a-tocopherol,
function by scavenging the peroxyl radical intermediate, generating a lipid hydro­
peroxide and a stable antioxidant radical.
Recently, it has been discovered that -NO can inhibit the propagation of lipid

peroxidation by scavenging peroxyl radicals in both low-density lipoprotein [90],
free fatty acid [56], and liposome systems [91]. The reaction between -NO
and peroxyl radicals [Eq. (7)] is diffusion controlled [92] and forms nitrogen­
containing lipid adducts that have been detected by mass spectrometry [91,93].

LOO- + -NO ----3> LOONO (7)

-NO, delivered using a slow-release -NO donor, is an extremely potent inhibitor
oflipid oxidation and will suppress the propagation chain reaction at physiological
concentrations [94]. A corollary of this observation is that any process that
inhibits the production of -NO may be regarded as pro-oxidant due to the removal
of the radical scavenging activity of -NO.

3.6. Iron-Sulfur Complexes

The combination of iron, thiol, and -NO leads to the formation of dinitrosyl iron
complexes (DNIC). These complexes are paramagnetic and have a characteristic
ESR spectrum. There is evidence that such complexes are formed in biological
systems and represent either a degredation product of ferritin or iron-sulfur
centers, or a stabilized form of -NO, having either a storage or transport role.
Low-molecular-weight DNIC can interact with serum albumin to generate pro­
tein-bound DNIC and other nitrosyl-iron complexes, and also generate protein
S-nitrosothiols [95].
The reaction between -NO and iron-sulfur complexes of proteins leads to

similar protein-bound complexes with characteristic ESR spectra. Such complexes
can be observed in whole macrophages stimulated to produce -NO [96].
The functional consequences of the reaction between -NO and iron-sulfur

complexes are under investigation and have unearthed a surprising relationship
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between -NO and iron regulation. The cytoplasmic form of aconitase, an enzyme
of the tricarboxylic acid cycle, contains a cubane iron-sulfur cluster. However,
a form of cytoplasmic aconitase that is deficient in the iron-sulfur cluster is a
powerful translational regulator of proteins involved in iron metabolism such as
ferritin and transferrin receptor [97]. It has been reported that elevated -NO can
act as a functional switch between the aconitase activity and the iron-regulatory
protein activity of this enzyme [98]. By this mechanism, elevated -NO mimics
iron deficiency and results in increased translation of transferrin receptor and
decreased translation of ferritin.

3.7. Other Reactions

Proteins

Nitric oxide-dependent inhibition of ribonucleotide reductase is thought to
occur via the direct reaction of -NO with a protein tyrosyl radical that is an
essential intermediate in the catalytic cycle of this enzyme [99]. This reaction,
which would block DNA synthesis, represents a possible mechanism for the well
documented cytostatic effects of -NO.
Several studies have indicated that -NO is able to modify nonthiol amino acid

residues of proteins. Moriguchi et al. [100] implicated deaminination of the
N-terminus of hemoglobin and carbonic anhydrase by nitric oxide, presumably
through N20 3 formation and nitrosamine formation.

Antioxidants

Although there are a number of reports indicating that -NO, added in gaseous
form, directly oxidizes a-tocopherol to the a-tocopheryl radical and ultimately
the quinone form [101- I03], other studies indicate that if -NO is released slowly
from donor compounds, no reaction with a-tocopherol is observed [53,94]. It
has recently been demonstrated that -NO gas is also incapable of oxidizing
a-tocopherol if appropriate steps are taken to remove contaminating oxides of
nitrogen [104].

4. Conclusion

There are many potential reactions of -NO as it journeys from its site of synthesis
to its site of action. Some of these reactions are clearly deleterious, some are
clearly advantageous, but most lie in the ambiguous middle ground. This can be
illustrated by the differential toxicity of SIN-I, the molecule that simultaneously
generates -NO and superoxide on various cell types. SIN-I is toxic to cortical
neurons, in culture, and Superoxide Dismutase (SOD) inhibits this toxicity by
preventing ONOO- production [18]. However, the opposite effect is observed in
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a human epithelial ovarian cancer cell line, where SOD enhanced the toxicity of
SIN-I by causing the generation of hydrogen peroxide [l05]. The combination
of -NO with hydrogen peroxide appears to be the toxic event in this system. It
is therefore dangerous to extrapolate the effects of -NO from system to system
and impossible to generalize about the biological consequences of changes in
-NO production.
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Role of NO and Nitrogen Intermediates in
Regulation of Cell Functions

Young-Myeong Kim, Edith Tzeng, and
Timothy R. Billiar

1. Introduction

Prior to the 1980s, nitric oxide (NO) was best known as a toxic reactive free
radical found in atmospheric pollutants and carcinogens [1], a by-product of
microbial nitrogen metabolism [2,3] and a potent activator of the mammalian
enzyme heme-containing soluble guanylate cyclase [4]. As early as 1916, evi­
dence for a mammalian nitrogen metabolic pathway was reported with the finding
that several types of animals, including humans, excreted more urinary nitrate
than could be accounted for by dietary intake [5]. Further evidence was reported
by Tannenbaum and co-workers [6,7] who showed that in vivo mammalian nitrate
formation was substantially enhanced by administration of the immunostimulant
lipopolysaccharide (LPS) [8]. Stuehr and Marietta [9] first demonstrated that
murine macrophages stimulated in vitro with LPS expressed nitrogen oxide
synthetic activity and produced nitrite (N02-) and nitrate (N03-). Simultaneously,
other investigators were trying to elucidate the identity of a short-lived, diffusable
endothelium-derived relaxing factor (EDRF) produced by acetylcholine-treated
endothelial cells that was responsible for mediating smooth muscle cell relaxation
[10]. Based on the similarities in the pharmacological properties of EDRF and
NO generated from acidified nitrite, Furchgott suggested that EDRF may be NO
in 1986 [11]. At the same time, Ignarro et al. also proposed that EDRF may be
NO or a closely related species [12]. The following year, two independent groups
of investigators [13,14] demonstrated EDRF was indeed nitric oxide (NO).
Following the first report describing nitrite and nitrate biosynthesis by mamma­

lian cells (macrophages) stimulated with LPS in 1985 [9], macrophage-generated
NO was shown to cause inhibition of DNA synthesis and inhibition of mitochon­
drial respiration and aconitase activity in tumor target cells [15]. Subsequently,
cytosols of cytokine-activated macrophages were shown to have an enzymatic

22
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Table 2-1. Beneficial and Detrimental Effects of Nitric Oxide

Beneficial Effects

Maintenance of tissue perfusion
Scavenging of oxygen radicals
Inhibition of Fenton-type reaction of hemoproteins
Inhibition of microvascular thrombosis
Inhibition of leukocyte adhesion
Inhibition of TNFa production
Antimicrobial activity
Tumoricidal activity (apoptosis)
Induction of cytoprotective genes

Detrimental Effects

Hypotension/vascular collapse
Formation of oxidizing agents (i.e., ONOO-)
Iron release from ferritin (Fenton reaction)
DNA modification/damage
Inhibition of cellular protein synthesis
Apoptosis of host cells

activity catalyzing an NADPH-dependent conversion of the amino acid L-arginine
to NO [16], which is selectively inhibited by the L-arginine analog, N"'-methyl­
L-arginine [IS]. NO synthase requires Flavin Adenine Dinucleotide (FAD), Flavin
Mononucleotide (FMN), Nicotinamide Adenine Dinucleotide Phosphate
(NADPH), tetrahydrobiopterin (BH4), and heme as enzyme-bounding cofactors,
and two substrates, L-arginine and molecular oxygen. It has been shown that
many cell types have the capacity to generate NO from L-arginine. However,
the level of NO production and the functional role of NO vary from cell to cell.
In biological systems, NO is a diffusible, highly reactive, free radical that

interacts with many different types of biomolecules. It is now well accepted
that NO is a mammalian biological messenger molecule involved in numerous
homeostatic processes. Examples include the regulation of vasomotor tone [11­
14], the cytotoxicity modulated by activated macrophages [15-18], regulation of
cell proliferation [19], regulation of cell migration [20], activation of transcription
factors [21], induction of cytoprotective genes [22], modulation of toxic cytokine
production [23,24], and a neurotransmission in the central and peripheral nervous
system [25]. NO acts like a double-edged sword, having both deleterious and
beneficial effects in biological systems (Table 2-1). The ability of NO to mediate
these disparate biological functions depends not only on its unique chemical
properties but also on the site, local concentration, duration, or quantity produced.
In this chapter, we review the function of NO in cytotoxicity, cytoprotection,
and other cellular functions.

2. Chemistry of Nitric Oxide

Nitric oxide is capable of reacting with molecular oxygen, reactive oxygen species
and radicals, transition metals, and some biological molecules. The most common
and biologically significant target for NO is molecular oxygen. Although by
Lewis' electron structure for O2 indicates that it is not a radical, O2 is indeed a
diradical with two unpaired electrons in the n* antibonding orbital. NO gas can
readily react with O2 to form N02 gas, which can, in tum, dimerize to yield
N20 4• N20 4 dismutates spontaneously in water to yield equimolecular amounts
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of N02- and N03-. However, NO in oxygenated aqueous solution does not yield
N03- [26]. NO synthesized by purified NOS breaks down predominantly into N02­
with only trace amounts of N03- in the absence of contaminating hemoproteins.
Similarly, macrophages (containing a sma]] amount of hemoprotein) activated
with immunostimulants generate mostly N02- as the oxidized end product of NO
and a small amount of N03- is formed from the reaction of NO with O2- [27].
Hepatocytes, in contrast, contain large amounts of hemoproteins. Because of this,
hepatocytes stimulated to express NOS-2 and synthesize NO generate equal
amounts of N02- and N03- [28]. NO reacts with O2- and transition metals to
produce peroxynitrite (ONOO-) [29] and nitrosonium (N02+) [30], respectively.
These products can support additional nitrosative reactions at nucleophilic centers
located within tyrosine residues and thiol groups, forming nitrotyrosine and S­
nitrothiols. In biological systems, the most powerful scavengers for NO are
hemoproteins such as hemoglobin and myoglobin. The reaction between hemoglo­
bin (Hb) and NO is shown in Fig. 2-1. NO is capable of binding heme iron in
either the ferrous (Fe2+) or ferric (Fe3+) oxidation state, but NO has a lower affinity
for ferric heme. The reaction between NO and ferric heme reduces the iron
moiety to the ferrous state and simultaneously generates nitrosonium ion (NO+)
[Reaction (1)], which reacts with thiols to yield S-nitrothiol [Reaction (2)]:

Heme Fe3++ NO > Heme Fe3+- NO~ Heme Fe2+- NO+ (1)
Heme Fe2+- NO+ + GS- ---?> Fe2++ GSNO (2)

NO also directly interacts with most reactive oxygen intermediates, which are
the products of activated phagocytes or in several pathological conditions (Table
2-2) and forms a variety of reaction products (Table 2-3).

NO

HbFe3+ + N03-

HbFe2+-NO

NO

HbFe2+

Figure 2-1. Hemoglobin-mediated scavenging of nitric oxide.
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Table 2-2. Reactive Oxygen Species Generated in
Biological Systems

Radicals

Superoxide anion-02-­
Hydroxyl radical-HO­
Peroxyl radical-LOO­
Alkoxyl radical-LO­
Hydroperoxyl radical-HOO-

Nonradicals

Oxygen-0 2
Hydrogen peroxide-H20 2
Hypochlorous acid-HOCI

Table 2-3. Possible Reactions and Products ofReactive
Nitrogen and Oxygen Species in Biological Systems

Reactants

-NO + O2
-NO + O2--
-NO + -OH
-NO + LO-
-NO + LOO-
-NO + HOO-
-NO + HOCI
-NO + HP2
ONOOH + HOCI
NO+ + Cl-

3.1. Biological Targets of NO

Products

-ONOO
ONOO- + W~ ONOOH
HONO~ N02- + W
LONO
LOONO
ONOOH
-N02 + Cl- + H+
-N02 + H20
NOCI + O2+ H20
NOCI

The biological activity of NO as an EDRF has been shown to be inhibited by
Hb, thiol compounds, and superoxide anion, indicating that NO is highly reactive
with heme-containing proteins as well as other biological molecules [31]. The
toxicity of NO in macrophage-mediated immune reactions was attributed to the
direct interaction of NO with iron-sulfur-containing mitochondrial enzymes as
well as the inhibition ofDNA synthesis through the inactivation ofnonheme-iron­
containing ribonucleotide reductase. Although NO reacts with a variety ofbiologi­
cal molecules (Table 2-4), the reactivity ofNO with these compounds is dependent
on the local NO concentrations and the makeup of the microenvironment. For
example, heme proteins such as guanylate cyclase are activated by low NO
concentrations, whereas cytochrome P-450 and other nonheme proteins, such as
ribonucleotide reductase and cyclooxygenase, can be inhibited by much greater
concentrations of NO which are not typically biologically achievable. Further­
more, it should be noted that the reaction of NO with thiol to form S-nitrosothiol
does not directly occur; rather, "redox activation" of either the thiol to thioyl
radical or further oxidation ofNO to a species (NO+ orN20 3) capable of nitrosation
is required.
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Table 2-4. Biologic Targets for Nitric Oxide and Nitrogen Intermediates

Reactive Sites

Heme

Iron-Sulfur

Nonheme iron

Sulfhydryl

Zn-sulfur

Copper

Others

Protein Targets

NOS
Guanylate cyclase
Cyclooxygenase
Indoleamine 2,3-dioxygenase
Hemoglobin
Myoglobin
Cytochrome P-450
Ferryl hemoprotein

AconitaselIRE-BP
Mitochondrial complex I & II
SoxRS
Ferrochelatase
Metallothionein

Ribonucleotide reductase
Lipoxygenase
Ferritin

Adenylate cyclase (type I)
GAPDH
Plasminogen activator
NMDA receptor
GSH
p211ras
Protein kinase C
G-protein
Albumin
Hemoglobin
OMDM transferase
GSH peroxidase
GSH reductase

Metallothionein
Fpg protein
Alcohol dehydrogenase
Transcription factor

Cytochrome c oxidase
Caeruloplasmin

Tyrosine

DNA
SOD
Lipid
Lipid radicals
Tyrosine radical
Ascorbic acid
NADPH oxidase

Action (Refs.)

Inhibition (44-47)
Activation (34)
Activation (41)/inactivation (43)
Inhibition (50)
Oxidation/scavenger (51,52)
Inhibition/scavenger (53)
Inhibition (48,49)
Reduction (127)

Inhibition (54,55)/activation (61,62)
Inhibition (55)
Activation (174,175)
Inhibition (39,176)
Scavenger (56,57)

Inhibition (58)
Inhibition (43,177)
Scavenger (64)/Fe release (69)

Inhibition (76)
Inhibition (72,73)
Activation (68,69)
Inhibition (neuroprotection) (70)
Redox signalinglNO carrier (78,98)
Redox signaling (75)
Inactivation (77)
Inhibition (178,179)
NO carrier (82-85)
NO carrier (86)
Inhibition (180)
Inhibition (145)
Inhibition (146)

Zn release (94)
Inhibition (95)
Inactivation (96)
Inhibition (94)

Inactivation (181)
Cu release (182)

Nitration (30)/inhibition of signal
transduction (113)

Base modification (100,101)
Tyrosine nitration/inhibition (30)
Peroxidation (106,125)
Termination of lipid peroxidation (125)
Neutralizing (59)
Oxidative injury (183)
Inhibition (184)
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3.1. Iron-Containing Proteins

Nitric oxide participates in cellular metabolism, signal transduction, and cellular
protection by interacting with a variety of cellular components. A primary intracel­
lular target for NO is intracellular iron [32,33]. NO nitrosylates the heme moiety
in oxygen-carrying hemoproteins, perhaps the best example of which is the
ferrous iron in hemoglobin and myoglobin. Another important heme-containing
target for NO is soluble guanylyl cyclase [34,35]. NO alters the conformation
of heme moiety of the enzyme, causing activation and cGMP synthesis. cGMP,
in tum, activates cGMP-dependent protein kinases, which may then phosphorylate
synaptic vesicle proteins associated with neurotransmitter release [36,37] and
peripheral cGMP-gate ion channels to increase the intracellular level of Ca2+.

cGMPmay also stimulate or inhibit cyclic nucleotide phosphodiesterase to control
intracellular cAMP levels [38].
Other heme proteins are inhibited by NO. Catalase is a tetrameric ferric hemo­

protein which is also sensitive to inhibition by NO in vitro [39,40]. Another
heme-containing enzyme that is influenced by NO is cyclooxygenase, the rate­
limiting enzyme in the biosynthesis of prostaglandins thromboxane A2 and prosta­
cyclins. There is evidence that indicate that NO interacts with the heme prosthetic
group of cyclooxygenase to either activate the enzyme to increase prostaglandin
biosynthesis [41,42] or to inhibit enzyme activity [43]. NO can also regulate its
own biosynthesis by interacting with the heme iron in NOSs [44-47]. This
feedback inhibition may serve to control neurotransmitter release, endothelium­
dependent relaxation, and NO-mediated cytotoxicity. Additionally, NO regulates
several other heme-containing enzymes, including cytochrome P-450 [48,49] and
indoleamine 2,3-dioxygenase [50]. NO also rapidly reacts with hemoglobin and
myoglobin to form iron-nitrosyl hemoprotein or nitrate [51-53] and may repre­
sent a mechanism to attenuate NO-mediated biological functions.
Nitric oxide may also mediate cellular effects through interactions with en­

zymes containing nonheme iron. Such enzymes include the iron-sulfur cluster
enzymes, mitochondrial cis-aconitase, complexes I and II of the mitochondrial
electron-transfer chain [32,54,55], metallothionein [56,57] and ribonucleotide
reductase [58-60]. Through its interactions with these enzymes, NO may inhibit
cellular ATP synthesis and DNA synthesis. NO has recently been shown to
influence intracellular iron metabolism at the posttranscriptionallevel by interact­
ing with cytosolic aconitase (referred to as the iron-regulatory factor; IRF). NO
disrupts the conformation of the iron-sulfur cluster at the catalytic site of the
enzyme and increases the accessibility and binding of IRF to a specific mRNA
structure (iron-responsive element; IRE) [61-63] contained in ferritin, transferrin
receptor, erythroid 5-aminoelvulinate synthase, and mitochondrial aconitase tran­
scripts. These proteins regulate iron homeostasis [64]. NO-induced binding of
IRF to the IRE located in the 5/ untranslated region of ferritin mRNA inhibits
ribosomal binding and represses translation. In contrast, binding of IRF to the
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3' IRE of the transferrin receptor mRNA protects the transcript from RNAse
digestion and increases the mRNA half-life, resulting in increased protein synthe­
sis. NO also directly interacts with the iron in ferritin [33], an iron-storage protein,
to liberate iron [65]. Thus, the interaction between NO and iron may regulate
cellular iron homeostasis or may mediate cellular toxicity [54,55,66].

3.2. Thiol-Containing Proteins

S-Nitrosylated proteins have been identified in biological tissues, including sali­
vary glands of the blood-sucking insect, Rhodnius prolixus, and human plasma,
airway-lining fluid, and neutrophils [67]. In order for NO to take part in S­
nitrosylation, NO must first react with a transition metal, molecular oxygen, or
superoxide anion to undergo a one-electron oxidation to form products (i.e., NO+)
that can support additional nitrosative reactions. S-Nitrosylation can regulate
protein function by several different mechanisms. The activation of tissue-specific
plasminogen activator and N-methyl-D-aspartic acid (NMDA) receptors occur
through posttranslational modification of a single thiol [68-70], whereas the
activation of calcium-dependent potassium channels is mediated by a conforma­
tional change following S-nitrosylation in vascular smooth muscle [71]. Also,
the cytosolic glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenate
(GAPDH) is inhibited by modification of thiol groups located within the active
site [72,73]. In the central nervous system, S-nitrosylation of the NMDA subtype
of glutamate receptors by NO inactivates the receptor and may physiologically
regulate glutarninergic neurotransmission [70], protecting against excessive exci­
tation-induced neuronal cell death. NO also inhibits thioester-linked long-chain
fatty acylation of neuronal proteins. Through direct modification of cysteine
thiols in the neuronal growth cone, NO may reversibly inhibit the growth of dorsal
root ganglion neurites [74]. S-Nitrosylation activates pertussis toxin-sensitive G
proteins and p21 rag [75], whereas this modification reduces enzymatic activity of
adenylate cyclase (type I) and protein kinase C [76,77]. NO can deplete intracellu­
lar reduced glutathione levels through the formation of S-nitroglutathione and
oxidation of glutathione which can lead to rapid activation of the hexose-mono­
phosphate pathway [78] and induction of stress proteins such as heme oxygenase
[79] and heat shock protein 70 [80]. S-Nitrosylated albumin has been identified
in serum, but a biological function for this species of albumin has not yet been
identified [81]. One possible function of S-nitrosothiols is to serve as a reservoir
for NO, acting to reduce the functional availability of NO or as a carrier molecule
for NO transport [82-86].
Nitric oxide also stimulates the apparent ADP-ribosylation of GAPDH in the

presence of NAD+ or NADH. NO-induced ADP-ribosylation is an inductive
automodification, in contrast to the activity of an endogenous ADP-ribosyltrans­
ferase activated by bacterial toxins [87], and involves an active-site cysteine,
probably Cys-149 [88]. ADP-ribosylation of this cysteine inhibits catalytic activ-
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ity and depresses glycolysis. ADP-ribosylation is stimulated by RS-NO (usually
liberating NO+ + RS- by heterolytic cleavage) and related nitrosating agents
(i.e., NO+) rather than by NO itself [89]. S-Nitrosylation of an active-site thiol
subsequently promotes modification by NAD. It is theoretically possible to have
transnitrosation from active-site RS-NO (NO+) to NADH by either increasing
the electrophilicity of the nicotinamide ring (i.e., attack at C6) or by making
nicotinamide a better leaving group (i.e., attack ribose CI), thereby causing
irreversible inhibition of the enzymatic activity [67]. ADP-ribosylation of
GAPDH may represent a pathophysiological event associated with the inhibition
of gluconeogenesis. The active-site thiol of GAPDH is readily oxidized by H20 2
or other oxidative stress conditions leading to the generation of disulfides or
oxidant-specific S-thiolation [90] and results in irreversible inhibition. Therefore,
S-nitrosylation of GAPDH may protect the enzyme from irreversible inactivation
of the active-site thiol, perhaps regulating glucose metabolism [91].

3.3. Other Biomolecules

Zinc is the second most abundant metal in biologic tissues. It is usually complexed
to thiolligands of cysteine and/or imidazole nitrogen atoms of histidine-forming
zinc-finger domains which are essential for specific DNA binding. Many redox­
sensitive transcription factors including SpI and Egr-I [64] bind cognate DNA via
three zinc fingers of the Cys2His2 type [92]. Zinc is a relatively labile component of
this structure and is most susceptible to removal by redox reactions or intracellular
thiol compounds such as apo-metallothionein [93]. NO interacts with Zn-sulfur
clusters in transcriptional factors [LAC9-containing Cys~n(II)-type cluster] [94]
and Zn-containing proteins such as metallothionein [94], DNA repair enzymes
(Fpg protein) [95], and alcohol dehydrogenase [96], resulting in the destruction
of the Zn-sulfur bond. This finding implies that NO may alter the structural
integrity of DNA binding proteins which contain zinc finger motifs and suggests
that NO-mediated cytotoxicity can be associated with the destruction of proteins
containing Zn-sulfur clusters as well as through the interaction of NO with
proteins containing Fe-S clusters. Another possible consequence of NO interac­
tions is seen with metallothionein wherein Zn is released and can inhibit the
catalytic activity of endonucleases involved in DNA fragmentation during apop­
tosis [97-99].
Nitric oxide gas and NO-generating compounds have been shown to be carcino­

genic because of evidence indicating that NO or other reactive nitrogen intermedi­
ates can modify deoxyribonucleotides or induce DNA strand breaks. Wink et al.
[100] reported that NO causes genomic alterations by deamination of DNA in
vitro and in vivo by showing that cytosines are changed to thymidine in DNA
sequences. Guanine can also be modified to form 8-nitrosoguanosine when intact
DNA is exposed to peroxynitrite [101] or in NO-generating epithelial cells [l02].
Furthermore, NO and/or peroxynitrite by inducing DNA strand breaks [103]
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activates the nuclear enzyme poly (ADP-ribose) polymerase (pARP). PARP
activation has been proposed to decrease ATP synthesis and induce cell death
by depletion of cellular NAD+ during DNA repair.

4. Interaction with Reactive Oxygen Intermediates (ROIs)

Endogenously synthesized NO has a biological half-life of less than 5 s [52] as
compared to a half-life of 500 s or longer of NO in pure aqueous solution [104].
It is possible that NO is rapidly converted into a less active or inactive product
in biological tissues. As detailed earlier, NO can simply react with molecular
oxygen; however, this is a very slow reaction at physiological concentrations of
O2, The reaction of NO with biological components such as metals, thiols, O2,
and O2- produces a variety of secondary products ranging from the innocuous
oxidized compounds (N02- and NOn and nitroxyl (NO-) to the reactive interme­
diates such as nitrosonium (NO+), peroxynitrite (ONOO-), and nitrogen dioxide
(·N02). The predominant end products of all these intermediates are N02- and
N03-, both easily quantified in biological systems.
In many pathological conditions such as inflammation, endotoxemia, and isch­

emia/reperfusion, NO and O2- are simultaneously produced. This creates an
environment that favors the formation of peroxynitrite which is a much stronger
oxidant than either NO or O2-, Peroxynitrite is an important biological bactericidal
agent that is produced by activated macrophages to combat infection [105].
Although peroxynitrite has a half-life of under 1 s in phosphate buffer at pH 7.0,
it is sufficiently stable under physiological conditions to diffuse some distance
from its site of formation before reacting with target molecules such as membrane
lipid [106], protein sulfhydryl groups [107], DNA [100,108], and antioxidants
[109]. Peroxynitrite generated by endothelial cells has been identified as a potent
mediator of endothelial injury through oxidative modification of low-density
lipoprotein within the arterial wall [110]. This may then contribute to the formation
of the fatty streak and plaque that are characteristic of the athereosclerotic lesion
[29]. Peroxynitrite also reacts with Cu,Zn superoxide dismutase as well as low­
molecular-weight transition metals like Fe3+-EDTA. Peroxynitrite catalyzes nitra­
tion of tyrosine residues in many proteins including histone, lysozyme, and
superoxide dismutase [30]. This nitration process may be responsible for the
neuronal damage in amyotrophic lateral sclerosis [111]. Although peroxynitrite­
mediated tyrosine nitration has been identified in a variety of pathological condi­
tions, a precise role for this process has yet to be defined. There are several
possible consequences of tyrosine nitration. It may lead to (i) inhibition of
tyrosine phosphorylation [112] and inhibition of phosphorylation-mediated signal
transduction or, conversely, mimic phosphorylation [113], (ii) alteration ofprotein
conformation and function [114,115], (iii) "tagging" of proteins for proteolysis,
(iv) initiation ofautoimmune processes because these altered tyrosines structurally
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resemble dinitrophenol (a strongly antigenic compound), and (v) alteration of
the dynamics of assembly and disassembly processes critical to motor neuron
survival [116]. Peroxynitrite has also been shown to react with iron-sulfur clusters
in aconitase and zinc-thiolate centers of numerous transcription factors and
DNA repair enzymes. Through these interactions, peroxynitrite may inactivate
metabolic pathways, induce DNA mutations, and modify gene expression. It
may, in fact, account for the effects associated with NO.

5. Relevance to Cellnlar Toxicity and Disease

The role of NO in cellular toxicity is quite complex because it involves a variety
of cellular targets within a wide range of cell types. The toxicity of NO depends
on the cell types producing NO, as well as the local environment into which it
is released, such as oxygen tension and the concentration of transition metals,
reactive oxygen species, and NO scavenging molecules (i.e., hemoglobin).

5.1. Consequences of NO and Superoxide Anion Interaction

The direct interaction of NO with Oz- to form ONOO- occurs 3.5 times faster
than the dismutation ofOz- by superoxide dismutase. Thus, the interaction between
NO and Oz- represents a major potentiating pathway for NO toxicity, as well
as an inactivating route for endothelium-derived NO. Peroxynitrite is a potent
biological oxidant capable of directly oxidizing amino acids, lipids, antioxidants,
nucleic acids, and thiols in both one- and two-electron transfer reactions
[30,107,108,117,118]. At near biological pH (pKa =6.8), peroxynitrite becomes
protonated to form peroxynitrous acid (ONOOH). Peroxynitrous acid undergoes
a unique -OH-like oxidative reaction with membrane lipid via ametal-independent
mechanism [29]. Peroxynitrite can react with transition metal ions, such as Fe
and Cu, to yield a species similar in reactivity to that of nitronium cation (NOz+)
[119]. Accumulating data suggest that peroxynitrite is a major cytotoxic agent
in many pathophysiologic processes such as ischemia/reperfusion injury, immune
complex-mediated pulmonary edema, cytokine-induced oxidant lung injury, in­
flammatory cell-mediated pathogen killing/host injury, macrophage-mediated
bacterial killing, and immune-mediated joint disease.
Alternatively, the reaction of NO with Oz- may also serve to protect cells or

tissues from reactive oxygen intermediate-mediated cytotoxicity. This diversion­
ary reaction with NO (kinetically outcompeting SOD) forces Oz- to form peroxyni­
trite and into a decomposition pathway that generates the nontoxic end-product
nitrate. This pathway limits the accumulation ofH20 Zand decreases the formation
of more toxic secondary intermediate species such as ·OH which would be
derived from the metal-catalyzed Haber-Wiess reaction (Fenton reaction). NO
also interacts with hemoproteins capable of catalyzing the Fenton-like reaction
with HzOz and so inhibits production of highly oxidized iron species [ferryl ion,
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Fe(IV)=O] characteristic of -OH-like chemical reactivity. In animals exposed to
LPS, inhibition of NO synthesis with a competitive inhibitor of NO synthase,
N'-monomethyl-L-arginine (L-NMA) enhances superoxide release [120] and si­
multaneously increases liver injury [121,122], suggesting that nitric oxide synthe­
sis during endotoxemia prevents hepatic damage by reducing oxygen radical­
mediated cellular injury.
Vascular endothelial cells and phagocytes produce both NO and O2-, In the

microenvironment of these cells, interaction between these two radicals leads
not only to the formation of peroxynitrite but also the inhibition of the biological
function of NO as well as the scavenging of O2-, In advanced atherosclerotic
lesions, the consumption of NO by O2- released by the lesion may contribute to
increased incidence of thrombosis by promoting platelet aggregation [123]. This
interaction of NO with O2- not only inhibits the homeostatic function of NO
(e.g., inhibition of platelet aggregation and phagocyte adhesion) but also forms
peroxynitrite, which is a strong oxidant and proaggregatory agent for platelets
and may further contribute to cellular injury and the formation of thrombus in
atherosclerosis [124].
Therefore, two biological consequences of NO interaction with O2-, either
toxic peroxynitrite formation or scavenging of O2-, will depend upon the rate of
formation of both radicals, local redox potential, and transition metal availability
(Table 2-5).

5.2. Interaction of NO with Other Biological Free Radicals

Nitric Oxide can react with a number of other free radicals generated in biological
systems. During inflammation or oxidative stress, hydroxyl radical (-OH) and
lipid radicals, such as peroxyl (LOO-) and alkoxyl (LO-) radicals, are generated
by the Fenton reaction and lipid peroxidation. NO reacts with these radicals at
near-diffusion-Iimited rates (e.g., 1.3 x 109 M-1 S-I for LOO- and 10 x 1010M-1 S-I

for -OH). Therefore, NO can be a potential scavenger of -OH [125] and an
inhibitor of the radical-induced chain propagation reaction [126] in lipid peroxida­
tion via radical-radical interaction. The rate constant of the reaction of NO with

Table 2-5. Metal-Dependent Cytoxicity Is Dependent
on the Ratio of NO to O2-

Relative Cytotoxicity

Ratio Presence of Iron Absence of Iron

NO only -/+ -/+
NO> 0,- +++
NO + O2- + +++
NO < O2- +++ +++
O2- only + +
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LOO- is -500 times greater than that for the reaction between a-tocopherol and
LOO- radicals (2.5 x 106M-1 S-l). Because NO is a lipophilic molecule (lipid:
water partition coefficient -6.5 : 1) and concentrates in the cellular membrane
compartment, NO can act as a vitamin E-like antioxidant in oxidant-mediated
lipid peroxidation.
During bacterial infection, phagocytes first produce reactive oxygen species

(ROS) to kill bacteria, and 6-9 h later, NO is generated by the inducible NO
synthase. ROS has two consequences: the desirable one being bacterial killing
and the undesirable one being host cell injury via lipid peroxidation. The delayed
production of NO, therefore, may serve to prevent host cell injury by terminating
lipid radical-induced chain propagation reaction induced by ROS production
aimed at killing pathogens. Similarly, NO also reacts with highly oxidized iron,
FE(lV)=O, a -OH-like potent oxidizing species generated from the reaction of
hemoproteins, and inhibits lipid peroxidation of LDL [127,128]. Although the
rate of reaction is significantly lower (2 x 107 M- 1 S-I), NO can reduce a ferric
ion to the ferrous form, which directly enters the Haber-Weiss reaction in the
presence of H20 2 to produce a highly toxic -OH. However, at a site of bacterial
infection where ROS and NO are sequentially generated, NO may exert a protec­
tive role by termination of free radical-dependent chain propagation reaction in
cell membranes [125,126] and reduction of toxic ferrylhemoproteins produced
by the reaction of heme with H20 Z [127].

5.3. Direct Cytotoxicity of NO

As stated earlier, NO reacts rapidly with iron-sulfur-containing proteins and
hemoproteins. Although these iron-containing proteins are the primary targets
for NO, the reactivity of each of these proteins with NO may vary. EPR (electon
paramagnetic resonance) spectra of iron-nitrosyl complexes have shown that NO
has a much higher affinity for ferrous heme (probably cytosolic guanylate cyclase)
than for iron-sulfur proteins in vascular smooth cells [129]. It is likely that the
major role of NO in these cells is to activate guanylate cyclase to produce cGMP.
In some cell types, the NO/cGMP signaling pathway may be associated with
antiapoptotic functions (see below). Macrophage-derived NO has been shown to
be a cytotoxic effector against tumor cells by mediating intracellular iron loss
[32,130,131], inhibition of iron-sulfur-containing enzymes such as aconitase
[130], and inhibition ofNADPH-CoQ reductase (complex I) and succinate-CoQ
(complex II) in the mitochondrial electron transport chain [55,131]. NO-induced
inhibition of these enzymes blocks the metabolic pathway of cellular energy
biosynthesis and depletes cellular ATP stores with consequent cytotoxicity. The
inhibition of these enzymes is associated with the formation of the iron-nitrosyl
complex in a catalytic active site which can be detected at g = 2.04 by EPR
spectroscopy [32,108,132]. Macrophages and pancreatic pcells, when stimulated
with cytokines and/or LPS, express iNOS and produce a large amount ofNO. The
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overproduction of NO by iNOS inhibits mitochondrial function by inactivating
iron-sulfur-containing enzymes that is believed to ultimately contribute to cell
death. The cytotoxicity and g = 2.04 EPR signal were completely prevented by
addition of L-NMA as well as by red blood cells, a biological scavenger of NO
[28]. It is noteworthy that the EPR signal at g = 2.04 and accumulation of
cGMP were both nearly inhibited in the coculture system of cytokine-activated
hepatocytes and red blood cells, but NO production was not inhibited. This
observation demonstrates that NO-induced cytotoxicity and cGMP signaling are
mediated in a paracrine and/or autocrine manner. Interestingly, the large amounts
of NO produced by hepatocytes do not inhibit mitochondrial function [133] and
do not result in cellular injury [22]. This resistance of hepatocytes to NO cytotoxic­
ity may be due to higher amounts of NO scavengers such as glutathione and
cytosolic iron present in hepatocytes as compared to other cells. Thus, cellular
resistance or susceptibility to NO depends on the presence or absence of cellular
and microenvironmental factors such as thiols, metal ions, and the rate of cellu­
lar metabolism.

5.4. Cytoprotective Actions of NO

Nitric oxide can directly react with transcriptional factors, such as SoxR, a redox­
sensitive transcriptional regulator found in the bacteria-containing Fe-S cluster.
This factor is involved in the transcriptional regulation of approximately 80
inducible proteins responsible for protection against oxidative damage [134].
Mammalian cells also respond to unfavorable stimuli such as oxidative stress,
heat, and heavy metals by expressing many different stress proteins. NO induces
a number of stress proteins including heme oxygenase [22] and heat shock protein
70 [80] via interaction with intracellular glutathione or hemoproteins. We have
shown that hepatocytes pretreated with NO were protected against subsequent
exposure to high doses of NO and HzOz, and this protection was abrogated
by Sn-protoporphyrin, a specific inhibitor of heme oxygenase. NO-pretreated
hepatocytes were also resistant to TNFa-induced cytotoxicity. Thus, NO protects
against cellular injury by inducing cytoprotective proteins through alterations of
cellular redox potential [80,135] or heme mobilization [136].
Nitric oxide also modulates vascular function and platelet aggregation by

altering the expression of adhesion molecules such as selectins and IeAM. The
genes for these adhesion molecules possess NF-KB binding sites in their promoter
regions [137] which are transcriptionally inhibited by NO. In animal studies, it
has been demonstrated that pretreatment with L-NMA enhanced the expression
of P-selectin in a concentration- and time-dependent manner and significantly
increased leukocyte rolling and adhesion [138]. Furthermore, the coadministration
of L-NMA with immunostimuli such as interleukin-l ~ or TNF increased platelet
adhesion to endothelial cells and platelet accumulation in the lungs [139]. Inhibi­
tion of NOS activity during endotoxemia also has detrimental effects on tissue
blood flow and oxygen delivery [140,141].
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In a murine model of LPS-induced hepatic damage, nonselective inhibition of
NO synthesis increased hepatic injury as measured by enzyme release as well
as by histologic examination [142]. A subsequent study demonstrated that this
hepatic injury was in part mediated by ROS such as O2-, H20 2, and ·OH, supporting
the cytoprotective function of NO in LPS-induced hepatic damage associated
with ROS scavenging and by the inhibition of microvascular thrombosis [121].
Additional studies showed that NO acts synergistically with prostaglandins in
ameliorating hepatic injury during endotoxemia [143]. During endotoxemia, mac­
rophages including Kupffer cells produce TNFa, one of the major soluble cyto­
toxic cytokines in hepatic injury. NO-mediated cGMP production inhibited LPS­
induced TNFa production by Kupffer cells in vitro [24). Furthermore, administra­
tion of L-NMA increased TNFa expression in a murine model of endotoxemia
[23]. These reports suggest that NO may protect from hepatic injury by direct
scavenging of ROS and by suppression of TNFa expression. More recent studies
from our group and others [144] suggest that the source of NO may be important
in determining the mechanism of protection in the liver. Treatment with selective
iNOS inhibitors does not result in increased hepatic necrosis in endotoxemia,
whereas inhibitors that block cNOS do cause increased liver injury. We have
shown that although iNOS inhibitors do not promote necrosis, they do induce
apoptosis. Thus, NO generated by cNOS may block necrosis, whereas NO derived
from iNOS may function to suppress apoptosis in acute hepatic injury.

5.5. Inhibition ofAntioxidant Enzymes

Cellular antioxidant enzymes such as catalase, SOD, GSH reductase, and GSH
peroxidase are important in host defense against oxidative injury. Superoxide is
produced by activated phagocytes during infection, and xanthine oxidase is pro­
duced in ischemia/reperfusion as a by-product ofmitochondrial respiration. Super­
oxide is dismutated to H20 2 either spontaneously or by superoxide dismutase.
H20 2 is then dismutated to water and molecular oxygen by catalase or converted
to water by GSH-peroxidase and glutathione. These activated species can also
react with transition metals to produce another highly reactive oxygen radical,
·OH, which has been implicated as the predominant cause of oxygen radical­
induced cytotoxicity.
Oxygen radical-mediated damage is enhanced by inhibiting the antioxidant

enzymes that normally function to inactivate these radicals. NO can interfere
with the catalytic activity of many antioxidant enzymes though the transition
metals or sulfhydryl groups found in these enzymes. NO can directly interact
with heme iron in the catalytic site of catalase, inhibiting the enzymatic activity
[40). NO can also inactivate catalase activity indirectly via the induction of heme
oxygenase which degrades heme in hemoproteins [39]. GSH peroxidase is also
inactivated by both endogenous and exogenous NO [145]. The mechanism by
which NO inhibits GSH peroxidase may be through an interaction with a thiol
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group in the active site of the enzyme. Peroxynitrite interacts with the transition
metal in the catalytic site of SOD and generates a highly reactive nitronium ion
(NOn, which can then nitrate tyrosine residues in superoxide dismutase as
well as other proteins. Self-nitration of tyrosine residues inactivates Mn- and
Fe-superoxide dismutase but not Cu/Zn-superoxide dismutase [30]. GSH reduc­
tase is a dimeric flavoprotein and is the key enzyme of the GSH redox metabolism
involved in the reduction of GSSG to GSH. NO can inhibit GSH reductase by
nitrosylating Cys63 and/or Cys58 located in the catalytic site of the enzyme
[146]. The ability of NO and peroxynitrite to inhibit major antioxidants may, at
least in part, explain the cytotoxicity of NO in some cells or tissues.

5.6. Effects of NO on Apoptosis

Cell death occurs by either apoptosis or necrosis. Apoptosis is a morphologically
and biochemically distinct form of cell death that occurs in many different cell
types. It occurs in response to a variety of stimuli, including DNA damage, growth
factor deficiency, ligation of cell surface receptors, heat shock, microorganism
infection, and oxidative stress [147,148]. Although activated macrophages utilize
NO to destroy microorganisms and tumor cell targets, they themselves are not
immune to the NO they synthesize and have been shown to undergo apoptosis
in a NO-dependent manner [149]. NO-mediated apoptosis has been associated
with the overexpression of the cell death gene p53 [150,151] or the activation
of proteases (including interleukin-l~-converting enzyme; ICE) [152] in macro­
phages. ICE-like proteases such as ICE and CPP32 inactivate the nuclear DNA
repair enzyme, poly (ADP-ribose) polymerase by proteolysis [153,154], resulting
in p53 induction or enhanced DNA fragmentation. NO generated from NO donors
or synthesized by NOS induces cell death via apoptosis in a variety of different
cell types [155-157].
Nitric oxide, nonenzymatically synthesized from azide and hydroxyamine,

has been suggested to prevent apoptosis of human eosinophils during cytokine
deprivation [158]. This protective effect was enhanced by the phosphodiesterase
inhibitor 3-isobutyl-l-methylxanthine and mimicked by membrane-permeable
cGMP analogs. Moreover, a soluble guanylate cyclase inhibitor reversed the
effects of the NO donors in a dose-dependent manner. NO synthesized by LPS­
stimulated hepatocytes protected the cells from apoptosis induced by treatment
with transforming growth factor [159], which has been known to activate ICE­
like protease [160]. This evidence suggests that NO may inhibit ICE-like protease­
induced apoptosis. This protection can also be elicited by NO donor at concentra­
tions between 2 and 100 ~, whereas higher concentrations of NO promoted
both apoptosis and necrotic cell death. Recently, another study showed that
cytokine-induced NO production and a cGMP analog protected rat ovarian folli­
cles from apoptotic cell death [161]. Also, production of NO delays programmed
cell death (apoptosis) in splenic B lymphocytes as determined by DNA fragmenta-
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tion and flow cytometric analysis of DNA [162]. This effect was reproduced
with membrane-permeable analogs of cGMP. The antiapoptotic effect of NO/
cGMP may be associated with increased expression of the protooncogene bcl-2
at both the mRNA and protein levels. The protective role of NO against apoptosis
in B cells contrasts with the NO-dependent induction of apoptosis observed in
other cell types such as macrophages [157], indicating the existence of different
cell-specific pathways in the response to NO. Similarly, cGMP can increase the
sensitivity of tumor cells to TNFa-induced cytotoxicity but protects normal cells
from TNFa toxicity [163].

5.7. Effect of NO on the Nervous System

Nitric oxide is an important neuromodulator in both central and peripheral neurons
[164]. NO stimulates the release of neurotransmitters by stimulating guanylate
cyclase to increase intracellular cGMP, which activates cGMP-dependent protein
kinases to augment the phosphorylation of synaptic vesicle proteins associated
with neurotransmitter release. In contrast, excessive NO is neurotoxic [165] via
the massive release of glutamate. Glutamate activates the NMDA receptor and
causes excessive exitation, thereby resulting in neuronal death [166]. NO-induced
toxicity, like NMDA neurotoxicity, may playa role in neurodegenerative diseases
such as Alzheimer's and Huntington's diseases. Furthermore, NO might exert a
dual function, exhibiting either neurotoxic or neuroprotective effects, depending
on its oxidation-reduction status [70]. The interaction of NO with O2- to form
peroxynitrite may be the final neurotoxic species. On the other hand, NO+ gener­
ated from the reaction of NO with transition metals nitrosylates the thiol group
of the NMDA receptor and blocks glutamate neurotransmission [167].

5.8. Other Cytotoxic Effects

In contrast to the several beneficial or cytoprotective roles of NO in sepsis,
neurodegeneration, and apoptosis, NO can be toxic to cultured pancreatic p cells
exposed to interleukin-I p. This is a proposed mechanism for p-cell disruption
that leads to diabetes [168]. The overproduction of NO damages the p-cell
mitochondria by inactivating iron-sulfur-containing enzymes and also inhibits
DNA synthesis which is believed to ultimately contribute to p-cell death. This
cytotoxicity is inhibited by aminoguanidine, an inhibitor of iNOS. Other studies
show, however, that low concentrations of NO increase insulin secretion from
pancreatic islets by inducing Ca2+release from mitochondria [168]. After organ
transplantation, NO production can be detected during rejection of allogeneic
heart grafts, but not in syngeneic grafts, by the EPR technique [169]. NO inhibition
prolongs cardiac allograft survival, suggesting that NO may mediate organ injury
in transplant rejection. Based on results of studies using the NOS inhibitor, NO
may also mediate tissue injury in graft-versus-host disease [170,171], rheumatoid
arthritis [172], and systemic lupus erythematosus [173].
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Nitric oxide is involved in signaling, cytotoxicity, and cytoprotection by interact­
ing with different types of intracellular molecules. Figure 2-2 shows the simple
correlation between NO concentration and pathophysiological events. At low
concentrations, NO activates ferrous heme-containing guanylate cyclase to gener­
ate cGMP, which may be involved in vascular homeostasis and antiapoptotic
effects. Higher doses of NO, as produced by iNOS, interact with thiol compounds
and transition metals (e.g., Fe-S-containing proteins) and can induce cytoprotec­
tive proteins such as stress proteins. Even higher concentrations of NO may
cause nonspecific DNA damage and activate PARP or p53, resulting in nonspecific
cell death. Other factors, such as the presence of other radicals, antioxidant
system, and NO scavengers, will have profound influences on NO actions.
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Nitric Oxide Synthases and Their Cofactors

Steven S. Gross

1. Introduction

Production of the free radical NO via a five-electron oxidation of a guanidino
nitrogen from arginine is no small enzymatic task. To this end, nature has invented
a complex chemistry, not yet fully understood, that is catalyzed by proteins of
the NO synthase (NOS) gene family. In mammals, three distinct NOS genes
have been cloned and shown to encode highly related enzyme isoforms (see
Chapter 4). Nomenclature to describe the NOS gene products derives from the
tissues in which isoforms were first recognized: neuronal NOS (nNOS), endothe­
lial NOS (eNOS), and inducible NOS (iNOS, from immunostimulant-activated
macrophages). Although these gene products share only 50-60% identity with
one another, they all possess a common genomic organization, are homodimeric,
catalyze an identical chemistry, and display identical cofactor requirements [1].
Molecular, anatomical, and functional distinctions among these three NOS iso­
forms are discussed in this chapter and throughout the volume.
A fundamental difference between NOS isoforms lies in their mechanisms of

regulation [2]; NO is either synthesized by a constitutively expressed enzyme
that lies dormant and is activated on a moment-to-moment basis in response to
transient increases in levels of intracellular Ca2+ (nNOS and eNOS) or NO is
produced by a transcriptionally induced enzyme that possesses full activity at all
levels of intracellular Ca2+ (iNOS). The latter isoform, iNOS, is responsible for
the "high-output" NO pathway that can be induced in perhaps all nucleated cells
following exposure to an appropriate immunostimulant. Once induced, iNOS
may become limited by substrate availability (see Chapter 23) or subject to
autoinactivation by the NO it produces [3-5]. iNOS is devoid of a 45 amino
acid insert found in constitutively expressed NOSs, which we speculate to be
autoinhibititory to activity at resting intracellular levels of Ca2+ [6] (see below).
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It is notable that each of the three mammalian NOS genes are expressed within
the kidney in specific cell types (Chapter 7); in the case of constitutive NOSs,
subcellular localization is conferred by N-terminal protein binding motifs (nNOS
[7,8]) or myristoylation (eNOS [9,10]). Prevailing views regarding the enzymatic
function of NOS cofactors and how they regulate NOS activity in tissues are
presented below.

2. An Overview of NOS Structure and Function

Nitric oxide synthase stereospecifically converts L-arginine to NO and L-citrulline;
this involves two successive monooxygenation reactions which, in total, consume
1.5 moles of reduced pyridine nucleotide and 2 moles of molecular oxygen and
yield N"'-hydroxY-L-arginine as an isolatable intermediate [11] (Fig. 3-1). A
balanced reaction would require unitary consumption of reduced pyridine nucleo­
tide, thus, more properly, two molecules of NO are produced in coupled synthetic
reactions which use electrons derived from three molecules of reduced pyridine
nucleotide. To accomplish and regulate catalysis, NOSs rely on a variety of
cofactors and prosthetic groups: reduced nicotine adenine dinucleotide phosphate
(NADPH), flavin adinine dinucleotide (FAD), flavin mononucleotide (FMN),
iron protoporphrin IX (heme), tetrahydrobiopterin (BH4), and calmodulin (CaM).
Although each of these factors are individually utilized by other mammalian
enzymes, NOSs are unique in requiring all simultaneously. The present under­
standing of NOS catalytic mechanisms was spurred by the recognition of require­
ments for specific cofactors and an appreciation of how these species function
within other enzymes.
Analysis of the deduced amino acid sequence of nNOS cDNA, the first cloned

member of the NOS gene family, immediately suggested a bidomain protein
structure [12]. A canonical 25-35 residue CaM binding motif was observed to

NH2'r',+ '"NH2
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Figure 3-1. Reaction mechanism and stoichiometry for the two-step oxidation of
L-arginine by the NOS protein family.
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bridge a C-tenninal reductase-related polypeptide with a presumed N-tenninal
substrate-binding (oxygenase) polypeptide. This pattern was preserved in the
subsequently cloned iNOS [13] and eNOS [14,15] isofonns. Later, functionality
of the isolated reductase and oxygenase domains from nNOS was established
[16-18]. The bidomain structure of NOSs could be further dissected into a series
of functional subdomains, discrete structural "modules" which are likely to have
originated through a process of duplication, rearrangement, and fusion of ancestral
genetic building blocks. The modular structure of NOS proteins is consistent
with intronJexon boundaries identified within the cloned NOS genes [19-21].
Alignment of domains and subdomains within the three mammalian NOS iso­
fonns and some related homologs are depicted in Fig. 3-2.
It is now understood that the reductase domain serves to funnel reducing

equivalents from NADPH, through the flavins, to heme-iron within the oxygenase
domain, where molecular oxygen is activated for catalysis. Binding of CaM to the
"bridge" between reductase and oxygenase domains is essential for interdomain

MODULAR STRUCTURE OF NITRIC OXIDE SYNTHASES
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n n n • •
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Figure 3-2. Linear schematics which depict the domain structure of the three mammalian
NOS proteins and their relationship to protein homologs. Numbers beneath the modules
in NOS and cytochrome P-4S0 reductase indicate their respective exon origins. Target D
refers to an N-terminal targeting domain identified in nNOS and eNOS, which has not
yet been examined for function in iNOS.
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electron flux [22]. The perpetual activation of iNOS is explained by its remarkably
high affinity for CaM; CaM binding to iNOS is sustained at all levels of intracellu­
lar Ca2+ concentration and is even stable to boiling in SDSIPAGE sample loading
buffer [23).
As isolated, NOSs are predominantly homodimeric proteins comprising sub­

units of 160 kD (nNOS [24-26], 130 kD (iNOS [27]), and 133 kD (eNOS [28]).
In vitro dissociation of iNOS into subunits has been shown to result in a complete
loss of activity, concomitant with the dissociation of heme and BH4 [29]. Al­
though it is likely that a similar quaternary structure is also required for activity
of nNOS and eNOS, this has not formally been established. Interestingly, the
activity and the dimeric structure of iNOS can be reconstituted upon incubation
of subunits with L-arginine, heme, and BH4 [29]. Because analytical ultracentrifu­
gation studies reveal an equilibrium in the distribution ofmonomer/dimer (nNOS)
and monomer/dimer/tetramer (eNOS) (P. Martasek and B.S.S. Masters et aI.,
unpublished communication), subunit assembly could be a significant site for
regulation of NOS activity in vivo. The posttranslational sequence of events
culminating in subunit assembly, and factors which modulate this important
process, await clarification.
Bacterial expression of NOS fragments and tryptic cleavage studies of holo­

NOSs reveal the presence of dimerization sites within the oxygenase domains
of nNOS, eNOS, and iNOS [17,18]. Although the isolated reductase domain of
nNOS and iNOS appears incapable of dimerization, dimerization of the reductase
domain of eNOS may be possible [30). Thus, NOSs probably assemble in a
head-to-head manner. Complementation studies, where one subunit of a chimeric
iNOS heterodimer has its reductase domain deleted and the other subunit pos­
sesses a dysfunction in its oxygenase domain that precludes BH4 binding, raise
the possibility that electron flux can crisscross between subunits [31]. If correct,
this mechanism offers a clear basis for the observed reliance of activity on dimer­
ization.

3. NOS Cofactors and Prosthetic Groups

3.1. NADPH and Flavins

The reductase domain of the NOSs comprises the C-terminal 600-700 amino
acids, encoded by NOS gene exons 15-29 (nNOS), 14-26 (iNOS), and 13-26
(eNOS). Residing within this domain are identified consensus binding sites for
NADPH (both ribose and adenine moieties), FAD, and FMN (both isoalloxazine
ring and pyrophosphate moieties). In NOS-containing cytosol from immunostimu­
lant-activated murine macrophages, even before NO was established as the pri­
mary product of the arginine-derived nitrite pathway, NADPH was appreciated
as the sole reductant that could support this pathway. The presumptive NADPH
binding site on NOS and mode for transmission of reducing equivalents from
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NADPH was deduced after cloning of the neuronal NOS (nNOS) gene [12]. The
amino acid sequence of the C-terminal half of nNOS was noted to be homologous
with only one mammalian protein, cytochrome P-450 reductase (CPR; 58%
identity). CPR is a FADIFMN-containing enzyme which serves mammalian cells
by providing NADPH-derived reducing equivalents to the evolutionarily diverse
and extensive P-450 monooxygenase gene family. Whereas CPR and P-450
monooxygenases carry distinct reductase and oxygenase activities in their respec­
tive polypeptide sequences, the NOSs possess both activities in a single polypep­
tide, making them catalytically self-sufficient. Prior to the discovery of NOSs,
CPR was the only mammalian enzyme known to contain both FAD and FMN
within a single polypeptide, although precedent was found in several bacterial
enzymes which additionally contain NOS-like oxygenase domains (i.e., nitrite
reductase, sulfite reductase, and the unusual P-450 monooxygenase BM-3 from
Bacillus (B.) megatarium [32]).
Cytochrome P-450 reductase itself has been dissected into two subdomains
based on a remarkable degree of homology with FMN-containing electron trans­
ferases (e.g., bacterial flavodoxins) and FADINADPH-containing transhydro­
genases (e.g., plant ferredoxin-NADP'" reductase; FNR) [32,33]. Because high­
resolution three-dimensional crystal structures have been obtained for flavins in
complex with FNR and flavodoxins [34], binding sites and structure of these
single flavin-containing enzymes have been established with rigor. Fusion of
such ancestral flavoproteins within a single polypeptide, initially appreciated as
the evolutionary origin ofCPR [32], more recently NOS, is affirmed by identifica­
tion of the distinct boundaries between FMN and FADINADPH subdomains.
Moreover, homology with CPR and ancestral flavoproteins defines the specific
amino acid residues within NOSs which are most certainly engaged in binding
of pyrophoshate groups and isoalloxazine rings of NADPH, FAD, and FMN. It
is notable that FMN ring-shielding aromatic residues are also 100% conserved
among the flavodoxins, CPR (Tyr-140 and Tyr-178), and all NOSs; these serve
to maintain a hydrophobic environment for effective interflavin electron tunneling
and may participate in 1t-1t stacking [35]. Also conserved between NOSs and
CPR is a '"120 amino acid insertion within the FAD subdomain that is not present
in proteins containing a single flavin and which likely provides the needed
orientation for efficient electron flux between flavin subdomains [32].
By analogy with CPR, whose enzymology has been studied in detail [36], the

reductase domain of NOSs has evolved to accomplish at least two pivotal func­
tions. One is to deliver electrons to the oxygenase domain's heme-iron, one-by­
one, from an obligate two-electron donor, NADPH. This is made possible by
the unusual ability of flavins to accept two electrons and donate them singly.
Studies of CPR establish that electrons flux from NADPH through FAD to FMN,
in that order [36], a sequence which is assuredly preserved in NOSs. Second,
the capacity of the flavins to store up to four electrons (two per flavin) provides
a reservoir for the odd electron which remains after an initial cycle of NO



Nitric Oxide Synthases and Their Cofactors / 57

generation, for use in the subsequent cycle (appreciate that three NADPH mole­
cules donate six electrons; however, only three electrons are used per mole of
NO formed). It is not surprising therefore that, as isolated, NOS has been shown
to contain a stable flavin radical, presumably FMNH· [37].
Oxidoreductases, to varying degrees, all engage in uncoupled electron transfer

(i.e., delivery of electrons to acceptors other than the natural substrate). For
nNOS, this "inefficiency" in utilization of reducing equivalents is exaggerated
under conditions where L-arginine or BH4 are limiting [38], resulting in substan­
tial production of superoxide anion from O2 [39,40]. Notably, uncoupled genera­
tion of superoxide by iNOS is less pronounced than for nNOS (one-sixth [40]).
Because superoxide reacts at a near-diffusion-limited rate with NO to form the
reactive metabolite peroxynitrite, NOS uncoupling may contribute significantly
to NOS-mediated pathophysiology. Uncoupled electron transfer also confers
NOSs with the ability to reduce cytochrome c, ferricyanide, and dyes such as
dichlorophenolindopenol (DCIP) and nitrobluetetraziolium (NBT), typically at
rates far exceeding those observed for maximal NO formation. The selective
ability of NOSs in aldehyde-fixed tissues to reduce NBT to an insoluble blue
dye, formazan (i.e., NADPH diaphorase activity), has been used as an effective
histochemical stain for NOS localization [41,42] (Chapter 7).
Potentially, NADPH-derived electrons may "leak" to alternate acceptors from

either FAD, FMN, or heme. In actuality, however, heme appears to be the only
significant site of superoxide generation as this can be blocked by arginine analogs
[43,44] and iron-binding agents [45]. Just as coupled electron transfer to arginine
requires CaM, the ability of nNOS to reduce O2 has been shown to be accelerated
100-fold by CaM [40]. In contrast to O2, several other electron acceptors appear
to be directly reduced by the flavins, principally FMN, in a manner which is
either CaM dependent (cytochrome c [16,44,46]) or CaM independent (DCPIP
and NBT [47]).

It is unlikely that flavin availability ever serves to limit NOS activity in a
physiological setting. Although not covalently bound, FAD and FMN are bound
tightly to NOS and typically copurify in equimolar quantities with NOS subunits
from mammalian cells. The site, timing, and binding constants for insertion of
flavins into maturing NOS subunits remains to be elucidated.

3.2. Calmodulin

The NOSs are the first enzymes in which CaM has been shown to gate electron
flux [40]. This presumably reflects the ability of CaM to align the reductase and
oxygenase domains of NOSs for productive interdomain electron transfer, from
FAD to heme. Nonetheless, CaM has also been shown to promote interflavin
electron transit [22], which may be essential for heme reduction. CaM binding,
initiated by increased levels of intracellular Ca2+, serves as the principal means
for activating eNOS and nNOS activity; in contrast, iNOS is perpetually active
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by virtue of its ability to bind CaM in a Ca2+-independent manner. An appreciation
that nNOS requires calmodulin for activity was enabling for the first purification
of a NOS isoform by Bredt and Snyder [24].
Calmodulin-binding domains in NOSs are prototypic in their canonical content

of basic and lipophillic amino acids. They span 25-35 amino acids and each
arises from two exons, the second of which contributes the N-terminal aspect of
the FMN subdomain. Thus, it is likely that CaM binding has evolved from an
ancestral FMN-containing flavoprotein. Alignment of the CaM-binding domains
in NOS isoforms suggests that eNOS has a 4 amino acid deletion near its
N-terminus, conceivably resulting in reduced affinity for calmodulin relative to
nNOS. Nonetheless, using a solution phase [125I]-CaM-binding assay, performed
in the presence of Ca2+, we have found comparable equilibrium dissociation
constants for equilibrium binding to purified rat nNOS and bovine eNOS (3-5
nM; Q. Liu and S. Gross, unpublished). Based on measurements of fluorescence
quenching, nNOS was previously reported to bind CaM with a 1 nM Kd [16].
In another study, a 23 amino acid peptide from the binding site of nNOS was
found to bind CaM in a 1 : 1 ratio and 2-3 nM Kd in the presence of calcium
[48]. Two-dimensional NMR and circular dichroism measurements suggest that
upon interaction with CaM, the nNOS CaM-binding site assumes an a-helical
conformation, essentially identical to that previously shown for the CaM site of
myosin light-chain kinase [48].
Calmodulin is a 17-kD protein composed of an eight-tum central a-helix,

flanked by globular N- and C-terminal Ca2+-binding lobes. Upon Ca2+ binding,
these globular lobes compact, exposing sequestered hydrophobic and acidic amino
acids that engage in binding to target sites [49]. It is notable that each lobe of
CaM has been shown to independently bind to nNOS [50]. Although the C-lobe
of CaM binds Ca2+with "=lO-fold greater affinity than the N-lobe [51], and thus
should bind first in response to rising levels of intracellular Ca2+, binding of the
N-lobe is essential for nNOS activation [52]. Based on kinetic studies of CaM
binding and activation of purified nNOS and eNOS (Weissman, Jones, Liu,
Persechini, and Gross, unpublished), the following sequential steps are proposed:
(1) Ca2+binds to CaM's C-Iobe, exposing hydrophobic and acidic binding resi­
dues, (2) the C-lobe of CaM binds NOS, (3) Ca2+ binds to the N-lobe of NOS­
bound CaM, exposing N-lobe NOS-binding residues, and (4) the N-terminallobe
of CaM binds NOS. Notably, NOS activation would occur only after Step 4.
Deactivation of nNOS, upon intracellular Ca2+ sequestration, would proceed in
reverse order, allowing for some CaM to be bound to inactive nNOS solely via
the C-lobe. Whether occupancy of one or both of the CaM sites on NOS dimers
is a minimum requirement for NOS activation remains to be ascertained.
Studies ofCaM binding to chimeric eNOS and iNOS, in which isoform-specific

CaM-binding sites have been exchanged, reveal that the Ca2+ dependence of
binding is contributed largely by the cognate CaM-binding sequence; however,
the protein backbone in which the CaM site resides is also a determinant [53].
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A possible clue as to the role of the NOS backbone in CaM binding (i.e., sites
external to the CaM-binding site itself) is provided by comparative alignment of
amino acid sequences in NOSs and related flavoproteins. Unique to the Ca2+

dependent isoforms of NOS (both nNOS and eNOS), a ;=45 amino acid peptide
insert is observed in the FMN-binding domain; this peptide is conspicuously
absent from iNOS and all otherwise homologous flavoproteins. Because CaM­
dependent enzymes protypically contain an autoinhibitory sequence which is
disengaged upon CaM binding, we examined whether the unique peptide serve
an analogous function for cNOSs [6].
Computer-assisted three-dimensional modeling of the FMN domain of nNOS

and eNOS, based on homology to bacterial flavodoxins with crystal structures
that have been solved at high resolution, suggests domain overlap between the
peptide insert and NOS-bound CaM. This predicts that CaM binding to nNOS
(and eNOS) would be sterically hindered by the putative autoinhibitory domain.
Consistent with this view, synthetic peptides contained within the FMN domain
polypeptide insert of both eNOS and nNOS were found to potently block [1251]_
CaM binding and activation ofNOS. Binding ofCaM is thus suggested to displace
the autoinhibitory peptide to elicit NOS activation. This view is also consistent
with studies of limited NOS proteolysis. Although tryptic cleavage of nNOS in
the absence of CaM results almost exclusively in the bissection of NOS at its
CaM-binding site, tryptic cleavage in the presence of CaM occurs predominantly
within the putative autoinhibitory peptide. Some pressing questions await an­
swers: Where does the autoinhibitory peptide bind within NOS? Is dysinhibition
the sole function ofcalmodulin? Does the phosphorylation status of the autoinhibi­
tory peptide regulate its ability to bind and, hence, restrict catalysis (as is the
case for CaM kinases [54])?

3.3. Heme

Macmillan et al. were first to show a heme prosthetic group in NOSs, as revealed
by a CO-induced 445-nm chromophore that is characteristic of the ferrous­
carbonyl complex [55]. Several labs have shown that heme is present in purified
nNOS and that stoichiometric quantities of heme are needed to obtain full catalytic
activity [37,55,56]. Moreover, NOS activity can be abolished by exposure to
heme-binding ligands such as CO in the presence of NADPH [56], imidazoles
[57], and arginine analogs known to additionally bind heme [44], suggesting
heme to be the site of oxygen activation for oxidation of substrate. The interaction
of arginine with heme in nNOS is indicated by an arginine-induced "type I"
difference spectrum [58], arising from a shift in the iron from low-spin to high­
spin states. Resonance Raman spectra demonstrate that heme coordination is
pentavalent and verify that thiolate serves as a fifth axial ligand [59]. Heme
function in NOS catalysis of L-arginine to N"'-hydroxY-L-arginine is considered
to be mechanistically analogous to P-450CAM' whereas the precise function of heme
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in the second oxygenation step is more speculative [1]. Mutation complementation
studies raise the possibility that both hemes on dimeric NOS may function as a
single active site [31].
Inasmuch as NO has extremely high avidity for heme, it is not surprising that

NO has been reported to inactivate NOS by serving as a sixth axial ligand to
heme [3-5]. The real dilemma is to explain how NOS largely manages to escape
permanent inactivation by its own product. Speculations include that heme reactiv­
ity is prevented by water (as hydroxy-heme), prior to the diffusion of NO from
the enzyme active site [1] and that nitroso-heme is formed, but reactivation
rapidly ensues by a mechanism involving BH4 [3].
Tentative identification of the specific cysteine residues in NOS isoforms
involved in heme coordination was based on the observed correspondence to the
consensus motif FXXGXXXCXG found in P-450s and related enzymes [55].
Confirmation that Cys415 of rat nNOS serves as the axial heme-thiolate ligand
was obtained by site-directed mutagenesis [60]. A similar mutational analysis
supports the view that the homologous cysteine in bovine eNOS (Cys186) also
provides the fifth ligand to heme [61]. This cysteine is conserved in alI isoforms
of NOS and in human iNOS and eNOS, corresponds to Cys200 and Cys184,
respectively. Exons encoding the heme-thiolate-containing sequence of NOSs
are also highly conserved; each encodes a 54 amino acid sequence corresponding
to exon 6 (nNOS and iNOS) or exon 4 (eNOS) (see Fig. 3-2).

3.4. BH4

Prior to the discovery of NOS's heme cofactor, BH4 was identified as an absolute
catalytic requirement [62,63]. By analogy with all known enzymes that use
this pterin cofactor, phenylalanine hydroxylase being the best studied [64], the
prediction was that BH4 would prove to be redox active in NOSs, serving to
activate O2 for catalysis. This view was challenged by a striking difference in
BH4 function for NOSs and the aromatic amino acid hydroxylases: Whereas
aromatic amino acid hydroxylation requires stoichiometric quantities of BH4,
NO production can be sustained with catalytic quantities of BH4, in the absence
of a dihydropteridine reductase for continued regeneration of reduced pterin
cofactor [65]. Thus, either NOS possesses an inherent dihydropteridine reductase
activity of its own or NOSs use a BH4-independent mechanism to activate O2•
Although the former possibility remains untested, the identification of heme's
presence and function in NOSs support the latter view. The precise function for
BH4 has been elusive and is perhaps the least understood aspect ofNOS catalysis.
That the oxygenase domain of NOSs contains the BH4 binding site was first

shown in studies of isolated domains. As discussed above, trypsin preferentially
cleaves a site within the CaM site of nNOS [16], iNOS [17], and eNOS (Q. Liu
and S. Gross, unpublished). Spectral characterization of the N-termina1 heme­
containing tryptic fragment of nNOS by Sheta et al. [16] (rat nNOS I_728) and the
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homologous recombinant peptide expressed in bacteria [60], revealed a type 1
difference spectra upon addition of either arginine or BH4, confirming the pres­
ence of respective binding sites. Tryptic fragments of iNOS were similarly shown
to bind arginine, CO, and imidazole [17].
One, but perhaps not the only, role for BH4 in NOS appears to be as an allosteric

effector. Radioligand-binding studies with PH] N"'-nitro-L-arginine (NNA), a
selective NOS inhibitor, have been used to probe the arginine site of rat nNOS
[66,67]. Because BH4 is largely retained in NOS after its purification, the impor­
tance ofBH4 for modulation of the arginine-binding site was not fully appreciated
in these initial reports. However, studies of NNA binding to BH4-depleted iNOS
revealed that BH4 is an absolute requirement for specific NNA binding to occur
[33]. It is notable that the potency of tetrahydropterin analogs for eliciting NNA
binding correlates with their relative abilities to support catalysis by iNOS (S.
Gross, unpublished). Similar results were obtained using a truncated oxygenase
domain comprising nNOS220- 72 I, expressed in Escherichia coli. This NOS fragment
bound NNA with a similar high affinity to that observed with native holo-nNOS
(50 nM) and, again, BH4 was found to be essential for binding [18]. This confirms
by direct measurement that binding sites for BH4 and arginine reside within
nNOS220_721 and homologous sequences of other NOS isoforms. Recognition of
a 160 amino acid sequence within the oxygenase domain of nNOS with apparent
homology to the pterin-binding enzyme dihydrofolate reductase [18] raised the
possibility that this "DHFR module" (rat nNOSSS8-72h see Fig. 3-2) was the site
of BH4 binding. Such a localization of the BH4-binding site is also suggested
by mutational studies of iNOS performed by Nathan and colleagues [68]. Nonethe­
less, although the putative DHFR module was observed to bind NNA, albeit at
lower affinity than holo-nNOS, binding was observed to be BH4 independent
[18]. These findings suggest that some additional N-terminal amino acid sequence
is needed for high-affinity substrate binding and to confer modulation of the
arginine site by BH4.

It is notable that E. coli cannot synthesize BH4; thus, in contrast to NOS purified
from mammalian cells, bacterial-expressed NOSs are pterin-free. Consistent with
this distinction, binding of NNA to bacterial expressed nNOS [69] and eNOS
[70] have been shown to depend on BH4, at least in part. Additional evidence
for an allosteric modulation of NOS by BH4 comes from studies by Stuehr and
colleagues, who show that reassembly of iNOS subunits into dimers requires
BH4 (in addition to heme and L-arginine). Although these studies clearly define
BH4 as an allosteric modulator of NOSs, an additional redox role cannot be
ruled out.
Induction of iNOS by cytokines and immunostimulants occurs concommitantly

with induction of BH4 synthesis in many cell types. Indeed, studies in fibroblasts
[71], endothelial cells [72], vascular smooth muscle [73], and various other cell
types have shown that induced BH4 synthesis is essential for the activity of co­
induced iNOS. This requirement for de novo BH4 synthesis to support the high-
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output NO pathway has similarly been observed in vivo. It is noteworthy that BH4
availability may be rate limiting to the high-output NO pathway. Accordingly, NO
production by imrnunostimulant-activated cells can be further increased twofold
to threefold upon supplementation with excess BH4 [73]. Induction of BH4
synthesis by imrnunostimulants occurs, at least in part, by transcriptional upregula­
tion of the gene-encoding GTP cyclohydrolase I (GTPCH), the first of three
enzymes involved in conversion of GTP to BH4 [74]. The molecular basis
for coordinate induction of iNOS and GTPCH gene transcription remains to
be explored.

4. Conclusions

Nitric oxide synthases represents perhaps the most complex class of enzymes
yet identified. Their ability to catalyze a five-electron oxidation of a nitrogen,
leading to a free radical, is unprecedented in biochemistry. A remarkable modular
structure hints at their evolutionary heritage, and the cofactors that drive their
function offer clues to catalytic mechanisms. It is only the immense importance
of NOSs to biology which could have provoked such progress in understanding
their structure/function, during the brief period since discovery. These insights
will undoubtedly assist in disclosing roles for NO and its regulation in the kidney,
during health and disease.
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Regulation of the NOS Gene Family

Andreas Papapetropoulos and William C. Sessa

1. Introduction

The nitric oxide synthase (NOS) family of proteins catalyze the five-electron
oxidation of L-arginine to generate nitric oxide (NO) and L-citrulline [1]. The
three prototypical NOS isoforms, neuronal NOS (nNOS or NOS 1), inducible
NOS (iNOS or NOS 2), and endothelial NOS (eNOS or NOS 3) are coded for
by three distinct genes in the mammalian genome [2-4]. The recent discoveries
of genes for new NOS isoforms in lower species [5] suggest that NO plays a
role in basic cellular processes, in addition to the complex functions attributed
to NO in mammalian cell biology. As there are several excellent reviews discuss­
ing the historical perspectives, pharmacology, and biochemistry of NOS and NO,
this chapter will focus on recent advances in the molecular regulation of NOS
expression [1,6-8].

2. General Features and Nomenclature of NOS Isoforms

In general, NOS I and NOS 3 are basally expressed and activated by elevations
in cytoplasmic calcium in specific cells types, and NOS 2 is transcriptionally
induced by immune activators such as cytokines and is not further activated by
increases in cytoplasmic calcium [6]. This paradigm led researchers to group
NOS I and NOS 3 as "constitutive and calcium-dependent NOSs" and NOS 2
as "inducible or calcium-independent NOS." However, because recent data show
that NOS 2 in certain cell types is "constitutively" expressed whereas NOS I
and NOS 3 can be induced transcriptionally (see below) and, under certain
conditions, calcium-dependent NOS 3 can become activated independent of rises
in cytoplasmic calcium [9-11], this old nomenclature is misleading and should
be replaced either with historical nomenclature based on the cell type used for
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the original eDNA cloning of the representative NOS isoforms (nNOS, iNOS,
and eNOS) or a less cell-based nomenclature, based on the genetic isoform
expressed (NOS 1, 2, and 3). The latter nomenclature will be used throughout
the text.

3. Cloning and Organization of NOS Genes

After the cloning of cDNAs for NOS isoforms from several species between
1991 and 1993 [12-23], it became evident that the NOS family of proteins would
comprise a gene family. NOS proteins share approximately 50% amino acid
sequence identity with NOS 1 and NOS 3 (isoforms dependent on exogenous
calcium and calmodulin for activation), sharing the highest degree of identity
(60%). Within each isoform group, there is a high degree of amino acid identity
(80-94%) across species, demonstrating that the differences in each group are
species related and not due to the existence of different enzymes or genes.
Within cofactor-binding regions of NOSs (i.e. heme, calmodulin, FMN, FAD,
and NADPH) domains, there is a very high degree of conservation among the
proteins [8].
The similarity in primary protein structure also transcends to similar genomic

organization. The cloning and mapping of the three representative NOS genes
demonstrate distinct loci for NOS 1 (l2q24.2), NOS 2 (l7q11.2-q12), and NOS 3
(7q35-q36) in the human genome [4,24,25]. Although on separate genes, the
intronlexon boundaries of the three genes and number of exons are very similar,
suggesting a recent gene duplication event and subsequent translocation of NOS
DNA to different chromosomes. The molecular reasons for such similarity in
gene structure yet such diversity in chromosomal location of related proteins are
not known. For readers interested in detailed organization of NOS genes, a
comprehensive review of the molecular diversity of NOS gene structure has
recently been provided [26].

4. NOS 1

The neuronal type of nitric oxide synthase (NOS 1) was the first of the three
isoforms to be cloned [12]. Although its name implies restricted expression of
this isoform to neuronal tissues, it is now well established that NOS 1 is expressed
outside the central and peripheral nervous system. NO in the central nervous
system has been implicated in long-term synaptic depression, long-term potentia­
tion, and glutamate neurotoxicity and is implicated as a nonadrenergic noncholin­
ergic neurotransmitter in the peripheral nervous system [27]. The expanding list
of neurons that express NOS 1 include basket and granule cells in the cerebellum,
intemeurons in the striatum, cortex, and hippocampus, and neurosecretory neurons
in the hypothalumus [27]. Extraneuronal tissues displaying NOS 1 immunoreac-
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tivity, mRNA transcripts, and/or activity are the skeletal muscle, pancreatic ~

cells, the pituitary gland, the adrenal medulla, epithelial cells, the macula densa,
and distal nephron in the kidney and the male sex organ [26]. In addition, we
have recently detected the presence of NOS 1 mRNA and protein in cultured rat
macrovascular and microvascular endothelial cells (A. Papapetropoulos and W.e.
Sessa, unpublished observations). As is a common theme for all NOS isoforms,
the mRNA and protein is found in cells types where the functional role of NO
is not yet discovered.
The human NOS 1 gene occupies more than 160 kb of DNA and consists of

29 exons and 28 introns [2]. Sequencing of the 5'-flanking region of the NOS 1
gene expressed in neurons reveals the presence of multiple potential cis-acting
elements such as AP-2, TEF-l/MCBF, CREB/ATF/c-fos, NRF-l, Ets, NF-l and
NF-KB binding motifs. However, its still unclear which of these elements in the
promoter/enhancer region, if any, contribute to the transcriptional regulation of
nNOS expression. In the only published report on the regulation of promoter
activity, phorbol esters increase luciferase activity in reporter constructs transfec­
ted into HeLa cells [28].
Few examples of the regulation ofNOS 1expression induced by pharmacologic

agents, second messenger pathways, and physiologic or pathophysiologic states
exist. To date, most of the studies have focused on the regulation of NOS 1 in
intact animals without investigating the cellular and molecular basis for this
regulation. In a study by Herdegen et al. [29], transection of the medial forebrain
bundle and mamillothalamic tract of rats led to increases in NOS 1mRNA levels;
80% of the NOS 1 immunoreactive neurons stained for the transcription factor
c-jun. In a different study, occlusion of the middle cerebral artery in rats increases
NADPH-diaphorase activity, nNOS immunoreactivity, and mRNA levels [30].
The mechanism of this increase is not known. Estrogen administration increases
calcium-dependent NOS activity in the heart, kidney, skeletal muscle, and cerebel­
lum of female guinea pigs as well as steady-state levels of NOS 1 mRNA levels
in skeletal muscle [31]. Kadowaki et al. [32] reported that salt loading led
to increases in NOS I mRNA levels and NOS activity in the supraoptic and
paraventricular nuclei in the hypothalamus and in the posterior pituitary gland.
Finally, exposure of rats to hypoxia enhances NOS 1 and NOS 3 gene expression
in the lung [33]. All of the above-mentioned studies demonstrated that NOS 1
expression is dynamically regulated in the context of the intact organism. How­
ever, the molecular mechanisms of induction in all the studies need further
elucudation, perhaps in vitro or in transgenic animals.
An alternative form of molecular diversity found in the NOS 1 gene is the

appearance ofmultiple transcripts. Some of them result from the usage of different
transcriptional start sites, whereas others are generated by alternative splicing of
pre-mRNA. Heterogeneity in exon 1 is observed in NOS 1 transcripts isolated
from human tissues [2,34]. Seven different first exons are spliced to a common
second exon. As the translational start site is found within exon 2, all of these
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transcripts should give rise to the same protein. Each of the alternative forms of
exon 1 is flanked by its unique 5'-upstream sequence; thus, there is the possibility
of unique promoters driving the NOS 1 expression. Xie et at. identified two
separable promoter elements that drive luciferase expression in transfected cells
[35]. The advantage of such complexity is not obvious, but it may facilitate
tissue-specific and/or developmental regulation of NOS I expression. Differences
in the 5'-untranslated region (5' UTR) in the NOS 1mRNAs may regulate mRNA
processing, localization, stability, or translational efficiency. It should be noted
that NOS I expression appears to be developmentally regulated in the rat lung
[36]. In addition to the differences in the 5' UTR of NOS 1 mRNA, cassette
deletions of exons 9/10 and 10 have been demonstrated in human and murine
tissues and human cell lines [2,34,37]. Alternative splicing results in an mRNA
species that is 315 bps (base pairs) shorter (exons 9/10). This form is expressed
at lower levels in many areas of the nervous system and gives rise to a protein
lacking 105 amino acids located at the amino terminal of the calmodulin-binding
domain. This shorter NOS protein retains NADPH-diaphorase activity, although
it is unable to convert arginine to citrulline [38]. Splice variants lacking exon
10 have also been described but are expected to yield an inactive protein because
a premature stop codon is introduced. Whether these alternatively spliced NOS
I mRNAs are translated in vivo remains to be elucidated. Recently, Silvagano
et al. [39] reported a novel NOS 1 protein that they termed nNOS/-l, which is
expressed only in differentiated skeletal muscle. nNOS/-l contains an extra 102
bps between exons 16 and 17. Although it carries 34 additional amino acids at
the carboxy side of the calmodulin-binding domain, it has similar catalytic activity
with that expressed in the rat cerebellum. The neuronal isoform of NOS has been
previously localized in skeletal muscle, and under normal conditions is membrane
associated via a PDZ domain found in the amino terminus [40,41]. The PDZ
domain contains the signature amino acid motif, GLGF, and is found in a diverse
series of proteins such as protein tyrosine phosphatases and junctional proteins
like ZO-l. This motif facilitates NOS I interaction with al-syntrophin and
dystrophin and recruits the protein into the sarcolemma of skeletal muscle. The
sarcolemmal membrane association of NOS I is lost in humans who have Du­
chenne muscular dystrophy and in a mouse model of the disease [42]. The
functional relevance of such an interaction is not clear but may relate to the
ability of NO to influence the mechanical properties of skeletal muscle.

5. NOS 2

Unlike NOS I and NOS 3, the expression of NOS 2 has been documented in
almost all cells studied so far. NOS 2 is transcriptionally regulated and can be
detected following cytokine or bacterial lipopolysaccharide (LPS) stimulation
[7]. Cells capable of expressing NOS 2 include, but are not limited to, neutrophils,
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macrophages, vascular smooth muscle, endothelium, messangial cells, cardio­
myocytes, hepatocytes, lympocytes, glia and neurons, chondrocytes, platelets,
and epithelial cells, as well as tumor cells [43-45]. In general, cells de­
rived from rodents are more easily stimulated to produce NO than human cells,
at least in vitro. Recently, there is increasing evidence for "constitutive" expres­
sion of NOS 2 in certain cells (airway and renal epithelium, microvascular
endothelium, and cell lines such as PC-I2, T84, AM) both in vivo and in vitro
[46-48].
Proinflammatory cytokines that increase NOS 2 transcription and NO produc­

tion are tumor necrosis factor-a (TNF-a), interleukin-l (IL-I), IL-2, and inter­
feron-y (IFN-y). It should be noted that cytokine potency and efficacy differ with
the cell type studied, and frequently cytokine combinations, with or without LPS,
exert a synergistic effect. Many different classes of molecules can either increase
or decrease steady-state iNOS mRNA and/or protein levels. Among them are
inhibitory cytokines (IL-4, IL-8, IL-IO, IL-13), peptides, and growth factors
platelet-derived growth factor, transforming growth factor-~; (TGF-~), angioten­
sin-II], redox-based transcription factor inhibitors (pyrrolidine dithiocarbamate),
tyrosine kinase inhibitors (genistein, tyrphostins, erbstatin A), cytoskeleton-modi­
fying agents (colchicine, nocodazole, taxol), second messengers and second­
messenger pathway activators (cAMP, cGMP, phorbol esters, and phosphatase
inhibitors), hormones, glucocorticoids (dexamethasone), immunosuppressant
(cyclosporin A), and anti-inflammatory drugs (aspirin). The above list is by no
means complete and readers are referred to recent reviews [43,44,49,50]. Herein,
we will discuss only agents for which the molecular mechanisms have been
elucidated in some detail. Moreover, as many agents may act differently depend­
ing on the species studied and/or cell type used, the regulation ofNOS 2 expression
will be discussed in a cell-specific context (for example, TGF-~ inhibits LPS
and cytokine-induced NOS 2 expression in murine macrophages and rat aortic
smooth muscle cells but potentiates the induction in 3T3 fibroblasts and bovine
retinal pigmented epithelial cells [51-53]). Regulation of NOS 2 expression will
be discussed in murine macrophages, rat vascular smooth muscle cells, and human
epithelial cells.
Most of the work on the regulation of NOS 2 expression has been performed

using freshly isolated murine macrophages or macrophage cell lines. Expression
of NOS 2 in these cells mediates their cytotoxic actions and plays an important
role in the immune response [6]. Cloning of a 1.7-kb fragment flanking the
transcriptional start site of the murine gene reveals several putative transcription
factor binding sequences including ten IFN-y response elements (IFN-RE), three
y-activated sites (GAS), two consensus sequences for nuclear factor-KB (NF-KB)
binding, and four for NF-IL6, two TNF-a-response elements (TNFa-RE), two
activating protein-l binding motifs (AP-I), three interferon-a-stimulated response
elements (ISRE), and a basal transcription recognition site (TATA box [54,55]).
Many of these elements are also present in the human NOS 2 promoter [56]. Initial
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experiments using deletion constructs of the murine promoter placed upstream of
a luciferase reporter gene revealed two regions (-48 to -209 and -1029 to -913)
containing cis-acting elements important for regulation of NOS 2 transcription
[55]. The -48 to -209 region is responsible for transcriptional regulation in
response to LPS, whereas the -1029 to -913 region, in spite of not being able
to increase luciferase activity by itself, potentiates luciferase activity by to-fold
in response to IFN-y. These data help explain the synergy afforded by LPS and
IFN-y in the induction of NOS 2 at the molecular level. Additional studies,
confirmed the finding that the proximal region of the promoter (-85 to -76) is
essential for LPS-induced NOS 2 transcription and identified p50/c-rel and p50/
RelA heterodimers as components of the NF-KB-trans acting factor [57]. A
different series of experiments, confirmed that a cluster of four enhancer elements
known to bind IFN-yresponsive transcription factors (-951 to -911) are important
for NOS 2 transcription [58]. Mutations in two nucleotides in the interferon­
regulatory binding factor site (IRF; -913 to -923) in the context of the full­
length promoter ablated the synergistic action of IFN-y in the transcription of
NOS 2. Electrophoretic mobility gel shift assays reveal a binding complex recog­
nized by an anti-IFN-y regulatory factor-l (lRF-l) antibody in the nuclei of
IFN-y-treated macrophages. In yet another study, macrophages from mice with
targeted disruption of the IRF-l gene fail to respond to stimulation by increasing
NOS 2 mRNA and nitrite production [59]. In addition to the positive data obtained
about the involvement of the above-mentioned binding sites and transcription
factors in NOS 2 expression, experiments using promoter constructs with the
AP-l consensus sequence deleted show that this site is not necessary for NOS 2
induction. Melillo et al. recently identified a functionally important hypoxia
responsive enhancer in the murine promoter located at -227 to -209 [60].
Posttranslational regulation of NOS 2 expression also has been described. The

3' untranslated region of the NOS 2 mRNA contains a "AUUUA" motif which
can potentially destabilize mRNAs. This is reflected by the short half-life of the
NOS 2 mRNA in freshly isolated murine macrophages (approximately 3 h);
however, direct demonstration that this motif affects mRNA destabilization is
lacking. Weisz et al. reported that potentiation of IFN-y-induced NOS 2 gene
expression in RAW 264.7 cells by LPS is due to an increase the half-life of NOS 2
mRNA from 1.5 h in cells stimulated with IFN-y to 6 h in cells treated with both
LPS and IFN-y [61]. In contrast to the stabilizing action ofLPS on NOS 2 mRNA
levels in IFN-y-stimulated macrophages, TGF-~ was shown to decrease NOS 2
expression by decreasing mRNA stability [52]. In addition, TGF-~ decreases
translation of mRNA without affecting the rate of transcription, and increases
NOS protein degradation. These actions of TGF-~ collectively led to a decrease
in NOS activity even after the protein was expressed. Although the exact mecha­
nism of action of IL-4 is not known, this cytokine decreases NOS 2 steady-state
mRNA levels [62]. There are yet additional means of regulating NOS 2expression
posttranscriptionally. Expression ofamaximally activeNOS 2 requires an efficient
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arginine transport mechanism and availability of cofactors such as tetrahydrobi­
opterin (BH4 [50)). In particular, B~ is required for the formation of an active
NOS 2 dimer [63]. Most of the enzymes responsible for the synthesis of the
substrate and cofactors are concomitantly induced with NOS 2 following cytokine
treatment. Interference with the induction of either the y+ transporter (increases
the uptake of arginine) or GTP-cyclohydrolase I (responsible for the increased
B~ synthesis after cytokine treatment) would decrease the amount of the NO
formed. Although moderatively selective pharmacologic inhibitors for NOS 2
have been developed [64-66], specific inhibition of the NOS activity can be
achieved by modulating the transcriptional and postranscriptional events responsi­
ble for NOS 2 expression.
Another cell type frequently used to study the regulation of NOS 2 expression

is rat vascular smooth muscle (RVSM). The function of NO in this cell type is
not as clear as with macrophages, and the interest of modulating NOS 2 induction
lies primarily in the potential benefits of inhibiting its expression in pathological
states such as septic shock [67]. Although a battery of substances have been
shown to modulate NOS activity (as reflected by arginine to citrulline conversion
and nitrite accumulation), the molecular mechanism of action has been studied
for only a few of them. Analogous to NOS 2 in other cells, its expression in
RVSM is under transcriptional control [68]. Treatment with proinflammatory
cytokines or LPS induces NOS 2 mRNA. However, the exact signal transduction
pathways by which extracellular signals lead to increased gene transcription are
not clear. In RVSM cells, as well as in a variety of other cell types, tyrosine
kinase inhibitors reduce NOS 2 activity, mRNA, and protein levels [69,70]. The
proteins phosphorylated by these kinases in response to cytokines or LPS remain
largely unidentified. A potential mechanism linking cytokine-induced NOS 2
activation to tyrosine phosphorylation has recently been elucidated in rat ventricu­
lar myocytes [71]. Incubation of ventricular myocytes with IL-l/3 or IFN-y leads
to activation of mitogen-activated protein kinases (ERKI/ERK2) and the tran­
scription factor STAT-la that binds to a cis-acting element in the promoter region.
Blockade of ERKI/ERK2 activation inhibits NOS 2 induction by IFN-yand
IL-I/3; however, phosphorylation of STAT-1 a in the absence of ERKI/ERK2
activation is not sufficient for NOS 2 induction. A similar mechanism for activa­
tion for NOS 2 in macrophages and RVSM is likely. Other second-messenger
pathways, such as cAMP and cGMP, can induce NOS 2 directly or potentiate
the actions of cytokines [72-74]. Many of these pathways, at least in 3T3
fibroblasts, were shown to converge in the activation of NF-KB [75].
Modulators of protein kinase C (PKC) activity and microtubule-depolymerizing
agents also influence NOS 2 expression [76,77]. The latter decrease steady-state
NOS 2 mRNA and protein levels in RVSM, whereas the former act in a cell­
specific manner. Phorbol esters induce NOS 2 in macrophages, fibroblasts, and
hepatocytes, whereas in one report they reduced NOS 2 mRNA in RVSM [75,77­
79]. The precise level of regulation of NOS 2 expression (transcriptional or
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posttranscriptional) by pharmacologic agents affecting the aforementioned signal
transduction pathways is currently unknown.
Recently, Spink et al. [68] reported on the transcriptional control of NOS 2

expression in the RVSM cell line A7r5 using promoter/reporter gene constructs.
A 1.7-kb 5' upstream fragment of the NOS 2 murine gene functions as a promoter
within RVSM but not as efficiently as in murine macrophages. The combination
of IL-I, TNF-a, and IFN-y increase transcriptional activation of the reporter gene
construct in RVSM by 8-fold as compared to the 44-fold increase afforded by
LPS and IFN-y in murine macrophages. In RVSM, a 112-bp region (-890 to
-1002) containing NF-KB, GAS/ISRE, and IRF-I sites is required for full pro­
moter activity. A major difference in the behavior of the NOS 2 promoter between
RVSM and murine macrophages was shown using promoter constructs that
carried mutations in one or both NF-KB sites: the NF-KB site that was more
important for NOS induction in RVSM was the upstream site (-971 to -962),
whereas, as mentioned earlier, in murine macrophages, the site responsible for
the LPS response was the downstream sequence (-85 to -76). Deletion of both
sites practically abolished induction by the cytokine mixture in RVSM. It should
be noted that the RVSM cell line used was unresponsive to LPS. In addition,
the protein binding to the necessary NF-KB site in RVSM was identified as a
p65 together with an unidentified 50-kDa protein. Postranscriptional regulation
of NOS 2 expression has also been demonstrated in RVSM cells. Imai et al. [74]
showed that the NOS mRNA half-life is 2-3 h in RVSM (comparable to murine
macrophages and endothelial cells) and that treatment with cycloheximide causes
a superinduction of NOS mRNA levels by prolonging its half-life to more than
12 h. Caution should, however, be used when extrapolating these results in
vivo, as neither the synergy between LPS and IFN-y nor the superinduction by
cycloheximide was found in rat aortic strips [80]. TGF-p, similarly to murine
macrophages, inhibits NOS induction in RVSM [81]. However, the only proven
action of TGF-p in RVSM is through a reduction in NOS 2 transcription, a
mechanism different from that observed in the murine macrophages (see above).
Considerably less work on the regulation of NOS 2 expression has been done

using epithelial cells, but there are some important observations made in the
human cell line A549 that are noteworthy. Glucocorticoids are known to inhibit
NOS 2 induction in almost all cell types. However, the mechanism through
which dexamethasone inhibits NOS was only recently described. Dexamethasone
inhibits the binding of the transcription factor NF-KB, but not of AP-l, to the
NOS 2 promoter, thereby inhibiting its transcription [82]. It should be noted that
dexamethasone did not increase the mRNA for the NF-KB inhibitor, I-KB, and
does not reduce the nuclear content of the NF-KB proteins p65 and p50, suggesting
that dexamethasone inhibits NOS 2 transcription through a protein-protein inter­
action between the activated glucocorticoid receptor and the active NF-KB com­
plex. As mentioned earlier, although the human and murine NOS 2 promoters
contain similar putative, concensus sequences for the binding of transcription
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factors, it is more difficult to induce NOS 2 in human cells. As recently described,
transfection of a human kidney epithelial cell line (AKN) with a luciferase
reporter constructs containing a 3.8-kb fragment upstream of the human NOS 2
gene did not exhibit activation in the presence of cytokines, whereas the produc­
tion of nitrite/nitrate, products of endogenous NOS activation, are increased [83].
Unlike results obtained with the murine promoter, at least 5.8 kb of the human
promoter is required for minimal cytokine induction (threefold) and a 16-kb
fragment is necessary for a lO-fold induction. These data demonstrate that consid­
erable differences exist in the regulation of the human and murine promoters.
Another important observation made in a human epithelial cell line and in

primary cells is the presence of transcripts with considerable diversity in the 5'
untranslated region (UTR) of the mRNA [48]. Although the majority of NOS 2
mRNA transcripts originate downstream of the TATA box, approximately 6%
of them originate upstream of the TATA box. This, in combination with the fact
that some mRNAs lack exon 1 as a result of alternative splicing, increases the
complexity of the 5' UTR of human iNOS. The significance of this finding with
respect to regulation of gene expression remains to be elucidated.

6. NOS 3

The NOS 3 protein was originally purified and the corresponding cDNA cloned
from endothelial cells (EC) and is the NOS isoform responsible for producing
the classic endothelium-derived relaxing factor as described by Furchgott et al.
[84]. Direct evidence for the importance of NOS 3-derived NO stems from the
recent generation of mice with targeted disruption of the NOS 3 gene locus [85].
F2-generation NOS 3 knockout mice (-/-) are hypertensive relative to wild-type
littermate control mice (+/+) of the same generation. Importantly, the pressor
effect of nitro-L-arginine, a NOS inhibitor, is attenuated in the -/- mice and
endothelium-dependent relaxation in response to acetylcholine is abrogated in
vessels isolated from the -/- mice. This fundamental finding is direct "proof of
principal" for the major contribution of NO in vasomotor control.
Recent experimentation demonstrating that NOS 3 in EC can be regulated and

that cells other than EC express NOS 3 including cardiac myocytes, hippocampal
neurons, certain epithelial cells, and platelets suggests that NO may subserve
other functions in addition to being an endothelium-derived vasodilator [26].
However, because the identification of other cell types that express NOS 3 is a
relatively new finding, the functional significance of NOS 3 in nonendothelial
cell types is less clear. The best characterized, nonendothelial source of NOS 3
is cardiac myocytes [86,87]. In myocytes, locally produced NO may modulate
the inotropic and chronotropic state of the heart as NOS inhibitors influence the
force ofcontraction and spontaneous rate of beating in isolated myocytes. Because
the regulation of NOS 3 expression in this cell type has not been examined, the
regulation of NOS 3 will be discussed in the context of EC.
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The regulation of NOS 3 expression in EC is a relatively recent area of NO
biology for the following reasons: (I) Basal expression of NOS 3 mRNA and
protein is seen in most primary isolates of EC and was not suspected to be
regulated; (2) the induction process that occurs in vivo and in vitro is usually
never greater than twofold to fourfold, making detailed molecular characterization
difficult and tedious. Activators that increase NOS 3mRNA levels are mechanical
forces (shear stress and cyclic strain [23,88,89]) and their in vivo correlate,
exercise training [90], cell proliferation [91], Iysophosphotidylcholine (LPC [92]),
TGF-~ [93], and basic fibroblast growth factor [94]. All these agents (except
LPC, which increases NOS 3 expression more than fourfold in human umbilical
vein Ee) induce NOS 3 by twofold to fourfold. Although small in magnitude
relative to the induction of NOS 2, the functional relevance of a twofold to
fourfold induction of NOS 3 should not be discounted due to the steep dose­
response relationship to NO in blood vessels (i.e., small changes in NO concentra­
tion have dramatic effects on vascular tone [95]). This is supported by data
demonstrating that chronic exercise training in dogs increases endothelium-depen­
dent relaxations in vivo, and NO release and NOS 3 expression in vitro [90].
Conversely, decompensated heart failure in dogs decreases endothelium-depen­
dent relaxations in vivo, NO release, and NOS 3 expression [96] supporting the
concept that changes in blood flow influence EC gene expression and that such
changes have a functional consequence on EC control of vasomotor tone.
Cloning of the human and bovine NOS 3 genes revealed a 5' regulatory region

containing a 'TATA-less" promoter and a variety of cis elements for the putative
binding of transcription factors [4,97]. TATA-less promoters are commonly found
in genes that are under tight transcriptional control and not cytokine activated.
In these genes, other sequences in the absence of a TATA box can serve as
binding sites for RNA polymerase II and the basal transcriptional machinery.
Specific sites that may influence basal transcription found in the NOS 3 gene
include SpI and GATA sites, whereas potential sites for stimulated transcription
include a sterol regulatory element (SRE), activator proteins 1 and 2 elements
(API, AP2), a nuclear factor-I element (NF-l), partial estrogen responsive ele­
ments (ERE), a cAMP response element (CRE), and a shear-stress response
element (SSRE). The presence of such sites gives the investigator a molecular
"road map" to examine gene regulation by substances that activate known tran­
scription factors that can bind to putative elements.
Initial experiments using reporter gene constructs of the NOS 3 promoter

reveals that the proximal Spl is necessary for basal transcription [97-99]. Deletion
or site-directed mutagenesis of this site reduces promoter activity by 90-95%
when transfected into Ee. Incubation of an oligonucleotide probe encompassing
the SpI site with nuclear extracts from human or bovine EC demonstrates the
specific binding of three nuclear protein complexes, one of which that can be
"supershifted" with a SpI antibody. This suggests that Sp I does bind to the SpI
element in the NOS 3 gene and that other Spl family members may also participate



76 / Andreas Papapetropoulos and William C. Sessa

in coordinating basal transcription. In addition to Sp] regulating basal transcrip­
tion, GATA-2, a transcription factor highly expressed in EC, also modulates
basal activity [98]. Mutation of the GATA-binding site in the context of the full­
length NOS 3 promoter reduces reporter gene activity by 25%. Recombinant
GATA can bind to the NOS 3 element and can be depleted with GATA-2 antisera.
Considering the relative hierarchy of these two basal transcription factors needed
for constitutive NOS 3 activation, Spl is necessary for basal expression and
GATA-2 regulates the level of expression.
Very little is known about the molecular mechanisms of NOS 3 induction by

mechanical forces or growth factors. Shear stress and cyclic strain, in vitro,
increase NOS 3 mRNA and protein levels. Such an effect is the most likely
mechanism for increased NOS 3 expression with exercise training and high flow
states. For cyclic strain, activation is due to increases in NOS 3 transcription,
not to mRNA stabilization. Transcriptional activation is most likely occurring in
response to shear stress via the SSRE; however, there are no reports yet demonstra­
ting this. Interestingly, the mechanism of induction by cyclic strain is unrelated
to the SSRE because deletion of this region does not influence the ability of
NOS 3 reporter constructs to be activated by cyclic strain (B.E. Sumpio and
W.e. Sessa, unpublished observations). Understanding the similarities and differ­
ences of NOS 3 gene expression via mechanotransduction (shear and strain) is
a new, exciting area with far-reaching implications in the fields of vascular
biology and medicine.
Molecular analysis for TGF-/3 activation of NOS 3 has recently been reported
[93]. TGF-/3 induces NOS 3 mRNA, protein, and NOS activity in bovine aortic
Ee. Transient transfection assays using bovine NOS 3 promoter reporter con­
structs demonstrates that the TGF-/3 responsive element resides between -935
and -1269 nucleotides (nt) upstream of the transcriptional start site. Gel shift
assays and point mutation analysis show that TGF-/3 increased the binding of
the CCAAT transcription factor/nuclear factor-l to the NF-] site (-]014 to -1026
nt) in the NOS 3 promoter. However, this site is necessary but not sufficient
for TGF-/3 activation of NOS 3, suggesting that additional factors are most
likely required.
The most recent and unexpected activator of NOS 3 is LPe. LPC content of
atherosclerotic blood vessels is higher than that of normal vessels and is a major
phospholipid found in oxidized low-density lipoproteins. Treatment of human
umbilical vein EC with LPC initiates a dose- and time-dependent induction of
NOS 3 mRNA [92]. The magnitude of the mRNA induction is II-fold with a
consistent, but not equal, increase in the transcription rate of the NOS 3 gene,
as measured in nuclear runoff studies. NOS protein levels, activity, and biologi­
cally active NO are all increased with LPC treatment. However, there is a clear
discrepancy between the levels of NOS 3 mRNA (II-fold), protein (5-fold), and
activity (2-fold), suggesting complex posttranscriptional and posttranslational
regulation. These data are consistent with higher levels of NOS 3 protein found
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in atherosclerotic rabbits [100]. However, what is the relevance of greater NOS 3
expression in atherosclerosis? Perhaps, during the development of atherosclerosis
prior to lesion formation, LPC induction of NOS 3 affords protection against
proatherosclerotic mechanisms [recruitment of mononuclear cells and oxidation
of low-density lipoproteins (LDL)] required for the lesion development.
In contrast to the stimulatory effects of LPC on NOS 3, Liao et al. reported

that oxidized LDL decreases NOS 3 expression in human EC [lOll. At early
time points, the suppression appears to be mediated through a partial decrease
in the rate of transcription and a destabilization of the NOS 3 mRNA. However,
at later time points, the rate of transcription increases paradoxically relative to
the reduction in steady-state mRNA levels. The ability of lipids derived from
LDL and oxidized LDL, per se, to influence NOS 3 expression and activity
clearly merits further evaluation before one can extrapolate these in vitro findings
to observations made in human atheromas.

7. Summary and Future Directions

The recent cloning of the NOS family ofgenes will allow investigators to elucidate
the plenitude of factors that have the capacity to influence NOS gene expression.
Elucidation of the mechanisms ofNOS 1and NOS 3 expression will no doubt lead
to novel strategies that will influence the basal expression of these physiologically
relevant genes. Insights into the complexities of NOS 2 regulation will be gleaned
from examining its expression in human tissues and comparing and contrasting
its regulation to other genes activated by inflammatory stimuli. Finally, the
potential identification of relevant polymorphisms in NOS loci and misense
mutations that influence protein function in human diseases will shed light on
the role of NO in health and disease.
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Role of NO in Cell Locomotion

Michael S. Goligorsky and Eisei Noiri

1. Introduction

Among various pleiotropic actions of nitric oxide discussed in the preceding
chapters, its effects on different aspects of cell motility have been by and large
neglected. Undoubtedly, this is due to the subtlety of these phenomena [especially
when compared to the overtness of other NO-dependent processes (e.g., smooth
muscle relaxation)], rather than to the lack of interest or insight into the biological
significance of locomotion.
Cell migration is one of the hallmarks of morphogenesis; this function is

maintained throughout the development and during the life cycle of organisms,
thereby forming and protecting the structural integrity and functional plasticity
of various tissues. Ontogenetic programs such as compartmentalization of bodily
fluids through development of epithelial barriers or functionally guided meander
of vascularization are two classical examples of processes governed by cell
migration. Perpetual occurrence of breaks in the integrity of epithelial or endothe­
lial layers by exfoliated cells does not seriously compromise barrier functions
because of a rapid reestablishment of integrity by migrating cells. Many pathologi­
cal situations are accompanied by a more challenging loss of epithelial integrity
or requirement for angiogenesis. Initial stages of processes like these strongly
depend on cell migration, whereas cell proliferation lags behind this process
[1,2]. Release of various growth factors and proinflammatory mediators under
these conditions may affect the rate of epithelial wound healing or growth of new
vessels. Not surprisingly, therefore, the process of cell migration is thoroughly
regulated. The role of growth factors [3-6], as well as matrix proteins, cytokines,
cytoskeleton, and integrin receptors, has been comprehensively studied and re­
viewed [7-11].
The descriptive term "movement" or "locomotion" is comprised of several

86



Role of NO in Cell Locomotion / 87

mechanistic elements, and some of them, under appropriate conditions, may
become a target for NO regulation or modulation, as we shall show later. The
unitary mechanics of changing position of a cell relative to its substratum consists
of (I) local cytoskeletal rearrangements (e.g., gel-sol cytoplasmic transition
and extension of lamellipodia, (2) nondirectional micromotions (or podokinesis)
which result in accordionlike fluctuations in the distance between the ventral cell
surface and the substratum (see below), (3) establishment, dissociation, and
reestablishment of focal adhesions, and (4) generation of chemical gradients
within a moving cell and the acquisition of directional movement. Although these
components of locomotion are spatially and temporally integrated, each of them
has autonomic functions. The most obvious example of effects of NO on one
such function is presented by platelet aggregation via the aIIb~3 integrins, as
discussed later. In this chapter, we shall examine the mechanisms of locomotion,
provide available evidence on NO regulation of each, speculate on some other
possible targets of NO action, and illustrate them with pertinent physiological
and pathophysiological phenomena.

2. A Panoramic View on the Participation of NO in Cell Adhesion
and Locomotion

The spectrum ofknown effects ofNO on various functions involving cell adhesion
and migration is broadening. Figure 5-1 illustrates some of these actions. The
best studied among them are the effects of NO on transendothelial migration

Stimulation

PMN chemotaxis

Endothelial cell
migration and
angiogenesis

Angiogenic
activity of
monocytes

Tumor Neovascu­
larization

Epithelial cell
migration and
wound healing

Low concentration ..........­
of L-arginine

Inhibition
Platelet aggregation

Smooth muscle cell mig­
ration and proliferation

N0
PMN and monocytes
adhesion to endothelial
cells
PMN adhesion to
collagen matrix
B2 integrin in PMN

VCAM-1 induction in
endothelial cells

Osteoclast adhesion and
bone resorption

Recruitment of . .
and infiltration ............. High concentration
by macrophages of L-arginine

Figure 5.1 Nitric oxide elicits pleiotropic effects by acting on basic mechanisms of cell
adhesion and migration.
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of neutrophils, platelet aggregation, angiogenesis, neointimal formation after
endothelial cell injury, osteoclastic bone resorption, and epithelial wound healing.
Despite apparent distinctions between these processes, the common denominator
in each and every case is the effect of NO on cell adhesion and motility.

2.1. Neutrophil-Endothelial Cell Adhesion

Studies of inflammation using intravital videomicroscopy and superfusion of cat
mesenteric preparation with inhibitors of nitric oxide synthase (NOS), L-NMMA,
or L-NAME, revealed that the number of adherent and immigrated leukocytes
increased IS-fold [12]. This process was partially reversed by L-arginine but not
by D-arginine. The investigators argued that the effects of NOS inhibitors were
confined mostly to the venular endothelium, resulting in the increased adhesive­
ness through the CDll/CD18 leukocyte adhesion molecule. In vitro studies
utilizing primary cultures of human umbilical vein endothelial cells reinforced
these findings. L-NAME-treated endothelial cells exhibited increased leukocyte
adhesiveness [13]. This was due to the enhanced neutrophil binding through the
interaction of the ~2 integrin CDl8 with ICAM expressed on the endothelium.
The similar inhibition of neutrophil ~2 integrin function is elicited by platelet­
released NO [14]. Furthermore, leukocyte adhesion to type I collagen is also
inhibited by NO in a cyclic GMP-independent manner [15]. In addition, NO
inhibits monocyte adhesion to the endothelial cells [16]. These effects of NO
can be due in part to its effect on adhesion molecules in endothelial cells. De
Caterina et al. [16] have demonstrated decreased cytokine-induced expression
of vascular cell adhesion molecule-l (VCAM-l), E-selectin, and intercellular
adhesion molecule-l (ICAM-l) on endothelium pretreated with the NO donor,
whereas inhibition of NO production resulted per se in the induction of VCAM­
1 expression. NO-induced repression of VCAM-l occurs at the level of VCAM­
1 gene transcription, in part due to the inhibition of NF-KB activation. On the
other hand, NO serves as a chemotactic signal for neutrophils and may be involved
in their recruitment to the sites of inflammation [17]. In addition, although the
chemotaxis of peritoneal macrophages induced by the zymosan-activated serum
was inhibited by 1-10 mM L-arginine, it was also stimulated by lower concentra­
tions of the amino acid [18].

2.2. Angiogenesis

Formation of new blood vessels, driven by the morphogenetic program and/or
by the functional demand for increased blood supply, is initiated by the budding
of endothelial cells off the microcirculatory bed. The possible role of NO in the
formation of capillary circuits has recently been considered by several investiga­
tive teams. In the in vivo model of the chick embryo chorioallantoic membrane,
both sodium nitroprusside and L-arginine inhibited, whereas L-NMMA stimulated
angiogenesis [19]. In contrast, Leibovich et al. [20] have provided solid evidence
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that the production of angiogenic activity by activated monocytes (assayed by
chemotaxis of endothelial cells and corneal angiogenesis) is absolutely dependent
on L-arginine and NO synthase. These observations are in concert with findings
reported by Ziche et al. [21] who detected the potentiation by sodium nitroprusside
of angiogenic effect of substance P in the rabbit cornea. These investigators
hypothesized that endogenous NO production induced by vasoactive agents serves
as an autocrine mediator of angiogenesis. Our own observations expand this
function to the classical angiogenic signal, the vascular endothelial growth factor.
We demonstrated that endogenous NO production by the endothelial cells is a
prerequisite for the motogenic and angiogenic effects of this factor [22]. These
findings gain in significance when applied to the pathophysiological situations
(see below).

2.3. Neointimal Formation After Endothelial Denudation

After endothelial denudation, migration and proliferation of vascular smooth
muscle cells, exposed to the vessel lumen, initiate neointimal formation which
represents an early event in atherogenesis. NO effects on vascular smooth muscle
cells seem to have certain peculiarities, distinguishing them from the endothelial
cells. Dubey et al. [23] studied migration of rat aortic smooth muscle cells in a
modified Boyden chamber. When angiotensin II was used to promote transwell
migration, the addition of sodium nitroprusside or S-nitroso-N-acetylpenicilla­
mine inhibited this process. The effect of NO donors was mimicked by a cell­
permeant form of cyclic GMP and counteracted by the pretreatment of cells with
LY83583 (an inhibitor of soluble guanylyl cyclase) and by KT5823 (an inhibitor
of cGMP-dependent protein kinase). This, as well as the known antiproliferative
effect of NO [24], may have a prominent function in preventing neointimal
formation. In fact, in vivo transfer of Sendai virus/liposome-encapsulated eDNA
encoding endothelial NOS after denudation by balloon injury of rat carotid artery
resulted in 70% inhibition of neointimal formation by day 14 after the procedure
[25]. Similar results were obtained after balloon angioplasty of femoral artery
in rabbits with the application of long-lived NO adducts [26].

2.4. Epithelial Wound Healing

The integrity of epithelial barriers is continuously challenged during their physio­
logic function and, especially, in the course of pathophysiologic events. Migration
of epithelial cells is the major mechanism of wound healing. Studies of wound
healing in epithelial cells or barriers provided a set of observations consistent
with the promoting effects of NO on cell migration and restitution of barrier
integrity. Our findings in cultured epithelial cells, BSC-l cells, showed that
several growth factors (EGF, IGF-I, HGF, b-FGF) exerted a motogenic effect
which was abrogated by pretreatment with L-NAME [106]. L-Arginine or NO
donor, S-nitroso-N-acetylpenicillamine (SNAP), exerted motogenic effect in epi-
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thelial cells. Inhibition ofNOS with L-NAME or a selective knockout of inducible
NOS (iNOS) with antisense oligodeoxynucleotides reduced the rate of spontane­
ous or EGF-induced BSC-I cell migration. Although the constitutive endothelial
NO synthase (ecNOS) did not show any detectable spatial or temporal changes
associated with wounding, the iNOS became expressed 3 h after wounding and
showed higher abundance at the edges of epithelial wounds (Fig. 5-2). Consistent
with this dynamics of NOS expression, NO release from migrating epithelial
BSC-I cells displayed a biphasic response to the inflicted wounds: An initial
transient release of nitric oxide is followed by a delayed sustained elevation.
Based on above observations, we hypothesize that NO serves as a switch from
stationary to locomoting epithelial phenotype.

2.5. Platelet Aggregation

Platelet aggregation is governed by the fibrinogen receptor belonging to the
integrin family, activation-dependent aIIbB3, whereas adhesion of platelets to
the basement membrane of deendothelialized vascular wall is mediated through
other members of the same family which are constitutively active. Radomski et
al. [27,28] have provided evidence that platelets produce NO by a calcium­
dependent mechanism which requires L-arginine. Direct monitoring ofNO release
with a porphyrinic microsensor showed that resting platelets do not release it,
whereas platelet activation results in a rapid NO production [29]. Platelet aggrega­
tion induced by collagen is inhibited by L-arginine and potentiated by L-NMMA,
whereas the release of NO follows the inverse relationship with platelet aggrega­
tion. Different aggregating agents (collagen, adenosine diphosphate, thrombin,
epinephrine) act on specific receptors and trigger the elevation of intraplatelet
[Ca2+]. This event is critical for the activation of the fibrinogen receptor, usually
dormant, and initiation of aggregation cascade. The process has a built-in mecha­
nism of self-termination: this is achieved via the simultaneous stimulation of
NO production which inhibits intraplatelet [Ca2+] transients and counteracts the
activation of the aIIbB3 integrin receptor and platelet aggregation. This process
can be pharmacologically regulated by organic nitrates [30].

2.6. Osteoclastic Bone Resorption

Another example of NO action on cell adhesion resulting in profound functional
changes is seen in osteoclasts. These bone-resorbing cells of monocytic lineage
form tight focal adhesions with the matrix proteins. Upon stimulation, W pumps
are recruited to the basal cell surface which permits the generation of a low-pH
subcompartment underneath the cell, leading to bone resorption [31]. MacIntyre
et al. [32] demonstrated that NO donors caused retraction of osteoclasts and
reduced their adhesion to the matrix and motility. The physiological consequence
of this NO effect is the inhibition of bone resorption, as judged by the extent of
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Figure 5.2 Nitric oxide and epithelial BSC-I cell wound healing. (a) Nitric oxide release
from wounded epithelial cells (upper tracing) shows two phases-the first is a rapid and
variable in its amplitude phase and the second is a delayed and highly reproducible.
Lower tracing represents a recording of no release by time-matched intact monolayer. (b)
Immunocytochemical detection of eNOS in epithelial cells shows no spatial or temporal
changes after disruption of monolayer integrity. (c) Immunocytochemical staining of iNOS
in epithelial cells shows its appearance by 3 h after wounding, and prevalence of iNOS
at wound edges. Panel D shows that cells peripheral to the wound are stained less intensely
for iNOS. (Compiled from Ref 106 with permission ofthe American Physiological Society)
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excavations (resorption pits) on the bone surface. These findings were reconfirmed
by Kasten et al. [33] who also showed in vitro that inhibitors of NOS dramatically
increased both the number of pits and the resorption area per pit. In a model of
osteoporosis, NOS inhibitors accelerated the loss of bone. Because osteoclasts
express a constitutive and an inducible forms of NOS, and the NO produced
modulates cell function [34], this autocrine mechanism is currently considered
as an important regulator of bone remodeling and mineral homeostasis. An
additional level of regulatory complexity can be provided by osteoblasts and
osteocytes releasing NO in response to mechanical stress [35]. Thus, acting in
an autocrine or paracrine mode, NO inhibition of osteoclast adhesion to the bone
matrix results in both the regulation of local bone accretion-resorption as well
as profound systemic effects on mineral metabolism.
In conclusion, the data presented in this section convincingly demonstrate that
NO participates in the regulation of distinct physiological processes based on its
ability to interfere with cognate mechanisms of cell adhesion and migration. To
gain further insights into the mode(s) of NO action, we shall next focus on the
general mechanisms governing cell attachment and detachment from the substrate
in the process of locomotion, defining along these lines some established or
hypothetical targets for NO.

3. Components of Cell Locomotion and Their Regulation by NO

3.1. Unitary Elements: Extension of a Lamellipodium and Micromotion

The mechanics of cell migration has been described in a series of studies by
Abercrombie et al. [36-38] and considerably expanded in later years [7,10]. The
key element of cell movement is the extension of a lamellipodium. The force
required for the protrusion of a certain portion of a cell is derived from the
reversible cytochalasin B-inhibitable polymerization of G- to F-actin. According
to the Brownian ratchet model [39], a thermally vibrating plasma membrane is
displaced a distance sufficient to accommodate the addition of an actin monomer
to the barbed end of F-actin, thus preventing the elastic recoil of the membrane.
Determination of flicker spectra of erythrocytes, indeed, showed that the mem­
brane oscillates over a distance of -0.1 /lm at a frequency of 5 Hz [40]. Thus
formed, membrane protrusions represent a unitary element of motility with the
vector of generated protrusive force directed toward the lamellipodium and tan­
gential to the substratum.
When a directional signal is absent, the ostensibly stationary confluent cells

nevertheless undergo yet another type of spontaneous shape change referred to
as micromotions [41], probably distinct from the above protrusion of lamellipodia.
Originally, these micromotions were detected with a sensitive impedance registra­
tion and analysis in cells growing on the surface of a miniature gold electrode
in tissue culture. These experiments showed the existence of spontaneous microos-
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cillations in cell monolayer resistance which had fractal characteristics. Giaever
and Keese proposed a mathematical model ascribing changes in the electrical
resistance to either of two parameters: Rb-resistance of the paracellular pathway;
a-resistance of the slit space between the ventral cell surface and the substratum.
We have recently analyzed the changes in endothelial cell impedance, and again
detected spontaneous fluctuations (unpublished observations). Exogenous NO
significantly enhanced the amplitude ofoscillations (Fig. 5-3). Analysis of compo­
nents responsible for this effect of NO showed that it was due primarily to the
broadening of the distance between the ventral cell surface and the substratum,
hence suggesting a second type of micromotional activity, already with unitary
displacement occurring in the direction perpendicular to the substratum, which
we termed podokinesis. Important for this discussion is the fact that this type of
micromotions was significantly accentuated by NO. The relation between the
ratchet movements and podokinesis, though possible, remains unexplored.

3.2. Function of Focal Adhesions

The above unitary elements of cell movement are functioning autonomously but
may become a part of a cooperative, spatially and temporally well-coordinated
process ofdirectional cell migration. The process is initiated by extending lamelli­
podia in the direction of a void or a chemoattractant signal and eventual "pulling"
of the cell body. There is a considerable amount of data showing the importance
of establishing new focal contacts between the leading edge and the matrix in
cell migration. Understanding these phenomena will require an excursus into
structure and function of focal adhesions and their key elements, integrins.
The integrins are noncovalently bound heterodimeric glycoproteins composed
of a and ~ subunits. Members of this large family of receptors share several
common features. Both subunits have a single hydrophobic transmembrane do­
main, relatively short cytoplasmic tails, and massive extracellular domains. The
extracellular domains are compactly folded by virtue of disulfide bonding, associ­
ated together, and both chains contribute to the formation of the binding domain.
All a subunits contain a sevenfold repeat of a homologous segment, the last
three or four repeats of which are likely to contribute to divalent cations binding.
The ~ subunits contain four cysteine-rich repeats responsible for the folding via
internal disulfide groups. Cytoplasmic domains of the ~ subunits are indispensable
to connecting the receptors to the cytoskeleton via talin and a-actinin [42], as
detailed below.

Extracellular Domain: Ligand Recognition and Interaction

The arginine-glycine-aspartic acid (RGD) motif in matrix proteins turned to
be one of several key integrin recognition sequences. Three contact sites on the
integrin are needed to bind ligand: one on the ~ subunit and two on the a subunit
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Figure 5.3 Spontaneous and NO-induced oscillations in the resistance of endothelial
monolayers. The resistance was measured with a sensitive miniature electrode technique,
as detailed in the text. Note the existence of spontaneous oscillations in endothelial
resistance (upper panel). After the application of 100 IlM SNAP (lower panel), the ampli­
tude of oscillations has increased.
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[43]. As indicated earlier, all a subunits contain sequences homologous to the
EF-hand of Ca-binding proteins, with the common distinction that integrins lack
the essential aspartic acid residue which is present in position 12 of EF-hand
Ca-binding site. It has been hypothesized, therefore, that the aspartic acid on
integrin ligands, by providing the missing cation-coordinating residue, forms a
ternary complex with the receptor-bound divalent ion [44]. The cation displace­
ment model emphasizes the role of initial receptor-ligand binding via coordinat­
ing aspartic residue, followed by destabilization of a divalent ion bond to the
EF-hand, extrusion of a divalent ion, and completion of ligand-receptor interac­
tion. Recent demonstration of cation binding to the ~3 (118-131) fragment,
assessed by terbium luminescence and mass spectrometry, and its displacement
by RGD-containing ligands supports this hypothesis [45]. This mechanism, in
addition to the cytoplasmic domain-triggered conformational changes of the
extracellular integrin domain (see below) may be responsible for the affinity
modulation and the conversion from dormancy to active state of integrin receptors.

Intracellular Domain: Cytoskeletal Interactions

In contrast to the extended extracellular domains, the cytoplasmic tails of
integrins are short (except for the ~4 subunit). Numerous studies with truncated
cytoplasmic domains of integrins have demonstrated the essential role of the ~
subunit in establishing integrin-cytoskeletal interactions [46-48]. Using the ~1

subunit as a prototype, three potentially important cytoplasmic regions have
been identified. The sequence HDRREFAKFEKE, denoted as the cyto-l region,
appears to be essential for the targeting of the ~l subunit to focal adhesions [49].
Four amino acid sequences NPIY and NPKY (cyto-2 and cyto-3, respectively)
not only participate in localizing the integrin to focal adhesions but also, quite
unexpectedly, represent a concensus signal for clathrin-coated pit-mediated inter­
nalization of membrane proteins [50]; the significance of this finding awaits
elucidation. Above all, the NPxY motif has been found to represent an alternative
binding site for Shc (Margoulis, personal communication). Interestingly, these
three regions are conserved in many integrin's ~ subunits. Laflamme et al. [51]
constructed chimeric receptors consisting of the extracellular and transmembrane
domains of the human interleukin-2 (IL-2) receptor connected to the intracellular
domain of either ~l, ~3, ~3B, or ~5 subunit. Although the ~3B-containing

chimera was expressed diffusely on the cell surface, other chimeric receptors
were localized at focal adhesions of transfected human fibroblasts. Expressed at
higher levels, ~l and ~3 chimeras functioned as dominant negative mutants and
inhibited endogenous integrins function in cell spreading and migration. These
elegant studies convincingly demonstrate the role of cytoplasmic domains of ~
subunits in regulating integrin clustering at focal adhesions and mediating cell
spreading and locomotion.
The functions of a subunits cytoplasmic domains have been extensively studied
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using genetic engineering approaches. Using the a2131 collagen/laminin receptor,
Chan et al. [52] constructed chimeras with cytoplasmic domains of the a4 and
as subunits. These studies revealed a different role of individual cytoplasmic
domains in cell migration and contraction of collagen gel.

Focal Adhesions and Involvement of Integrins in Signal Transduction

Focal adhesions are highly specialized domains of the plasma membrane which,
on the extracellular side, form the closest contact between integrin receptors and
matrix proteins, and, on the cytoplasmic face, represent the sites where converging
actin filaments terminate and interact with integrins. In these complex structures,
several cytoskeletal proteins are participating in anchoring actin to integrins:
vinculin, talin, a-actinin, fimbrin, tensin, paxillin, and zyxin [53], whereas several
other focal adhesion-associated components express enzymatic or yet unidentified
activities. Several proteins are substrates for PKC phosphorylation (vinculin,
talin, tensin, filamin) and tyrosine kinase phosphorylation (vinculin, talin, tensin,
paxillin). Using shearing and quick-freezing procedures, Samuelsson et al. [53]
evaluated cytoplasmic surface and the three-dimentional organization of focal
contacts and associated actin bundles and observed that type I aggregates con­
tained 131 integrins, vinculin, talin, and anchoring actin filaments, whereas type
II aggregates did not contain vinculin and talin and were not associated with the
actin cytoskeleton. These findings suggest that type I aggregates are relatively
stable and represent the classical focal adhesions, whereas type II aggregates
containing the 131 integrin subunits are unanchored, significantly more mobile,
and represent the pool of integrins that can be recruited to form new focal
adhesions. Engagement of these integrins with the particular epitopes on the
extracellular matrix triggers distinct cell signaling events and remodeling of
cell shape.
The establishment of focal adhesions via integrin-extracellular ligand binding
initiates a cascade of signaling events (Fig. 5-4). The formation of cell-matrix
and cell-cell contacts triggers cellular responses as diverse as the rapid activation
of the Na+/W exchanger and cell alkalinization [54,55], the elevation of cytosolic
calcium concentration (possibly, due to the activation of a 50-kDa 133 integrin­
associated protein, presumed to represent an integrin-regulated calcium channel
in endothelial cells and neutrophils [56,57]), the delayed stimulation of a K+
current [58], and a series of tyrosine phosphorylation reactions mediated via
activation of focal adhesion kinase (FAK) [59,60]. Conversely, the reduction of
cell-substrate adhesion and eventual detachment of cells from their matrix is
associated with the activation of a phosphotyrosine phosphatase and decreased
tyrosine phosphorylation of focal adhesions [61]. The diversity of signaling
mechanisms triggered by the establishment or dissolution of focal adhesions can
provide a means for the conformational changes of proteins comprising the focal
adhesions (e.g., the 131 integrin, paxillin, and tensin, all containing phosphotyro-
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sine) and explain the phenomenon of affinity modulation of integrins toward the
extracellular matrix proteins, outside the cell, and toward the cytoskeletal ele­
ments, inside the cell [47].
The list of the substrates for tyrosine kinase phosphorylation is growing and
presently includes vinculin, talin, tensin, paxillin, integrins, pp125FAK, cadherins,
and catenins. Ppl25FAK represents, so far, the best studied tyrosine kinase associ­
ated with focal adhesions. This protein is autophosphorylated during cell adhesion
(the cytoplasmic domain of ~ subunits is necessary for this reaction), but it also
undergoes autophosphorylation in response to pp60v•src, bradykinin, endothelin,
and sphingosine, resulting in the increase in its tyrosine kinase activity. Dephos­
phorylation of ppI25FAK may be accomplished in part via activation of the SH2
domain-containing protein tyrosine phosphatase Syp (SHPTP2) which is activated
by the insulin receptor substrate-I (IRS-I). In tum, Grb2 and PI(3)-kinase are
two known substrates of pp125FAK [62,63]. Collectively, these studies interconnect
integrins with receptors for hormones and growth factors and implicate the state
of ppI25FAK phosphorylation in modulation of the RaslMAPK and PIP2 signal
transduction pathways, which are all indispensable for the process of cytokinesis.

3.3. Chemical Gradients Within a Moving Cell

When cells receive a directional motogenic signal, either in the form of an
impaired integrity of a monolayer or of a chemotactic gradient, vectorial move­
ment ensues. Thus targeted, protrusion of lamellipodia at a leading edge coincides
with the formation ofnew focal adhesions; simultaneously, the developing traction
of a trailing edge is accompanied by the dissolution of previously formed focal
contacts [64,65]. These coordinated activities ensure attachment of the leading
edge to the substratum and "pulling" of the cell body in the direction of the
movement. For these reciprocal processes to occur in synchrony, the cytoplasmic
microenvironment at the leading and trailing edges should be efficiently compart­
mentalized to accommodate the simultaneous action of opposing signaling cas­
cades. Indeed, several investigators observed the development of chemical gradi­
ents within a moving cell, as schematically depicted in Fig. 5-5. Singer and
Kupfer [8] have provided evidence that the microtubule-organizing center and
the Golgi apparatus rapidly reorient themselves in the direction of movement in
cultured endothelial cells or fibroblasts rendered motile by inflicting wound to
the monolayers. This polarization of organelles within cells destined to migrate
occurs with a half-time of several minutes and long before a leading edge has
been formed. In many cells, application of microtubule-depolymerizing agents
inhibits migration, in agreement with a role for the microtubule-organizing center
and microtubules in cytokinesis. The leading edge is characterized by actin
polymerization and gelation of the cytoplasm, whereas F-actin depolymerization
and solation of the cytoplasm occur predominantly at the trailing end. Moreover,
myosin is excluded from the lamellipodium and actin is concentrated within this
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Chemical gradients within a moving cell
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Calmodulin activity

Myosin II phosphorylation

K+ channel activity

Figure 5.5 Established and hypothetical chemical gradients within a moving cell. Solid
lines represent the established gradients; dotted lines show hypothetical gradients. MTOC =
microtubule-organising center; GA =Golgi apparatus. Reprinted from Experimental Ne­
phrology 4: 314-321, 1996 with permission by S. Karger AG.

structure [8]. Uncapping the barbed ends of actin filaments, paralleled by the
release of actin monomers from the tymosin ~4 and increased availability of
actin, result in the nucleated growth of actin filaments at the leading edge [10].
Newly growing actin filaments undergo bundling and cross-linking, leading to
cytoplasmic gelation and volume expansion by osmotic gel force, thus providing
mechanical thrust to form and extend cell protrusions.
In view of the role of actin filaments in cytoskeletal structure and function,

several investigators addressed the question ofNO effects on F-actin. In subcellu­
lar fractions of neutrophils, NO caused ADP ribosylation of a 43-kDa cytosolic
protein identified as actin but not the Gai protein which is the substrate for
pertussis toxin [66]. The functional significance of these in vitro observations is
unclear. In intact cultured endothelial cells, however, neither L-arginine nor
L-NAME elicited any changes in actin cytoskeleton [67]. Pretreatment of endothe­
lial cells with a phorbol ester revealed that L-arginine elicits the increased phalloi­
din staining of the peripheral band and prevents the increase in permeability to
40-kDa dextran, whereas L-NAME produces the opposite effect. These data are
consistent with an NO-induced increase in F-actin. In contrast, the polymerization
of actin was decreased after application of a long-acting NO donor S-nitroso-N­
acetylpenicillamine [15]. Hence, these discrepant observations demonstrate that
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the elucidation of the role played by NO in actin cytoskeleton is far from be­
ing resolved.
It has been observed that migrating neutrophils or newt eosinophils are charac­

terized by a gradient in cytosolic free calcium concentration ([Ca2+l): it is elevated
at the trailing end and decreased in the front of a cell [68,69]. When a cell
changes its direction of movement, in response to a repositioned chemotactic
target, the [Ca2+l gradient reestablishes with enhanced levels at the newly formed
trailing end [68]. This gradient may be responsible for the uneven activation of
calcium-dependent potassium channels, as it was observed in transformed MDCK
cells [70], although the exact mechanistic role of these channels in locomotion
is unknown. It appears that this [Ca2+l gradient is important for cell locomotion.
Chelation of cytosolic calcium or pretreatment of neutrophils with an inhibitor
of calcium-calmodulin-sensitive protein phosphatase 2B, calcineurin, abolished
cell migration by interfering with the release of cells from sites of attachment
while preserving the ability to form lamellipodia [69]. Given the role of integrins
in the formation of focal adhesions, the participation of these molecules in the
above reciprocal processes can be envisaged. Indeed, the activity of calmodulin
and the phosphorylation of myosin II at the trailing end are increased compared
to the leading edge, thus providing a motor force in the tail [71]. It is highly
possible that several Ca-dependent enzymes are also activated at the rare portion
of the cell; among them, the activation of actin-severing proteins, like gelsolin,
would be of great pertinence. Activation of these proteases will lead to actin
depolymerization, liberation of focal adhesions from anchorage to actin filaments,
and the loss of attachment to a substrate at the trailing end. This hypothetical
mechanism can explain the predominant solation of the trailing portion of the
migrating cell and the localized destabilization of focal adhesions. In fact, when
elevations of cytosolic calcium are inhibited, neutrophils become stuck to fibro­
nectin or vitronectin [72].
The puzzling question is: What keeps the low [Ca2+]j at the leading edge?
Although the answer to this puzzle is unknown, some observations may suggest
a possible mechanism. Recent findings in migrating epithelial cells showed that
iNOS becomes preferentially polarized to the front portion, where the Golgi
apparatus is located [106]. We postulated, therefore, that NO production follows
this iNOS gradient from the leading edge, where it is highest, to the trailing end
of the cell. If this inference is correct, the NO cyclic GMP-GMP kinase signaling
cascade, activated in the cell front, should result in the inhibition of calcium
release from the endoplasmic reticulum. This inference is based on the previously
reported action of protein kinase G on G proteins, inhibiting the inositol 1,4,5­
trisphosphate production [73] (although it may also act by accelerating the extru­
sion or compartmentalization of the released calcium). In CHO cells transfected
with cGMP-dependent protein kinase, thrombin-induced formation of inositol
trisphosphate and calcium release were blunted by pretreatment with 8-bromo­
cGMP. Such a mechanism would explain the observed paradoxical generation
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and maintenance of a low-[Ca2+1 microenvironment at the leading edge, against
the principle of the propagating calcium-induced calcium release from the intracel­
lular [Ca2+] stores. Obviously, these speculations are awaiting experimental proof.

3.4. Cell Adhesion and Motility: Potential Targets of NO

Based on the previous discussion, it is clear that cell migration proceeds by
virtue of coordinated establishment of focal adhesions at the leading edge, thus
preventing its slippage, and dissociation of focal adhesions at the cell's trailing
end, thus permitting forward movement. It is not surprising, therefore, that both
the excessive cell adhesion, as well as prevention of cell attachment should cause
inhibitory effects on cell motility, thus conforming with the classical meden
agan-nothing in excess-principle. Indeed, experimental evidence shows that
agents which only mildly destabilize focal adhesions (e.g. hyaluronate or low
concentrations ofRGD peptides [65,69]), enhance cell migration, whereas exces­
sive deposition of matrix proteins inhibits it. Several integrin receptors contribute
to locomotion. Receptors responsible for cell motility are occasionally distinct
from those responsible for cell adhesion and spreading, as it was convincingly
demonstrated for smooth muscle cells expressing ~l receptors involved in adhe­
sion and ~3 integrins governing migration [74]. In endothelial cells, the aV~3
receptor is responsible for adhesion, spreading and migration on vitronectin; but
when cells are cultured on collagen, all these functions are handled by the a2~1
integrin [75]. Monoclonal antibodies directed to the a chain of collagen receptor,
a2~1 integrin, in endothelial cells cultured in collagen gels converted them from
a proliferative phenotype toward locomotive phenotype, resulting in enhanced
capillary tube formation [76]. When endothelial cells were cultured in collagen
gels of increased density, the capillary tube formation, however, was decreased.
In in vivo studies, Friedlander et al. [77] demonstrated the involvement of predom­
inantly aV~3 in bFGF-induced angiogenesis, and aV~5 in the VEGF-induced
process. In view of the role of protein tyrosine kinase FAK in the formation of
focal adhesions, as discussed above, the recent studies in FAK-deficient mice
(FAK gene was mutated by inserting the neomycin phosphotransferase gene in
the beginning of its kinase domain) revealed reduced cell motility and enhanced
focal adhesion formation in primary-cultured fibroblasts [78]. These data impli­
cate FAK in the turnover of focal adhesions during cell locomotion, thus reinforc­
ing the above notion on the relationship between adhesion and migration.
In this vein, the observed effects of NO on cell migration should be gauged.
As shown in Fig. 5-6, endothelial cell migration is enhanced by stimulation of
NO production [106]. We have next determined the effects of NO on endothelial
cell attachment and detachment. When suspended cells were allowed to attach
to fibronectin in the presence of SNAP, cell adhesion was decreased. Conversely,
when SNAP was added to confluent endothelial cell monolayers, cell attachment
to fibronectin was decreased. These findings suggest that the observed enhance-
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Figure 5.6 Transwell migration of microvascular endothelial cells. Endothelial cell mi­
gration was initiated by the addition of 10 ng/ml EGF (control). In the presence of
L-arginine, the number of migrated cells was increased, whereas L-NAME blocked migra­
tion. Experiments were performed in arginine-free culture medium. * denotes p<.05 versus
control; ** denotes p<.05 versus L-arginine + L-NAME. (Modified from Ref. 106.)

ment of endothelial cell migration by NO is due in part to its effect on integrins,
most probably aVB3 integrins, which are responsible for endothelial cell adhesion
and locomotion. The exact mechanism whereby NO acts on integrins and/or
formation of focal adhesions remains elusive. The potential sites of NO action
are summarized in Fig. 5-7. As discussed above, extracellular domains of integrins
are folded by disulfide bonding and Bsubunits contain four cysteine-rich repeats.
These SH- and S-S groups may represent targets for nitrosylation [79], resulting
in conformational changes of heterodimeric receptors. Although this mechanism
is plausible, its existence awaits experimental proof.
The second potential target for NO is located on the cytoplasmic domain of
focal adhesions and is related to tyrosine phosphorylation of components of focal
contacts. Tyrosine phosphorylation is critical for cell motility [80]. It is important
to emphasize, therefore, that integrins and growth factor receptors converge within
the focal adhesion complex [81], thus providing a spatial compartmentalization for
tyrosine kinase and its substrates. As mentioned earlier, formation of focal con­
tacts is accompanied by tyrosine phosphorylation of several constituents of focal
adhesions [82], and the dissociation of focal contacts results in activation of
phosphotyrosine phosphatases [61]. Because phosphotyrosine protein phospha­
tases contain two highly reactive thiol groups within the active site, Caselli et
al. [83] explored the hypothesis that NO may regulate the activity of the enzyme.
Using a low-molecular-weight phosphotyrosine protein phosphatase as a model
representing a common reaction mechanism and active site motif, these investiga­
tors demonstrated its inactivation by NO donors. In view of the possible head­
to-tail NO gradient in migrating cells, the above NO-induced mechanism of
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NO

Figure 5.7 Potential sites of NO action within the focal adhesion complex (see text for
the details). Reprinted from Experimental Nephrology 4: 314-321,1996 with permission
by S. Karger AG.

phosphotyrosine phosphatase inactivation has a potential to facilitate formation
of focal adhesion at the leading edge and promote locomotion.

4. Pathophysiological Implications of Disturbances in NO Regulation of
Adhesion and Migration

4.1. NO and Atherosclerosis

Studies by DeCaterina et al. have demonstrated an increase in monocyte adhesion
to endothelial cells treated with NOS inhibitors [16]. Neointimal formation is
NO dependent and is enhanced after endothelial injury, but NO prevents it [16].
It has been shown that NO exerts antiproliferative effect on vascular smooth
muscle cells [24]. Based on these findings, it was suggested that NO exerts an
antiatherogenic effect [84].
Endothelial production of NO is inhibited in hypercholesterolemia and athero­

sclerosis, in some forms of hypertension, and after tissue ischemia and reperfusion
[85-90]. Indeed, it has been recently found that oxidized low-density lipoprotein
decreases the expression of endothelial NO synthase [91]. Collectively, these
observations shed light on the additional beneficial mechanisms of therapy with
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organic nitrates and justify the search for means of targeted NOS gene delivery
[25] and/or development of long-lasting NO adducts [92].

4.2. NO and Platelet Thrombi

As detailed earlier, platelet activation by collagen, thrombin, or ADP elicits an
increase in platelet [Ca2+] which, in tum, transforms the fibrinogen receptor from
a dormant to the active conformation [93], thus triggering platelet aggregation.
The process is self-limited by virtue of concomitant stimulation of NOS and
production of NO. It has been shown that NO-induced inhibition of platelet
aggregation is due to a decrease in affinity for fibrinogen binding to its receptor,
explaining the decrease in number of fibrinogen molecules bound to the platelet
surface [94]. Exogenous NO donors have been used as antithrombotic agents for
a long time. Probably, in pathophysiological situations accompanied by increased
platelet aggregability, the endogenous NO generation is insufficient, advocating
the use of NO or S-nitrosothiol donors [30]. It has been observed by Loscalzo
[92] that both nitroglycerin and nitroprusside inhibit platelet aggregation, and
this process was accompanied by the elevation of intraplatelet cGMP levels.
Conversely, inhibition ofNO production is complicated by excessive thrombogen­
esis and vascular occlusion, as has been demonstrated by Westberg et al. [95].
Most recently, an NO-releasing aspirin derivative, acetylsalicylic acid 4-(nitroxy)­
butylester, with vastly enhanced antiplatelet activity has been synthesized and
tested in vitro and in vivo [96]. Thus, the deficient generation of endogenous NO
can be overcome with various NO donors, resulting in the therapeutic inhibition of
platelet aggregation.

4.3. Angiogenesis and Its Targeted Stimulation or Inhibition

Angiogenic stimuli fall into one of two categories: They are either beneficial,
providing supplemental circulation to functioning organs, or they are pathological,
emanating from neoplastic tissues. In the first case, ischemic myocardium or
other tissue is the source of angiogenic growth factors (e.g., vascular endothelial
growth factor) [97]. Despite the local presence of angiogenic stimuli, their efficacy
may be diminished due to an inadequate generation of NO by the endothelial
cells. As demonstrated earlier, production of NO is a prerequisite for endothelial
cell migration induced by vascular endothelial growth factor [22] or substance P
[21]. This scenario would call for a means to enhance NO generation. Conversely,
inhibition of tumor angiogenesis and growth [98,99] or enhanced vascularization
in diabetic retinopathy may require local suppression of NO production.
Occasionally, the need to therapeutically enhance and inhibit angiogenesis

exists simultaneously, as in atherosclerosis. On the one hand, stimulation of
vascularization of ischemic tissues is in demand, whereas, on the other, prevention
of developing vasa vasorum within the atherosclerotic vascular wall (the frequent
site of hemorrhage and thrombosis) represents a therapeutic goal. Because it is
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rather difficult to accomplish both, strategies for the targeted gene therapy, like
Sendai virus transfer of the eNOS gene to denuded arteries [25], are under intense
investigation [100].

4.4. NO and Wound Healing

Studies of L-arginine metabolism in wound fluid revealed an early pattern of
NOS activation, as judged by the increase in NO and L-citrulline generation,
followed by activation ofarginase and a significant decrease in the local L-arginine
availability, accompanied by an increase in L-ornithine, a substrate for synthesis
of polyamines [101-103]. It was therefore surmised that the latter arginase-L­
ornithine-polyamines pathway is essential for wound healing, and the stimulatory
effect of polyamines on migration has been demonstrated in two intestinal epithe­
lial cell lines [104]. Similarly, in a randomized double-blind study, L-arginine
stimulated wound healing in elderly patients [105]. The above-mentioned observa­
tions from our laboratory [106] suggest that, in addition to the stimulation of
polyamines pathway in the process of wound healing, L-arginine is utilized for
the synthesis of NO which is required for the epithelial wound healing.

5. Conclusions

We have summarized herein available information on adhesion and migration
of diverse cells as they are affected by NO, discussed the mechanics of cell
adhesion and locomotion, delineated some established or possible targets of NO
action, and outlined the pathophysiological consequences of inappropriate NO
regulation of adhesion and migration. The gestalt of this chapter implies that
archaic functions such as adhesion and migration utilize an archaic regulatory
mechanism, NO production, and that disregulation of these fundamental proper­
ties of a living matter brings about ominous sequelae.
Several potential sites for NO regulation of adhesion and migration have been

proposed. It appears that NO affects integrin receptor affinity toward its ligands.
This mode of NO action is crucial for the effect on platelet aggregation, osteoclas­
tic bone resorption, and neutrophil or monocyte adhesion to the endothelium.
Directional migration of many cells consists of a turnover of focal adhesions
creating a nonvectorial "tap dancing," which we termed podokinesis, and vectorial
protrusion of lamellipodia accompanied by the traction of cell body along a
gradient in the concentration of a chemoattractant. Recent findings show that
NO increases the turnover of focal adhesions, thus agitating cellular "tap dancing."
Furthermore, in some moving cells, a head-to-tail gradient in NO production
may be responsible for the decreased cytosolic calcium concentration at the
leading edge. This intracellular calcium gradient, in tum, seems to be critical for
the development of gel-sol anisotropy and coordinated attachment-detachment
of focal adhesions in the locomoting cell. Finally, NO may act on protein tyrosine
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phosphatases, G-proteins, and F-actin, thus modulating cell-matrix adhesion
and migration. The typical examples of NO participation in cell migration are
represented by its effects on angiogenesis and epithelial wound healing. Disregula­
tion of these NO-linked functions is associated with either a deficient angiogenesis
in atherosclerosis or excessive neovascularization of some tumors, as welI as a
defective wound healing.
A more profound future understanding of the role played by NO in processes

of cell adhesion and migration should open new vistas in therapeutic use of its
donors or inhibitors. The seeds of such approaches (e.g., NO adducts or selective
inhibitors of NOS) have already been planted. However, the rational use of this
universal celI messenger or inhibitors of its synthesis will require additional efforts
in designing strategies for their effective targeting to a selected cell population.

Note Added in Proof

Studies from authors laboratory were supported by NIH grants DK45695 and
DK45462. Permissive role of NO in endothelin-induced migration of endothelial
cells has been described most recently by Noiri et al. in 1. BioI. Chern. 272:
1747-1752, 1997.
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Metabolic Pathways and Cycles of L-Arginine
Synthesis and Utilization

Saulo Klahr

In addition to its role in the synthesis of proteins, the amino acid L-arginine
is essential for the synthesis of urea, creatine, nitric oxide, agmatine, and poly­
amines and influences the release of hormones and the synthesis of pyrimidine
bases [I]. Arginine was identified and isolated from proteins more than a century
ago [2,3]. It was not until the 1930s that its prominent role in normal metabolism
began to unfold. This chapter summarizes available information on the synthesis
of L-arginine and various pathways of its utilization: arginase-catalyzed synthesis
of urea and ornithine, production of agmatine through L-arginine metabolism
by arginine decarboxylase, and nitric oxide synthase-catalyzed conversion of
L-arginine to citrulline and NO.

1. Synthesis of L-Arginine

It has been known for more than 50 years that the kidney has a significant
capacity for converting citrulline to arginine [4,5]. The small intestine is the
principal source of circulating citrulline in adult mammals [6]. The synthesis of
citrulline in the intestine is catalyzed by carbamoyl phosphate synthetase and
ornithine transcarbamoylase, which are located in mucosal epithelial cells [7,8].
The regulation of carbamoyl phosphate synthetase and ornithine transcarbamo­
ylase in the intestine differs from that in the liver. The activity of these two
enzymes in the small intestine is either unaffected or decreased by increases in
dietary protein, whereas, in the liver, the activity of most of the enzymes of the
urea cycle is increased in response to high protein diets. [9] The roles of the
small intestine and the kidney with regard to arginine biosynthesis change during
development. Whereas levels of argininosuccinate lyase are relatively high in
the liver and kidney, they are very low in the small intestine of adults. Activities
of carabamoyl phosphate synthase and arginosuccinate synthase and lyase are
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relatively high in small intestine but low in the kidney for the first week or two
after birth [10]. This finding is consistent with the virtual absence of arginase
activity in small intestine during the first two weeks after birth, followed by a
rapid increase in the activity of this enzyme to adult levels [10-12]. Thus, the
small intestine appears to be the principal biosynthetic organ for arginine at and
shortly after birth, whereas this function is divided between the small intestine
and kidney in adults.
In 1941, the synthesis of L-arginine from L-citrulline and a nitrogen donor,

usually L-aspartic acid, in the kidney was reported. Subsequent studies by Wind­
mueller and Spaeth [6] demonstrated that the intestine is the major, almost
exclusive source of L-citrulline for the renal synthesis of L-arginine. As shown
in Fig. 6-1 approximately 28% of the glutamine, an end product of amino acid
catabolism in muscle, is removed by the intestine from the circulation and released
into the bloodstream as L-citrulline [13]. Smaller amounts, less than 0.025%, of
the L-citrulline is taken up by the liver and 83% is converted to L-arginine in
the kidney [6]. In vitro studies revealed that endothelial cells incubated with
glutamine concentrations about one-third [14] to one-half [15] those found in
normal plasma, significantly inhibit the recycling of L-citrulline into L-arginine
and thus may affect the production of nitric oxide [14].
It has also been reported that the renal proximal tubule is the major site of

synthesis of L-arginine in rat [16], mouse, and rabbit [17]. Although arginase is
present in other segments of the nephron, this metabolic pathway accounts for
only 6% of the metabolism of L-arginine in the proximal tubule [18]. Arginase
activity, as described above, has also been observed in glomeruli obtained from
rats with nephrotoxic nephritis [19], in fibroblasts [20], and in macrophages [21].
Most of the L-arginine synthesized in the proximal tubule enters the systemic
circulation and only a small portion is utilized and metabolized to urea in the
kidney. Thus, the kidney has a key role in maintaining a constant supply of
L-arginine for utilization by other organs, as demonstrated by Featherson et al.
[22]. These investigators administered labeled L-citrulline intravenously to rats
and studied its conversion to L-arginine in muscle, liver, brain, and kidney. They
found significantly lower levels of labeled L-arginine in animals with bilateral
nephrectomy performed 1 h prior to the administration of the labeled citrulline
than in similar animals with intact kidneys with or without hepatectomy [22]. In
the rat [23] and in humans [24], the conversion of L-citrulline to L-arginine in
the kidney is constant and independent of the intake of L-arginine or protein. As
a result, L-arginine homeostasis is achieved by a balance between dietary intake
and L-arginine degradation. When L-arginine degradation and/or utilization is
increased (such as in growth, wound healing, trauma, injury, and sepsis), L-argin­
ine becomes an essential amino acid [24] and its dietary intake should be increased.
Under physiological conditions, the plasma levels of L-arginine and the utilization
of L-arginine by extrarenal organs depend on the synthesis of this amino acid in
the kidney by a mechanism that appears to be independent of the level of the
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Figure 6-1. Sources and synthesis of L-arginine: intestine and kidney. [From Reyes,
A.A., Karl, I.E., and Klahr, S. Role of arginine in health and in renal disease. Am. J. Physiol.
267 (Renal Fluid Electrolyte Physiol. 36), F331-F346 (1994). Used with permission.]

dietary intake of L-arginine or the dietary intake of protein. However, homeostasis
of L-arginine is related to the net difference between the metabolic turnover of
L-arginine and its supply in the diet. The normal plasma levels of arginine are
approximately 80-100 !1M and intracellular concentrations are even greater (up
to I mM).
The role of the kidney in maintaining plasma levels of L-arginine has been

examined in normal humans and in patients with chronic renal failure. Tizianello
et al. [25] found an arteriovenous renal gradient for L-citrulline and for L-arginine
in normal humans indicating renal uptake of L-citrulline and renal release of
L-arginine. Both processes (i.e., net uptake of L-citrulline and net release of
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Table 6-1. Plasma Levels of Free L-Citrulline and L-Arginine in Healthy Subjects
and in Patients with Varying Degrees of Renal Insufficiency

Creatinine Clearance

Hemodialysis
25-60 mUmin

Controls (n =33)
10-25 mUmin

(n = 46)
<10 mUmin

(n =59) (n =52) (n = 32)

L-Cit, !1mollL
L-Arg, !1mollL
L-Arg/L-Cit

30 ± 14
81 ± 21
2.70

57 ± 20
67 ± 24

1.18

73 ± 27
67 ± 21
0.92

85 ± 41
76 ± 30
0.89

106 ± 52
77 ± 35
0.73

Note: Values are means ± SE.
Source: Adapted from Jungers, P., Chauveau, P., Ceballos, 1., Bardet, J., Parvy, P., Hannedouche,

T., and Kamoun, P. Plasma free amino acid alterations from early to end-stage chronic renal failure.
1. Nephrol. 7,48-54 (1994).

L-arginine) were of similar magnitude, suggesting that the L-citrulline entering
the kidney was converted to arginine, which was then released into the renal
vein. The same group [26] reported that L-citrulline uptake and L-arginine released
by the kidneys of patients with chronic renal insufficiency decreased to approxi­
mately 40% of values found in normal controls. Jungers et al. [27] found an
inverse relationship between renal function and plasma levels of citrulline (Table
6-1). A progressive decrease in renal function (creatinine clearance) was associ­
ated with higher plasma levels of citrulline. Other investigators have reported
similar findings [28,29].

2. Metabolism of L-Arginine

2.1. Urea Cycle

Studies on the synthesis of urea in liver slices incubated with arginine, citrulline,
or ornithine, which allowed Krebs and Henseleit to postulate the existence of
the urea cycle in 1932 [30], also established the key role of arginine in a major
metabolic pathway. The urea cycle is an essential metabolic pathway for disposal
of the toxic metabolite ammonia in most terrestrial vertebrates. On the other
hand, in marine elasmobranchs, the urea synthesized by this pathway is used for
osmoregulation [31]. The reactions and intermediates in the biosynthesis of I
mole of urea from I mole each of ammonia and carbon dioxide and of the alpha
amino nitrogen of aspartate are shown in Fig. 6-2. The overall process requires
3 moles of ATP and the successive participation of five enzymes catalyzing the
numbered reactions shown in Fig. 6-2. Of the six amino acids involved in urea
synthesis, one, n-acetyl-glutamate, functions as an enzyme activator rather than
as an intermediate. The remaining five amino acids, aspartate, arginine, ornithine,
citrulline, and arginosuccinate, all function as carriers of atoms which ultimately
become urea. Two of these amino acids (aspartate and arginine) occur in proteins;
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Figure 6-2. Reactions and intennediates of urea biosynthesis. Reactions I and 2 occur
in the matrix of liver mitochondria and reactions 3-5 in liver cytosol. CO2 (as bicarbonate),
ammonium ion, and ornithine and citrulline traverse the mitochondrial matrix via specific
carriers (0) present in the inner membrane of liver mitochondria. (From Rodwell, V.W.
Catabolism of proteins and of amino acid nitrogen. In: Harper's Biochemistry, 23rd ed.
Eds. Murray, R.K., Granner, D.K., Mayes, P.A., and Rodwell, V.W. Appleton & Lange,
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the remaining three (ornithine, citrulline, and arginosuccinate) do not. The major
metabolic role of these latter three amino acids in mammals is urea synthesis.
As noted in the Fig. 6-2, urea formation is in part a cyclical process. The ornithine
used in reaction 2 is regenerated in reaction 5. Thus, there is no net loss or
gain of ornithine, citrulline, arginosuccinate, or arginine during urea synthesis;
however, ammonia, CO2, ATP, and aspartate are consumed. Both enzymes,
carbamoyl phosphate synthetase (reaction I) and L-ornithine transcarbamoylase
(reaction 2), are located in liver mitochondria. Reaction 5, the cleavage of arginine
to ornithine and urea, completes the urea cycle and regenerates ornithine as a
substrate needed for reaction 2. Hydrolytic cleavage of the guanidino group of
arginine is catalyzed by a cobalt- or manganese-activated enzyme, arginase,
which is present in the livers of all ureotelic organisms. Smaller amounts of
arginase are also present in renal tissue, brain, mammary gland, testicular tissue,
and skin. Arginase is also present in macrophages. Ornithine and lysine are potent
competitive inhibitors of arginase. Although the full complement of enzymes of
the urea cycle is expressed only in the liver, some of the enzymes ofthis metabolic
pathway are expressed also in the kidney and small intestine, thereby constituting
an independent arginine biosynthetic pathway.
The urea, formed mainly in the liver, is not further metabolized; it is distributed

in total body water and is excreted by the kidney. Since the beginning of this
century, it has been known that urea production in adult humans varies as a
function of dietary protein intake [32]. Changes in liver arginase activity related
to changes in dietary protein intake were reported in 1939 [33]. This study
represents one of the earliest examples of metabolic adaptation at the level of
enzyme activity in mammals. In the 1960s, it was demonstrated that activities
of all five urea cycle enzymes in rat liver varied as a function of dietary protein
intake [34-36]. Activities of the urea cycle enzymes are highest in response to
starvation and high-protein diets and are reduced in response to low-protein or
protein-free diets [37-43].

2.2. Synthesis of Creatine and Creatinine

L-Arginine is also involved in the synthesis of creatine and creatinine (Fig. 6-3).
Creatine is present in muscle, brain, and blood, both in the free state and as
phosphocreatine. Creatinine is the anhydride ofcreatine [44]. Three amino acids­
arginine, glycine, and methionine-are directly involved in the synthesis of
creatine. L-Arginine is initially converted to guanidino acetic acid by the addition
of L-glycine and, subsequently, guanidino acetic acid undergoes methylation in
the liver to form creatine, which is then transported to muscle and actively taken
up by this organ. Creatine undergoes a nonenzymatic and irreversible dehydration
to form creatinine at a constant rate of 1-2% per day. The amount of creatinine
formed is dependent on muscle mass [45]. Creatinine is not retained in muscle
and may be further metabolized [46] and even recycled to creatine [47]. Creatinine
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Figure 6-3. Biosynthesis of creatine and creatinine. (From Rodwell, V.W. Conversion
of amino acids to specialized products. In: Harper's Biochemistry, 23rd ed. Eds. Murray,
R.K., Granner, D.K., Mayes, P.A., and Rodwell, V.W. Appleton & Lange, Norwalk, CT,
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is distributed in total body water and eliminated by the kidney by filtration and
tubular secretion.

2.3. Synthesis of Nitric Oxide

Ametabolic pathway that utilizes L-arginine as an exclusive precursor is the synthe­
sis of nitric oxide with the release of L-citrulline (Fig. 6-4) by cells containing the
enzyme(s) nitric oxide synthase [48-50]. The formation of nitric oxide, one of the
smallest (30 Da) and simplest biosynthetic products, is catalyzed by enzymes that
are among the largest (300 kDa) and most complicated. Nitric oxide synthases are
homodimers whose monomers are themselves two enzymes fused, a cytochrome
reductase and a cytochrome, that require three cosubstrates [L-arginine, nicotin­
amide adenine dinucleotide phosphate (NADPH), and oxygen] and five cofactors
of prosthetic groups [flavin adenine dinucleotide (FAD), flavin mononucleotide
(FMN), calmodulin, (6R)-tetrahydrobiopterin, and heme). The Michaelis-Menton
constant (Km) for arginine use as a substrate for NO synthase is on the order of
1-10 IlM. Thus, there would appear to be a vast surplus ofsubstrate (plasmaconcen­
tration of L-arginine is 80-100 flM). Nitric oxide has a half-life of only a few sec­
onds, but its biological activity may last 1-2 min because of the in vivo formation
of complexes of nitric oxide with S-nitroso adducts [51].
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Figure 6-4. Major pathways of L-arginine metabolism. L-Arginine may be metabolized
by the urea cycle enzyme arginase to L-ornithine and urea, by arginine decarboxylase to
agmatine and CO2, or by nitric oxide synthase to nitric oxide (NO) and L-citrulline.

As described elsewhere in this book, nitric oxide has a key role in the regulation
of vascular tone [52], immune system function [53], neurotransrnission [54,55],
and platelet aggregation and adhesion [56], among other processes (Fig. 6-5 and
Chapters 2, 5, and 8). Most of the effects of NO are mediated by second messen­
gers, mainly cyclic GMP and protein kinases. Nitric oxide is synthesized from
L-arginine in a reaction catalyzed by one of a family of nitric oxide synthase
enzymes [57-59]. There are three major isofonns of nitric oxide synthase, which
are encoded by three separate genes (see chapters 3 and 4). It is now known that
all nitric oxide synthase (NOS) isofonns require L-arginine, oxygen, and NADPH
as cosubstrates and FAD, FMN, heme, and (6R)-tetrahydro-L-biopterin as cofac­
tors [60-62 and Chapter 3). Constitutively expressed NOS depends on an addi­
tional cofactor, calmodulin [63-65]. Elevated calcium levels lead to the binding
of calmodulin to NOS and subsequent activation of the enzyme. A calmodulin
consensus sequence also has been found in the inducible fonn of NOS (iNOS),
thus pointing to a calcium-calmodulin dependence in the macrophage type iNOS,
which requires much less calcium than constitutive NOS (cNOS). Once generated,
NO is not very reactive under physiologic pH, but its paramagnetic properties
(odd number of electrons) account for its strong binding affinity for the heme
iron and thereby its inactivation by hemoglobin and other hemoproteins [66].
The same mechanism applies for the activation of soluble guanylate cyclase,
because NO binds to the heme group of this enzyme. Reduced iron (Fe2+) in the
fonn of heme is required for the activation of soluble granylate cyclase, which
represents the main molecular target of NO, although NO also interacts with a
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Figure 6-5. Synthesis and functions of nitric oxide. CNS, central nervous system; PNS,
peripheral nervous system; NOS, nitric oxide synthase; GC, guanylate cyclase. [From
Reyes, A.A., Karl, I.E., and Klahr, S. Role of arginine in health and in renal disease. Am.
J. Physiol. 267 (Renal Fluid Electrolyte Physiol. 36) F331-F346 (1994). Used with per­
mission.]

variety of other iron-sulfur enzymes [50] and promotes adenosine diphosphos­
phate ribosyl transfer [67].

2.4. Nitric Oxide Synthases

The expanding family ofNOS isoforms can be divided into inducible and constitu­
tive isoforms. The first isoform purified and cloned was discovered in neurons
but is also present in skeletal muscle, neutrophils, pancreatic islets, endometrium,
and respiratory and gastrointestinal epithelium. The isoform purified and cloned
from endothelial cells is also expressed in neurons [68]. The isoform first purified
and cloned from macrophages is inducible in cell types from all branches of the
histogenetic tree, among them neurons and endothelial cells [69]. Thus, cell-type
designations can be exceedingly confusing. Ambiguity is minimized by a one-
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to-one correspondence between names and genes, achieved by simplifying an
earlier numerical nomenclature. However, most workers in the field use descrip­
tive terms. A useful classification discriminates NO synthases on the basis of a
physiological critical biochemical feature, dependence on a calcium transient
(greater than 100 nM) in the whole cell to sustain the binding of calmodulin,
signified by the letter "c," versus independence of elevated calcium to bind
calmodulin [70], denoted by the letter "i." These terms have led to some confusion
when chelation of virtually all the calcium in cell lysate has partially inactivated
iNOS in some species; such results do not imply that the activity of the enzyme
is dependent on calcium above the concentration present in the resting cell. The
two cNOS are generally constitutive in the developed mammalian organism,
whereas iNOS is generally inducible.
Nitric oxide synthases can be characterized also as low versus high output. A

determinant of these phenotypes is the duration of NOS activity in natural host
cells under physiological conditions. Because activity of the constitutive NOS
is triggered by agonists that increase calcium, it is transient (seconds to minutes).
Effective agonists are many, ranging from bradykinin, thrombin, and sheer stress
in endothelial cells, to glutamate, human immunodeficiency gp virus (HIVGP)
120 [71], and a p-arnyloid peptide in neurons [72]. In addition, the Vmax of
endothelial cNOS is reportedly far less than the Vmax of neuronal cNOS and
iNOS. Hence, constitutive NOSs comprise the low-output pathway involved in
homeostatic processes such as regulation of blood pressure, neurotransmission,
and peristalsis. Nonetheless, in some circumstances, such as stimulation of neu­
rons in vitro, neuronal cNOS can contribute to cellular toxicity. In contrast, iNOS
lies on the high-output path. Some normal tissue may express iNOS antigens,
such as the uterus of the pregnant rabbit [73] and large airways in humans [74].
However, expression of iNOS is more often related to infection or inflammation
and involved in host defense. Inductive signals include a wide range of microbes
and microbial products, some tumor cells, and numerous cytokines, often in
synergistic combinations [50]. The stimuli which lead to the upregulation of
iNOS vary with cell type and species and in some cases an array of cytokines
is necessary for induction. In rodent macrophages, interferon gamma is a potent
inducer and this effect is potentiated by tumor necrosis factor a (TNFa), interieu­
kin-l (IL-l), and lipopolysaccharide [50,75-77]. There are a number of agents
that are also capable of suppressing iNOS induction, including glucocorticoids,
macrophage deactivating factor, isoforms of transforming growth factor beta
(TGF-P), platelet-derived growth factor (PDGF), epidermal growth factor, IL-4
and IL-IO [50,75,76]. For reasons which are not understood, inducible NOS
appears to be particularly sensitive to changes in extracellular arginine [78].

2.5. Regulation of Nitric Oxide Synthases

Different physiologic agents may upregulate or downregulate the activity ofNOS.
Agonists may increase the synthesis of NO within seconds or a few minutes by
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acting on constitutive NOS (eNOS) without affecting transcription or translation.
This effect requires calmodulin binding, an event controlled by the level of
intracellular calcium. Agonists in this category include bradykinin, acetylcholine,
leukotrienes, platelet-activating factor, excitatory amino acids, and calcium iono­
phores. "Stretch" and electric stimulation have an important role in endothelium­
dependent vasodilatation [50,79]. Other cells which respond with a rapid and
transitory release of NO in response to such agonists include peripheral blood
neutrophils, mast cells, and some neurons [50,66,80]. No evidence for downregu­
lation of eNOS, once these enzymes are activated, is available. However, at the
mRNA level, tumor necrosis factor ex (TNFex) may downregulate cNOS protein
expression activity in endothelial cells by shortening the mRNA half-life [81,82].
It has been shown that NO per se can downregulate NOS in the cerebellum [83].
Agents that increase NO synthesis through inducible nitric oxide synthases (iNOS)
do so within hours. Their action may be prevented by inhibiting transcription
and translation using drugs such as actinomycin D and cycloheximide.

2.6. Mechanism of Action of Nitric Oxide

Nitric oxide is a highly diffusable gas within and between cells and exerts its
actions by binding to a diversity of target molecules. The major target sites are
metal- and thiol-containing proteins. Nitric oxide has a higher affinity for iron,
both heme and nonheme iron in the prosthetic groups of protein. It is the affinity
for heme groups which leads to the activation of soluble guanylyl cyclase and
the synthesis of cyclic GMP. Other heme enzymes to which nitric oxide binds
include cyclooxygenase, the activity of which is increased [84], and nitric oxide
synthase itself, which may be inhibited. The binding of NO to iron-containing
enzymes is also a major mechanism of cytotoxicity; it binds to iron-sulfur
clusters and enzymes of the mitochondrial electron transport chain, inhibiting
mitochondrial respiration and cis-aconitase. A reaction of NO with thiol groups
may also regulate protein functions. Some thiol-containing proteins, such as
plasminogen activator, are upregulated by nitrosylation, whereas several enzymes,
such as protein kinase C, cathepsin B, aldolase, and glyceraldehyde 3-phosphate
dehydrogenase, are inhibited. Formation of S-nitroso thiols may also be a mecha­
nism by which the activity of NO, as, for example, a vasodilator, is maintained
for longer periods than would be expected for free NO [85].

2.7. Synthesis ofAgmatine

Agmatine [4-amino butyl guanidine] has long been known to be a biochemical
component in bacteria, but it was not recognized as a product in mammalian
systems until recently. Agmatine and arginine decarboxylase, which catalyzes
the formation of agmatine from arginine (Fig. 6-6), were recently shown to be
present in mammalian brain [86]. Previous studies had identified a component
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Figure 6-6. Synthesis of agmatine from arginine catalyzed by the enzyme arginine
decarboxylase (ADC).

of calf brain that competed with c10nidine for binding to <Xz-adrenergic receptors
[87] and which also bound to imidazoline receptors [88,89]. The latter class of
receptors is found in the central nervous system, but an endogenous ligand for
these receptors had not previously been identified. This "c1onidine-displacing
substance" was a candidate molecule for the endogenous imidazoline receptor
ligand. Li et al. [86] purified a derivatized form of c1onidine-displacing substance
which on high-performance liquid chromatographic (HPLC) analysis coeluted
with the derivatized form of agmatine. Agmatine and the c1onidine-displacing
substance exhibited closely similar properties of binding to imidazoline and az­
adrenoreceptors in vitro and closely similar abilities to stimulate epinephrine or
norepinephrine release in a dose-dependent manner in a az-adreno receptor activ­
ity assay. This evidence suggests that agmatine may be the endogenous imidazo­
line receptor ligand and that it is also a noncatecholamine ligand for <Xz-adrener­
gic receptors.
Using homology-based polymerase chain-reaction amplification, we have dem­

onstrated the presence of arginine decarboxylase mRNA (Table 6-2) in tissues
involved in arginine metabolism (brain, kidney, gut, adrenal gland, and liver of
the rat) but not in organs (lung, heart) in which arginine metabolism is low or
absent [90]. The polymerase chain-reaction product from the kidney had a nucleo­
tide sequence 61% identical to that of the Escherichia coli biosynthetic arginine
decarboxylase. On a whole-tissue basis, kidney homogenates were three times
more active than brain homogenates at decarboxylating [14C]-labeled arginine.
Subcellular fractionation localized the arginine decarboxylase activity of the
kidney to the mitochondrial fraction. L-Agmatine, the product of arginine decar­
boxylation, was found to inhibit nitric oxide formation by postmitochondrial
supernatants of the brain or kidney. Thus, it appears that arginine is metabolized
to two structurally different signaling molecules, nitric oxide and agmatine.
Furthermore, preliminary evidence indicates that agmatine can influence the nitric
oxide synthase pathway. Measurements of the levels of agmatine using stable
isotope dilution gas chromatography and negative-ion chemical ionization mass
spectrometry have revealed that the highest concentration of agmatine per unit
protein mass is present in the kidney. As mentioned above, the mRNA for
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Table 6-2. Arginine Decarboxylase Activity of Rat
Brain and Kidney

Tissue

Whole brain
Whole kidney
Kidney cortex
Glomeruli
Tubules

Kidney outer medulla
Outer stripe
Inner stripe

Kidney inner medulla

Activity
(pmol CO,/hImg protein)

74 ± 3
245 ± 21, p < .004
199 ± 38
41 ± 2
165 ± 24, p < .02

240 ± 70
184 ± 18
Not greater than blank values

Note: Values shown are the mean ± SO of three separate
determinations. A heat-inactivated blank "activity" was routinely
subtracted from each value. This blank usually amounted to
10-15 pmol/hlmg protein.

Source: From Morrissey, J., McCracken, R., Ishidoya, S., and
Klahr, S. Partial cloning and characterization of an arginine
decarboxylase in the kidney. Kidney Int. 47, 1458-1461 (1995);
used with permission.

mammalian arginine decarboxylase was characterized and found to be abundant
in rat kidney compared to other rat tissues [90]. Endogenous production of
agmatine may contribute to the regulation of kidney function through binding to
irnidazoline and (X2 adrenergic receptors. Indeed, imidazoline receptor agonists
increased urinary flow and sodium excretion in rats [91]. The effects on sodium
excretion may result from inhibition of a renal tubular sodium-proton ex­
changer [92].
Early work in plants demonstrated that agmatine was avidly degraded by the

enzyme diarnine oxidase, which converts agmatine to guanidino butylaldehyde
[93]. Novotny et al. isolated diamine oxidase and found that the amino acid
sequence was identical to that of amiloride-binding protein [94]. Amiloride and
arniloride analogs significantly inhibit diarnine oxidase by binding at the active
site of the enzyme. It is of interest that aminoguanidine, a structurally simplified
version of agmatine which is known to inhibit inducible NOS [95,96], is also a
potent inhibitor of diarnine oxidase. Agmatine is a biologically active substance,
but the mode and site of its action have not been fully defined. Recent studies
suggest that this alternate pathway of arginine metabolism is of physiological
importance to renal function [97]. The perfusion of agmatine into the renal
interstitium and into the urinary space of surface glomeruli ofWistar-Fromter rats
produced reversible increases in nephron filtration rate and in absolute proximal
reabsorption [97]. Renal denervation did not alter the effects on nephron filtration
rate but prevented the changes in absolute proximal reabsorption.
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2.8 The Metabolism of L-Arginine Through the Arginase Pathway

In addition to the L-arginine-nitric oxide pathway and the L-arginine decarboxyl­
ation-agmatine pathway, L-arginine is also metabolized to L-ornithine and urea
(Fig. 6-4) by the enzyme arginase [98,99]. L-Ornithine is further metabolized to
polyamines-putrescein, spermin, spermadine-and L-proline (see Fig. 6-7) [99].
Polyamines play an important role in the regulation of cellular proliferation and
DNA and RNA synthesis, and L-proline is a substrate for collagen synthesis;
both pathways may be involved in tissue repair [100-103]. However, little is
known about the influence of cytokines on these pathways. The rate-limiting
enzyme for the polyamine synthesis, ornithine decarboxylase, and the first enzyme
of L-proline synthesis, ornithine aminotransferase, are partially controlled by
hypophyseal hormones and their activity follows a circadian rhythm. Thus, it is
possible that insulinlike growth factor 1, which is a mediator of growth hormone
effects in tissues, might playa role in the activation of these enzymes [104].
Recently, it was shown that cultured mesangial cells expressed ornithine decar­
boxylase activity following stimulation with the platelet-derived growth factor
and that the increased ornithine decarboxylase activity caused mesangial cells to

L-Arginine

iNOS -----,
(TNF'iI, n..'.IfN.T(+);
TGF·8, POGF (-II

eNOS ------'
111

Nitric Oxide (NO)

j
ODe.. Polyamines
(POGF. TGF-8?IGF-l?
(angiolensin II) (+11

Arginase ---~~ L-Ornithine
111

OAT .. L-Proline
(TGF-8?J

Figure 6-7. Schematic overview of pathways of L-arginine metabolism. Cytokines in­
volved in enzyme regulation are shown in brackets. iNOS. inducible NO synthase; eNOS,
constitutive, calmodulin-dependent NO synthase; ODC, ornithine decarboxylase; OAT,
ornithine aminotransferase; TNF-a, tumor necrosis factor-a; IL-I, interleukin-I; IFN-y,
interferon-y, TGF-~, transforming growth factor-~; PDGF, platelet-derived growth factor;
IGF-I, insulinlike growth factor I. +, stimulation; -, inhibition. [From Ketteler, M., Border,
W.A., and Noble, N.A. Cytokines and L-arginine in renal injury and repair. Am. J. Physiol.
267 (Renal Fluid Electrolyte Physiol. 36), F197-F207 (1994). Used with permission.]
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proliferate [105]. Little is known about the effects of cytokines on arginase
expression or activity [106].

2.9. Synthesis of Orotic Acid

L-Arginine levels may also influence the synthesis of pyrimidines necessary for
cell and tissue growth by modulating the generation of orotic acid, the first
precursor in this metabolic pathway [107-109]. The nitrogen generated from
protein metabolism is converted to urea in the liver, a metabolic pathway in
which L-arginine has a key role as a donor of the two nitrogen atoms of urea
[107]. A relative deficiency of L-arginine may impair the disposal of nitrogen
through urea generation. When the amount of protein metabolized generates
nitrogen in excess of the L-arginine available in the liver, this may lead to
retention of ammonia in plasma and accumulation of carbamoyl phosphate, the
mitochondrial precursor of urea. Carbamoyl phosphate may diffuse into the
cytoplasm and eventually leak out of the hepatocyte to promote the synthesis of
orotic acid [107-110], the initial step in the synthesis of pyrimidine nitrogen
bases and RNA [111-114]. Greater availability of orotic acid stimulates the
synthesis of nucleic acid pyrimidines and their sugar-containing derivatives [108],
all of which may promote growth [111]. Increased excretion of orotic acid in
the urine suggests a deficiency of L-arginine. Increased production and excretion
of orotic acid in the urine may also occur as a result of enzymatic defects in the
urea cycle. Interestingly, plasma levels of orotic acid are increased sevenfold in
patients with end-stage renal disease, compared with normal subjects, and de­
creased to only 60% of normal levels after hemodialysis [115]. The pathophysio­
logical implications of the increased levels of orotic acid in this setting remain
to be explored.

3. Effect of L-Arginine on the Release of Hormones

L-Arginine has a marked effect on the release of hormones. Administration of
L-arginine stimulates the secretion of insulin, glucagon, growth hormone, and
endogenous steroids [116-120], all of which can, alone or in combination, affect
a vast array of biological processes. Thus, the mechanisms of a given response
observed after L-arginine administration may reflect interactions between the
different pathways in which L-arginine has a key role and/or the multiple effects
these amino acids have on hormonal release. Glucocorticoids exert their anti­
inflammatory actions through a variety of effects including inhibition of cytokine
release. In addition, glucocorticoids have been shown to inhibit directly the
induction of iNOS [121] via downregulation of protein expression [122]. Thus,
the action of glucocorticoide can be similar to that achieved with substrate
inhibition of cNOS, with the difference that glucocorticoids prevent the induction
of the enzyme, whereas cNOS inhibitors inhibit activity [123]. In vivo, the
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metabolism of L-arginine may be assessed by determination of plasma levels of
L-arginine, L-citrulline, ammonia, urea, and creatinine, and by the determination
of the excretion in the urine of cyclic GMP, nitrate plus nitrite, orotic acid, urea,
and creatinine.
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Distribution of NOSs In the Kidney

Sebastian Bachmann

1. Nitric Oxide Synthase Isoforms in the Kidney

A variety of renal cell types are capable of synthesizing nitric oxide (NO). Three
isoforms have been identified to date. There are the constitutive isoforms NOS
I [also termed neuronal (n) or brain (b) type NOS based on its first identification
in the brain of various species] and NOS III [or endothelial (ec) NOS, although
this isoform is not solely expressed in endothelia but has now also been detected
in epithelial cells, see below], and the inducible isoform NOS II (or iNOS) which
appears to occur in the kidney as a macrophage-type and a vascular smooth muscle
cell-type NOS II [1]. NOS I and NOS III, although constitutively expressed, are
quiescent until activated by increased Ca2+j levels that sustain calmodulin binding
[2-6]. In contrast, NOS II, the inducible form, is present after transcriptional
activation by cytokines or lipopolysaccharide (LPS), the principal component of
bacterial endotoxin [7-11]. This NOS isoform remains active for longer periods
and does not require Ca2+j levels for its activation; exceptions to this definition
were reported for the kidney as detailed below.

2. Techniques to Localize NOS Isoforms

Localization of NOS isoforms in the kidney may be performed with a variety
of techniques. NOS protein may be measured simply in kidney homogenates
with isoform-specific antibodies using dot blots, Western blots, or ELISA. With
the help of specific molecular probes, RNAase protection assay, Northern blots,
or dot blot techniques have been applied to determine isoform-specific NOS
mRNA expression. By separating renal zones, the regional distribution of NOS
isoforms can be studied with these techniques [12]. The same techniques may
be used for the analysis of renal cell lines or primary cell cultures [13,14]. In a
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highly sensitive approach, relative levels of specific NOS mRNA have been
analyzed in glomeruli and single microdissected segments of the renal tubule
using polymerase chain reaction (PCR) coupled to reverse transcriptase (RT­
PCR) [15,16]. Histochemical demonstration of NOS isoforms can be performed
on renal tissue sections by the NADPH-diaphorase (NADPH-d) reaction, immu­
nohistochemistry, and in situ hybridization [17]. The NADPH-d reaction detects
an enzyme associated with the NOS molecule but does not distinguish between
the isoforms of NOS [18,19]. Of note, the intensity of the NADPH-d reaction
varies with the NADPH-d activity of NOS, thereby indicating NOS enzyme
activity at a given time point of fixation or freezing of the tissue. The reaction
with NADPH is specific to NOS only if no other NADPH-requiring enzymes
are present in a given cell. Immunocytochemical methods have been applied
using isoform-specific monoclonal and polyclonal antibodies that were raised
against purified NOSs and biochemically characterized [3,20-26]. Molecular
cloning of NOS isoforms has provided specific sequences used for biochemical
and histochemical probing. The cytosolic detection of specific mRNAs coding
for NOS isoforms has been achieved using nonisotopically labeled riboprobes
for in situ hybridization [25,27,28].

3. NOS in the Renal Vasculature

3.1. General Aspects of Vascular NOS

The formation of nitric oxide from L-arginine in blood vessels is catalyzed
predominantly by the endothelial NOS III isoform [3,29-31]. In addition, the
formation of NO can be elicited in most vascular cell types when mediators of
vascular injury or inflammation such as interleukin-Ip(IL-l p) and tumor necrosis
factor a (TNFa), or bacterial endotoxin are present [31-33]. Most often, the
vascular smooth muscle cells were reported to produce NOS II on the effect of
inducing stimuli, and NOS II has also been demonstrated in tumor vessels [35-37].
Likewise, evidence has been presented that induction of NOS II also occurs in
the endothelium and that such an induction is dependent on the same factors that
trigger the high-output pathway for NO in vascular smooth muscle cells. The
constitutively expressed endothelial NOS III isoform normally acts in a Caz+/
calmodulin-dependent manner, and regulation is thought to be governed mainly
by changes in the intracellular concentration of calcium [3,38,39]; major factors
that increase endothelial NOS activity in a calcium-dependent manner are physical
stimuli (shear stress) or endocrine/paracrine substances such as bradykinin and
acetylcholine [2,40,41]. In addition, recent studies examining the expression of
NOS III under chronic stimuli such as exercise [2] and flow exposure [38,42,43]
have provided evidence for a sustained elevation of NOS III gene expression in
a cytokine-independent manner, and putative sheer stress-responsive elements
have now been described in the NOS III promoter sequence [44-47]. Similarly,
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lysophosphatidylcholine, a component of atherogenic lipoproteins and atheroscle­
rotic lesions, induced an elevation of NOS III mRNA levels and a concomitant
increase of NOS III protein [48].
Subcellular localization of NOS III in endothelial cells has been the focus of

several investigations. Biochemically, 90-95% of NOS III has been found in
the particulate fraction of endothelial cells [2,3,44,49], but upon stimulation,
phosphorylation and translocation may occur, leading to a shift toward the cyto­
solic fraction. High-resolution localization of endothelial NADPH-d activity has
demonstrated reaction product in the endoplasmic reticulum and/or Golgi appara­
tus [25,50,51]. Ultrastructural analysis of NOS III immunostaining showed a
clear association of both NADPH-d and NOS III immunoreactivity with perinu­
clear Golgi stacks and associated vesicles; NOS III was suggested to be exterior­
ized by fusion of these vesicles with the plasma membrane [52]. Others have
shown the enzyme to be associated with the plasma membrane and membranes
of cytoplasmic vesicles [53] or to be present within the cytoplasm [51,53]. A
recent study described the presence of NOS III in renal mitochondria, where
the enzyme was suggested to control oxidative phosphorylation; however, the
particular origin of the mitochondria has not been given [54]. As an unexpected
observation, also NOS I immunoreactive cells were described in endothelia [25];
in rabbit aorta, a small subpopulation of endothelial cells revealed NOS I staining
in the cytoplasm and in association with ribosomes [24].

3.2. Renal Vasculature and Glomerular Tuft-Morphology

A brief morphological overview of the renal vasculature is given to cover the
topographical background for NOS localization in renal blood vessels. The renal
artery is dividing near the hilum and establishes interlobar arteries which then
enter the renal parenchyma at the border between the cortex and medulla, where
they are called arcuate arteries [55]. The latter give rise to the interlobular
(cortical radial) arteries. Interlobar, arcuate, and interlobular veins accompany
the corresponding arteries. From the interlobular arteries, the afferent arterioles
arise to the glomerular tufts of the renal corpuscles (Fig. 7.1).
Within the glomerular tuft, three cell types may be encountered-endothelial

cells, mesangial cells, and visceral epithelial cells. Their numerical ratio has been
estimated to be 3 : 2 : 1 [56]. Endothelial cells consist of a body and large
fenestrated peripheral parts; the fenestrations lack a diaphragm. The mesangium
is established by mesangial cells and the mesangial matrix.
Mesangial cells are thought to be contractile cells; processes contain microfil­

aments that attach to the glomerular basement membrane by the interposition of
extracellular microfibrils [55,57]. The mesangial matrix contains a variety of
collagen types (type III-VI [55,58]). The mesangium is thought to form a support­
ing framework which maintains the structural integrity of the glomerular tuft.
The visceral epithelium, which principally belongs to the nephron (see below),
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Figure 7-1. Distribution of endothelial constitutive NOS (indicated in black) in the renal
vasculature. Vessels with positively stained endothelia are the arcuate interlobular and
afferent arterioles, the glomerular capillaries, the afferent arterioles, and, originating from
juxtamedullary efferent arterioles, the descending vasa recta. The remaining vessels and
capillaries are negative. The broken lines are delineating cortex, medullary rays, outer
and inner stripe of the outer medulla, and inner medulla. Results from Ref. 25. (Modified
from Ref. 22.)

is constituted by the highly differentiated podocytes which give rise to long
primary cell processes. The latter possess numerous foot processes forming the
filtration slits. Podocytes contain the cytoskeletal components, vimentin, and
bundles of microfilaments [55,59]. Both mesangium and podocytes are regarded
as structure-stabilizing systems that maintain the folded pattern of the glomerular
basement membrane and counteract the expansion of glomerular capillaries [58].
Failure of one system will lead to an involvement of the other so that these are
considered the key events in glomerular pathology.
The efferent arterioles drain the glomerular capillary tufts, and those of superfi-
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cial, midcortical, and juxtamedullary glomeruli must be distinguished. Whereas
superficial and midcortical efferent arterioles supply the cortical peritubular capil­
laries, the efferent arterioles of juxtamedullary glomeruli tum toward the renal
medulla where they divide into the descending vasa recta, which, together with
the ascending vasa recta, form the vascular bundles of the medulla. The descend­
ing vasa recta traverse the inner stripe of the outer medula in cone-shaped vascular
bundles from which single vasa recta branch off successively to supply the
interstitium with capillaries. Ascending venous vessels of the medulla empty into
the arcuate and interlobular veins.
The intrarenal arteries and proximal portions of the afferent arterioles are
similar to vessels of equal size from elsewhere in the body [55]. Terminal portions
of the afferent arterioles contain the granular (renin producing) cells which,
together with the adjacent macula densa and extraglomerular mesangium, consti­
tute the juxtaglomerular apparatus (JGA). The granular cells are transformed
vascular smooth muscle cells, but normally contain relatively few myofilaments.
Like the afferent arterioles, efferent arterioles possess a proper media of smooth
muscle cells. Compared to the afferent arteriole, endothelial cells of the efferent
arteriole show more profiles per cross section and are protruding into the lumen
[55]; this pattern is particularly well developed in juxtamedullary efferent arteri­
oles. In the descending vasa recta, the smooth muscle cells are gradually replaced
by pericytes forming an incomplete layer of contractile cells. Ascending vasa
recta have a fenestrated capillary wall structure; also, the walls of the large
interlobular and arcuate veins are constituted accordingly and can therefore be
classified as wide capillaries [55,60]

3.2. Constitutive NOS in the Renal Vasculature, Glomerular Tuft,
and Interstitium

A comprehensive overview of vascular localization of NOS is given in Table 7-1.
Despite the critical importance of NO in the regulation of renal microcirculation
[40,61,62], relatively few studies are making reference to the particular localiza­
tion and local activity of NOS isoforms in the kidney. At the mRNA level,
constitutive NOS expression has been localized to the interlobular arteries [63]
and arcuate arteries [15] after microdissection using RT-PCR. In the glomerulus,
the presence of a constitutive NOS has been reported [15], and glomerular NOS
III mRNA abundance in vivo was shown to be modulated by L-NAME, suggesting
that not only the enzyme activity but also the amount of enzyme was downregu­
lated by the NOS inhibitor [63]. At the histochemical level, NOS III localization
in the renal vasculature has been performed with the aid of NADPH-d reaction
and specific antibody staining [25,26,53]. In several mammalian species, includ­
ing man, renal interlobar, arcuate, and interlobular arteries show significant
NADPH-d staining, which, apart from a subpopulation of accompanying vascular
nerves (see below), has been located exclusively in the endothelium [26], and
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staining was colocalized with specific NOS III immunostaining [25,53] (Figs. 7­
2 and 7-3). Both signals were present also in the glomerular afferent and efferent
arterioles [25,26], with preferential NADPH-d staining found in the efferent
arteriole [25] (Fig. 7-4). Surprisingly, selective NOS I immunoreactivity was
detected additionally in the efferent arteriolar endothelium; this finding was
particularly clear in guinea pig kidney [25]. Regarding the particular microana­
tomy of the efferent arteriolar endothelium (see above), a shear stress-mediated
activation of NOS could possibly be well accomplished in the efferent arteriole,
so that high levels of NOS might be related with a well-developed susceptibility
for flow changes in this segment. In rat and in other species, endothelial NADPH­
d and NOS I and III signals are present already in the intraglomerular initial part
of the efferent arteriole where NO may have a regulatory function in glomerular
blood flow as well [64]. The preferential occurrence of NOS in the efferent
arteriole is, however, somewhat controversial to functional studies which have
indicated a preferential role for the afferent, and not the efferent arteriolar NO
synthesis [65-67], but it is in agreement with another study on the microvascula­
ture in the hydronephrotic kidney, where a preferential efferent reaction in re­
sponse to NOS inhibition was registered [68].
In the glomerular capillaries, significant NADPH-d staining was obvious, and

moderate antibody staining for NOS III was detected as well [25]. Together with

Figure 7-2. Vascular localization of NOS activity in human kidney. NADPH-diaphorase
staining is present in the endothelia of one interlobular artery (center) and two glomerular
afferent arterioles. Magnification: 740 x.



J40 / Sebastian Bachmann

Figure 7-3. Vascular localization of NOS III immunoreactivity in the endothelium of
an interlobular artery of rat kidney (arrowheads). Specific antibody against NOS III was
applied (Ref. 53). Note that the smooth muscle layer is unreactive. Bound antibody was
detected by Texas red epifluorescence. Magnification: 420 x.

the results on glomerular constitutive NOS expression [15,63], a role for NOS with
NO serving as a local regulator of intraglomerular capillary pressure appears possi­
ble; NO-induced effects could be mediated either by the mesangium or the podo­
cytes [69]. In cell processes of the latter, significant immunoreactivity for the <Xl
subunit of the NO "receptor," soluble guanylate cyclase, was detected [70]. Apart
from glomerular capillaries, no other renal cortical capillaries have been shown to
contain a signal indicating synthesis ofNO; in the cortical interstitium, histochemi­
cal staining ends with the terminal branching of the efferent arteriole.
Regulation of endothelial NOS in the cortical renal vasculature could also be

established with histochemical methods [71]. In two-kidney, one-clip Goldblatt
hypertension in rats, a marked increase in NADPH-d signal was observed in
interlobular and glomerular afferent arterioles of the contralateral, nonelipped
kidney, whereas a decrease in signal was seen in the stenotic kidney [71]. The
increase in NADPH-d signal was paralleled by an enhanced immunoreactivity
for nitrotyrosine in the arteriolar wall, indicating a footprint for an enhanced
release ofNO from the endothelium into the vascular media [71,72]. It is currently
thought that NO-dependent vasodilation in the Goldblatt condition serves to
maintain contralateral renal perfusion despite elevated angiotensin II levels [73].
In the renal medulla, indirect evidence for NO-dependent effects has been
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Figure 7-4. Localization of NADPH-diaphorase activity in the rat juxtaglomerular appa­
ratus. NADPH-d positive macula densa is shown next to an efferent arteriole (arrow) in
which NADPH-d label is apparent in the endothelium but absent from the smooth muscle
layer. The efferent arteriole is identified by the large number of endothelial cells. Interfer­
ence contrast microscopy. Magnification: 340 x.

documented showing increased cGMP production in medullary tissue slices fol­
lowing incubation with endothelium-dependent vasodilators [74], and stimulation
in the inner medulla was more pronounced than in the outer medulla. The presence
of endothelial-type NOS has been detected in rat renal medulla using the Western
blot technique, and an upregulation of inner medullary endothelial NOS by 145%
was encountered when rats maintained on a high compared to a low NaCl diet
were compared [12]. It has been suggested that a relaxation of the vasa recta
could account for the increase in medullary blood flow and interstitial pressure
that induces natriuresis [40]. In more detail, microdissection of vasa recta bundles
and evaluation by RT-PCR has identified the presence of constitutive NOS in
these vessels [15]. Histochemically, descending vasa recta were shown to produce
endothelial NADPH-d signal from the beginning at the branching of juxtamedul­
lary efferent arterioles extending through the outer medulla down to the inner
medulla [25]; Fig. 7-1); contrary to the dominant cGMP levels described for the
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inner medulla [40], the NADPH-d signal was more pronounced in the outer
medulla so that it is possible that sources other than the vascular endothelium
may contribute to medullary NO-dependent effects. NADPH-d staining has also
been seen in medullary interstitial cells which may add to the local release of
NO (Mundel and Bachmann, unpublished observations). In situ hybridization
has recently identified NOS expression in these cells in normal rat; yet, these
results were obtained with a NOS II probe (see below) and results were interpreted
as to be based on a "steady-state" expression of inducible NOS.

3.3. Inducible NOS in the Renal Vasculature, Glomerular Tuft,
and Interstitium

Contrary to the constitutive activity of NOS which serves to maintain basal
vascular tone, to mediate a portion of the vasodilation secondary to hormones
and amino acids, and possibly also to prevent contraction and proliferation of
glomerular mesangial cells, inducible NOS II in the kidney is mostly activated
in pathological conditions [75-78]. Thus, in the sepsis syndrome, high levels of
NO synthesis have been reported in glomeruli [61]. In immune-mediated glomeru­
lar inflammation, increased NO production has been measured in rat [76,77].
Although, principally, renal NOS II should be expected to be exclusively present
upon adequate induction, there are results on a "steady-state" presence of iNOS
also under normal conditions [1,26,28,78].
The presence of NOS II in the arterioles of the renal cortex has not evidently

been reported at the histochemical level. In the heart, NOS II expression in endotox­
emic rats was most convincingly demonstrated in the mediaofmyocardial arterioles
[79], whereas no signal for NOS II mRNA was detected histochemically in renal
vasculature irrespective of the presence or absence of endotoxemia [28], although
the terminal afferent arteriolar portion had previously been reported to show iNOS
immunoreactivity under normal conditions [26]; treatment with LPS had caused
little difference in the latter result [26]. Biochemically, vascular smooth muscle­
type NOS II has been identified in arcuate and interlobular arteries [1].
In the glomerulus, an important issue regarding NO synthesis during inflamma­

tion is the identity of the glomerular cell type that constitutes the source for NO.
Cattell et al. [80] have shown that in glomerular injury, blood-borne macrophages
are a dominant source for glomerular NO, but the concomitant participation of
intrinsic glomerular cells has been considered as well, as macrophages may
initially provide a source for the local release ofcytokines which in the mesangium
may then induce the release of the same cytokines, and in tum these could induce
NOS by paracrine or autocrine mechanisms [61,81-83]. Mohaupt et al. have
reported a macrophage-type NOS II to be tonically expressed in cultured mesan­
gial cells, contrary to a vascular smooth muscle form ofNOS II that was expressed
after cytokine-dependent induction in mesangium but not in vascular media cells
in situ [1,28]. However, histochemical analysis using NADPH-d reaction failed
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to show mesangial staining under physiologic conditions, except for single macro­
phages or blood monocytes that were occasionally detected in human kidney
[25]. In rat specific antibody to NOS II failed to stain the unstimulated mesangium
so (in mice, constitutive NOS II is immuno-detectable, Bachmann and Pfeil­
schifter, unpublished observations) [84,85], it has to be questioned whether func­
tionally relevant amounts of NOS II are translated from mRNA detected under
basal conditions. In unilateral immune complex glomerulonephritis induced by
cationized IgG, immunohistochemistry and in situ hybridization probing for NOS
II have mostly labeled glomerular macrophages, whereas clear evidence for
mesangial labeling was absent; it was concluded that mesangial cells either did
not synthesize NO in vivo in this model, or that the level of enzyme expression
was very low [85]. By contrast, in anti-Thy-l antibody glomerulonephritis, NOS
II expressing cells were mostly polymorphonuclear leukocytes [86]. In endotoxin­
treated rats, however, positive signal in the mesangial stalk has been shown by
immunohistochemistry; positive cells were putatively identified as mesangial
cells [87], and this result has been confirmed by in situ hybridization using NOS
II antisense probe by Ahn et al. [28].
In the renal medulla, NOS II has been found after stimulation with LPS in

the vasa recta bundles using RT-PCR [78]. Apart from NO synthesis by the renal
tubule, as discussed below, medullary interstitial cells have recently been shown
to contain vascular smooth muscle-type NOS II and to react upon stimulation
by cytokines [88] and LPS [28]. Lau et al. concluded from their findings that
NO may act as an autocrine activator of soluble guanylate cyclase in rat medullary
interstitial cells [88].

4. NOS in the Renal Tubule

4.1. Glomerular Epithelia and Renal Tubule-Morphology

The specific structural unit of the kidney is the nephron. The nephron consists
of the renal corpuscle which is connected to the renal tubule. Ontogenetically
defined onset of the nephron epithelium is the highly specialized visceral epithe­
lium of the glomerulus, which is described in Section 3.2. At the vascular pole,
the visceral epithelium is reflected to become the squamous parietal epithelium
of Bowman's capsule, which, at the urinary pole, transforms abruptly into the
proximal tubule. In some species and particularly in some but not all rat strains,
proximal tubule epithelium is lining significant portions of Bowman's capsule.
Based on the location of the renal corpuscle in the cortex, superficial, midcortical,
and juxtamedullary nephrons may be distinguished. The course of the renal tubule
is arranged differently according to this classification [55]. The proximal tubule
is divided into a convoluted part (PCT) located in the cortical labyrinth, and a
straight part (PST) lying in the medullary rays (superficial and midcortical neph­
rons) and the outer medulla. Proximal straight parts of the juxtamedullary neph-
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rons enter the outer medulla directly. Three subsegments, Sl, S2, and S3, may
be divided, and all are characterized by cellular interdigitation and a brush border,
both of which vary in complexity from one subsegment to the next. The loop of
Henle is composed of the straight part of the proximal tubule, a thin-walled
intermediate tubule (thin limbs) and a thick ascending limb (TAL), or distal
straight tubule with a medullary (mTAL) and a cortical (cTAL) portion. Long
loops originating fromjuxtamedullary glomeruli may give rise to long descending
thin limbs which descend to the inner medulla, and long ascending thin limbs
which transform into the TAL at the border between inner and outer medulla.
Short-looped nephrons have only short descending thin limbs, which are located
in the inner stripe. Thin limb epithelia are flat and mostly lack significant amplifi­
cations [89]. The epithelium of the mTAL consists of complex, interdigitating
cells in the inner stripe, whereas the cTAL has a simpler structure. The terminal
portions of the TAL contain the macula densa (MD), a cell plaque of roughly
20 polygonal cells which establish a contact to the extraglomerular mesangium
at the vascular pole of its parent renal corpuscle. Shortly beyond the site of
contact, the distal convoluted tubule (DCT) starts with an epithelium that is
morphologically similar to that of the mTAL. The DCT and the cortical collecting
duct (CCD) are connected by the connecting tubule (CNT). CNT and CCD cells
are polygonal cells with mostly basally located membrane amplification. They
intermingle with intercalated cells which exist in different forms and extend to
the outer medullary collecting duct (OMCD) and the beginning of the inner
medullary collecting duct (IMCD). Along the course of the collecting duct from
the cortex to the inner medulla, the epithelium undergoes gradual changes; CCD
cells are rather flat and reveal elaborate basal membrane folding, whereas IMCD
cells are large and columnar with few membrane specializations, and, finally,
the papillary collecting duct cells at the papillary tip bear some similarities with
the papillary surface epithelium.

4.2. NOS in the Glomerular Epithelia

In the glomerular visceral epithelium, no histochemical evidence for the presence
of NOS I has been reported [25]. Under inflammatory condition, only weak focal
staining for NOS II has been encountered in the podocytes [85], but final evidence
for a significant involvement of podocytes in NOS induction could not be deduced
from that study.
The parietal epithelium of the renal corpuscle shows groups of NOS-I-positive

cells [20,25] which have been identified by double-labeling histochemistry colo­
calizing NOS I-antibody staining with NADPH-d reactivity. In the nephritic
glomerulus, some of these cells were staining for NOS II as well [85]. A functional
significance of NOS in the parietal epithelium is presently not evident.
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4.3. NOS in the Proximal Tubule

Initially, it should be stated that a group of researchers from the University of
Gainesville, Florida [1,26,28,102,113,116] have presented the majority of studies
on NOS II distribution in the kidney. In these studies, apart from other issues
they report "steady-state" expression of inducible NOS, which they found in
almost every nephron segment of the normal rat kidney in the absence of inducing
stimuli using RT-PCR, in situ hybridization, and immunohistochemistry. Few
other groups have so far addressed this particular issue. A comprehensive over­
view of epithelial NOS localization is given in Table 7-2.

NOS I

A number of functional studies have emphasized a role for NO in renal volume
control via a tubular effect, possibly by directly influencing tubular reabsorption
[40,62]. NOS I mRNA has been found by Northern blot analysis in human
proximal tubule primary cultures of different developmental stages [90] with
elevated expression in old kidneys; this finding has been discussed in the context
of ischemialhypoxia-induced renal cell injury and the decreasing capacity to
express osteopontin, which has putative effects protecting cells from NO by
reducing its rate of synthesis [90]. In the porcine LLC-PKI kidney epithelial cell
line, which shares some properties with the proximal tubule, Ca2+-dependent
NOS activity was encountered, and the presence of NOS III was confirmed in
the particulate fraction of these cells by Western blot [13,91]. In this context, it
should be noted that the kidney is the principal source of arginine with the
proximal tubule as the predominant site in the nephron [92]; local arginine
production may, thus, potentially serve as a substrate for NO synthesis. In addition,
soluble guanylate cyclase has been localized at the rnRNA level in peT and
PST [15]. However, from a biochemical preparation using RT-PCR analysis of
constitutive NOS rnRNA in microdissected PST of rat kidney [IS], negative
results were reported, and likewise, although histochemically proximal tubules
show intensive NADPH-d staining after longer exposure to the reaction, neither
NOS 1- nor NOS III-specific antibody or in situ hybridization probes have pro­
vided evidence that the NADPH-d staining in the proximal tubule is specific for
constitutive NOS activity [20,25]. Therefore, concepts that have suggested NO­
based effects on proximal tubular sodium excretion and pressure natriuresis
[93-95] still await further confirmation.

NOS II

Expression of the inducible NOS II isoform has been reported from cultured
rat proximal tubule cells by RT-PCR following stimulation with TNF-a and IFN­
y, and release of nitrite was considered to be comparatively high [14]. In another
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study, LPS-stimulated NOS activity in a similar preparation was reported to
be Ca2+/caimodulin dependent, but no isoform-specific identification has been
performed [96]. Likewise, activation of iNOS by LPS and IFN-y in cultured SV
40-transfected mouse proximal tubule cells led to enhanced levels of NO produc­
tion [97]. This increase was suggested to be partially mediated by activation of
the transcription factor NF-KB [98,99]. Induction of NOS II by LPS alone,
however, is not as efficient in epithelia, as in macrophages, and it was speculated
whether in the proximal tubule, activation of another transcription factor, c-rel,
was required for maximal tissue-specific activation of NOS II [98]. Another
study reported the tonical expression of a macrophage-type NOS II mRNA in
microdissected rat proximal tubule [I], but levels were reported to be low com­
pared to the distal tubule; however, Morrissey et al. [78] could not detect NOS
II mRNA in microdissected outer medullary PST segments under normal unstimu­
lated conditions. The effect of LPS stimulation on renal epithelial NOS I expres­
sion has also been studied by in situ hybridization and, contrary to the study by
Morrissey et al., the S3 segment of the proximal tubule was found to express
iNOS transcripts which were not significantly different under basal conditions
and after stimulation [28]. It is thus conceivable that the weak NADPH-d staining
observed in the proximal tubule of normal rats could be related to the presence
of NOS II, but, so far, enzyme protein has not been detected in this condition.
Likewise, a possible functional relevance of NOS II expression in the proximal
tubule is presently not transparent. NO production does not seem to be sufficient
to account for direct toxic effects in endotoxemia; however, in terms of tubular
transport function, it has been recorded that Na/K ATPase activity after 24 h of
LPSJIFN ytreatment was significantly decreased, indicating that an NO-dependent
effect, possibly via formation of peroxynitrite, may lead to alterations in tubular
sodium handling [97].

4.4. NOS in the Intermediate Tubule

So far, only one report has described the presence of constitutive NOS mRNA
by RT-PCR in microdissected thin limbs from the rat inner medulla [IS], and
the same authors were able to localize soluble guanylate cyclase mRNA in the
thin limbs as well; however, only moderate NOS mRNA levels were detected
in these nephron segments. These results have so far not been confirmed by
histochemistry.
NOS II has been localized, as well, in the thin limbs of normal rats using in

situ hybridization; stimulation of NOS II was reported to cause a rather moderate
decrease in signal [28].

4.5. NOS in the Distal Tubule

NOS I

In the thick ascending limb, absence of constitutive NOS has been reported
following biochemical [IS] and histochemical evaluation [25]. In rat and rabbit,
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however, single scattered cTAL cells in the vicinity of the macula densa displayed
a NOS I signal of similar intensity as the MD itself [25]. Such a cellular heteroge­
neity of the terminal cTAL has also been found when mRNA expression for
inducible cyclooxygenase-2 was probed; constitutive expression of this enzyme
has been detected in the vicinity of the MD and in premacula segments (Bach­
mann, unpublished observations, [100]).

NOS II

The inducible form of NOS appears to be dominant in the rat renal medulla
[12], although much of the increase of NOS mRNA after LPS treatment seems
to be due to an increase in the vascular smooth muscle form of NOS II [I]. Basal
macrophage-type NOS II gene expression measured by RT-PCR was high in the
mTAL [1,78]. By in situ hybridization, mTAL and cTAL were reported to
show a significant signal, the same as the cTAL by immunohistochemistry using
antibody to a vascular smooth muscle-type in rat under basal conditions [26].
The capacity of the TAL to react upon stimulation of NOS II was considered to
be weak: compared to the collecting duct [14,78], and it has been speculated
whether Tamm Horsfall glycoprotein, the major secretory product of the TAL
with cytokine-binding capacity [101], prevents significant NOS II induction in
this tubular segment [36,78]. By contrast, NOS II expression in a mouse mTAL
cell line was shown to be effectively enhanced by combined endotoxin and
cytokine treatment [102].

4.6 NOS in the Macula Densa

Several groups have identified the significant presence of NOS I mRNA (Fig.
7-5), immunoreactivity, and the concomitant localization of strong NADPH-d
activity in the MD of several species, including man [20,22,25,26,103,104] (Fig.
7-6), and, using isolated glomeruli from rat kidney, NOS I mRNA has also been
identified by RT-PCR in glomerulus-associated cells [16]. Ultrastructural analysis
showed a general cytosolic localization of the enzyme [25], and some reactivity
was associated also with cytoplasmic vesicles [26,105]. Of all renal epithelia,
the NOS I signal in MD cells is by far the strongest, suggesting high amounts
of NO to be released at the glomerular vascular pole. Synthesis of NO from the
MD may be involved in the mediation or modulation of tubulo-vascular signal
transfer directed from the MD (i.e., tubulo-glomerular feedback response and/or
MD-dependent regulation of afferent arteriolar renin production and release)
[16,27,103,107,108]. NOS I activity and gene expression were inversely related
to chronic changes in renal perfusion, salt balance, and salt transport at the
distal tubule, and these changes were paralleled by changes in renin expression



Distribution of NOSs in the Kidney / 149

Figure 7-5. Localization of NOS I expression at the juxtaglomerular apparatus: NOS I
mRNA in rat kidney macula densa is shown by nonisotopic in situ hybridization using
digoxigenin-labeled antisense NOS riboprobe [25] and an alkaline-phosphatase detection
system. Interference contrast microscopy. Magnification: 340 x.

[16,27,106]; this relation is particularly intriguing when the intimate topographical
relation between MD and the renin-producing cells (Fig. 7-7) is considered.
From microperfusion experiments, it was suggested that juxtaglomerular NO

exerts an upward pressure on single nephron glomerular filtration rate and reduces
the efficiency of the tubuloglomerular feedback system in stabilizing proximal
tubular flow rate [109]. Synthesis of NO and of NOS seem to be governed by
NaCl transport at the MD [16,110], which, in turn, is controlled by a Na,K,2CI­
cotransporter that has recently been localized in MD and TAL cells [111]. In
two-kidney, one-clip Goldblatt hypertension, upregulation of NOS in MD of the
stenotic kidney was so strong that tyrosine nitration product in the adjacent
extraglomerular mesangium could be detected; this was taken as evidence for
the release of NO from the MD toward the extraglomerular mesangium, and it
was speculated that from the extraglomerular mesangium, a secondary stimulus
could be transmitted to the glomerular vasculature [71]. During nephrogenesis,
the early presence of NOS I in future MD cells has been detected in rat with
peak expression at postnatal day 6 [112].
NOS II was absent from MD, as revealed by in situ hybridization both with

and without LPS stimulation [28].
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A

Figure 7-6. NOS I localization at the juxtaglomerular apparatus. Double-labeling by
NADPH-diaphorase staining (A) and immunoreactivity for NOS I (B) shows positive
reaction of macula densa in rat kidney. Interference contrast microscopy (A); in (B),
specific antibody against NOS I was applied [20] and detected by Texas red epifluorescence.
Magnification: 280 x.
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Figure 7-7. Renin mRNA expression by the juxtaglomerular apparatus. Renin mRNA
is present in the wall of the preglomerular afferent arteriole in rat kidney. Nonisotopic in
situ hybridization using digoxigenin-labeled specific riboprobe. Magnification: 320 x.

4.7. NOS in the Distal Convoluted Tubule

NOS I was not detected in the DCT, whereas reports on NOS II expression [28]
and immunoreactivity [26] have demonstrated signals in the DCT under basal
conditions with no significant increase in mRNA signal after LPS stimulation [28].

4.8. NOS in the Connecting Tubule and Cortical Collecting Duct

In the connecting tubule, no evidence for the presence of NOS I has been reported
so far [25], and a study on NOS II immunoreactivity mentions merely a faint
staining in this segment [113].
The cortical collecting duct cells possess only weak levels of NOS I, as revealed

by RT-PCR [15]. The CCD principal cells have not been found to produce NO,
but they may be target to NO effects, because NO has been shown to inhibit ion
transport by affecting apical membrane channels in CCD cells in culture [114];
similar results were obtained in microperfused CCD segments [115].
Intercalated cells may show significant NADPH-d activity which is particularly

well developed in guinea pig kidney (Bachmann, unpublished observation).
NADPH-d reactivity in these cells may be based on the presence of NOS II, as
intercalated cells in rat CCD have been shown to contain NOS II by immunohisto­
chemistry using antibody against a macrophage-type NOS II [113]. Strong stain-
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ing was observed in the apical region of type A intercalated cells in the normal
rat, whereas type B intercalated cells were reported to be weakly labeled [113].
NO from these cells is thought to be involved in the regulation ofproton transport,
possibly via activation of guanylyl cyclase [70,113].

4.9. NOS in the Medullary Collecting Duct

NOS I has been detected in microdissected outer medullary collecting duct of
rat kidney and-to higher extent-in the initial as well as terminal inner medullary
collecting duct [15]. The presence of guanylate cyclase transcripts were detected
in these segments as well [15].
NOS II was shown by in situ hybridization to be localized in OMCD and

IMCD under steady-state conditions [28]; the OMCD signal was found to be
weak, whereas the IMCD segments showed an increase in signal toward the
papillary tip, and prominent labeling was also noted in the medullary intercalated
cells, which revealed an enhanced staining after endotoxemic stimulation [28].
These results have been confirmed using microdissected IMCD and RT-PCR
analysis under basal conditions [1]. However, the same group has recently re­
ported that under basal conditions, NO release from a murine IMCD cell line in
culture was negligible unless cytokine stimuli were applied, leading to a significant
increase in NOS II and nitrite formation [116], and it was speculated that NOS
induction in IMCD under pyelonephritic conditions could serve for a defense
against invading pathogens. Likewise, a previous study on primary cultures of
rat IMCD cells has reported a significant increase in NOS II mRNA after cytokine
stimulation; this was paralleled by increases in nitrite formation, whereas basal
NOS levels were negligible [14].

4.10. NOS in Papillary Surface Epithelium

No evidence for NOS I expression in the renal papillary surface epithelium has
been reported so far. NOS II expression in the papillary surface epithelium was
reported to be weak, as revealed by in situ hybridization in normal rat, and the
signal was found to be increased after endotoxemic stimulation [28].

4.11. NOS in Renal Nerves

NADPH-d positive nerve fibers in rat and human kidney have been observed to
occur in association with renal arteries and arterioles and in the connective tissue
beneath the renal pelvic epithelium. These fibers were also immunoreactive for
NOS I-specific antibody [25]. The nerve fibers were occasionally seen to extend
toward the JGA; however, significant innervation of the JGA by NOS-containing
fibers has not been found [25].
NOS I-containing neuronal somata have been identified in association with

nerve bundles and ganglionated plexus at the hilus of rat kidney, near the interlobu­
lar arteries, and on the wall of the renal pelvis [117]. Some of these ganglia were
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later shown to coexpress dopamine ~-hydroxylase [118]. It is not known whether
these neuronal somata belong to the sympathetic or the parasympathetic system
[118]. Functionally, renal arterial tone appears to be dependent on the antagonistic
effects of NO-mediated vasodilator and adrenergic vasoconstrictor fibers [119].
Proximal tubular reabsorption has been suggested to be under the influence of
NOS-containing nerves as well [120]. It is notable that rich amounts of NOS­
containing nerves have also been described in the genitourinary tract; this issue
has been subject to a recent review [121].
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Vascular Effects of NO

Ingrid Fleming and Rudi Busse

1. The Endothelial Nitric Oxide Synthase: Localization

Nitric oxide synthase (NOS) III is a constitutively expressed 135-kDa protein
predominantly associated with the particulate subcellular fraction, suggesting that
the native enzyme is a membrane-bound protein [1-4]. Membrane association
appears to be achieved by attachment of myristic acid to the amino terminal end
of the enzyme and, as such, is consistent with reports that NOS cDNA contains a
consensus sequence for cotranslational modification of the enzyme by N-terminal
myristoylation [5-9]. Prevention of myristic acid incorporation in site-directed
mutagenesis experiments converts the membrane-associated NOS to a cytosolic
form [3,10]; however, this intervention has been reported to have little effect on
enzyme activity [10]. Myristoylation alone, however, provides barely enough
energy to anchor a protein to a lipid bilayer; therefore, it seems likely that other
factors are important in determining the fraction of the enzyme associated with the
plasma membrane (e.g., additional hydrophobic interactions owing to reversible
palmitoylation of a nearby cysteine residue). In cases of such a dual protein
acylation, the combined hydrophobic interactions of the two covalently attached
lipid moieties anchor the protein firmly to the plasma membrane and its attachment
could be regulated by palmitate turnover. Indeed, the membrane-bound NO
synthase is palmitoylated, and depalmitoylation of the endothelial NO synthase,
along with its translocation to the cytosol, has been reported following exposure
to the receptor-dependent agonist bradykinin [11]. Because agonist-induced de­
palmitoylation was reportedly maximal only after 15-30 min, this phenomenon
would appear to be associated with inactivation rather than activation of NOS
activity. The role of actively regulated NOS III palmitoylation in determining
its cellular localization remains controversial [12].
Recent detailed analysis of the membrane association of NOS III has demon-
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strated that this enzyme is localized to specific structures in the plasmalemmal
membrane identified as caveolae and that this membrane compartmentalization
requires both myristoylation and palrnitoylation [13]. The association of NOS
III with a subcompartment of the plasma membrane in which several key signal
transducing complexes are concentrated (e.g., G-proteins, src-family tyrosine
kinases) is likely to have profound repercussions on enzyme activity, as well as
its sensitivity to activation by signal transduction cascades other than those
resulting in an increase in [Ca2+Ji. Indeed, the variety of signal molecules detected
within the caveolae render these structure ideal sites for cross-talk between
receptor-dependent and receptor-independent signal transduction pathways.

2. The Endothelial Nitric Oxide Synthase: Functional Properties

NOS III is classified as a Ca2+/calmodulin-dependent enzyme which is able to
tick over, producing low amounts of NO, at basal levels of intracellular Ca2+
([Ca2+]J Ca2+concentration-dependently increases activity of the purified NOS
III [14], and an increase in [Ca2+];, such as that observed following agonist
stimulation, enhances endothelial NO production (for review, see Ref. 15). Both
the agonist-induced NO formation and the subsequent vasodilation are abolished
in the absence of extracellular Ca2+ [16,17]. A basal enzyme activity, which is
sensitive to the NO synthase inhibitor NG-nitro-L-arginine (L-NNA), is however
evident even at Ca2+concentrations as low as 100M, indicating that approximately
75% of basally produced NO may be formed via a Ca2+-independent pathway
[14]. Little physiological relevance was attributed to this phenomenon, and the
identification of a calmodulin-binding domain in the primary structure of the
endothelial NO synthase, [6,9,18] together with the finding that calmodulin­
binding proteins inhibited enzyme activity, [19] strengthened the hypothesis that
the binding of a Ca2+/calmodulin complex is essential to activate the constitutive
enzyme. However, recent evidence indicates that mechanical stimulation of native
and cultured endothelial cells by fluid shear stress results in the formation of NO
via a pathway which comprises Ca2+-dependent as well as Ca2+-independent
components [20-24]. In native endothelial cells, the shear stress-induced NO
production consists of an initial peak followed by a sustained plateau phase which
is maintained as long as shear stress is applied [22,23]. The initial component
of this response can be abolished by removal of Ca2+ from the extracellular
medium and coincides with an increase in [Ca2+]i observed in cultured endothelial
cells exposed to shear stress in a parallel-plate flow chamber. Moreover, the
sustained phase of NO production is insensitive to the chelation of extracellular
Ca2+as well as to calmodulin antagonists [22,23].
Additional support for the concept of a Ca2+-independent NO production follow­
ing the application of shear stress is provided by the finding that shear stress
results in, at best, a transient increase in [Ca2+]; attributed to the activation
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of phospholipase C [25]: an increase in intracellular levels of inositol-I,4,5­
trisphosphate (IP3) [26,27] followed by an acute release of intracellularly stored
Ca2+ [28-34]. Thus, a signaling pathway distinct from the classically accepted
Ca2+-dependent pathway regulates the activity of NOS III in response to shear
stress. For example, it has been reported that NOS III is highly sensitive to
variations in pHi within a narrow range at basal levels of [Ca2+]j [35] and that
inactivation of the Na+/H+ exchanger attenuates Ca2+-independent NO production
in sheared endothelial cells [23]. Other possibilities include the activation of
various protein kinases. Indeed, several consensus sequence sites for phosphoryla­
tion by protein kinase A, C, and calmodulin kinase II are found in all the cloned
NOS isoforms; however, the functional relevance of these sites has not been
fully elucidated. Cellular levels of phosphotyrosine appear to have a marked
impact on cellular signaling in endothelial cells, and a link between enhanced
tyrosine phosphorylation and activation of NOS III has been proposed, although
this interaction was originally thought to be attributed to effects on Ca2+signaling.
For example, tyrosine kinase inhibitors have been shown to selectively attenuate
Ca2+influx into agonist-stimulated endothelial cells [36-38], whereas the tyrosine
phosphatase inhibitors, phenylarsine oxide and vanadate, are reported to activate
transmembrane Ca2+ influx via an IPrindependent mechanism [39]. However,
there are fundamental differences in the role played by phosphotyrosine in mediat­
ing endothelial responsiveness to agonist-induced stimulation and mechanical
stimulation. For example, the tyrosine kinase inhibitor erbstatin A was reported
to only slightly attenuate the vasodilator response to acetylcholine in perfused
carotid arteries [38], whereas we recently demonstrated that this inhibitor abol­
ished the Ca2+-independent phase of shear stress-induced NO production [23].
The activation of a tyrosine kinase-dependent signal transduction pathway in
endothelial cells in response to shear stress was confirmed by Western blot
analysis of tyrosine phosphorylated proteins in detergent-soluble and -insoluble
cell fractions. In cultured human endothelial cells, the application of shear stress
was associated with the transient tyrosine phosphorylation of the rnitogen­
activated protein kinases [23,40-42] as well as the maintained tyrosine phosphory­
lation of a series of detergent-insoluble or cytoskeletal proteins [-88, 90, 103,
and -125 kDa) [23]. Enhancing cellular levels of phosphotyrosine by inhibiting
protein tyrosine phosphatases not only induced the tyrosine phosphorylation of
a similar series of cytoskeletal proteins but also elicited the Ca2+/calmodulin­
independent, erbstatin A-sensitive formation of NO [43]. Thus, the endothelial
response to the application of tyrosine phosphatase inhibitors exhibits characteris­
tics identical to those previously thought to be exclusive to the shear stress­
induced activation of the NO synthase.
Examination of the effects of shear stress and tyrosine phosphatase inhibitors

on NOS III revealed that both stimuli result in the time-dependent decrease in
the recovery of the enzyme from the Triton X-100-soluble cell fraction and a
concomitant increase in its recovery in the Triton X-IOO-insoluble fraction [43].
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A similar effect was observed with three tyrosine phosphorylated proteins [i.e.,
the focal adhesion kinase (FAK), the cytoskeletal-associated protein paxillin,
and the caveolae marker protein caveolin]. The shear stress-induced tyrosine
phosphorylation and redistribution of these proteins to the detergent-insoluble
fraction was attributed to activation of integrin-coupled signal transduction path­
way, as both effects were abolished by interfering with the association of integrins
with the extracellular matrix. We, therefore, envisage that in response to shear
stress, a multimolecular, detergent-insoluble complex is formed which is com­
prised of NOS III, tyrosine kinases, and phosphatases, as well as cytoskeletal
and caveolar proteins. The formation of this complex results in the maintained
Ca2+-independent activation of NOS III. This mechanism may also account for
the reported acute increase in NO production at basal [Ca2+1, following the
activation of growth factor receptors containing inherent tyrosine kinase activity,
for example, in response to an insulin-like growth factor [44].

3. Transcriptional Regulation of NOS III

Although generally referred to as a constitutive enzyme, NOS III can be induced
or upregulated in response to a number of stimuli. Indeed, the promoter of the
NOS III gene contains a number of recognition sites for transcription factors,
including SPl, AP-l, AP-2, CF-l, and NF-l, as well as a putative acute-phase
response/shear stress and sterol-regulatory cis-elements [45-47].

In addition to the above mentioned acute effects on NO production, shear
stress plays a role in the chronic regulation of NOS III activity, an effect which
may account for the observation that the basal release of NO is significantly
greater from native endothelial cells, continuously exposed to shear, than that
from cultured endothelial cells maintained under static conditions. Moreover, the
expression of NOS in cultured endothelial cells can be upregulated by exposure
to shear stress for several hours, suggesting that the continuous activation of the
endothelium by shear stress maintains NOS III levels in vivo [4,9,48,49]. Indeed,
chronic exercise, which, as a consequence of the increased blood flow, presumably
increases shear stress on the endothelium, also results in an increased production
of NO in rat skeletal muscle arterioles [50], as well as in the canine coronary
circulation, [51,52] and was associated with a significant increase in NOS mRNA
in vivo [52]. Although a putative shear stress-responsive element, similar to that
previously reported in the promoter region of the gene-encoding platelet-derived
growth factor B [63], has been identified in the promoter region of the NOS III
gene [45,46], the mechanism by which increases in shear stress modulate NOS
III gene expression remains unclear. However, shear stress has been reported to
Ca2+-independently activate the mitogen-activated protein kinase (MAP kinase)
in cultured endothelial cells [23,40-42,54], and perhaps a more likely mechanism
by which shear stress regulates NOS III expression involves activation of the
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RaslMAP kinase pathway, with the subsequent activation of c-Fos and c-Jun
which dimerize and bind to the AP-I transcription factor site of the promoter.
Such a proposal fits well with reports that shear stress induces the synthesis and
nuclear localization of c-Fos in cultured endothelial cells [55,56] and stimulates
AP-I [57].
Apart from shear stress, NOS III expression can be enhanced by basic fibroblast

growth factor [58] and appears to be negatively regulated by protein kinase C
[59]. The signal transduction pathway resulting in these effects remains to be
clarified but may also be related to activation of MAP kinases.
Cytokines also effect the expression ofNOS III. TNF-a., for example, decreases

NOS mRNA levels by increasing the rate of mRNA degradation via a process
that involves de novo protein synthesis [60]. The combination of IFN-y plus
TNF-a., or IL-l~, on the other hand, has been shown to paradoxically enhance
endothelial NOS activity, despite a concurrent decrease in NOS mRNA, an effect
which may be explained by increased endogenous BH4 levels [61].

4. Acute Vascular Effects of NO

The shear stress exerted on the endothelium by the circulating blood, which
represents the major stimulus for a continuous production of NO in vivo [62,63]
is a highly effective and sensitive system for the local control of vascular tone.
Selective inhibition of NO synthesis using L-arginine analogs causes an increase
in mean arterial blood pressure and a reduction in blood flow, underscoring
the significance of shear stress-dependent endothelium-derived NO in global
cardiovascular homeostasis. Knocking out the gene encoding the endothelial NO
synthase in mice results in significant hypertension, and aortic rings removed ex
vivo from these animals display no relaxation to acetylcholine and are unaffected
by treatment with NO synthase inhibitors [64]. Surprisingly, the administration
ofthese inhibitors to mice deficient in endothelial NO synthase resulted in adecrease
in mean arterial blood pressure which was prevented by L-arginine. Thus, more
than one isoforrn of NO synthase (e.g., the neuronal NO synthase which is present
both in vasomotor centres of the central nervous system and in peripheral nerves)
are likely to playa role in the global regulation of blood pressure.
Nitric oxide mediates physiological responses in the endothelium itself as well

as in other target cells by mechanisms that include the activation of the heme­
containing soluble guanylyl cyclase, binding to nonheme iron proteins, as well
as NAD+-dependent protein poly-ADP ribosylationlike reactions (for a review,
see Ref. 65). Indeed, it has been hypothesized that in hypertension, chronically
depressed levels of bioactive NO lead to a decrease in the ADP-ribosylation of
G-proteins and their subsequent disinhibition. This reduced ADP-ribosylation
could then lead to vasoconstriction, as activation of the G-proteins by agonists
would be unopposed [66]. Another example of such a reaction is the NO-induced,
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NAD+-dependent modification (and consequent inhibition) of the glycolytic en­
zyme glyceraldehyde-3-phosphate dehydrogenase (GAPDH) [67]. The cellular
mechanism underlying this effect appears to involve the transferral of the nitroso­
nium ion (NO+) to a thiol group within the active site of the enzyme, which then
leads to the covalent modification of the enzyme in the presence of NAD+ [68].
Sulfhydryl (SH)-containing proteins represent an important cellular target for
NO, and their interaction results in the generation of biologically active S-nitroso­
proteins which appear to be implicated in both the beneficial and deleterious
actions of NO.
Nitric oxide can also be cytotoxic, an effect not necessarily related to the

inhibition of GAPDH or iron-sulfur enzymes, like aconitase. This NO-mediated
cytotoxicity is morphologically and biochemically defined as apoptosis rather
than necrosis. Indeed apoptosis, as evidenced by the formation of the characteristic
DNA fragmentation ladder, nuclear condensation, apoptotic body formation, and
p53 accumulation, can be initiated by NO in cytokine-stimulated cells and is
sensitive to NOS inhibition. Certain oncogenes have been shown to modulate
apoptosis; Bcl-2 expression inhibits apoptosis, whereas p53 and c-Myc protein
may induce it. The signaling pathway implicated in NO-induced apoptosis remains
to be fully clarified; however, it has been reported that NO-induced apoptosis is
associated with the intranuclear accumulation of p53, which leads to apoptosis
either directly by acting on DNA or by causing a block in the cell cycle (for a
review, see Ref. 65). The latter toxic effects are, however, more likely to be
associated with large amounts ofNO produced by cytokine-activated cells (macro­
phages, pancreatic ~ cells, and possibly endothelial cells) rather than with the
relatively modest amounts of NO produced by the endothelium. There are, on
the other hand, certain indications that low concentrations of NO may exert
antiapoptotic actions. For example, apoptosis was prevented in B lymphocytes
exposed to extracellular NO, an effect which correlated with the sustained expres­
sion of the proto-oncogene Bcl-2 [69].
In vascular smooth muscle cells NO activates the soluble guanylyl cyclase

and enhances formation of guanosine 3':5'-cyclic monophosphate (cyclic GMP)
[70], which has, in tum, well-documented consequences on vascular tone [71-73].
Despite the fact that this signaling cascade is generally accepted as the chief
mechanism by which NO regulates smooth muscle tone, NO-mediated vasodilata­
tion may also occur via cyclic GMP-independent processes. Indeed, a cyclic
GMP-independent mechanism is responsible for the NO-mediated relaxation in
the rat proximal colon in response to nonadrenegic, noncholinergic nerve stimula­
tion [74]. In addition, both exogenous and endogenously produced NO have been
shown to activate charybdotoxin (CTX)-sensitive, calcium-dependent potassium
channels (K+c.) and induce hyperpolarization of vascular smooth muscle cells
[75,76]. NO is also reported to reversibly inhibit mitochondrial respiration by
competing with oxygen at cytochrome C oxidase, an effect which could account
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for the observed increase in respiration in certain cell systems following NOS
inhibition [77]. By increasing the apparent Kin of cytochrome C oxidase for
oxygen, NO may act as a physiological affinity regulator of mitochondrial respira­
tion, enabling mitochondria to act as oxygen sensors. Such a principle might be
involved in the mechanisms by which local oxygen concentrations influence
vessel tone because a decrease in oxygen concentration within vascular smooth
muscle cells would be expected to alter the NO/oxygen balance, inhibit the
cytochrome C oxidase, decrease cellular levels of ATP, and thereby result in
dilatation [77]. An alternative mechanism by which local oxygen concentrations
may modulate vascular function in an NO-dependent manner has recently been
proposed [78]. In this model, NO formed in the lung interacts with oxyhemoglo­
bin, resulting in the formation of S-nitrosohemoglobin, which is relatively stable
at arterial p02. Indeed significant levels of S-nitrosohemoglobin can be detected
in arterial blood, whereas it is virtually undetectable in venous blood [78]. Thus,
S-nitrosohemoglobin appears to be a circulating stabilized NO donor which only
relinquishes bound NO upon deoxygenation of hemoglobin within the capillary
circulation. The biological role of the NO thus released remains to be clarified.
By increasing local concentrations of NO, it may regulate permeability within
the capillary bed and may possibly optimize oxygen consumption in adjacent
target cells (i.e., skeletal or cardiac muscle).
Nitric oxide is also able to affect the production of other endothelium-derived

autacoids. For example, NO increases prostacyclin synthesis both in vitro [79-81
and in vivo [82] by enhancing prostaglandin H synthase [81] and/or cyclooxygen­
ase activity [79] via a cyclic GMP-independent mechanism. In contrast, the
release of the endothelium-derived hyperpolarizing factor, a cytochrome P-450­
derived metabolite of arachidonic acid [83-87], appears to be suppressed at
physiological concentrations of NO [88]. This latter effect may be related to
attenuating effects of NO on endothelial [Ca2+]i'

Platelet aggregation and adhesion are also inhibited by NO, effects which are
due to guanylyl cyclase stimulation, activation of cyclic GMP-dependent protein
kinases, and phosphorylation of specific platelet proteins, including the so-called
vasodilator-stimulated phosphoprotein (VASP) [89].
Other cardiovascular effects of NO include enhanced myocardial relaxation,

decreased diastolic tone, and reduced peak contraction in different preparations
of cardiac muscle [90]. These latter effects are proposed to be mediated via
a cyclic GMP-induced reduction in myofilament responsiveness to Ca2+ [90].
However, NO-mediated endogenous cyclic GMP production has also been shown
to control the regulation of cardiac L-type Ca2+ channel activity [91].
Most of the above-mentioned effects of NO are acute; however, NO plays a

crucial role in the long-term regulation of the vasculature by altering the expres­
sion of genes encoding certain endothelial proteins [92,93], a mechanism which
is crucial to the maintenance of the antiatherogenic properties of the endothelium.
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5. Chronic Vascular Effects of NO (NO as an Antiatherogenic Principle)

The attribution of antiatherogenic properties to endothelium-derived NO is based
mainly on clinical and experimental observations in which an endothelial dysfunc­
tion is manifest, or on experimental systems in which NOS activity is inhibited.
In the case of atherosclerosis, a wealth of evidence has been accumulated to
demonstrate that, although the endothelium in atherosclerotic vessels is seemingly
intact, the amount of bioactive NO released from the endothelium is decreased
(for a review, see Ref. 94). For example, atherosclerosis is associated with
impaired responsiveness to increased blood flow [95] as well as to endothelium­
dependent vasodilators such as acetylcholine, bradykinin, and substance P [96­
103], effects unrelated to a decreased sensitivity of vascular smooth muscle to
the endothelium-derived vasodilators. The concept of an altered functioning of
the endothelium as an initiator of the atherosclerotic process has recently gained
momentum foIlowing reports that endothelial dysfunction can occur prior to any
appreciable intimal thickening and is already apparent in patients with a family
history of atherosclerosis [102,104-106]. There is strong in vivo evidence that
endothelial dysfunction occurs in resistance vessels of the coronary and peripheral
circulations, which themselves do not develop overt atherosclerosis [103], there­
fore suggesting that the endothelial dysfunction in patients with atherosclerosis
is a systemic process, not necessarily confined to vessels in which the atheroma
develops. The nature of this endothelial dysfunction is unknown; the possibilities
include decreased expression of NOS III, imbalance between the production
of endothelium-derived constricting and relaxing factors, decreased substrate
availability, production of an endogenous NOS III inhibitor, and overproduction
of oxygen-derived free radicals. Experimental evidence has been provided to
support almost all of these possibilities [94]; however, current opinion favors
the concept that impaired endothelium-dependent relaxation in atherosclerosis is
due neither to decreased NO synthase activity nor to a deficiency in the availability
of L-arginine, but rather to an increased production of the superoxide anion
(02-) [107]. Indeed, direct measurements in vessels from cholesterol-fed animals
revealed a much higher production of NO in control vessels, although the amount
of bioassayable NO was reduced [108], suggesting that the rate of inactivation
of NO is increased in hypercholesterolemia. The consequence of this net decrease
in NO has sequelae reaching beyond the regulation of vascular tone or platelet
regulation because the activity of several redox-sensitive transcription factors
may depend on the ceIlular balance in the production of NO/02-. The crucial
role ofNO in suppressing neointimal hyperplasia has been elegantly demonstrated
in a rat model of carotid artery balloon injury in which NOS III was introduced
into the injured vessel wall. In the latter study, balloon injury was associated
with an unabated neointimal hyperplasia in control animals, whereas a 70%
reduction in neointimal area was apparent in vessels which had been transfected
with NOS III cDNA [109].



Vascular Effects of NO / 169

Additional evidence suggesting a direct antiatherogenic effect of NO have
been provided by experiments in which L-arginine analogs or exogenous NO
donors were used to manipulate vascular NO levels. Such studies clearly demon­
strated that NO production inhibits proatherogenic events such as monocyte
adhesion, one of the earliest events in the pathogenesis of atherosclerosis (for a
review, see Ref. 110). The recruitment ofblood-borne cells to evolving atheroscle­
rotic lesions appears to be specific for monocytes and requires the induction of
specific adhesion molecules on the surface of both endothelial cells and the
recruited leukocytes. The adhesion process itself is a multistep event. In the
initial stages, E- or P-selectin expressed by stimulated endothelial cells binds to
carbohydrates borne by the leukocyte surface molecules. Expression of P-selectin
on vascular endothelial cells slows white blood cells and causes them to roll along
the endothelial surface. Other cell adhesion molecules, including intercellular
adhesion molecule-l (ICAM-l) and vascular cell adhesion molecule-I (YCAM-l),
then latch onto and stop the white cells completely, prior to their migration.
The importance of a continuous production of NO in the maintenance of
antiadhesive properties of the endothelium has been demonstrated in mesenteric
venules [Ill]. Pretreatment of these vessels with an NO synthase inhibitorconcen­
tration- and time-dependently enhanced the expression of P-selectin and signifi­
cantly increased leukocyte rolling and adherence. These effects were effectively
blocked by neutralizing P-selectin with a monoclonal antibody and were signifi­
cantly attenuated in the presence of L-arginine and 8-Br-cyclic GMP. Such find­
ings concur with the observations that in platelets, NO can inhibit aggregation
and P-selectin expression [112]. Moreover, NO synthase inhibitors enhance,
whereas NO donors attenuate, endothelial expression of P-selectin during isch­
emia and reperfusion [113]. The mechanism by which endothelium-derived NO
is able to control P-selectin expression appears to involve an interplay between
NO and the vascular production of oxygen-derived free radicals, which is known
to be elevated in hypercholesterolemia [114]. In this regard, superoxide dismutase
significantly reduced P-selectin-mediated leukocyte rolling and adherence to ven­
ular endothelium [115] and to NO synthase inhibitor-treated endothelial cells
[111]. These findings imply that the continuous production of NO scavenges Oz­
and protects the endothelium from the deleterious effects of this free radical.
Following adherence, monocytes migrate across the endothelium, in response

to chemotactic factors derived from cells inherent to the vascular wall. One
of these factors, the monocyte chemoattractant protein-I (MCP-l) detected in
macrophage-rich areas of human and rabbit atherosclerotic lesions [116], is
specific for monocytes and accounts for virtually all of the monocyte chemotactic
activity secreted by endothelial cells in vitro in response to tumor necrosis factor­
lX, interleukin-I ~ [117,118], and low-density lipoprotein [119]. The link between
the dysfunctional endothelium and impaired NO production with the increased
expression of MCP-I in atherosclerosis appears to be more than coincidental.
Recent experimental evidence suggests that NO acts as an antiatherosclerotic
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principle partly by continuously suppressing the expression of MCP-I [92].
Indeed, inhibition ofNOS caused a defined increase in MCP-I mRNA and protein
in cultured endothelial cells, which was reversed following the addition of NO
donors. Moreover, monocyte migration in response to medium from cells treated
with N'-nitro-L-arginine and tumor necrosis factor-a was increased, whereas
migration in response to medium from NO donor-treated cells was significantly
less than that observed in response to control medium. These observations are
consistent with reports that prolonged exposure of cultured endothelial cells to
fluid shear stress, which is associated with an increased expression of NOS III
[9,48], resulted in a decrease in MCP-l gene expression [120]. These observations,
taken together, support the concept that a decrease in NO production alleviates
this intrinsic inhibitory influence on MCP-l expression. A similar effect has since
been proposed to account for the finding that NO donors also attenuate cytokine­
induced expression of YCAM-l [93] and the macrophage-colony stimulating
factor [121].
There are, most likely, a number of diverse molecular pathway(s) by which

NO can alter gene expression, but in the case of MCP-I, this pathway has been
partially elucidated. In human endothelial cells, inhibition of NO synthesis has
been shown to activate NF-KB-like transcriptional regulatory proteins [92], thus
suggesting that basally produced endothelium-derived NO inhibits the activation
of the NF-KB. More recently, NO has also been reported to induce the expression
and prolong the half-life of the NF-KB inhibitory subunit, IKBa [122]. However,
NO may also influence the activation of other transcription factors, such as AP-l,
which has recently been characterized as an antioxidant-responsive factor [123].
Indeed, in electrophoretic mobility shift assays, the NO donor sodium nitroprus­
side, but not free NO, has been reported to S-nitrosylate the AP-l moiety and
inhibit its activity [124].
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Role of NO in the Function of the
Juxtaglomerular Apparatus

JUrgen Schnermann and Josie P. Briggs

1. Introduction

Juxtaglomerular apparatus (lOA) is the anatomical term for a conglomeration of
specialized cells positioned at the vascular pole of the renal glomerulus. The
constituents of this cell complex are epithelial, interstitial, and modified smooth
muscle cells. The epithelial cells of the JOA are located at the distal end of the
thick ascending limbs, a part of the nephron that always returns to the vascular
pole of its parent glomerulus. The tubular cells in this contact area, called the
macula densa (MD) cells, are cytologically distinct from the surrounding thick
ascending limb cells. Underlying the MD cell plaque and filling the space between
it and the arterioles is a cushionlike complex of specialized interstitial cells,
called the extraglomerular mesangium (EOM). In their fine structure, EOM cells
are similar to intraglomerular mesangial cells. EOM cells are coupled by an
extensive network of gap junctions with each other. They are also coupled with
vascular smooth muscle cells in the afferent arteriole and with the renin-containing
granular cells in the media of the arteriolar wall. This anatomical arrangement
is the probable route for a communication pathway along which changes in
tubular fluid composition in the tubular lumen at the macula densa initiate succes­
sive alterations in the functional state of MD cells, EOM cells, and, finally,
vascular smooth muscle and granular cells.

2. Function of the Juxtaglomerular Apparatus

The MD cells are found at a location in the nephron where NaCI concentrations
are typically hypotonic, and are subject to substantial variation. This variability
is almost exclusively a reflection of changes in the rate of fluid delivery from
the proximal tubule and, therefore, of the relative rates of glomerular filtration
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rate (GFR) and proximal tubule reabsorption. The physiological range of salt
concentrations at the MD may extend from 15-20 mEqlL in low flow states to
60-70 mEqlL in states where flow rates are high, such as extracelIular volume
expansion. There is now widespread consensus that variations in NaCl concentra­
tion at the MD have at least two distinct physiological effects-a change in
afferent arteriolar tone and a change in the rate of renin secretion [1,2]. As shown
in Fig. 9-1, increasing salt concentration within the physiological range causes
constriction of the afferent arteriole leading to a decline in GFR (left) and an
inhibition of renin secretion (right) [3-5]. The effect on vascular tone is commonly
calIed tubuloglomerular feedback (TGF) and has been shown to operate as a
local homeostatic feedback loop, stabilizing salt concentration at the MD. The
renin-secretory effect appears to be important to maintain activation of the renin­
angiotensin system at a level appropriate for the volume state of the organism.
Both effects have been observed in isolated tubule/vascular preparations, estab­
lishing MD-dependent mechanisms as autonomous responses independent of
systemic and nervous inputs [2,4-7]. Thus, vascular smooth muscle cells in the
terminal afferent arteriole and renin-secreting granular cells constitute the effector
cells for entirely local pathways for the regulation of the rates of glomerular
filtration and renin release. The focus of this chapter will be to discuss the possible
role of nitric oxide in these two local regulatory responses.
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Figure 9-1. Left: Relationship between NaCI concentration at the MD and nephron OFR
in the in situ rat kidney (data redrawn from Ref. 3). MD NaCl concentrations were altered
by retrograde microperfusion. Right: Relationship between MD NaCI concentration and
renin secretion in the isolated perfused lOA preparation from rabbit kidney (data are from
Ref. 5).
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3. Nitric Oxide Synthases in the JGA

3.1. Neuronal NOS

Investigation of the role of NO in the dual function of the juxtaglomerular
apparatus began with the striking observation in two laboratories that MD cells
express the neuronal isoform of NO synthase (ncNOS) at a level much higher
than any other cells in the renal cortex [8,9]. Identity of the ncNOS isoform in
MD cells was established at the protein level by immunocytochemistry, and at
the mRNA level by in situ hybridization and reverse polymerase chain reaction
(RT-PCR) [8-12]. The presence of NOS was also confirmed by the positive
NADPH-dependent diaphorase reactivity in MD cells, a finding that was reported
several decades ago but that has only recently been recognized to reflect NOS
activity [13-15). In the MD cells, the distribution of ncNOS appears to be
cytosolic. Occasionally, other epithelial cells in the vicinity of the glomerulus,
but not in continuity with the MD, have been noted to show ncNOS positivity
[10]. Independent of the exact topography of NOS positive cells, expression of
ncNOS and Tamm-Horsfall protein appears to be mutually exclusive [10,11].
Lower levels of ncNOS expression have also been described in the efferent
arteriole and occasionally in nerves along preglomerular arterioles [10].
There is some evidence that a constitutive NOS might also be expressed by

the mesangium. In cultured mesangial cells, NO release increased in response
to a reduction in ambient Cl concentration, an effect that was greatly reduced
by a calmodulin inhibitor or by intracellular calcium chelation, evidence for the
presence of a constitutive, Ca/calmodulin-dependent NOS [16]. On the other
hand, ncNOS immunoreactivity has not been seen in the mesangial cell field in
fresh tissue sections, and ncNOS PCR products were very low in glomeruli
dissected free of the attached macula densa, indicating that ncNOS expression
in native mesangial cells, if present, must be markedly lower than in MD cells
[8-12].

3.2. Endothelial NOS

Immunocytochemistry for the endothelial isoform, ecNOS, shows the expected
presence in endothelial cells of both afferent and efferent arterioles, as well as
in the endothelium of glomerular capillaries and at the luminal surface of larger
intrarenal blood vessels [10]. Expression of ecNOS in renal vessels and in glomer­
uli was confirmed at the mRNA level by RT-PCR [12,17]. This distribution is
consistent with the functional evidence showing that the tone of isolated arterioles,
particularly of the afferent arteriole, is affected by alterations in basal NO produc­
tion [18-21). It is noteworthy that the effect of NO inhibition on the basal tone
of efferent arterioles is less prominent even though the immunocytochemistry
results indicate that efferent arterioles possess NO synthases [19).
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3.3. Inducible NOS

In many tissues, expression of the third NOS isoform, iNOS, requires induction
by proinflammatory cytokines. However, recent studies indicate that iNOS is
constitutively expressed in a number of sites in the kidney. Expression has been
observed in the wall of large renal vessels and of the terminal afferent arteriole
[22,23], in glomeruli [24,25], and in several nephron segments, particularly
medullary thick ascending limbs [22,24,25]. Sequencing of PCR products estab­
lished the presence of eDNA for two highly homologous iNOS isoforms which
could be differentiated by restriction analysis [24]. One isoform originally cloned
from rat vascular smooth muscle cells (vsmNOS) [26] was found at the vascular
expression sites, whereas a rat homolog of the other isoform cloned originally
from mouse macrophages (macNOS) [27] was found in glomeruli and epithelial
cells [24]. Upon stimulation with lipopolysaccharide, iNOS expression increased
in all structures in which the enzyme was found under basal conditions [22,24,25]
In the context of the current discussion, it is of special interest which cells in
the glomerulus express iNOS in a constitutive manner. Because both iNOS
isoforms were found to be expressed in cultured mesangial cells [24], it is
likely that glomerular expression reflects the presence of iNOS in this cell type.
Consistent with the conclusion that iNOS is present in mesangial cells in culture
are studies showing a several-fold upregulation of NO production and cOMP
generation following lipopolysaccharide treatment [24,28,29].
Figure 9-2 summarizes schematically the distribution of NOS isoforms in the

lOA. There is evidence that almost all cell types, including the MD cells, mesan­
gial cells, vascular smooth muscle cells, and endothelial cells, possess some form
of NOS and could, therefore, serve as a source for locally active nitric oxide. In

Dilatation

ncNOS ncNOS ncNOS

EGM Cells

Macula Densa
Cells

Figure 9-2. Schematic diagram showing the different cell types in the juxtaglomerular
region and their expression of NO synthase isoforms.
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addition, NO may be released from nerves associated with afferent arterioles.
Because each cell type in the JGA appears to express a single dominant isoform
(ncNOS in MD cells, iNOS in mesangial and vascular smooth muscle cells, and
ecNOS in endothelial cells), differential regulation of NOS synthesis and NO
production by the different JG cells seems possible. Nevertheless, release of NO
from different sources within the JGA area creates a multiplicity of potential
interactions, so that the effect of manipulation of NO formation on the two MD­
dependent end points may not always be predictable.

4. Nitric Oxide and Thbuloglomerular Feedback

4.1. NOS Inhibition and Augmentation of TGF

A possible involvement of NO in the tubuloglomerular feedback (TGF) mecha­
nism has been investigated by examining the effect of the pharmacological
blockade of NO synthesis on the magnitude of NaCI-dependent vascular re­
sponses. In the first of these studies, perfusion of the loop ofHenle with N"'-methyl­
L-arginine (L-NMA) or pyocyanin caused a concentration-dependent reduction of
stop flow pressure greater than that caused by perfusion with vehicle alone [9].
In a subsequent series of experiments, an assessment of the flow dependency of
stop flow pressure in the presence and absence of the NOS blocker N"'-nitro-L­
arginine (L-NNA) showed a dramatic increase in the maximum response magni­
tude and a significant left shift of V1/2, the flow rate associated with the half­
maximum response [30]. To obtain these marked effects, an L-NNA concentration
of 10-3 was required (Fig. 9-3, left). Responses have also been shown to be
augmented in an in vitro system for studying TGF which employs perfusion of
both afferent arterioles and the tubular segment which includes the MD (Fig.
9-3, right) [31]. In control conditions, changing the tubular perfusate from a low­
NaCI (Na 26, Cl 7 mEqlL) to a high-NaCl (Na 144, Cl 122 mEqlL) solution
caused a 14% reduction of the afferent arteriolar diameter [31]; when 10-5 M of
N"'-nitro-L-arginine methyl ester (L-NAME) was added to the high-NaCl perfu­
sate, the response was significantly augmented, but L-NAME did not affect the
afferent diameter when the luminal NaCI concentration was low [31]. The question
of the identity of the NO synthase involved in TGF attenuation has been addressed
by using agents which reportedly inhibit NO formation in an isoform-specific
manner [32,33]. A selective blocker of ncNOS, 7-nitro indazole, had effects
comparable to those of the unspecific blockers, whereas aminoguanidine, a
blocker of iNOS activity, was without significant effects [34].
The augmentation of TGF responses to elevated NaCI by NOS inhibition has

essentially excluded the possibility that NO released by MD cells could be the
actual flow-dependent mediator of the vascular response. It has been suggested
instead that MD-derived NO tonically downregulates TGF-induced vasoconstric­
tion. Modulation of TGF responses by NO could also be causal in the alteration
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Figure 9-3. Left: Effect of NOS inhibition on the relationship between end-proximal
perfusion rate and stop flow pressure in the in situ rat kidney (data redrawn from Ref.
30). Right: Effect ofNOS inhibition on the relationship betweenMD chloride concentration
and afferent arteriolar diameter in the isolated perfused MD/arteriole preparation from
rabbit kidney (data redrawn from Ref. 31).

of the TGF response magnitude observed during changes in the volume state of
the animal. Salt deprivation typically augments TGF responses, whereas responses
are blunted or abolished in volume expansion. Salt-dependent regulation of NO
release from MD cells (stimulation in volume expansion and inhibition in volume
depletion) could be responsible for this resetting of the TGF response magnitude
[9,30]. In fact, preliminary evidence suggests that the TGF-augmenting effect of
NO blockade is only demonstrable in high-salt-fed animals, but not in animals
on a low-salt diet, a finding in line with the assumption of higher NO formation
in volume expansion [35]. Whereas the evidence summarized above provides
compelling evidence for a role of locally generated NO in MD-induced changes
in vascular tone, a number of questions related to the exact mechanism of action
of JGA-derived nitric oxide have remained.

4.2. Is NO Generation in MD Cells Regulated by Tubular
NaCI Concentration?

One critical unresolved issue is the question of whether MD cells release NO at
a constant rate or whether NO production rate by MD cells is variable and
regulated by luminal fluid composition. The functional data summarized in Fig.
9-3 indicate that the effect of NOS blockade on TGF was most pronounced at
high flow rates or high NaCI concentrations. In addition, intraperitoneal adminis-
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tration of the ncNOS blocker 7-nitro indazole did not affect resting stop flow
pressure, a condition where the MD segment is not perfused [34]. These functional
observations would suggest that local NO levels are negligible at low luminal
NaCi concentrations and that generation and release of NO from MD cells
increases when NaCi concentration at the MD rises. Unfortunately, direct mea­
surements of NO concentrations in the juxtaglomerular interstitium in response
to changes in luminal NaCI concentration currently are not available. Although
the performance of such determinations would seem to be a formidable task, an
NO-sensitive microsensor with appropriate tip dimensions has been described,
and it is possible that this electrode may be applicable to measurements of NO
levels in the juxtaglomerular interstitium [36,37].
Because the activity of constitutive NO synthases is calcium dependent, mea­

surements of changes in MD cytosolic calcium are another, although more indi­
rect, approach to predict the effect of changes in luminal NaCI concentration on
MD NOS activity. Measurements of this type have been performed in two
laboratories [38,39]. Because both small increments and small decrements in
MD [Cali have been reported with large changes in luminal NaCI concentration,
it is probably fair to conclude that calcium in MD cells appears to change very
little in response to changing luminal NaCI concentrations. It is also of note that
the addition of calmodulin inhibitors to the luminal fluid does not mimic the
effect of NOS blockers [40].
Flow-dependent increments in NO production without changes in NOS activity

could also occur if the availability of L-arginine was rate limiting and dependent
on tubular flow rate. In all perfusion studies discussed above, the luminal perfusate
did not initially contain L-arginine. Although L-arginine might diffuse into the
tubular lumen, one would predict increases in flow to be associated with lower
levels at the MD. Therefore, changes in arginine delivery to the apical membrane
ofMD cells could not have been responsible for an acute increase in NO produc­
tion by MD cells under high-flow conditions, even though it might conceivably
augment NO production at low flows. Experimental evidence against luminal
L-arginine being rate limiting for NO generation is furnished by the observation
that the addition of L-arginine in physiological concentrations to the perfusate
did not alter the TGF response magnitude, although some TGF blunting was
noted at very high concentrations ofL-arginine [9,34]. Finally, although L-arginine
uptake across the basolateral membrane is possible, it is unclear how such a
transport step could be altered by luminal flow rate.
A reduction in extracellular CI concentration has been reported to cause an

increase in NO release from cultured mesangial cells [16]. Sizable variations
of CI concentration which track Cl levels in the luminal fluid occur in the
juxtaglomerular interstitium of amphiuma kidneys [14]. If similar changes in
extracellular Cl are elicited in the mammalian kidney and if NO synthesis in
native extraglomerular mesangial cells is similarly sensitive to CI concentration,
it is possible that NO release from mesangial cells could increase at low luminal CI
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concentrations. However, because mesangial NO production would be expected to
be enhanced at low luminal Cl, such an interaction should reduce the dilator
component of the TOF mechanism, a prediction opposite to the observation that
NOS inhibitors enhance its constrictor effect (Fig. 9-3).

4.3. Are the MD Cells the Only Target Cells for Luminally Applied
NOS Blockers?

Ideal1y, pharmacological NOS inhibitors should be targeted to a single cel1 type
of the lOA to identify the cellular source of NO involved in lOA signaling
pathways. Because NOS isoform expression in different lOA cel1s shows a typical
cell-specific pattern, studies of the effects of isoform-specific inhibitors could be
helpful in localizing the NO-generating cel1s. The recent findings with 7-nitro
indazole, a possible preferential ncNOS inhibitor [34], would support the notion
that the NO involved in the TOF response is MD derived. However, this approach
is vulnerable to the concern that the agents may show less than complete specific­
ity. In fact, several recent studies have questioned the specificity of 7-nitro
indazole and aminoguanidine as selective inhibitors of ncNOS and iNOS, respec­
tively [42-44].
In the perfusion experiments using nonspecific inhibitors, the assumption of

selective targeting of MD ncNOS rests solely on the experimental approach of
including the agents in the luminal perfusate, thereby providing direct access to
the apical side of the MD cel1s. Although MD involvement is likely in this
approach, it is possible that luminal1y applied NOS inhibitors may be absorbed
to some extent and that their subsequent interaction with mesangial or endothelial
NO production is responsible for the observed effects. Direct experimental evi­
dence for this possibility comes from a study in which luminal NLA infusion
was noted to augment TOF responses in an adjacent nephron [45]. In this situation,
one must assume that the inhibitor (NLA) diffused out of the nephron and
interacted with an extratubular, probably endothelial NOS at the vascular pole
of the neighboring tubule. In addition, the ful1 TOF-enhancing effect developed
relatively slowly, consistent with a delayed access of the NOS blocker to the
enzyme [45]. Thus, the effect of luminal1y administered NOS blockers appears
to be mediated at least in part by an interaction of the blocking agent with a
non-MD NOS. This conclusion is consistent with the results of a study in which
the systemic administration of an NOS inhibitor was observed to greatly increase
the TOF response magnitude and to lower V1/2, even though the luminal perfusate
did not contain the inhibitor [46]. The increase in arterial blood pressure associated
with systemic NOS blockade, a change that in itself is expected to augment TOF
responses [47], could account for only about one-third of the observed TOF
enhancements [46]. Although the effect of systemic NOS blockade on MD ncNOS
is not known, these data support the notion that blockade of endothelial NOS
can enhance TOF responses.
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The evidence in favor of a participation of ecNOS in TGF control may also
explain why the TGF-enhancing effect appears to be more pronounced at high
flow rates. Because in addition to flow velocity a reduction in vessel radius
determines fluid shear stress [48] it is conceivable that the vasoconstriction
caused by elevated luminal NACI concentrations is responsible for an increase
in endothelial NO production mediated by an increase in wall shear stress. Using
the degree of vasoconstriction observed in the in vitro studies of Ito and Ren
[31] and the reduction in plasma flow observed in vitro [49], one can estimate
that afferent arteriolar shear stress probably increases by as much as 25% at high
NaCI at the MD. This could be an underestimate if the use of a noncolloidal
solution in the in vitro perfusion studies was associated with a smaller reduction
in perfusion flow. Although numerous details in the regulation of endothelial
NO production are still unclear, there is unequivocal evidence that wall shear
stress is an important regulator of both ecNOS mRNA expression, presumably
through specific shear stress response elements and other transcription factor­
binding sites in the promoter region of the ecNOS gene [50-53], and of NOS
enzyme activity, probably at least in part through shear stress-induced changes
in cytosolic calcium [54-56]. The assumption of a TGF-stimulated increase in
the production of endothelial NOS would be consistent with the blocker effect
being greater at higher flows [30,31]. It is also consistent with the observation
that the reduction of stop flow pressure caused by peritubular administration of
an NOS blocker was marginal in the absence of loop perfusion but increased
when the TGF mechanism was activated by high NaCI at the MD [9]. Finally,
furosemide was found to eliminate the TGF-augmenting effect of NOS blockade
[9]. During the administration of furosemide, afferent arteriolar constriction is
blocked, eliminating the cause for increased endothelial NO production. Thus,
it is conceivable that the attenuation of the TGF response by nitric oxide at high
flows, for the most part, does not reflect increased release of NO from MD cells,
but that it is caused by stimulation of NO release from endothelial cells.
In the isolated MD/afferent arteriole double-perfusion approach, it was shown
that tubular application of L-NAME did not alter the vasodilatory effect of
intravascular acetylcholine in norepinephrine preconstricted arterioles [31]. This
finding would seem to indicate that endothelial NOS activity was not inhibited
by luminal administration of the nonspecific NOS inhibitor in this preparation.
This conclusion would be justified if the vasodilator effect of acetylcholine is
fully dependent on NO. However, studies in the isolated hydronephrotic kidney
indicate that this may not always be the case [57].

4.4. NO and Renin-Angiotensin System Interactions in TGF

Agents which modify the renin-angiotensin system, angiotensin II itself as well
as converting enzyme and angiotensin receptor blockers, have been consistently
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found to modify both TGF responses and the renal vascular responses to NO.
Interference by NO with the local action of angiotensin II may furnish an alternate
possible explanation for the apparent flow dependency of the effect of NOS
blockade. Several studies have shown that NOS blockade modulates the constric­
tor effect of angiotensin II in glomerular arterioles. For example, the constrictor
effect of L-NNA in the juxtamedullary nephron preparation was attenuated by
simultaneous blockade of angiotensin receptors, suggesting that endogenous an­
giotensin II actively contributed to the vasoconstriction caused by acute NO
removal [58]. Furthermore, L-NAME enhanced the effect of angiotensin II in
isolated perfused afferent arterioles [20]. Similar interactions between NO and
angiotensin II have been observed in the intact kidney [59-61]. On the other
hand, angiotensin II infused either systemically or into peritubular capillaries has
been found to specifically enhance TGF responses [62,63]. The changes in TGF
curve characteristics caused by angiotensin II and by NOS blockers are similar
in that both interventions reduce V1/2 and increase maximum responses, particu­
larly in the range of elevated flow rates. Thus, it is possible that locally formed
NO antagonizes some component of the TGF response that is angiotensin 11­
modulated. Since this component manifests itself as an enhanced constriction in
response to a high NaCL concentration at the MD, NOS blockers may be expected
to further augment this constrictor response without affecting the vasodilated
state at low NaCI concentrations at the MD, where the angiotensin II component
is largely inactivated.

4.5. NO and Resetting of TGF in Volume Expansion

Resetting of the magnitude of the constrictor response to MD NaCl has been
identified as one of the characteristics of the TGF system [64]. For example,
TGF sensitivity is generally increased in states of extracellular volume depletion
and reduced in volume expansion. One mechanism for this adaptation appears
to be changes in activity of the renin-angiotensin system, but the participation
of other regulatory factors is likely. As alluded to previously, an increase in MD
NO formation has been suggested to be in part responsible for the resetting of
TGF sensitivity during chronic volume expansion [35,65]. Even though ncNOS
is a constitutively active enzyme, the presence of numerous cis-acting regulating
elements in its promoter region is a clear indication that its rate of expression is
regulated [66]. Consistent with this expectation, marked changes in ncNOS
mRNA and protein levels have been reported in both extrarenal and intrarenal
tissues. Following a I-week treatment of rats with a low-NaCI diet, ncNOS
mRNA levels in MD cells were found to be about sixfold higher than observed
in rats maintained on a high-NaCl diet [12]. Similarly, treatment with a low­
NaCl diet increased ncNOS immunostaining of MD cells [23]. Thus, a chronic
reduction of NaCl concentration at the MD is likely to be accompanied by
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increased levels ofNO generation by MD cells. This adjustment could be interpre­
ted as an appropriate attempt to limit the constrictor effect of an activation of
TGF-sensitizing mechanisms, such as the elevated angiotensin II levels caused
by salt depletion. The directional change in NO production predicted from the
observed change in ncNOS expression is not consistent with the proposal that
MD-derived NO is responsible for the change in TGF sensitivity reported to be
caused by changes in salt intake. Increased ncNOS mRNA levels in MD cells
during low-NaCl intake are unexpected in view of earlier findings showing that
the urinary excretion of nitrite and nitrate, the breakdown products of NO, is
higher in rats fed a high-salt diet compared to low-salt-treated animals [67].
Furthermore, NO synthase blockers exert greater effects on renal blood flow and
renal vascular resistance in high-salt- than in low-salt-treated animals [65], even
though the opposite finding had been reported in an earlier study [68]. These
findings are reconcilable if one assumes that overall renal NO production as
assessed by urinary NO metabolites is dominated by endothelial-cell-derived NO
and that endothelial cells both in the renal and extrarenal circulation respond to
volume expansion with increased NO formation. This response could, for exam­
ple, be a consequence of a higher shear stress due to the increased cardiac output.
Thus, cell-specific regulation of constitutive NO synthases may well lead to
increased NO production by endothelial cells and to reduced NO generation by
MD cells. Recent preliminary data show that the administration of a low-salt
diet was associated with an about 40% lower plasma level of L-arginine than
seen in high-salt-fed animals [69]. Thus, substrate availability may be responsible
for a reduced NO production by renal epithelial cells in states of volume depletion.
On the other hand, proximal tubules have a high capacity to generate L-arginine
and to transport it into the peritubular capillaries [70,71]. Thus, it is not clear
that measurements of systemic L-arginine are a reliable index of intrarenal sub­
strate levels.

4.6. Summary

The addition of various competitive blockers to the fluid perfusing individual
loops of Henle is associated with an augmented TGF response to elevations in
MD NaCI concentration. This observation is consistent with locally formed NO
attenuating the vasoconstrictor limb of the TGF mechanism. Flow-dependence
of this effect may be due to increased NO production at high flow rates or to an
attenuation of the angiotensin II-dependent component of the TGF constrictor
mechanism. In addition, luminally applied NOS blockers are absorbed to some
extent and are likely to interact with the endothelial NOS in the terminal afferent
arterioles. This interaction may be more pronounced at elevated flow rates, where
arteriolar shear stress and NO formation may be augmented as a result of TGF­
induced vasoconstriction. These observations indicate that tonic NO release from
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several cell types at the glomerular vascular pole can attenuate the vasoconstrictor
effect of the flow-dependent TGF-mediating agent. Chronic dietary NaCI restric­
tion is associated with an upregulation of MD NOS activity, suggesting that the
increased TGF sensitivity induced by a low-salt diet is not simply a result of
decreased NO release from MD cells.

5. Nitric Oxide and Renin Secretion

5.1. Effect of NO on Renin Secretion in Complex Systems

The possibility that the release of renin from juxtaglomerular granular cells is
regulated by locally produced nitric oxide has been studied using various ap­
proaches. Results from these experiments are remarkably discrepant, with even
the direction of the change of the renin secretory response to NO being in dispute.
Early studies suggested that NO inhibits renin release. In renal cortical slices
from dog and rat kidneys, endogenous NO released from carotid arteries or
exogenous NO generated from nitroprusside inhibited renin secretion; conversely,
inhibition of NOS with L-NMMA stimulated basal renin release [72-74]. In
contrast, in isolated perfused kidneys, the administration of NOS blockers caused
inhibition of renin secretion, and increased NO production from endogenous or
exogenous sources increased renin release [75-77]. Several studies have exam­
ined the effect of systemic administration of NOS blockers on renin secretion in
intact animals [78-82]. Even though results are difficult to interpret in view of
the simultaneous changes in arterial blood pressure and renal resistance, it is
noteworthy that, in general, renin release or plasma renin concentration were
either unchanged or increased. Because one would expect the increased blood
pressure and the suppressed sympathetic nerve activity to enhance any inhibitory
effect of NOS blockade, these results seem to contradict the conclusions drawn
from the isolated kidney studies that NO is renin stimulatory. Two in vivo studies
in which provisions were made to control for the influence of NOS blockade on
perfusion pressure or renal sympathetic tone were inconclusive in that both an
increase or a decrease in renin secretion were observed [83,84]. We suspect that
the apparent complexity of the NO effect is related to the multiple sources of
NO in the JGA as well as the possibility of both direct and indirect interactions
with granular cells.

5.2. Effect of NO on Renin Secretion in Simpler Systems

To further delineate the effects of NO in the control of renin secretion, simpler
experimental systems have been used. There is agreement that short-term exposure
of isolated granular cells in primary culture to NO donors causes a dose-dependent
inhibition of renin secretion [85-87]. This inhibition was accompanied by an
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increase in cellular cGMP levels [85]. A functional role of cGMP in NO-induced
renin inhibition was suggested by the findings that the effect on renin secretion
was prevented by methylene blue and mimicked by exogenous cGMP [86,87].
cGMP dependency is consistent with the earlier observation that atrial natriuretic
factor, another compound signaling through cGMP, also reduces renin secretion
[88,89]. The use of isolated cells of high purity and the apparent involvement
of guanylate cyclase, the most established receptor and second-messenger system
of NO, indicate that the direct interaction of NO with granular cells results in
inhibition of renin secretion. In agreement with these studies are the results from
experiments in the isolated perfused juxtaglomerular apparatus of the rabbit, an
in vitro preparation in which renin release is measured under conditions of
controlled fluid composition at the MD [90]. In this preparation, agents can be
applied either to the external medium superfusing the entire preparation or to
the luminal fluid at the macula densa. Addition of nitroprusside or L-arginine to
the bath superfusate caused an inhibition of renin secretion when NaCI at the
MD was low (i.e., when renin secretion was stimulated). Conversely, bath addition
of the NO synthase inhibitor L-NNA caused an increase in renin secretion.
The cellular localization of the NOS responding to L-NNA or L-arginine in the
superfusate is not known. However, it may be reasonable to speculate, mainly
on anatomical grounds, that the most important source of NO with direct access
to the granular cells is the endothelium, although NO release from the mesangium
is another possibility.
Additional observations in the isolated perfused JGA preparation have yielded

results that may explain some of the contradictory results discussed above. Results
with direct application of drugs to the macula densa were directionally opposite
to those observed with the bath application. Luminal application of L-arginine
stimulated renin secretion, and NO synthesis blockade with luminal L-NNA
reduced it [90]. This effect was most pronounced at low intratubular NaCI
concentrations. In fact, because L-NNA inhibited renin release at low NaCI
concentration, NaCl-dependent renin secretion was completely abolished (Fig.
9-4). Due to the design of these studies, one may speculate that NO released by
MD cells stimulates renin release, a change directionally opposite to the direct
inhibitory effect described above. Changes in renin secretion in this preparation
cannot be the secondary consequence of MD-dependent changes in vascular tone
because the fragments of arterioles present in this preparation are not perfused.
Consistent with these findings are recent results showing that the acute stimulation
of renin secretion by furosemide, a stimulus that probably utilizes the MD path­
way, is attenuated by the administration of L-NAME or of the ncNOS-specific
inhibitor 7-nitroindazole [91,92]. Stimulation of renin secretion by NO may be
subsequent to MD transport inhibition, a possibility supported by the transport
inhibitory effect of NO seen in other renal epithelial cells [93,94]. Alternatively,
NO may act locally to modulate the formation of a secondary paracrine agent
capable of altering renin secretion.
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Figure 9-4. Effect of luminal application of an NOS blocker (N-nitro-L-arginine) on the
relationship betweenMD chloride concentration and renin secretion in the isolated perfused
MD preparation of rabbit kidney. (Data from Ref. 90.)

5.3. Nitric Oxide-Cyclooxygenase Interactions

Clarification of the signaling mechanisms by which MD-generated NO causes
stimulation of renin secretion requires further studies, and an exhaustive discus­
sion of the potential intermediate steps is beyond the scope of this chapter.
Nevertheless, it seems pertinent to discuss the recent finding that MD cells show
a strikingly high expression of the inducible form of cyclooxygenase (COX2)
[96]. Thus, whereas COX2 in most tissues is found only at low levels and requires
induction by cytokines, MD cells appear to abundantly express this enzyme in
a constitutive fashion. The fact that MD cells, a rare cell type of the renal cortex,
coexpress specific isoforms of both NO- and prostaglandin-generating enzymes
suggests an interaction between these enzymatic products that may be key to
understanding MD-dependent regulation. This notion is supported by the observa­
tion that COX2 mRNA and enzyme levels in MD cells, like ncNOS expression
[12,23], are markedly upregulated by treatment with a 10w-NaCl diet [96,97]. In
fact, there is abundant functional evidence to show that NO can modulate COX2
enzyme activity and expression even though the directional change may depend
on the cell type under study. For example, NOS inhibition was found to attenuate
cytokine- or LPS-induced stimulation of prostanoid production and release by
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rat pancreatic islets [98], lung tissue [99], vascular smooth muscle cells [100],
and a mouse macrophage cell line [101].
In intact animals, L-NMMA and arninoguanidine reduced plasma 6-keto-PGF1lX

levels and urinary PGE:2 and 6-keto-PGF 1lX excretion during stimulation with LPS
[102]. Finally, norepinephrine-stimulated PGE2 release from hypothalamic tissue
[103] and bradykinin-induced stimulation of prostanoid production in the isolated
perfused kidney [104] was found to be attenuated by NOS blockers, whereas
sodium nitroprusside augmented the release of PGE2 and thromboxane from
hypothalamic explants [103] or uterine tissue [105], effects that could be prevented
by the NO scavenger hemoglobin [103,105]. Although these data suggest a
stimulatory influence of NO on the activity or expression of both COX2 and
COX1 [101,104], there is also evidence that NO may exert the opposite effect,
an inhibition of prostanoid production by COX2 [106,107]. MD-generated NO
may interact with COX isoforms in the MD or in mesangial cells and cause a
change in the release of prostaglandins and/or thromboxane, agents known to
affect vascular tone and renin secretion. This possibility is consistent with our
earlier finding that COX inhibitors abolish NaCl-dependent stimulation of renin
secretion (Fig. 9-5, left) [108]. Similar to the effect of NOS blockade (Fig. 9-4),
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Figure 9-5. Left: Effect ofcyclooxygenase inhibitors on the relationship between chloride
concentration at the MD and renin secretion in the isolated perfused rabbit JOA preparation
(data redrawn from Ref. 108). Right: Effect of cyclooxygenase inhibition (indomethacin
0.5 ruM) on the relationship between luminal chloride concentration and nephron OFR
in the in situ rat kidney. Indomethacin was given by retrograde microperfusion (data
redrawn from Ref. 109).
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this effect was most pronounced at reduced flow rates. The magnitude of the
effect of NOS and COX inhibition on renin secretion suggests that NO and
prostaglandins operate in series rather than in parallel. COX inhibitors have also
been shown to inhibit TGF responses [109] (Fig. 9-5, right), a finding opposite
to that produced by NOS inhibition (Fig. 9-3). Thus, regulation ofNaCI-dependent
vascular tone by a similar serial interaction between NO and prostaglandins
seems less likely.

5.4. Integrating Vascular and Renin Secretory Pathways

Although both MD-mediated mechanisms, the change in vascular tone and the
change in renin secretion, are markedly altered by nitric oxide, it is not easy to
reconcile the results from these experimental series. Whereas the effect of NOS
blockade on TGF responses was most pronounced at high flow rates [9,30,31],
renin responses were only affected by NOS blockers at low flow rates [90]. These
results are conflicting, as they suggest opposite effects of loop flow rate on NO
generation by MD cells. Direct NO measurements have to be awaited to resolve
this issue. Nevertheless, there is additional evidence to show that NO contributes
to the stimulation of renin secretion during low luminal NaCI concentrations. In
contrast to the erratic effect of NOS blockade on renal renin release under control
conditions, several studies using widely different approaches indicate that NOS
blockers exert a strong inhibitory effect under conditions of reduced renal or
afferent arteriolar perfusion pressure [77,80,95]. Some of these results are summa­
rized in Fig. 9-6. Endothelial NO production is likely to be reduced in the low
autoregulatory and subautoregulatory blood flow range because of the relative
vasodilatation (i.e., reduced cytosolic calcium) and the reduced shear stress. MD
NaCI concentration, on the other hand, is probably reduced, resulting in increased
NO formation and stimulation of renin secretion. Even though the MD segment
was not perfused in the studies shown in the right-hand panel of Fig. 9-5, it is
likely that it was present and that the MD cells were exposed to the low luminal
NACI concentrations typically generated at very low salt loads.

5.5. Summary

The effect of NO on renin secretion is strikingly complex. Both inhibition and
stimulation of renin release has been observed, a divergence that is probably the
result of direct and indirect effects of NO on granular cells. Direct interaction
of NO with granular cells causes inhibition of renin release, and we assume that
the neighboring endothelial cells are the most likely source of this "inhibitory"
NO. In contrast, stimulation of renin release may be the result of NO generated
and released by MD cells, presumably through an unknown indirect pathway.
The stimulatory effect of NO is intricately involved in the increase in renin
secretion caused by low luminal NaCI concentration as well as by low renal
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Figure 9-6. Effect of NOS inhibition on the relationship between renin secretion and
perfusion pressure. Left: Relationship between arterial pressure and renin release (RR) in
the conscious dog (data redrawn from Ref. 95; RR calculated from venous-arterial PRA
difference and plasma flow with units [ng Ang IIml h] x [ml/min]). Middle: Relationship
between perfusion pressure and renin release in isolated perfused rat kidneys (data redrawn
from Ref. 77). Right: Relationship between driving pressure and renin release from isolated
perfused afferent arterioles of the rabbit (unpublished data from He, X.-R., Briggs, J.P.,
and Schnermann, J.; RR expressed as nano-Goldblatt units (nGU)/min).

perfusion pressure. Due to the opposing actions of NO derived from endothelial
and MD cells, net renin release under resting conditions may not be affected
markedly by the autocoid. However, when endothelial NO formation is sup­
pressed, as would be expected in states of low plasma flow and reduced renal
perfusion pressure, or when MD NO formation is stimulated (as during reduced
MD NaCl concentrations), stimulation of renin secretion through the MD-depen­
dent pathway may dominate. On the other hand, in states of high vascular
shear stress associated with high MD NaCI (for example, in volume expansion),
endothelial NO may dominate contributing to inhibition of renin secretion as
well as vasodilatation.

6. Conclusions

The NaCI concentration in the tubular lumen at the MD serves as the signal
for a local regulatory pathway controling renin secretion and afferent arteriolar
vasomotor tone. The extracellular signaling molecules responsible for this interac­
tion include NO, which is generated by nitric oxide synthases expressed in various
cells of the JGA. Locally formed NO attenuates NaCI-dependent vasoconstriction,
an effect that is probably subsequent to release of NO from both MD and
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endothelial cells. NO released from MD cells appears to be responsible for the
stimulation of renin secretion by low NaCI, an effect that may be secondary to
NO-stimulated formation of prostaglandins. Although substantial progress has
been made in implicating NO in the control functions of the lOA, many details
have remained unclear. Improved understanding may be expected from technical
advances in the measurement of local NO concentrations and in the development
of selective NOS and COX inhibitors, as well as from the use of transgenic
animals with null mutations in specific NOS or COX isoforms.
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NOS in Mesangial Cells: Physiological and
Pathophysiological Roles

Josef Pfeilschifter and Heiko Miihl

1. Introduction

The mesangium is a highly specialized pericapillary tissue that is involved in most
pathological processes in the renal glomerulus. Three prominent proinflammatory
features of intrinsic mesangial cells evolve as a result of the cross-talk with
invading professional immune cells: (i) increased mediator production, (ii) in­
creased matrix production by mesangial cells, and (iii) increased mesangial cell
proliferation [1]. Resting mesangial cells do not synthesize any inflammatory
mediator constitutively but require a triggering by factors secreted by professional
inflammatory cells invading the glomerulus, such as macrophages or leukocytes
or by factors present in serum. However, once activated, mesangial cells have
the potential to become autonomous in terms of mediator production and they
start to secrete a myriad of biologically active substances [2]. The orchestration
of the glomerular wounding response must be exact to initiate a sophisticated
orderly process of repair. The aberrant production of these mediators, however,
may sustain connective tissue accumulation and result in irreversible alteration
in glomerular structure and function, to end finally in what pathologists describe
as glomerulosclerosis. This review focuses on a highly versatile member of this
orchestra of inflammatory mediators, nitric oxide (NO), that plays a crucial role
in the pathogenesis of inflammatory and autoimmune diseases.
In this chapter we will focus on NO synthesis by glomerular mesangial cells

and its possible roles in glomerular physiology and pathophysiology.

2. Mesangial Cells as a Target for NO

Mesangial cells are a major determinant in the regulation of glomerular filtration
rate. Morphologically, mesangial cells resemble vascular smooth muscle cells,
able to contract upon stimulation by vasoactive hormones like angiotensin II or
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vasopressin. These hormones trigger a rapid phospholipase C-mediated hydrolysis
of membrane phosphoinositides with a subsequent mobilization of intracellular
Ca2+ and cell contraction. Vasodilators that stimulate cGMP formation in mesan­
gial cells, such as atrial natriuretic peptides or sodium nitroprusside, as well as
cell-permeable cGMP, analogs, attenuate angiotensin II-induced cell contraction.
This is due to a cGMP-mediated inhibition of angiotensin II-stimulated phospho­
inositide turnover and Ca2+ mobilization [3].
In coincubation experiments, it has been demonstrated that NO release from

aortic endothelial cells [4] and, more importantly, from glomerular endothelial
cells [5] increases the cGMP in mesangial cells. In addition, NO produced by
endothelial cells inhibited angiotensin II-induced mesangial cell contraction [4].
Therefore, NO may be an important signaling molecule in the cross-communica­
tion between glomerular endothelial and mesangial cells, contributing to normal
glomerular physiology.
This view is supported by the report of Garg and Hassid [6], demonstrating

that NO and cell-permeable cGMP analogs dose-dependently inhibited serum­
stimulated DNA synthesis and mesangial cell proliferation. This growth inhibitory
effect of NO may help to preserve the structure of the glomerulus under conditions
of increased growth factor production, as it is typically found in certain forms
of glomerulonephritis.
Mattana and Singhal [7] observed that supplementing media with additional

L-arginine (4 mM) significantly antagonizes the mitogenic effect of endothelin­
1 and angiotensin II on mesangial cells. This effect was attenuated by the NOS
inhibitor ~-monomethyl-L-arginine (L-NMMA) as well as by the guanylate
cyclase inhibitor Methylene Blue, suggesting that the effect of L-arginine is
mediated via cGMP generation. The NO donor sodium nitroprusside was also
found to suppress thymidine incorporation in mesangial cells exposed to angioten­
sin II or endothelin-l. Furthermore, the inhibitor of protein kinase G, Rp-8-Br­
cGMPS, attenuated the antiproliferative action of L-arginine [7]. These findings
may, in part, account for the reported ability of dietary L-arginine supplementation
to retard the development of glomerulosclerosis.
In contrast, NO did not inhibit DNA synthesis in logarithmically growing cells

[8] and Mohaupt and colleagues [9] observed that endogenously as well as
exogenously supplied NO does not suppress platelet-derived growth-factor­
stimulated mesangial cell proliferation. In this context, it is important to note
that the platelet-derived growth factor has been shown to inhibit inducible NO
synthase (iNOS) expression in mesangial cell [10] and, thus, may not allow to
generate amounts of NO that are sufficient to block mesangial cell proliferation.

3. Regulation of NO Production by Mesangial Cells

In addition to their contractile, smooth-muscle-like properties, glomerular mesan­
gial cells also have features common to macrophages; that is, they are able to
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phagocytose and they produce oxygen radicals, cytokines, growth factors, and
eicosanoids [2]. It was, therefore, of interest to investigate whether cytokines are
able to induce NOS activity in mesangial cells, as it has been observed for
activated macrophages. Indeed, mesangial cells are not only a target for NO but
are themselves an important source for NO. In 1990, Pfeilschifter and Schwarzen­
bach [II] produced the first evidence for NOS activity in rat mesangial cells
exposed to inflammatory cytokines like interleukin I~ (IL-I~) or tumor necrosis
factor a (TNFa). Subsequently, NO formation by rat mesangial cells has been
confirmed [12], and NOS activity also reported in bovine [13] and human mesan­
gial cells [14].

Interleukin-I~, TNFa or interferon y, and bacterial endotoxin were found to
stimulate soluble guanylate cyclase in rat and bovine mesangial cells via the NO
producing L-arginine pathway. IL-l~ and TNFa-stimulated formation of cGMP
was dose dependent, with a significant stimulation occurring already at 10 pM
[II]. The induction of cGMP formation by cytokines required a lag period
of 4-8 h and was inhibited by actinomycin D and cycloheximide, suggesting
dependence on new RNA and protein synthesis. Coincubation with L-NMMA
attenuated cytokine-induced cGMP formation, an effect that was reversed by
L-arginine, thus demonstrating that NO is responsible for IL-l ~- and TNFa­
stimulated cGMP production in mesangial cells [II-13]. To identify the type
of NOS induced in mesangial cells, we characterized its cofactor requirement.
Mesangial cell NOS was completely dependent on the presence of L-arginine
and NADPH, was weakly enhanced by tetrahydrobiopterin (BH4), and, most
importantly, was not significantly affected by Ca2+ and calmodulin [15]. These
features clearly identify the mesangial cell NOS as being of the macrophage type
(iNOS). Western blot analysis with a specific polyclonal antibody confirms that
IL-l ~ treatment of mesangial cells dramatically upregulates the appearance of a
single band of 130 kDa, consistent with iNOS protein [16]. Furthermore, Northern
blot analysis shows the dose- and time-dependent increase of iNOS mRNA
steady-state levels in mesangial cells after stimulation with cytokines as shown
in Fig. 10-1 [16,17]. The iNOS mRNA was present as a single band of approxi­
mately 4.5 kb. In unstimulated mesangial cells, there was no detectable iNOS
mRNA (Fig. 10-1).
Induction of iNOS has also been shown in human mesangial cells [14]. How­

ever, human mesangial cells require multiple cytokines, unlike rat mesangial
cells which require only single stimulants to produce NO. IL-I ~ and interferon
y must be present together to elicit NO production, whereas TNFa augments the
response [14]. Induction of iNOS expression by a diverse number of agents is
triggered in a species- and tissue-specific manner [18] as summarized in Table
10-1 for mesangial cells.
The iNOS expression in renal mesangial cells is controlled by at least two

separate signaling pathways-one involving adenosine 3',5'-cyclic monophos­
phate (cAMP) and the other triggered by cytokines such as IL-l ~ or TNFa. Both
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Figure 10-1. Time course of induction of iNOS mRNA in mesangiaI cells after stimula­
tion with a combination of IL-I ~ and TNFa. Mesangial cells were treated with IL-I ~ (l
nM) plus TNFa (I nM) for the indicated time periods. Total cellular RNA (20 /lg) was
successively hybridized to 32P-Iabeled iNOS and ~-actin cDNA probes. Reprinted by
permission of Blackwell Science, Inc. from Ref. 59.

pathways act synergistically and thus potently upregulate the expression of iNOS
in mesangial cells [19,20]. Nuclear run-on transcription experiments suggested
that IL-l~ and cAMP synergistically interact to increase iNOS gene expression
at the transcriptional level. Furthermore, cAMP exposure markedly prolonged
the half-life of iNOS mRNA. The decay of iNOS mRNA after stimulation with

Table 10-1. Agents That Have Been Shown to Induce iNOS
Expression in Mesangial Cells

Agent(s)

Interleukin I
Tumor necrosis factor a
Interferon y
Lipopolysaccharide
Cyclic AMP
Tumor necrosis factor a
Interleukin I
Tumor necrosis factor a
Interferon y

Species

Rat
Rat
Rat
Rat
Rat
Bovine
Human
Human
Human

Ref.

II, 15-17,23,24
II, 15,25
12
12,22,25
19, 20, 23
13
14,21
14,21
14
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IL-l ~ alone corresponded to a half-life of about 1 h. After costimulation with
IL-l~ and forskolin, a direct activator of adenylate cyclase, the mRNA half-life
was increased markedly to about 3.3 h [20]. Thus, iNOS mRNA seems to be a very
labile mRNA species comparable to those mRNAs coding for many transiently
expressed genes, including some cytokines, oncogenes, and transcription factors.
The presence of A+U-rich sequences in the 3'-untranslated region of certain
mRNAs may function as a destabilizing element which targets these mRNAs for
rapid cytoplasmic degradation. We do not yet know if 3'-untranslated or other
specific mRNA sequences are important for iNOS mRNA stabilization by cAMP.
The control of transcription in response to inflammatory cytokines has been
intensively studied, and it has become clear that a number of ubiquitous transcrip­
tion factors are involved in many different cellular systems. Very prominent
among these factors is nuclear factor KB (NFKB), a multisubunit transcription
factor that is activated in response to various stimuli and plays a pivotal role in
the development of the cellular immune and inflammatory responses [26]. Re­
cently, we obtained evidence that pyrrolidine dithiocarbamate (PDTC), an inhibi­
tor of NFKB activation, potently suppresses IL-l~-induced but not cAMP-stimu­
lated iNOS expression in mesangial cells [27]. Obviously, IL-l~ uses NFKB to
trigger iNOS transcription, whereas cAMP activates transcription factors different
from NFKB. This finding has also been confirmed by others [25]. Whether
the cooperation between these two factors provides the basis of the synergistic
activation of iNOS transcription is not yet known.
Recently, Xie and colleagues [28] reported on the cloning of the 5'-flanking

region of the iNOS gene from a mouse genomic library. The mRNA transcription
start site is preceded by a TATA box and at least 24 consensus sequences for
the binding of transcription factors involved in the induction of other genes by
cytokines or lipopolysaccharide. Lipopolysaccharide inducibility of iNOS de­
pends on an unique NFKB sequence (nucleotides -85 to -76) that is recognized
by a cycloheximide-sensitive complex containing both p50/c-Rel and p50/RelA
heterodimers of NFKB [29]. We have cloned and characterized a 1.8-kb fragment
containing a part of the promoter region of the rat iNOS gene. The sequence
revealed a multitude of possible cis-acting elements homologous to consensus
sequences for the binding of different transcription factors, including the inter­
feron y response element, the NFKB response element, the TNF response element,
binding sites for nuclear factor interleukin 6 (NF-IL6), the cAMP response
element, and one y-activated site. The involvement ofNFKB, NF-IL6, and cAMP
response element binding proteins in the induction of iNOS gene expression by
IL-l ~ and cAMP has been investigated using electrophoretic mobility shift assays
with specific DNA probes. DNA-protein complexes were further characterized
by supershift experiments with specific antibodies. Moreover, the functional
relevance of distinct binding sites was examined by transient transfection studies
using deletions of the 5'-flanking region linked to a reporter gene. Our preliminary
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data suggests that IL-l ~ and cAMP use different sets of transcription factors to
signal stimulation of iNOS gene expression in rat mesangial cells [30].
The signaling pathways of IL-I linking receptor occupancy to activation of

transcription factors and cellular responses are not yet known. The IL-l receptor
has no intrinsic tyrosine kinase activity and it has been demonstrated that IL-l
does not activate protein kinase C or protein kinase A in mesangial cells [31].
Nevertheless, one of the earliest cellular responses observed after IL-I exposure
is the phosphorylation of a variety of proteins in mesangial cells and other
cell types. Recently, we have demonstrated that IL-I triggers the production of
ceramide from sphingomyelin and subsequent activation of the mitogen-activated
protein kinase cascade [32]. This signaling module may link IL-l receptor activa­
tion to the activation of NFKB and subsequent iNOS gene expression and may
explain why tyrosine kinase inhibitors like genistein or herbimycin A block
IL-I ~-induced nitrite production in mesangial cells [33].
Most intriguing observation came from studies demonstrating that NO strongly

augments IL-I ~-stimulated iNOS gene expression in mesangial cells [34]. Ampli­
fication of iNOS expression is an action of NO that is not mediated by cGMP
and is selective for inflammatory cytokines like IL-l ~ and TNFa without affecting
cAMP induction of iNOS. To determine whether such a positive feedback loop
triggered by NO is physiologically relevant, we used different compounds known
to modulate NO formation in cytokine-stimulated mesangial cells. IL-I ~ induction
of iNOS mRNA was substantially reduced by inclusion in the culture media of
L-NMMA, a guanidino-N-substituted L-arginine analog that acts as a competitive
inhibitor of iNOS. Conversely, changes of L-arginine concentration markedly
modulate iNOS mRNA levels. In an alternative approach, we inhibited iNOS
production by blocking the synthesis of tetrahydrobiopterin (BH4), an essential
cofactor of iNOS. Inhibition of the tetrahydrobiopterin synthetic enzyme GTP­
cyclohydrolase I by 2,4-diamino-6-hydroxy-pyrimidine (DAPH) has been shown
to prevent NO synthesis in mesangial cells [35]. DHAP markedly reduced IL-I~­
stimulated iNOS mRNA levels in a concentration-dependent manner. Addition
of sepiapterin, which is intracellularly converted into tetrahydrobiopterin, com­
pletely reversed the inhibitory action of DAHP and even potentiated iNOS mRNA
levels [34]. In this context, it is worth noting that sepiapterin dose-dependently
augments IL-l ~-stimulatedNO synthesis, indicating that the availability of tetra­
hydrobiopterin limits the production of NO in stimulated mesangial cells [35].
Nuclear run-on experiments suggest that NO acts to augment IL-I ~-induced
iNOS gene expression at the transcriptional level without changing the half-life
of iNOS mRNA. Our data suggest that NO acts as an autocrine mediator that
upregulates IL-I~-induced iNOS gene expression in mesangial cells and thus
leads to an optimal generation of NO by the cells. This positive feedback mecha­
nism of NO serving to maximally amplify its own production is not restricted
to renal mesangial cells but is also observed in vascular smooth muscle cells,
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derived from rat aorta, and thus may be a general mechanism operative in cells
and tissues that are able to express iNOS.
These results raise several questions as to (i) the mechanism of NO-induced

iNOS expression, (ii) the physiological role of this positive feedback loop, and
(iii) the possible termination of this positively regulated process. The precise
mechanism by which NO amplifies iNOS expression remains to be clarified but
may be related to the ability of NO to activate the transcription factor NFKB.
Lander and colleagues [36] found that NO-generating compounds such as sodium
nitroprusside and S-nitroso-N-acetyl-o,L-penicillamine (SNAP) induce NFKB
binding activity in peripheral blood mononuclear cells, an effect that is not
mimicked by a cell-permeable cyclic GMP analog.
The physiological role of the described potent amplification mechanism of NO

generation may be to rapidly provide injured cells with a powerful host defense
mechanism that also may form the basis for the dramatic production of NO in
acute and chronic inflammatory diseases.
Powerful negatively acting regulatory pathways are required to terminate am­

plification loops such as the one described above. Recently, Moncada and co­
workers [37] reported that NO generators markedly inhibit macrophage iNOS
activity in vitro in an irreversible fashion. However, high concentrations of NO
donors were required to get significant inhibition of the enzyme. Incubation of
cytosolic fraction of IL-l~-stimulatedmesangial cells with SNAP gave a dose­
dependent inhibition of iNOS activity as measured by the citrulline assay. Signifi­
cant reduction of iNOS activity required concentrations of SNAP as high as 500
flM. These data show that NO donors not only potentiate the effects of IL-l ~
on the expression of iNOS mRNA, synthesis of iNOS, and production of NO,
but they also inhibit IL-l ~-induced activity of the enzyme. Therefore, NO may
provide an additional level of modulation with an effect on the amount of the
enzyme combined with the opposite effect on its activity. Can these seemingly
disparate results be reconciled? We suggest that NO acts as a positive feedback
regulator to rapidly amplify its own synthesis, but as soon as a critical threshold
ofNO production is reached, NO now functions as a negative feedback modulator,
to finally terminate its production in an irreversible manner. In an alternative
scenario, NO-triggered amplification of iNOS expression is suppressed simply
because of substrate depletion. The remarkably high turnover of L-arginine may
reduce extracellular L-arginine concentration to an extent that it becomes rate
limiting for iNOS activity and thus provides a stop signal for further iNOS
expression. In this context, it is worth noting that mesangial cells express high
arginase activity, an enzyme that converts L-arginine to ornithine and urea and
thus may compete with iNOS for the common substrate L-arginine [38,39]. High
arginase activity in wounds is known to cause a marked depletion of L-arginine
in the extracellular space [40].
Moreover, we have observed that NO can trigger apoptotic cell death in

glomerular mesangial and endothelial cells [41] (Fig. 10-2). This suicide pathway



Figure 15-3 Acute unilateral glomerulonephritis induced by cationized IgG-1J day 4.
Immunohistochemistry shows strong glomerular staining for iNOS. Immunoperoxidase/
hematoxylin. (From Ref. 40 with permission.) See page 314.

Figure 15-4 Nephrotoxic nephritis in the WKY rat IJ---day 4. Positive immunohistochem­
istry for iNOS; immunoperoxidase/hematoxylin. See page 315.



Figure 20-8 Immunohistochemistry of NOS isoforms in the renal cortex under room air
(A-D) and hypoxia (E-F). (A) NOS III in cortical tubules of normal mouse. (B) Note the
increased NOS III immunostaining in cortical tubules of aHpS[pMDD] mouse. (C) Absence
of NOS II in cortex of normal mouse. Nonspecific staining resulting from endogenous
peroxi-dase was also observed in control sections incubated with normal rabbit serum.
(D) Strong NOS II immunostaining in distal/collecting tubules of aHpS[pMDD] mouse.
(E) Moderate NOS II immunostaining in cortical tubules of normal mouse under hypoxia.
(F) Increased NOS II immunostaining in cortical tubules and glomerular mesangium of
aHpS[pMDD] mouse. Scale bar = 100 J.lm. See page 410.
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Figure 10-2. Electrophoretic analysis of cytoplasmic DNA in mesangial cells. Glomeru­
lar mesangial cells were exposed for 20 h to spermine-NO 500 J..lM (lane 1) or 250 J..lM
(lane 2) or vehicle (control, lane 3), and cytoplasmic DNA was separated on an 1.5%
agarose gel.

may provide a delayed shut-offmechanism for the production ofNO by mesangial
cells. The phenomenon of NO-modulated iNOS expression and activity may
have broad implications for understanding the regulation of iNOS activity and
may help to develop new pharmacological approaches applicable to conditions
of pathological NO overproduction.
A number of cytokines, growth factors, and drugs have been reported to

suppress induction of iNOS in mesangial cells. These compounds are compiled
in Table 10-2.
Suppression of iNOS expression was first observed in macrophages exposed

to transforming growth factor 13 (TGFI3) [51] and was confirmed and extended
in mesangial cells [43]. The potency TGFI3 as a deactivator of interferon y­
induced NO production in mouse peritoneal macrophages is due to three distinct
mechanisms: (i) TGFI3 reduces iNOS mRNA stability without affecting the tran­
scription of the iNOS gene; (ii) TGFI3 reduces translation efficiency of iNOS
mRNA; (iii) TGFI3 accelerates the degradation of iNOS protein [52]. Whether
these mechanisms also operate in mesangial cells remains to be elucidated.
Subsequently, suppression of iNOS expression was shown with platelet-derived
growth factor-treated mesangial cells [10]. Recent data from our laboratory have
shown that whereas a platelet-derived growth factor reduces IL-II3-induced nitrite
production, iNOS protein expression, and iNOS mRNA levels, the basic fibroblast
growth factor potently amplifies all of these cytokine-induced responses in mesan­
gial cells. Nuclear run-on experiments suggested that a platelet-derived growth
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Table iO-2. Agents That Have Been Shown to inhibit iNOS Expression in
Mesangial Cells

Agent(s)

Dexamethasone

Prednisolone
Hydrocortisone
Corticosterone
Actinomycin D
Cycloheximide
Transforming growth factor ~
Platelet-derived growth factor
Cyclosporin A, G, H
PDTC
Phorbol esters
N-acetylserotonin
DAHP
Genistein
Herbimycin A
Staurosporine
H-7
Tetranactin
Postaglandin E2
Endothelin-I
Angiotensin II
Miconazole

Stimulators

IL-l~, TNFa, cAMP,
LPS,INFy

IL-I~

IL-I~

IL-I~

IL-I~, TNFa, cAMP
IL-I~, TNFa, cAMP
IL-I~, TNFa
IL-I~, TNFa, LPS
IL-I~

IL-I~, TNFa, LPS
IL-I~

IL-I~

IL-I~

IL-I~

IL-I~

LPS,INFy
LPS,INFy
IL-I~, cAMP
[L-I~, TNFa
IL-I~, TNFa
IL-I~

IL-I~

Ref.

II, 16, 19,22,24,25
14, 42, 48
42
42
42
11,19,20,22,24,25
II, 19,20,24,25
13, 15,24,43,44
10,45
17,46
25,27
47
35
34, 35
33
33
49
49
50
23
44

"From Mtihl and Pfeilschifter, unpublished observations.

factor inhibits whereas basic fibroblast growth factor potentiates IL-l ~-stimulated
iNOS gene expression at the transcriptional level [53]. These observations suggest
that two growth factors which are crucially involved in the pathogenesis of
mesangioproliferative glomerulonephritis [54] differentially affect iNOS expres­
sion in mesangial cells.
A possible explanation for the disparate effects of the two growth factors that

both bind to and activate receptor tyrosine kinases is the different degree of
activation of protein kinase C. A platelet-derived growth factor potently stimulates
phosphoinositide turnover and subsequent activation of protein kinase C in mesan­
gial cells [55]. In contrast, the basic fibroblast growth factor is a poor activator
of this signaling pathway (Pfeilschifter, unpublished observations). Such a differ­
ence is important, as we have shown recently that the £-isoenzyme of protein
kinase C tonically suppresses iNOS expression in mesangial cells [47]. Indeed,
coincubation ofmesangial cells with platelet-derived growth factor and calphostin
C, a potent and specific inhibitor of protein kinase C, not only reverses the
inhibitory effect of platelet-derived growth factor but even causes a potentiation
of IL-l~-induced iNOS expression in a manner comparable to the effect of
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the basic fibroblast growth factor (Kunz, Eberhardt, Walker, and Pfeilschifter,
unpublished observations). Possible targets for protein kinase C-f- that eventually
could result in inhibition of iNOS gene transcription are (i) the IL-l receptor,
(ii) the signaling cascade triggering the activation of NFKB or other transcription
factors involved in iNOS gene expression, and (iii) the induction of a putative
inhibitory factor that suppresses iNOS gene transcription. This may also explain
why endothelin-l [44] and angiotensin II (Miihl and Pfeilschifter, unpublished
observations), two potent activators of protein kinase isoenzymes in mesangial
cells [56,57], also potently antagonize iNOS induction by IL-l~. This hypothesis
is currently evaluated in our laboratory.

4. Physiological and Pathophysiological Roles of NO Produced by
Mesangial Cells

As mesangial cells do not express a constitutive type of NO synthase, they are
not able to respond to Ca2+-mobilizing agonists by an increased NO production
[58-60). This conforms well to the lack of detection of neuronal NOS and
endothelial NOS in mesangial cells by histochemical and immunohistochemical
methods and by in situ hybridization [61]. There have been a few reports on
rapid NO production by mesangial cells in response to endothelin-3 [62], acetyl­
choline [63], bradykinin [63], or to changes in medium chloride content [64).
Whether this is due to contaminations of mesangial cells cultures with endothelial
or epithelial cells that do express constitutive types of NOS or to contamination
of cell culture constituents, especially fetal calf serum with endotoxin or other
factors, remains to be investigated. In this context, it is noteworthy that Beck et
al. [44] noted that endothelin does not induce NO formation in quiescent mesangial
cells, but maintaining the cells in medium containing 10% fetal calf serum enables
the ETB receptor-selective agonist sarafotoxin S6c to trigger NO production.
Recently, Mohaupt et al. [65] have observed that two iNOS isoforms are constitu­
tively and heterogeneously expressed in the normal rat kidney and cultured
glomerular mesangial cells. Importantly, endotoxin treatment caused a much
greater increase in the vascular smooth-muscle-type iNOS as compared to the
macrophage-type iNOS [65]. However, it remains to be proven whether the
amounts of iNOS mRNA detected in this study, after 40 cycles of polymerase
chain reaction (PCR) amplification, are of any physiological importance. Our
present view is that mesangial cells do not express physiologically relevant
amounts of NO under basal conditions and only function as targets for NO
produced by adjacent glomerular endothelial or epithelial cells.
To better understand the pathophysiological relevance of mesangial cell NO
formation, it was of interest to investigate whether culture medium conditioned
by cytokine-treated cells is able to increase cGMP in untreated companion cells.
A rapid transfer of conditioned medium to untreated mesangial cells evoked an
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immediate and pronounced formation of cGMP, thus demonstrating that cytokine­
treated mesangial cells released a soluble factor that increases cGMP in adjacent
cells [13,15]. cGMP is a potent mediator of mesangial cell relaxation and is
responsible for the relaxing effects of atrial natriuretic peptides and sodium
nitroprusside [3]. Furthermore, NO formed by glomerular endothelial cells has
been shown to increase mesangial cell cGMP concentration [5]. Therefore, we
were interested whether chronic treatment with IL-l ~ or TNFa modulates the
contractile responsiveness of mesangial cells. A 24-h exposure of mesangial cells
to IL-I~ and TNFa drastically attenuated the contractile effect of angiotensin
II. Indomethacin had no significant effect on angiotensin II-stimulated contraction
of control or cytokine-treated cells, thus excluding prostaglandins as mediators
of IL-l ~- and TNFa-induced inhibition of cell contraction. In contrast, ,¥'-nitro­
L-arginine significantly reversed the inhibitory action of IL-I~, thus indicating
that the IL-I~ effect is predominantly mediated by NO formation [15].
Such a mechanism could cause an excessive vasodilatation and thus lead to a

state of glomerular hyperfiltration. This condition seems to be an important
pathogenetic mechanism for the development of glomerular sclerosis. Moreover,
the excessive formation of NO and cGMP in mesangial cells not only may alter
glomerular filtration but may also cause tissue injury and thus contribute to the
pathogenesis of certain forms of glomerulonephritis (Fig. 10-3) [59].
Cattell and colleagues have reported that glomeruli isolated from rats with

four different models of immune complex-mediated glomerular injury produce
nitrite ex vivo [66-69]. These authors also demonstrated by immunohistochemis­
try and in situ hybridization that iNOS is expressed in kidneys of rats with acute
unilateral immune complex glomerulonephritis induced by cationized IgG. There
was no expression of iNOS in normal rat kidneys or in glomeruli obtained from
the non-nephritic kidneys ofexperimental rats [70]. Expression of iNOS mRNA in
accelerated nephrotoxic nephritis was studied by quantitative reverse transcriptase
polymerase chain reaction. iNOS expression was present at low levels in normal
glomeruli and was markedly enhanced within 6 h and peaked at 24 h after the
induction of glomerulonephritis. Elevated levels of iNOS mRNA persisted to
day 7 [71]. These were the first studies demonstrating an in vivo induction of
iNOS in immune complex glomerulonephritis and indicating that the onset of
iNOS gene expression is closely related to the initial formation of immune
complexes. The results, however, do not allow the discrimination between mesan­
gial cell or macrophage expression of iNOS in nephritic glomeruli and thus it
remains debatable whether infiltrating macrophages or resident mesangial cells
are the major source of nitrite production in nephritic glomeruli [58,72].
There is an extensive cross-talk between macrophages and mesangial cells in

the inflamed glomeruli in that macrophages secrete a variety of cytokines that
trigger mesangial cell activation. Once activated, mesangial cells have the capacity
to become autonomous in terms of cytokine production and NO synthesis [2].
Conversely, mesangial cells have been reported to selectively control macro-
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Figure 10-3. Schematic presentation of the inflammatory process in glomerulonephritis
with focus on the role of NO generated by mesangial cells and macrophages. PKC, protein
kinase C; ET-I, endothelin-I; AIl, angiotensin II; TOF~, transforming growth factor ~;

PDOF, platelet-derived growth factor. Reprinted by permission of Blackwell Science, Inc.
in modified form from Ref. 59.

phage-induced glomerular injury by secreting chemotactic factors like the trans­
forming growth factor ~, and thus participating in the recruitment and proliferation
of infiltrating macrophages and suppressing macrophage NO generation [73].
Recently, Weinberg et al. [74] reported that oral administration of L-NMMA

prevents the development of glomerulonephritis and reduces the intensity of
inflammatory arthritis in MRL-Iprnpr mice that develop a spontaneous autoim­
mune disease. It is tempting to suggest that the regional or systemic use of
compounds that block the production of NO may be of value in the therapy of
autoimmune diseases.
Narita et al. [75] have shown that in antithymocyte serum-induced glomerulone­

phritis, the complement-dependent mesangial cell lysis, can be prevented by
pretreatment of rats with L-NMMA. Thus, glomerular injury in this model also
seems to be NO mediated. Increased iNOS mRNA expression associated with
immunological tissue injury was previously described in several other animal
models of immune-mediated diseases [76-78].
However, NO appears to be a double-edged sword in that it is not only a
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proinflammatory mediator but it can also act to protect cells and tissues from
damage. NO may exert both of these effects, depending on the redox state of
the microenvironment. By increasing cellular levels of cGMP and by dilatation
of blood vessels, it can prevent severe hypoperfusion of the pancreas, small and
large intestine, and the kidney during acute endotoxemia in rats [79]. Within
solid organism, iNOS expression in endotoxemia is cytoprotective, inhibiting
microthrombosis by blocking platelet adhesion and oxygen-radical-mediated in­
jury [80,81]. Garg and Hassid [6] reported that NO and cell-permeable cGMP
analogs dose-dependently inhibit serum-stimulated DNA synthesis and mesangial
cell proliferation. This growth-inhibitory effect of NO may help to preserve the
structure of the glomerulus under conditions of increased growth factor produc­
tion, as it is typically found in certain forms of glomerulonephritis.
Trachtman et al. [82] have shown that NO release by mesangial cells modulates

the synthesis of extracellular matrix proteins such as collagen, fibronectin, and
laminin in glomerular disease. Enhanced NO formation in early phases of diabetic
nephropathy may be an adaptive response that limits matrix deposition and
fibrosis and attenuates progressive glomerulosclerosis.

5. Therapeutic Strategies for the Inhibition of Inducible NO Synthase

A number of strategies have emerged with regard to a pharmacological control
of pathological NO overproduction and the reader is referred to two recent
comprehensive reviews on this topic [59,60]. Herein, we shall only highlight the
mechanisms of action of immunosuppressive drugs that have provided exciting
new insights into the treatment of inflammatory diseases.

5. J. Glucorticoids

Recent observations suggest that at least some of the antiinflammatory effects
of glucocorticoids are mediated by the inhibition of iNOS induction. We were
the first to demonstrate that dexamethasone completely inhibits IL-l ~- and TNFa­
induced NO production in mesangial cells [II]. Half-maximal inhibition ofIL-I~­
stimulated cGMP formation was observed at 4 nM of dexamethasone. The rank
order of potency for different steroids to inhibit NO production corresponded
well with their anti-inflammatory potencies. Furthermore, steroids did not directly
inhibit iNOS but interfered with the induction process of the enzyme by IL-I ~
[42]. In subsequent studies, we observed that dexamethasone differentially inhib­
its IL-I~- and cAMP-induced iNOS mRNA expression in mesangial cells. Nano­
molar concentrations of dexamethasone suppressed IL-l~-induced as well as
cAMP-induced iNOS protein expression and production of nitrite. In contrast,
dexamethasone prevented induction of iNOS mRNA in response to cAMP without
affecting IL-l ~-triggered increase in iNOS mRNA levels [16]. Negative and
positive regulation of cAMP-induced genes by glucocorticoids have been reported
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in several instances and may involve DNA binding of the hormone receptor
to a glucocorticoid response element overlapping a cAMP response element.
Alternatively, an interaction between the glucocorticoid receptor and the cAMP
response element binding protein may modulate gene expression. Inhibition of
IL-I ~-induced iNOS protein expression by dexamethasone without inhibition
of mRNA levels suggests that dexamethasone blocks iNOS expression at a
posttranscriptionallevel, possibly by interfering with iNOS mRNA translation or
iNOS protein degradation. Surprisingly, nuclear run-on transcription experiments
demonstrate that dexamethasone markedly attenuates IL-I ~-induced iNOS gene
transcription. However, this is counteracted by a prolongation of the half-life of
iNOS mRNA. Moreover, dexamethasone drastically decreases the amount of
iNOS protein by reducing iNOS mRNA translation and increasing iNOS degrada­
tion [48]. The examples described above highlight that several levels of control
exist that must be considered in further investigations. Glucocorticoid hormones
inhibit inflammatory processes and limit the proliferative response of cells in
chronic destructive diseases. Inhibition of cytokine and cAMP induction of iNOS
in mesangial cells may be one aspect of the beneficial glucocorticoid action seen
in certain renal diseases.

5.2. Cyclosporin

Recently, we have shown that cyclosporin derivatives inhibit IL-I ~ induction of
iNOS in mesangial cells [17]. Addition of cyclosporin A, cyclosporin G, or
cyclosporin H dose-dependently inhibited interleukin-l ~-induced nitrite genera­
tion. Half-maximal inhibition was observed at concentrations of 0.9 11M, 2.0 11M,
and 3.8 11M of cyclosporin A, cyclosporin G, and cyclosporin H, respectively.
Time-course studies indicated that cyclosporin A could be added up to 6 h after
the IL-I ~ stimulus and still caused maximal inhibition of nitrite production.
Furthermore, IL-I~ increased iNOS mRNA levels in mesangial cells and this
effect was potently suppressed by all three cyclosporin derivatives. As cyclosporin
H has no immunosuppressive activity, these data indicate that the inhibitory
effect of the cyclosporin derivatives on iNOS expression is not related to the
immunosuppressive action of the drugs. This suggestion is further substantiated
by the observation that the potent immunosuppressants rapamycin and FK506
did not alter IL-I~-induced iNOS mRNA levels or nitrite generation in mesan­
gial cells.
Western and Northern blot analyses reveal that the inhibition of IL-I ~-induced
nitrite formation by cyclosporin A is due to decreased iNOS protein and iNOS
mRNA levels. Using nuclear run-on experiment, we showed that the transcription
rate of the IL-I ~-induced iNOS gene is reduced. Furthermore, by electrophoretic
mobility shift analysis, we observed reduced DNA binding of the nuclear factor
KB, an essential component of the cytokine-dependent upregulation of iNOS
gene transcription [46].
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6. Perspectives

A lot more work will be required before the regulation of NO formation and the
functions of NO are fully understood. Especially, the iNOS deserves all research
efforts of investigators interested in acute and chronic inflammatory processes
in the kidney. One of the key challenges for nephrological research is the develop­
ment of effective treatment for patients with chronic renal diseases that, once
established, tend to progress to end-stage renal failure.
Only time and further experimentation will establish whether inhibition of

iNOS transcription and/or activity will yield effective therapeutic agents for the
treatment and prevention of renal diseases.
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Beck, K.-F. and Sterzel, R.B. FEBS Lett. 394, 263-267 (1996).
Huwiler, A., Brunner, 1., Hummel, R., Vervoordeldonk, M., Stabel, S., van den
Bosch, H., and Pfeilschifter, J. Proc. Nat!' Acad. Sci. USA 93, 6959-6963
(1996).

References

J. Kashgarian, M. and Sterzel, R.B. Kidney Int. 41, 524-529 (1992).

2. Pfeilschifter, 1. News Physiol. Sci. 9,271-276 (1994).

3. Pfeilschifter, J. Eur. J. Clin. Invest. 19,347-361 (1989).

4. Shultz, PJ., Scharer, A.E., and Raij, L. Am. J. Physiol. 258, F162-F167 (1990).

5. Marsden, P.A., Brock, T.A., and Ballermann, BJ. Am. J. Physiol. 258, F1295-
FI303 (1990).

6. Garg, U. and Hassid, A. Am. J. Physiol. 257, F60-F66 (1989).

7. Mattana, J. and Singhal, P.C. Cell Physiol. Biochem. 5, 176-192 (1995).

8. Fimhaber, C. and Murphy, M.E. Am. J. Physiol. 265, R518-R523 (1993).

9. Mohaupt, M., Schoecklmann, H.O., Schulze-Lohoff, E., and Sterzel, R.B. J. Hyper­
ten. 12,401-408 (1994).



NOS in Mesangial Cells: Physiological and Pathophysiological Roles / 213

10. Pfeilschifter, 1. Eur. 1. Pharmacol. 208, 339-340 (1991).

II. Pfeilschifter, J. and Schwarzenbach, H. FEBS Lett. 273, 185-187 (1990).

12. Shultz, P.J., Tayeh, M.A., Marletta, M.A., and Raji, L. Am. J. Physiol. 261, F600­
F606 (199\).

13. Marsden, P.A. and Ballerrnann, B.J. J. Exp. Med. 172, 1842-1852 (1990).

14. Nicolson, A.G., Haites, N.E., McKay, N.G., Wilson, H.M., MacLeod, A.M., and
Benjamin, N. Biochem. Biophys. Res. Commun. 193, 1269-1274 (1993).

15. Pfeilschifter, J., Rob, P., Mtilsch, A., Fandrey, J., Vosbeck, K., and Busse, R Eur.
1. Biochem. 203,251-255 (1992).

16. Kunz, D., Walker, G., and Pfeilschifter, J. Biochem. J. 304,337-340 (1994).

17. Mtihl, H., Kunz, D., Rob, P., and Pfeilschifter, J. Eur. J. Pharmacol. 49,95-100
(1993).

18. Kroncke, K-D., Fehsel, K, and Kolb-Bachofen, V. Biol. Chem. Hoppe-Seyler 376,
327-343 (1995).

19. Mtihl, H., Kunz, D., and Pfeilschifter, J. Br. J. Pharmacol. 112, 1-8 (1994).

20. Kunz, D., Mtihl, H., Walker, G., and Pfeilschifter, J. Proc. Natl. Acad. Sci. USA
91, 5387-5391 (1994).

21. Brown, Z., Robson, R.L., and Westwick, J. In: The Chemokines. Ed. Lindley, LJ.D.
Plenum Press, New York, 1993.

22. Shultz, P.J., Archer, S.L., and Rosenberg, M.E. Kidney Int. 46,683-689 (1994).

23. Tetsuka, T., Daphna-Iken, D., Srivastava, S.K, Baier, L.D., DuMaine, J., and Mor­
rison, A.R Proc. Natl. Acad. Sci. USA 91, 12168-12172 (1994).

24. Ikeda, M., Ikeda, D., Ohkawa, F., Shimida, K, and Kano, S. Cytokine 6, 602­
607 (1994).

25. Saura, M., Lopez, S., Puyol, M.R., Puyol, D.R, and Lamas, S. Kidney Int. 47,
500-509 (1995).

26. Baeuerle, P.A. and Henkel, T. Annu. Rev. Immunol. 12, 141-179 (1994).

27. Eberhardt, W., Kunz, D., and Pfeilschifter, J. Biochem. Biophys. Res. Commun. 200,
163-170 (1994).

28. Xie, Q.-W., Whisnant, R, and Nathan, C. J. Exp. Med. 177,1779-1784 (1993).

29. Xie, Q.-W., Kashiwabara, Y., and Nathan, C. J. BioI. Chem. 269,4705-4708 (1994).

30. Eberhardt, W., Kunz, D., and Pfeilschifter, J. Proceedings of the 5th International
Symposium on Biological Reactive Intermediates, Munich, 1995.

31. Pfeilschifter, 1., Leighton, 1., Pignat, W., Mlirki, F., and Vosbeck, K. Biochem. J.
273, 199-204 (1991).

32. Huwiler, A. and Pfeilschifter, 1. FEBS Lett. 350, 135-138 (1994).

33. Tetsuka, T. and Morrison, A.R Am. J. Physiol. 269, C55-C59 (1995).

34. Mtihl, H. and Pfeilschifter, J. J. Clin. Invest. 95, 1941-1946 (1995).

35. Mtihl, H. and Pfeilschifter, J. Kidney Int. 46, 1302-1306 (1994).

36. Lander, H.M., Sehajpal, P., Levine, D.M., and Novogrodsky, A. J. Immunol. 105,
1509-1515 (1993).



214 / Josef Pfeilschifter and Heiko Miihl

37. Assreny, J., Cunha, F.Q., Liew, F.Y., and Moncada, S. Br. J. Pharmacol. 108,
833-837 (1993).

38. Jansen, A., Lewis, S., Cattell, V., and Cook, H.T. Kidney Int. 42, 1107-1112 (1992).

39. Cook, H.T., Jansen, A., Lewis, S., Largen, P., O'Donnell, M., Reaveley, D., and
Cattell, V. Am. J. Physiol. 267, F646-F653 (1994).

40. Albina, J.E., Mills, C.D., Henry, W.L., Jr., and Cladwell, M.D. J. Immunol. 144,
3877-3880 (1990).

41. MOhl, H., Sandau, K., Brune, B., Briner, V.A., and Pfeilschifter, J. Eur. Z. Pharmacol.
317, 137-149 (1996).

42. Pfeilschifter, J. Eur. J. Pharmacol. 195, 179-180 (199 I).

43. Pfeilschifter, J. and Vosbeck, K. Biochem. Biophys. Res. Commun. 175, 372-379
(1991).

44. Beck, K.F., Mohaupt, M.G., and Sterzel, R.B. Kidney Int. 48, 1893-1899 (1995).

45. Hishikawa, K., Nakaki, T., Hirahashi, J., Marumo, T., and Saruta, T. Eur. J. Pharma­
col. 291, 435-438 (1995).

46. Kunz, D., Walker, G., Eberhardt, W., and Pfeilschifter, J. Biochem. Biophys. Res.
Commun. 216, 438-446 (1995).

47. MOhl, H. and Pfeilschifter, J. Biochem. J. 303,607-612 (1994).

48. Kunz, D., Walker, G., Eberhardt, W., and Pfeilschifter, 1. Proc. Natl. Acad. Sci.
USA 93, 255-259 (1996).

49. Shanna, K., Danoff, T.M., DePiero, A., and Ziyadeh, F.N. Biochem. Biophys. Res.
Commun. 207,80-88 (1995).

50. Kunz, D., Walker, G., Wiesenberg, 1., and Pfeilschifter, J. Br. J. Pharmacol. 118,
1621-1626 (1996).

51. Ding, A., Nathan, C.F., Graycar, J., Derynck, R., Stuehr, DJ., and Srimal, S. J.
Immunol. 145,940-944 (1990).

52. Vodovotz, Y., Bogdan, c., Paik, 1., Xie, Q.-W., and Nathan, C. J. Exp. Med. 178,
605-613 (1993).

53. Kunz, D., Walker, G., Eberhardt, W., and Pfeilschifter, 1. Experientia 50, A47 (1994).

54. FIoege, 1., Eng, E., Young, B.A., Alpers, C.E., Barrett, T.E., Bowen-Pope, D.F.,
and Johnson, RJ. J. Clin. Invest. 92, 2952-2962 (1993).

55. Pfeilschifter, J. and Hosang, M. Cell Signaling 3, 413-424 (1991).

56. Huwiler, A., Fabbro, D., and Pfeilschifter, J. Biochem. J. 279,441-445 (1991).

57. Wang, Y., Simonson, M.S., Poussegur, J., and Dunn, MJ. Biochem. J. 287,589-
594 (1992).

58. Pfeilschifter, 1., Kunz, D., and MOhl, H. Nephron 64, 518-525 (1993).

59. Pfeilschifter, J. Kidney Int. 48, S50-S60 (1995).

60. Pfeilschifter, J., Eberhardt, W., Hummel, R., Kunz, D., MOhl, H., Nitsch, D., Pltiss,
C., and Walker, G. Cell Bioi. Int. 20,51-58 (1996).



NOS in Mesangial Cells: Physiological and Pathophysiological Roles / 215

61. Bachmann, S., Bosse, H.M., and Mundel, P. Am. J. Physiol. 268, F885-F898 (1995).

62. Owada, A., Tomita, K., Terada, Y., Sakamoto, H., Nonoguchi, H., and Mammo, F.
J. Clin. Invest. 93, 556-563 (1994).

63. Ganz, M.B., Kasner, S.E., and Unwin, R.1.Am. J. Physiol. 268, F1081-F1086 (1995).

64. Tsukahara, H., Krivenko, Y., Moore, L.S., and Goligorsky, M.S. Am. J. Physiol.
267, F190-F194 (1994).

65. Mohaupt, M.G., E1zie, J.L., Ahn, K.Y., Clapp, W.L., Wilcox, C.S., and Kone, B.C.
Kidney Int. 46,653-665 (1994).

66. Cattell, V., Cook, T., and Moncada, S. Kidney Int. 38, 1056-1060 (1990).

67. Cattell, V., Largen, P., De Heer, E., and Cook, T. Kidney Int. 40,847-851 (1991).

68. Cook, H.T. and Sullivan, R. Am. J. Pathol. 139, 1047-1052 (1991).

69. Cattell, V., Lianos, E., Largen, P., and Cook, T. Exp. Nephrol. 1,36-40 (1993).

70. Jansen, A., Cook, T., Taylor, M., Largen, P., Riveros-Moreno, V., Moncada, S., and
Cattell, V. Kidney Int. 45, 1215-1219 (1994).

71. Cook, H.T., Ebrahim, H., Jansen, A.S., Foster, G.R., Largen, P. and Cattell, V. Clin.
Exp. Immunol. 97,315-320 (1994).

72. Cattell, V. and Cook, H.T. Exp. Nephrol. 1,265-280 (1993).

73. Largen, P.1., Tam, F.W.K., Rees, A.1., and Cattell, V. Exp. Nephrol. 3,34-39 (1995).

74. Weinberg, J.B., Granger, D.L., Pisetsky, D.S., Seldin, M.F., Misukonis, M.A., Mason,
S.N., Pippen, A.M., Ruiz, P., Wood, E.R., and Gilkeson, G.S. J. Exp. Med. 179,
651-660 (1994).

75. Narita, I., Border, W.A., Ketteler, M., and Nobel, N.A. Lab. Invest. 72, 17-24 (1995).

76. Mulligan, M.S., Hevel, J.M., Marietta, M.A., and Ward, P.A. Proc. Natl. Acad. Sci.
USA 88,6338-6342 (1991).

77. Corbett, J.A., Mikhael, A., Shimizu, J., Frederick, K., Misko, T.P., McDaniel, M.L.,
Kanagawa, 0., and Unanue, E.R. Proc. Natl. Acad. Sci. USA 90, 8992-8995 (1993).

78. Worrall, N.K., Lazenby, W.O., Misko, T.P., Lin, T.S., Rodi, c.P., Manning, PT.,
Tilton, R.G., Williamson, J.R., and Ferguson, T.B., Jr. J. Exp. Med. 181,63-70
(1995).

79. Mulder, M.F., Van Lambalgen, A.A., Huisman, E., Visser, 1.1., Van den Bos, G.C.,
and Thijs, L.G. Am. J. Physiol. 266, HI558-HI564 (1994).

80. Morris, S.M., Jr. and Billiar, T.R. Am. J. Physiol. 266, E829-E839 (1994).

81. Ferrario, R., Takahashi, K., Fogo, A., and Badr, K.F. J. Am. Soc. Nephrol. 4,
1847-1854 (1994).

82. Trachtman, H., Futterweit, S., and Singhal, P. Biochem. Biophys. Res. Commun.
207, 120-125 (1995).



11

Tubuloglomerular Feedback and
Macula Densa-Derived NO

William J. Welch and Christopher S. Wilcox

Tubuloglomerular feedback (TGF) is an intrarenal regulatory mechanism that
stabilizes the glomerular filtration rate (GFR) and distal delivery of NaCl and
fluid during periods in which homeostasis is challenged, such as changes in
systemic blood pressure. The system acts at the single-nephron level primarily
by increasing tone at the afferent arteriole, thus reducing glomerular capillary
pressure (PGe>, in response to increased delivery of NaCI and fluid to the macula
densa segment of the nephron. The macula densa is the site of signal transduction,
where changes in solute delivery are sensed and initiation or release of vasoactive
mediators occurs. TGF may also maintain homeostasis through regulation of
sodium excretion, because increased delivery of sodium chloride to the macula
densa activates TGF and decreases single-nephron GFR, thus adjusting the rate
of sodium excretion.
The primary mediator of the TGF-associated vasoconstriction has not been

discovered, but several studies have identified vasoactive agents that can mediate
or modulate the response. Angiotensin II [1,2], adenosine [3,4], thromboxane
[5-7], and cytochrome P-450 metabolic products of arachidonic acid [8] have
all been implicated in either mediation or modulation of the vasoconstriction
associated with TGF. In these studies, the blockade of each vasoconstrictor led
to reduction of the TGF response, whereas local enhancement or delivery of
these agents or their agonists increased TGF. This subject was recently surveyed
in a comprehensive review by Navar et al. [9]. These reports have characterized
TGF as primarily a vasoconstrictor response. However, evidence from our labora­
tory and others suggests the important vasodilator, nitric oxide (NO), acts on
TGF as a modulating influence, to offset the primary vasoconstrictor pathway.

1. Nitric Oxide and Tubu!oglomerular Feedback

L-Arginine (L-arg)-derived nitric oxide (NO) can be synthesized by a group of
three isoenzymes of nitric oxide synthases (NOSs) present in several tissues. All
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three have been located in the kidney. The constitutive NOS I, originally identified
in rat brain and subsequently referred to as brain or neuronal NOS (nNOS), was
localized in the kidney. This was described simultaneously in reports from two
laboratories [10,11]. In both studies, the major immunocytochemical staining
was specifically localized to the macula densa cells of the normal rat, although
there were additional sites located. NOS II, an inducible isoform (iNOS), and
NOS III, a second constitutive form primarily located in endothelial cells (eNOS),
are also found in or near the juxtaglomerular apparatus (JGA), the site of TGF
sensing and action. Based on the specific localization of NOS I and the response
to microperfusion of NOS inhibitors into the macula densa area, we proposed
that nitric oxide generated in the macula densa cells as a result of NOS I activity
regulated TGF [10].
To test this hypothesis, we performed a series of studies that blocked endoge­
nous production of NO by local perfusion of mono-methyl-L-arginine (L-NMA),
a competitive inhibitor of NOS. The TGF response was measured by in vivo
micropuncture. The loop of Henle (LH) of a single nephron was perfused with
artificial tubular fluid (ATF) containing either N-mono-methyl-L-arginine
(L-NMA) or N-monomethyl-o-arginine (o-NMA). Glomerular capillary pressure
was estimated from the proximal stop flow pressure (PSF) of the same nephron
during LH perfusions at 40 nl/min. PSF (at LH perfusion of 40 nl/min) was
decreased in a dose-dependent manner by the addition of L-NMA, when compared
to perfusion of the inert enantiomer, 0-NMA (Fig. II-I). The specificity of L-NMA
was demonstrated in this study by three experiments. First, only the Lenantiomer
was effective. Second, L-NMA did not inhibit the vasodilation associated with
the endothelium-independent NO donor sodium nitroprusside (SNP). Third, LH
perfusion of a NO scavenger, pyocyanin, increased the maximal TGF, identical
to the effect of L-NMA. Pyocyanin reduced the vasodilation caused by SNP,
confirming that it was acting as an NO scavanger. To study the mechanism of
action of L-NMA on TGF, we coperfused the loop diuretic furosemide which
blocks macula densa reabsorption and thus prevents activation of TGF. During
coperfusion with furosemide, L-NMA had no effect on TGF. This suggests that
NO generation is closely linked to the reabsorptive process that initiates TGF.
We also tested the effects of alternate perfusion sites of L-NMA on TGF.

During retrograde perfusion from the early distal tubule, L-NMA again reduced
PSF, similar to orthograde perfusion. Peritubular capillary perfusions (PTC) of
L-NMA also lowered PSF• These data demonstrate that the inhibited NOS pool
is accessible by both luminal and peritubular delivery of L-NMA.
Subsequent studies in rats have confirmed these early observations (Table 11-1)

and have further shown that the TGF response is reduced at both maximal (a
measure of responsiveness) and physiological (a measure of sensitivity) LH
perfusion rates by local blockade of NOS. Thorup et al. [12], using the in vivo
microperfused nephron preparation, showed that intravenous infusion of nitro­
L-arginine (NLA) increased the maximal TGF sensitivity. In a subsequent study,
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Figure lJ-1. Proximal stop flow pressure (PSF, mm Hg) in nephrons with the loops of
Henle perfused at 40 nVmin with artificial tubular fluid alone (0) or with increasing
concentrations of either N-monomethyl-L-arginine (closed squares) or N-monomethyl-o­
arginine (open circles). Compared to o-NMA: *p<.05, **p<.OI.

Thorup and Persson [13] used the more direct loop of Henle microperfusion
technique and showed that NLA was equally effective in increasing TGF. These
studies were made after 10 min of microperfusion with NLA at 5 nl/min., whereas
in our original studies with L-NMA, we found that prolonged perfusions were
not required, because the response was almost instantaneous. Braam and Koomans
[14], using a similar prolonged perfusion of 10-15 min, confinned that NLA
increased TGF maximal response. In a companion study, these authors [15]
perfused the surrounding peritubular capillary with NLA and, after 10 min,
showed the maximal response of TGF was increased. These experiments suggest
that although both L-NMA and NLA enhance TGF, there are important differences
between the responses to microperfusion of these two NOS inhibitors. NLA must
be absorbed into the interstitium and diffuse to a site of action to be effective,
whereas the very rapid response to L-NMA suggests that it likely is absorbed
directly into the macula densa.
Vallon and Thomson [16], using the in vivo open-loop technique to assess
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Table 11-1. Summary ofstudies that tested the effects ofnitric oxide inhibition on TGF

TGF TGF
Author NO Inhibitor Route Parameter Sensitivity Responsiveness

Wilcox et al. (1992) L-NMA LH orthograde PSF +
L-NMA LH retrograde PSF +
L-NMA PTe PSF +

Thorup et al. (1993) NLA IV PSF + +
Thorup and Persson NLA LH orthograde PSF + +
(1994)

NLA LH orthograde EPFR +
Braam and Koomans NLA LH orthograde PSF +
(1995)

Braam and Koomans NLA LH orthograde PSF +
(1995)

Vallon and Thomson L-NMA LH orthograde SNGFR + +
(1995)

Thorup and Persson NLA LH orthograde PSF + +
(1996)

AG LH orthograde PSF 0 0
MG LH orthograde PSF + +
7-NI LH orthograde PSF 0 +

Wilcox and Welch L-NMA LH orthograde PSF + +
(1996)

TGF, showed that LH microperfusion of N-monomethyl-L-arginine (L-NMA)
reduced single-nephron GFR (SNGFR) and increased TGF. Measurements for
SNGFR were made during a 2-3-min period in which L-NMA was perfused into
the loop of Henle at one of four graded rates (10-40 nl/min). This aspect of the
study confirms our earlier observations that perfusion with L-NMA through the
LH yields a rapid response in increasing TGF compared to the more delayed
response seen with NLA.
The study by Vallon and Thomson [16] also used the closed-loop method
which, unlike the above studies, does not block flow from the glomerulus. With
this technique, homeostatic control of late proximal ambient flow is measured
in the same nephron during changes in the loop of Henle flow by free-flow
perturbations (adding or removing volumes of 4 or 8 nl/min). These authors
contend this method reflects the homeostatic capabilities of the integrated TGF
and glomerular-tubular balance (GTB) systems at the single nephron. The advan­
tage of this method is that the "homeostatic system" can be evaluated at about
its natural operating point, although the disadvantage is that the response does
not separate the TGF and GTB components. In these studies, L-NMA perfusions
made control of the ambient flow more responsive when negative perturbations
(reducing late proximal flow by 4 and 8 nl/min) were made. Under control
conditions, this compensation was about 0.5. However, when L-NMA was per­
fused, this compensation increased to 0.9. The authors point out that this result
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is counterintuitive, as NO should potentiate vasodilation, yet the system responded
with greater vasodilation during NOS blockade. Compensation with positive
perturbations during L-NMA were not different than control, suggesting vasocon­
striction associated with NO inhibition was not sensed in this model. This interpre­
tation is in sharp contrast to studies using both open-loop techniques and isolated
perfused segments that have shown net local vasoconstriction with NO blockade.
These results suggest that other complex influences ofNO may be involved when
the total homeostatic response is considered in vivo.
Recently, Thorup and Persson [17] investigated a series of NOS antagonists

to determine, by pharmacological methods, the NOS type involved in TOP. LH
perfusion with aminoguanidine (a relatively selective inhibitor of inducible NOS)
had no effect on TOF. NLA and methylguanidine (MO), both nonspecific inhibi­
tors of all NOS isoforms, increased TOF responsiveness and sensitivity, similar
to their earlier results. The specific neuronal NOS inhibitor, 7-nitroindazole (7-NI)
was perfused into the LH and increased maximal TOF. Intraperitoneal infusion
of7-NI led to increases in both TOF responsiveness and sensitivity. These results
confirm that neuronal NOS located in the macula densa is responsible for the
effect of NO blockade on TOF in this model. These observations with open­
loop microperfusion methods show that NO is a modulator of TOF in normal
physiological conditions, as well as modifying the maximal effect of TOF. The
constitutive enzyme nNOS is located at the macula densa and is an integral
component of this intrarenal regulatory system.
Work performed in both in vitro and in vivo models of perfused nephrons

support the hypothesis that NO inhibition increases the tone of the afferent
arteriole, the target tissue for TOP. Ito and colleagues added nitro-L-arginine
methyl ester (L-NAME) to the arteriolar lumen of an isolated perfused nephron
and reported that the diameter of the afferent arteriole, but not the efferent
arteriole, was reduced, consistent with TOF-related vasoconstriction [18]. This
effect was apparent, when the macula densa was perfused with a physiologic
salt solution but was abolished by perfusion with a 10w-NaCl perfusate, consistent
with the hypothesis that increased NaCl delivered to the macula densa initiates
TOF [19]. Deng and Baylis [20] used an in vivo microperfusion model and
showed that intravenous L-NAME increased both afferent arteriolar resistance
and, to a lesser extent, efferent arteriolar resistance. However, with direct LH
perfusion of L-NAME, they showed only afferent arteriolar resistance was in­
creased, suggesting that local NO blockade targets TOF-associated NOS.

2. Salt-Intake Influences on NO and TGF

The physiological importance of macula densa (MD) NO was not well defined
by the above studies. The ability of MD-derived NO to compensate for excess
vasoconstriction associated with TOF may be critical during perturbations to
normal renal function, such as variations in salt balance. We therefore performed
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a series of experiments to determine the effect of changes in salt intake on TGF
and the role of MD-derived NO. We have shown that maximal TGF is enhanced
in low-salt fed rats (Fig. 11-2). We suggest that this difference in TGF is related
to MD NO generation associated with salt intake. We tested the hypothesis that
high-salt intake generates more MD NO, which maintains a higher single-nephron
GFR by suppression of TGF. Some earlier observations support this hypothesis
that salt may influence NO production. Studies in which NO levels were estimated
by urinary excretion of nitrate and nitrite showed greater NO generation in rats
maintained on a high-salt intake compared to those on a low-salt diet [21], which
we have confirmed using direct chemiluminescence (unpublished results). This
study [21] also showed higher excretion of cyclic guanosine monophosphate
(cGMP) in salt-loaded rats. We have recently shown that plasma levels of the
NO precursor L-arginine are higher in high salt rats [22]. These results led to a
series of experiments in which we contrasted the effect of blockade of NO with
L-NMA in rats on a high-salt (HS) and low-salt (LS) diet.
First, we tested the effects of systemic infusion of L-NMA in anesthetized

rats, maintained on HS and LS diets for 7-10 days [23]. TGF was assessed by
free-flow micropuncture evaluating the SNGFR measured at the proximal tubule
and at the distal tubule. The difference between the values of SNGFR at these
two sites represents the influence of the macula densa, because tubular fluid

40 HS LS P
Turning point 19.1+0.6 17.5+0.6 ns

(nllmin)
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Figure 11-2. Tubuloglomerular feedback response curves: PSF (mm Hg) at graded LH
perfusions of ATF in high salt (HS, closed circles, n= II) and low salt (LS, open circles,
n=lO) rats. Compared to HS: *p<.05. The turning points and maximal responses for each
response curve are shown in the inset.



222 / William J. Welch and Christopher S. Wilcox

collected for the clearance of inulin in the distal tubule is regulated by the MD,
whereas flow to the MD is interrupted during proximal collections. Intravenous
L-NMA raised the mean arterial pressure (MAP) in both LS and HS rats, but
the rise was not different between groups. The proximal SNGFR was similar in
LS and HS rats. The distal SNGFR was lower than the proximal SNGFR in both
groups, demonstrating the influence of the macula densa in limiting SNGFR at
each level of salt intake. The effect of TGF on filtration as assessed by differences
in the proximal-distal SNGFR was greater in LS than HS rats. After L-NMA
infusion, TGF was increased in HS rats but was not significantly changed in LS
rats (Fig. 11-3).
We subsequently tested more directly the actions ofMD-derived NO by compar­

ing loop of Henle (LH) perfusions of L-NMA in HS and LS rats [24]. In these
studies with in vivo microperfusion of the single nephron, TGF was evaluated with
measurement of SNGFR or proximal stop flow pressure (PSF) changes in response
to grade perfusions ofthe LH. NOS blockade in LS rats with L-NMA had no effect
on the TGF response curve, assessed from changes in PSF (Fig. 11-4a). However,
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in HS rats, L-NMA reduced the PSF at 20, 30, and 40 nVmin (Fig. 11-4b), thus
increasing TGF at rates of perfusion in the physiological range as well as at
maximal rates. The maximal TGF was not changed in LS rats but was increased
by more than 60% in HS rats. The turning point of the response, which reflects
sensitivity, was decreased (p<.05) by L-NMA in HS rats but was unchanged in
LS rats. In a separate group of animals, TGF was evaluated from changes in
SNGFR with LH perfusions of L-NMA, in ATF delivered at 0 and 40 nVmin.
Again, there was no effect of microperfusions with L-NMA in LS rats, but
L-NMA increased TGF in HS rats. To test whether the failure of LS rats to
respond to L-NMA was due to decreased responsiveness to NO, nephrons were
perfused with the NO donor compound 3-morpholinylsydnoneimine (SIN-I), at
40 nVrnin in ATF. SIN-l increased PSF, consistent with vasodilation of the afferent
arteriole, but the maximal responses were greater in LS than HS rats (Fig. 11-5).
This suggests that reduced responsiveness to NO does not account for the results
with L-NMA in LS rats. Indeed, the greater response to SIN-l in LS rat nephrons
is consistent with upregulation of the response due to reduced NO action during
salt restriction.
The in vivo microperfusion techniques used in these studies block flow from
the early proximal tubule, and TGF was stimulated by LH perfusion of artificial
tubular fluid. This raises an important question relevant to NO: Are there any
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Figure lJ-5. PSF (mm Hg) response to LH perfusion of ATF and increasing doses of
3-morpholinysydnoneimine (SIN-I) in HS (closed circles, n=8) and LS (open circles, n=9)
rats. Compared to HS: ***p<.OOl.
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native constituents in tubular fluid that could be missing from ATF that would
alter the response of the MD NO system? Haberle and Davis [25] perfused the
LH with harvested native tubular fluid (NTF). They found NTF from HS rats
reduced TGF to a greater extent than ATF. These authors suggested NTF from
HS rats contained some unknown factor that suppressed TGF. Therefore, studies
limited to ATF perfusions would fail to account for this factor. Schnermann et
al. [26] compared ATF and NTF perfusates in several models. They found that
NTF was more effective in blunting TGF than ATF in rats with HS intake,
confirming the results of Haberle and Davis. Therefore, to validate the method
of using artificial tubular fluid perfusate to measure TGF, we tested the effects
of LH perfusion of L-NMA with NTF harvested from the proximal tubules of
the same animal [23]. Due to time limitations that prevent large collections of
NTF, the LH was perfused only at 20 and 40 nVmin. In these experiments,
L-NMA had no effect on PSF at 20 and 40 nVmin in LS rats, exactly as was
shown previously for L-NMA perfused in ATF. In contrast, L-NMA reduced PSF

at both 20 and 40 nVmin in HS rats (Fig. 11-6). The maximal TGF response was
increased in HS by 44 ± 5% (p<.001) by L-NMA and was not altered in LS rats.
These results with addition of L-NMA to NTF were similar to our studies using
L-NMA added to ATF. Therefore, we subsequently used ATF in defining the
role of NO in LH perfusions of L-NMA.
In our attempt to understand the pathophysiological role of NO on TGF, we

studied the response to NOS blockade in the salt-sensitive Dahl/Rapp rat. Chen
and Sanders [27] have suggested that hypertension in the DahllRapp rat is related
to a reduced generation of NO from L-arginine, as increases in blood pressure
can be prevented or delayed by exogenous L-arginine therapy. Urinary excretion
of nitrite and nitrate, a parameter of endogenous NO generation, was elevated
in HS rats [28]. To determine the physiological importance of MD NO, we
compared LH perfusions of L-NMA in HS and LS Dahl/Rapp rats with our
results in Sprague-Dawley (SO) rats [23]. The MAP was higher in the salt­
sensitive Oahl/Rapp (ssDR) rats after 7-10 days of high salt intake than SO rats
(ssOR-HS: 152 ± 6 versus SO-HS: 123 ± 3 mm Hg, p<.005). The MAP did not
differ between strains after 7-10 days of low salt intake (ssDR-LS: 111 ± 7
versus SO-HS: 125 ± 9 mm Hg, ns). As shown before, SD-LS rats had a greater
maximal TGF response than SD-HS rats (LS: 8.2 ± 0.3 versus HS: 4.6 ± 0.4
mm Hg, p<.Ol). However, ssDR-LS rats had only a slightly larger maximal TGF
response than ssDR-HS (LS: 6.4 ± 0.3 versus HS: 5.2 ± 0.3 mm Hg, p<.05).
There was also a strain difference in basal TGF in LS (SD: 8.2 ± 0.3 versus
ssDR: 6.4 ± 0.3 mm Hg, p<.05) but not HS (SD: 4.6 ± 0.4 versus ssDR: 5.2 ±
0.3 mm Hg, ns) conditioned rats. LH perfusion of L-NMA increased TGF in SD­
HS (4.6 ±0.4 to 6.7 ±0.5 mm Hg, p<O.1) but had no effect on SD-LS rats (8.2
± 0.3 to 8.3 ± 0.5 mm Hg, ns). L-NMA had no effect on TGF in ssDR on either
LS or HS intakes. (Fig. 11-8). Thus, compared to SO rats, ssDR rats had a
blunted TGF during LS and no response to LH L-NMA during HS. These results
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suggest that TGF is defective in ssDR rats due to a deficiency in local NO
generation and is incapable of adjusting properly to increased salt loads. Such a
defect could contribute to the development of salt-sensitive hypertension seen in
this strain.

3. Salt Intake, NO, and Angiotensin II

Because changes in salt intake have profound effects on the renin-angiotensin
system, the possible role of angiotensin in mediating the effect of salt intake on
the response to NOS blockade was considered. The role of angiotensin II (Ang
II) was evaluated in LS and HS rats. TGF response to LH perfusion of L-NMA
was measured in rats in which either angiotensin-type I (AT,) receptors were
blocked with losartan or in which exogenous angiotensin II was administered.
One set of LS and HS rats was infused with the AT1 receptor antagonist losartan
in osmotic minipumps for 3 days prior to and throughout experimentation. A
second set of LS and HS rats was infused with angiotensin II (200 ng/kg per
min) for 3 days. Three days of losartan infusion led to a lower MAP in LS (LS:
128 ± 5 versus LS + Los: 106 ± 4 mm Hg, p<.05) rats but was unchanged in
HS rats. The basal maximal TGF response in LS rats was lower in losartan
pretreated compared to LS alone. LH perfusion of L-NMA now increased TGF
in LS + Los (5.3 ± 0.5 to 6.9 ± 0.6 mm Hg, p<.OI) (Fig. 11-7). There was no
effect of losartan on basal TGF in HS rats, and LH perfusion of L-NMA had no
effect on TGF in HS + Los.
The basal maximal TGF in LS rats was not altered by Ang II but was increased

in HS rats. LH perfusion of L-NMA had no effect on maximal TGF responses
in LS + Ang II rats, similar to LS alone. L-NMA increased TGF in HS + Ang
II (7.9 ± 0.6 mm Hg to 9.4 ± 0.5 mm Hg, p<.Ol). However, this increase was
significantly less than HS alone (HS 52 ± 5% versus Hs + Ang II 22 ± 4%,
p<.05). There was a reduced response to L-NMA in LS+Los compared to HS
(both of which have similarly suppressed Ang II activity) and a greater effect
of L-NMA on HS+Ang II than LS (both with elevated Ang II activity). Both
results suggest an Ang II independent effect of NO blockade. The maximal TGF
data from these two experiments are summarized in Fig. 11-7. From these results,
we can draw three conclusions. First, Ang II and NO regulate TGF responsiveness,
which is related to changes in dietary salt intake. Second, these two systems can
function relatively independently. Thus, during low salt intake, the renin­
angiotensin system is stimulated and Ang II enhances TGF response. During salt
loading, the macula densa/afferent arteriolar L-arginine-NO pathway is stimulated
with NO-blunting TGF. Third, the effects of salt intake on the response of TGF
to local microperfusion of L-NMA is a specific response that is independent of
the basal TGF response. Thus, the failure of the maximal TGF response to be
further enhanced by L-NMA in LS rat nephrons is not due to a system that has
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Figure 11-7. Increase in TGF (% changes in PSF) in response to LH perfusion of L-NMA
in four groups of rats: HS (solid bar, n=6); HS + angiotensin II (dark hatched bar, 200
nglkg per min, by osmotic minipump for 3 days, n=6); LS (open bar, n=7); LS + losartan
(light hatched bar, 10-15 Ilg/day in drinking water for 3 days, n=6). Compared to response
to vehicle: *p<.05; **p<.OI.

become unresponsive to vasoconstrictors. Ang II infusion into HS rats enhances
TGF to the level of LS rat nephrons, yet does not lead to a response to L-NMA
microperfusion. In a study in which the relationship between Ang II and NO
was evaluated with local perfusions, Braam and Koomans [29] suggested that
the systems may be independent. With PTC perfusions of Ang II, NLA was
similarly effective in increasing TGF as compared to control. The complex
relationship between NO and angiotensin II is reviewed in Chapter 9.

4. Potential Mechanisms

These reports from several laboratories support a conclusion that NO has a
distinct role in setting tubuloglomerular feedback sensitivity and responsiveness.
We further suggest that NO appears to be physiologically important in adjusting
TGF to differing salt intakes. The blockade of macula densa NO by intravenous
infusion or by loop of Henle perfusion of monomethyl-L-arginine (L-NMA)
increased maximal TGF in normal or HS rats but was ineffective in LS rats.
This suggests that HS rats have a greater generation of NO to maintain a reduced
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TGF under conditions of increased NaCI intake. A reduced TGF permits ongoing
NaCI excretion despite increased delivery to the macula densa and contributes
to the homeostatic response of the kidney to increased NaCI intake. This role
implies that macula densa-afferent arteriolar L-arginine NO pathway functions
homeostatically to adjust the kidney's ability to retain or excrete sodium chloride
appropriately at varying salt intakes. A defective macula densa NO system would
lead to an unresponsive TGF that could contribute to excessive salt retention,
fluid volume expansion, and volume-dependent hypertension. Preliminary data
in animal models suggests that such a deficiency may be related to salt-sensitive
hypertension [27,30].
There are several possible mechanisms that may relate salt intake to macula

densa nitric oxide. First, nitric oxide synthase may be regulated in such a way
that NOS is suppressed in low salt and increased during high salt. Salt intake
has profound effects on the renin-angiotensin-aldosterone system and alters
renin synthesis and release [5], as well as other related enzymes (converting
enzyme, renal epithelial Na-K ATPase). However, several attempts at enzyme
quantitation have not supported this hypothesis. Mundel et al. [II] and Tojo et
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at. [31] have shown quantitatively greater staining for nNOS in the MD with
low salt intake. More recently, Singh et al. [32] showed that mRNA for cNOS
was greater or not different in low-salt rats compared to high-salt rats. Several
studies have shown greater N02 and N03 levels in urine of HS rats ([20]; Welch
and Wilcox, unpublished). There is some concern, however, that urine N02 and
N03 may not reflect changes in renal (and specifically macula densa) production
of NO but represent the total body output of arginine-derived NO.
A second mechanism by which salt could regulate NO is the effect of endoge­

nous inhibitors ofNOS. Dimethylarginine (DMA) is an example of an endogenous
inhibitor to NOS [33]. Studies in which DMA or another inhibitor has been
correlated with changes in salt intake are currently lacking but could represent
a major salt-dependent regulator of nitric oxide generation.
The third possible mechanism whereby salt intake could regulate NO is by

changes in substrate availability. Salt-intake changes lead to considerable salt­
handling changes along the nephron. Arginine, a basic amino acid, is normally
transported by both sodium-dependent and sodium-independent pathways. A
recent report suggests that arginine is transported into the loop of Henle and that
concentrations near the macula densa approach 35 Ilmol/L in normal rats that
have plasma levels of 116 Ilmol/L [34]. This value is greater than arginine at
the end of the proximal tubule (5-10 Ilmol/L). We have also shown that plasma
arginine is greater in HS than LS (HS-165 ± 18 versus LS-108 ± 21 Ilmol/
L). These studies suggest that arginine availability to the macula densa may be
dependent on salt intake and could lead to physiologically important differences
in local NO.

5. Conclusions

Figure 11-9 summarizes our working hypothesis for the role NO plays in regula­
tion of TGF in changes in salt intake. TGF regulates the SNGFR by controlling
the tone of the afferent arteriole (AA) inverse to the amount of signal input
sensed from NaCI delivery and reabsorption. During high salt intake, increased
NO generation in the MD offsets positive input to the AA, reduces vasoconstric­
tion, and acts to maintain a higher SNGFR. During low salt intake, which
stimulates renin release, angiotensin II (Ang II) acts to further increase vasocon­
striction and results in a lower SNGFR. The action of Ang II is enhanced by
increased thromboxane(TxA2) and the endoperoxide PGH2, which are activated
in high Ang II states [7]. We suggest that the combination of these systems acts
to alter the efficiency of TGF and contributes to the appropriate homeostatic
response to salt-intake extremes.
The discovery of this important relaxing factor in the kidney has led many

investigators to speculate on the role it plays in control of afferent arteriolar tone
mediated by TGF. Based on the studies reviewed here and our own work, we
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Figure 11-9. Hypothesis for the relationship between nitric oxide and salt intake in the
regulation of TGF.

conclude that nitric oxide modulates TGF by offsetting the net vasoconstriction
and may be important in adjusting TGF to changes in salt intake.
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NO And The Renin System

Armin Kurtz and Karin Schricker

1. Renal Juxtaglomerular Epitheloid Cells Are the Main Site of Renin
Synthesis and Secretion

The renin-angiotensin-aldosterone cascade plays an important role in the blood
pressure, electrolyte, and fluid homeostasis of the organism. The activity of the
renin-angiotensin system in the circulation is mainly dependent on the activity
of the protease renin, which is considered the key regulator of the system. Renin
found in the circulation comes predominantly from the kidneys, where renin is
produced primarily by the so-called juxtaglomerular epitheloid (JGE) cells. These
cells are located in the media layer of the afferent arterioles adjacent to the
vascular poles of the glomeruli [1,2]. JGE cells develop from vascular smooth
cells by a reversible metaplastic transformation [1,2]. This differentiation is
associated by a marked change of cell morphology in a way that numerous
granular (renin storage) vesicles of various size and shape appear while the
number of myofilaments disappear [I]. The morphologic appearance of the cells
becomes more epitheloid rather than smooth muscle cell-like. Which intracellular
events trigger and control the shift of smooth muscle cells into JGE cells and
back is not yet known. The JGE cells are directly neighbored to four cell types:
smooth muscle cells of the afferent arterioles, endothelial cells covering the
interior of the afferent arterioles, mesangial cells of the glomeruli, and the macula
densa cells. It is conceivable, therefore, that the functions of JGE cells, namely
renin synthesis and renin secretion, are essentially modulated by these neighboring
cells. In fact, it is known that the macula densa cells exert influence on JGE
cells by a yet undefined "macula densa signal" which acts inhibitorily on renin
secretion and renin synthesis [3]. This rather elusive signal is probably generated
dependent on the salt transport activity of the macula densa cells, in a way that
the increase of salt transport increases the generation of the renin inhibitory
macula densa signal and vice versa [4].

233
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Apart from this tubular signal, renin expression and renin secretion in JGE
cells are controlled by an apparently rather heterogeneous group of factors, such
as the amount of salt intake, intrarenal perfusion pressure, the renal nerve activity,
and by hormones, in particular by angiotensin II (ANGII), which inhibits renin
expression and renin secretion in the sense of a short feedback loop [5]. There
is good evidence that the effects of ANGII and of renal nerves are mediated by
ANGII-AT1 [6] and by B-adreno receptors [7] in JGE cells, respectively. Along
with transcellular and intracellular pathways, the perfusion pressure and the rate
of salt intake influence on renin secretion and renin gene expression in JGE cells
is less well understood.

2. The Endothelium Modulates the Function of Renal Juxtaglomerular
Epitheloid Cells

In view of the accumulating evidence that the endothelium is not only a passive
cover of the lumen of blood vessels, but is also actively involved in the blood
control by modulating the function of va~cular smooth muscle cells, a possible
interaction between endothelial cells and JGE cells attracted interest. JGE cells
are modified vascular smooth cells and they are directly neighbored to endothelial
cells, thus being a possible target for endothelial signals. First evidence for a
substantial modulation of renin expression and renin secretion by endothelial
cells was derived from co-culture experiments of JGE cells with endothelial cells
[8]. This pilot study provided preliminary evidence that endothelial prostaglandins
and the endothelium-derived relaxing factor (EDRF) stimulate renin secretion,
whereas endothelins act inhibitorily. Meanwhile, a number of studies exist to
support these findings, namely that prostaglandins and EDRF are stimulators and
endothelins are inhibitors of the renin system.
This chapter aims to focus on the present knowledge about the role of EDRF,
which has been identified as nitric oxide and which was named as endothelium­
derived NO (NO), in the regulation of renin expression and renin secretion in
the renal JGE cells. To specifically consider the role of NO in the control of the
renin system in more detail, we may assume that the renal juxtaglomerular regions
are sites of high production capacity for NO. As outlined elsewhere in this book,
all currently known types of NO synthases (NOS) are expressed in this region
(Chapter 7). The endothelial type is expressed by the endothelium [9], the neuronal
type is highly expressed in the macula densa cells [10,11], mesangial cells are
a known expression site for the inducible form of NO synthases [12-14], and
preliminary information exists that JGE cells themselves may contain a special
form of inducible type of NOS [15]. Quantitative production of nitric oxide in
the juxtaglomerular region has already been indirectly assessed [9].
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3. NO Is a Stimulator of the Renin System in Vivo

The in vivo approach to study the influence of NO on renin gene expression and
renin secretion comprises the use of NO donors on the one hand and NO synthase
inhibitors on the other hand. There is information that NO donors increase plasma
renin activity, suggesting a stimulation of renal renin secretion [16,17]. The use
of NO donors in vivo, however, is limited by the hemodynamic effects of these
compounds which cause vasodilation and, consequently, a decrease of blood
pressure. Secondary to the fall of blood pressure, NO donors will also induce
an activation of sympathetic outflow. There is also increasing evidence that renal
NO may be of importance for salt excretion [18] and it cannot be ruled out,
therefore, that systemic administration of NO donors could lead to salt loss.
These side effects of NO donors are of major importance for studies on renin
secretion and renin gene expression, because the renal perfusion pressure, the
sympathetic nerve activity, and the salt content themselves are physiologically
important determinants for renin secretion and renin gene expression in JOE
cells. It is difficult to distinguish, therefore, whether the renin stimulatory effects
of NO donors are due to a direct effect of NO on JOE cells or due to the systemic
side effects.
A number of in vivo studies on the role of NO on the renin system have been

performed using analogs of L-arginine which cannot be metabolized to nitric
oxide and which, consequently, decrease NO formation. These NOS inhibitors
have been found to lower plasma renin activity [18-21] in dogs and rats. An
increase of plasma renin activity upon treatment has not yet been described.
When comparing these studies, it appears that treatment with NOS inhibitors
lowers plasma renin activity preferentially in animals which display a relatively
high basal plasma renin activity, whereas animals with an already low basal renin
secretion show a smaller inhibitory response. Nonetheless, all of the studies are
compatible with the conclusion that NO plays a stimulatory role for renin secretion
in vivo. This conclusion is supported by rat studies, suggesting that NOS inhibitors
also moderately decrease the basal level of renin mRNA in the kidney [21,22].
Application of NOS inhibitors is frequently associated with increases of systemic
blood pressure [23], and, consequently, reflex inhibition of sympathetic outflow,
again creating problems in the interpretation of the results because an increase
of blood pressure and a suppression of sympathetic nerve activity per se would
be expected to inhibit the renin system. Moreover, a possible sodium retention
by NOS inhibitors could also account for the inhibitory effect of these compounds
on the renin system. Because NOS inhibitors have been found to act acutely on
renin secretion in vivo [18,20,24,25], it appears less likely that their effects on
the renin system were mediated by perturbations of the sodium balance. Moreover,
there is accumulating information that an inhibition of renin secretion and renin
gene expression by NOS inhibitors in vivocan also occurwithout changes ofintrare-



236 / Armin Kurtz and Karin Schricker

nal blood pressure and, consequently, without reflex changes of the sympathetic
nervous system [18,24,25], suggesting that a pressure-independentmechanism also
has to be involved in the effects of NOS inhibitors on the renin system.
The renin inhibitory effects of NO synthase inhibitors in vivo becomes the

more prominent if the renin system is prestimulated. Although, as already stated,
the effects of NOS inhibitors on basal renin secretion and renin gene expression
are rather moderate, NOS inhibitors substantially attenuate or even blunt the
stimulation of renin secretion and of renin gene expression induced by a variety
of maneuvers (Fig. 12-1). The best examined stimulator of the renin system in
this context is unilateral renal hypoperfusion induced by unilateral renal artery
stenosis. There are studies performed in dogs [24,26] and rats [21], showing that
NOS inhibitors substantially attenuate the rise of renin secretion in response to
unilateral renal artery stenosis. Notably, the inhibitory effect of NOS inhibitors
was evident at subnormal renal perfusion pressures but disappeared at high
perfusion pressures [24,26]. There also exist, however, studies reporting that
NOS inhibitors do not change the response of renin secretion to renal artery
stenosis [18,25,27]. Although there is not yet a clear explanation for these diver­
gent findings, it should be mentioned in this context that those studies reporting
no effect on hypoperfusion-induced renin secretion show some particularities.
Thus, one study reported that basal, but not hypoperfusion-stimulated, renin
secretion was sensitive to NOS inhibitors [18]. Another study reported that neither
basal, nor hypoperfusion-stimulated (but furosemide-stimulated) renin secretion
was sensitive to NOS inhibitors [25]. In this study, a b-NOS specific inhibitor
was used and a possible explanation could be that b-NOS (macula densa-derived
NO) is not relevant for hypoperfusion-induced renin secretion. The third study,
in which NOS inhibitors did not interfere with hypoperfusion-induced renin
secretion, reported normal values of plasma renin activity in animals which
became severely hypertensive upon chronic treatment with NOS inhibitors, sug­
gesting that the pressure control of renin secretion was disturbed in these ani­
mals [27].
A series of experiments done in conscious rats provided evidence that NOS
inhibitors not only decreased renin secretion but also renin gene expression during
unilateral renal artery stenosis [21].
Nitric oxide synthase inhibition was found to markedly attenuate the rise of

plasma renin activity and of renin mRNA levels due to disinhibition induced by
ANGIl antagonists such as converting enzyme antagonists or ANGII-AT) receptor
blockers [28]. The macula densa control of the renin system appears to be sensitive
to NOS inhibition. To inhibit the macula densa function in vivo, animals were
chronically infused with the loop-diuretic furosemide, which blocks salt transport
at the macula densa site. To avoid a negative salt and water balance, the conscious
animals were supplemented with salt and water. These furosemide-treated animals
displayed elevated plasma renin activity and increased levels of renin mRNA.
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Figure 12-1. Influence of L-NAME treatment on plasma renin activity (upper panel) and
renal renin mRNA levels (lower panel) in conscious rats subjected to different maneuvers to
stimulate the renin system. For this purpose, animals received an unilateral 0.2-mm artery
clip for 2 days (clip), were fed with the angiotensin I-converting-enzyme inhibitor rampril
by gavage (5 mglkg per day) for 2 days (ramipril), were subcutaneously infused with
furosemide (dose 12 mglkg) having free access to food, salt, and water (furo+salt), or
were kept on a low-salt diet (0.02% w/w) for 10 days (low salt). L-NAME (40 mglkg,
twice a day) was administered intraperitoneally during the last 2 days of the experiments.
Data represent the means of five to seven animals per experimental groups. The effect of L­
NAME on plasma renin activity and on renin mRNA were significant (p<.05 versus vehicle)
in all experimental groups. Data are given as percentage relative to respective controls con­
sisting of animals receiving no treatment. (Data adapted from Refs. 2\ and 28-30.)

NOS inhibitors blunted the increases of plasma renin activity and renin mRNA
levels in these animals [29]. Finally, the renin system can also be stimulated by
low salt intake. NOS inhibitors again potently attenuate the increase of plasma
renin activity and renin mRNA levels in rats on a low-salt diet [30]. In summary,
the overall effect of NO on renin secretion and renin gene expression in the
kidney in vivo appears to be a stimulatory one.
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4. NO Is a Stimulator of Renin Secretion in the Isolated Kidney

Already mentioned the effects of NO donors or NOS inhibitors on the renin
system in vivo are conflicted by the side effects on blood pressure, sympathetic
nerve activity, or sodium excretion. To minimize possible indirect systemic effects
of NO on the renin system, experiments with isolated perfused kidneys have
been performed to gain more direct information about the role of nitric oxide in
renin secretion. Unfortunately, studies on renin gene expression with isolated
perfused kidneys are hampered by the fact that changes of renin mRNA occur
rather slowly, with a delay of several hours, which is longer than the functional
lifetime of an isolated perfused kidney. Therefore, only information about the
role of NO in renin secretion can be obtained from experiments with the isolated
perfused kidney. Acetylcholine is known to evoke the release of EDRF from the
endothelium [31]. The addition of acetylcholine to the perfusate of isolated
perfused kidneys stimulates renin secretion and this stimulation can be blunted
by adding inhibitors of NO formation to the perfusate [32].
The addition of the NO donor sodium nitroprusside to the perfusate of an

isolated rat kidney also causes a prompt stimulation of renin secretion [32]. At
a normal perfusion pressure, the magnitude of stimulation of renin secretion by
NO releasers is relatively small when compared with ~-adrenoreceptor agonists,
which are classic stimulators of renin secretion. Notably, the stimulatory effect
of the NO releasers is dependent on the perfusion pressure in such a way that
the effect on secretion is markedly stronger at a low perfusion pressure and
becomes blunted at high perfusion pressures (Fig. 12-2) [32].
Inhibitors of NO formation such as L-NAME, L-NMMA, or L-NAG decrease

the basal release of renin from isolated rat kidneys [32-34]. They also decrease
renin secretion from kidneys taken from animals kept on low- or high-salt diet
[35]. Moreover, we have found that inhibitors of NO formation markedly attenuate
the stimulation of renin secretion evoked by a fall of the renal perfusion pressure,
which is attributed to the so-called "baroreceptor" control of renin secretion (Fig.
12-2) [32]. Notably, NOS inhibitors do not inhibit renin secretion at supranormal
perfusion pressures in the isolated perfused kidney, which is in a good agreement
with in vivo observations [24,25].
Taking all these findings together suggests that on the level of the isolated

kidney NO appears to act as a stimulator of renin secretion.

5. The Direct Effect of NO on JGE Cells Is Not Yet Clear

Although the regulation of renin secretion from isolated perfused kidneys is more
controllable than from the kidneys in vivo, renin secretion from isolated kidneys
still results from a complex interference of factors acting either directly or indi­
rectly on JGE cells. Such an indirect mediation in the isolated kidney could occur
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Figure 12-2. Effect of the NO donor sodium nitroprusside (SNP, 10 J.lM) and of the
NOS inhibitor L-NAG (100 J.lM) on the pressure-dependent renin secretion from isolated
perfused rat kidneys. Values are given relative to the renin secretion at a perfusion pressure
of 100 mm Hg in the absence of drugs. Data represent means of six kidneys each. Renin
secretion is significantly stimulated by SNP at 100 and 40 mm Hg and is significantly
inhibited by L-NAME at 40 mm Hg. (Data adapted from Ref. 32 and from unpublished
work of our laboratory.)

via the macula densa, changes of the arteriolar resistance, endothelial cell function,
and so forth. Therefore, it appeared reasonable to consider the influence of
NO on renin secretion and renin gene expression directly at the level of renal
juxtaglomerular cells.
First, experiments in this context were done in kidney slices and the results

of these experiments showed that NO inhibits renin secretion [36] and NOS
inhibitors stimulate [37] the basal release of renin from this preparation.
Two studies [8,38] with cultured JGE cells showed that inhibitors of NO

formation did not influence renin secretion (Fig. 12-3). If JGE cells, however,
were co-cultured with endothelial cells, NOS inhibitors or arginine deprivation
not only inhibited NO formation in the co-cultures but also led to a decrease of
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Figure 12-3. Influence of the NOS inhibitor L-NAG (200 IJM) and of arginine-free
medium (for 24 h) on 20-h renin secretion from cultured renal JGE cells (left) and
from cocultures of renal juxtaglomerular cells with aortic endothelial cells (right). Renin
secretion is given as the fractional release of renin (i.e., the percentage of renin that had
been released by the cells within 20 h). Data are means of six juxtaglomerular cell culture
preparations. The basal renin secretion from cocultures was significantly (p<.05) lower
than from JGE cells alone. Moreover, renin secretion from cocultures was significantly
(p<.05) by L-NAG and by arginine-free medium. (Data adapted from Ref. 38.)

basal renin secretion (Fig. 12-3). [8,38], suggesting that NO is a stimulator of
renin secretion in this system. The direct effect of NO donors on renin secretion
from JGE cells is somewhat complex. When added to the culture medium of
isolated JGE cells, NO donors caused a transient inhibition of renin secretion
lasting for about 1 h, followed by a continuous stimulation of renin secretion
thereafter [39,40] (Fig. 12-4). Prolonged administration of NO donors to cultured
JGE cells also induced a moderate increase of the steady-state levels of renin
mRNA [41].
A third model that was used to examine the direct effect of NO on renin

secretion from JGE cells was the use ofmicrodissected juxtaglomerular apparatus
containing the macula densa. If L-arginine was administered via microperfusion
to the macula densa of microdissected juxtaglomerular apparatus, an almost
immediate stimulation of renin secretion from JGE cells was observed [42]. The
addition of NOS inhibitors to the macula densa perfusate attenuated renin secre­
tion and, in particular, reduced the sensitivity of renin secretion toward changes
of the salt concentration at the macula densa [42]. Notably, macula densa-induced
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Figure 12-4. Time course of renin secretion (upper panel) and guanylate cyclase activity
(lower panel) in cultured renal JGE cells in the presence of the NO donor sodium nitroprus­
side (100 JlM). Renin secretion is given as the fractional release of stored renin. Guanylate
cyclase activity was determined by measuring cGMP levels after a IS-min incubation
time with the phosphodiesterase inhibitor IBMX (500 JlM). Data represent the means of
five JGE cell preparations. Renin secretion was significantly stimulated by SNP after 3 h
and, later, guanylate cyclase activity was significantly increased by SNP at all time points
examined. (Data adapted from Ref. 39.)

stimulation of renin secretion in this preparation was markedly inhibited if NO
donors were added directly to JGE cells.

6. Which Second Messenger Mediates the Effects of NO in JGE Cells?

The best established cellular effect of NO is the stimulation of soluble guanylate
cyclase activity leading to the enhanced formation of cGMP [43]. When consider-
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ing the temporal relationship between guanylate cyclase activity and renin secre­
tion in isolated JGE cells (Fig. 12-4), it becomes obvious that maximal activation
of cGMP formation is associated with inhibition of renin secretion, whereas renin
secretion appears to increase when cGMP formation declines. This would suggest
an inhibitory effect of cGMP on renin secretion. In fact, it has been found that
membrane-permeable cGMP [39] analogs or guanylate cyclase activators such
as atrial natriuretic peptide [44] inhibit renin secretion from isolated JGE cells.
The mediation of the delayed stimulatory effect of NO donors on renin secretion
from JGE cells remains yet unclear. There is, however, accumulating evidence
that NO may induce intracellular events, such as calcium release, which are
independent of cGMP formation [45] and which stimulate secretory events in
other cells, as, for example, insulin secretion from pancreatic ~ cells [46].
Considering all available data on the effects of NO donors and NO inhibitors

on renin secretion from isolated JGE cells does not allow a clear inference about
the physiological direct effect of NO on renal JGE cells. What are possible
explanations for the clear stimulatory effects of NO on renin secretion and renin
gene expression in the kidney, on the one hand, and the unclear effects of NO
in JGE cells on the other? There arise some arguments that could help explain
this complex situation. For instance, NO may exert both direct and indirect effects
on renal JGE cells, which, together, account for the overall stimulatory effect of
NO observed in the whole kidney. Indirect effects could result from an action
of NO within or on neighboring cells, such as macula densa cells or endothelial
cells, which both harbor substantial NO synthase activity. Second, it could be
that the transient inhibition by NO of renin secretion from isolated JGE cells is
a cell culture artifact. The latter possibility is confirmed by the observation that
native JGE cells contain two types of cGMP-dependent protein kinases: GKI
and GKII [47,48] and that GKII rapidly disappears from JGE cells in vitro. Thus,
cGMP, which is considered the classic second mesenger ofNO, could exert effects
in JGE cells that are mediated via the two types of G-kinases. Nonphysiologic
disappearance of one type of G-kinase could therefore lead to an imbalance of
the intracellular effects of cGMP and, consequently, change the physiological
response of JGE cells to NO. Obviously, more work is needed for the understand­
ing of the direct effect of NO on JGE cells.

7. The Physiological Role of NO in the Control of the Renin System

Let us return to the in vivo situation or situation of the isolated perfused kidney
where NO appears as a stimulator of the renin system. Given such an overall
stimulatory effect of NO on renin secretion and renin gene expression in the
whole kidney, one raises the question about the role of NO in the physiological
control of renin secretion and renin gene expression. In particular, does NO act
as a regulator of the renin system or does it serve as a permissive stimulator of
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the renin system? The intrarenal and, in particular, the local production of NO
in the juxtaglomerular region has not yet been assayed because of technical
limitations. It is, therefore, still unknown whether changes of local NO formation
could underly changes of renin secretion and renin gene expression. However,
there is recent evidence from three laboratories, including our own, that the
expression of the b-NOS gene and the expression of the b-NOS protein in the
macula densa cells changes under certain conditions of altered renin secretion
and renin gene expression. Thus, it has been found that b-NOS expression in the
macula densa increases during a low-salt diet and decreases during a high-salt
diet [22,49] (Fig. 12-5). If an altered local production of NO can be deduced
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Figure 12-5. mRNA levels of b-NOS and of eNOS in the kidneys of in animals subjected
to different maneuvers to change renin secretion and renin gene expression. These maneu­
vers comprised a unilateral 0.2-mm renal artery clip for 2 days, treatment with the
angiotensin I-coverting enzyme inhibitor ramipril (5 mg/kg per day) for 2 days, subcutane­
ous infusion of furosemide (12 mg/day) for 6 days and concomitant substitution of salt
and water, and low-salt (0.02%) and high-salt (4%) diet for 10 days. Data represent means
of six animals in each group. b-NOS mRNA was significantly (p<.05) changed in animals
with clips and in animals on a low-salt diet. (Data are unpublished material from our labo­
ratory.)
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from the altered expression of b-NOS, it is conceivable that it may contribute
to the enhancement of the renin system during a low-salt diet and to the suppres­
sion of the renin system during a high-salt intake. An enhancement of b-NOS
expression has also been observed during renal hypoperfusion, which is also a
well-known stimulus for renin secretion and renin gene expression [22] (Fig.
12-5). The mechanism of changes in macula densa b-NOS expression under the
aforementioned conditions remain to be clarified. One critical issue is that b-NOS
expression may be secondary to changes of the renin system, rather than being
the reason for the change of the renin system. This argument, however, appears
less valid in view of the findings that stimulation of renin secretion and renin
gene expression by ANGII antagonists or by furosemide in salt-balanced rats is
not associated with an altered b-NOS expression (Fig. 12-5). If local NO produc­
tion would change in proportion to the changes of b-NOS expression, one could
imagine that changes of NO production could account for the changes in renin
secretion and renin gene expression during states of altered salt intake. This
inference would be compatible with the finding that the stimulation of renin
secretion and renin gene expression by low-salt intake can be blunted by NOS
inhibitors [30].
More difficult to explain is the strong stimulation of the renin system during

renal hypoperfusion by a rather moderate increase of b-NOS expression. In fact,
NOS inhibitors only attenuate but do not blunt the stimulation of the renin system
in this situation [21]. Obviously, other factors aside from NO have to contribute
to the activation of the renin system during renal hypoperfusion.
As mentioned earlier, the stimulation of the renin system by ANGII antagonists

or by furosemide in salt supplemented rats is not associated with changes of
b-NOS expression. Nonetheless, the increases of renin secretion and of renin
gene expression induced by these drugs can be substantially attenuated by NOS
inhibitors. If an altered local NO production is not involved in the stimulations
of the renin system under these conditions, it appears reasonable to assume that
it is the normal release of NO that is essential for the stimulation of renin
secretion, suggesting a tonical stimulatory role of NO for the renin system. In
this vein, locally produced NO would play an important permissive stimulatory
role for the renin system that is effectively counteracted by inhibitors of the renin
system such as the perfusion pressure, by ANGII, or by the macula densa signal.
Once the inhibitors become weakened during a fall of the renal perfusion pressure,
blockade ofANGII receptors or during inhibition of the macula densa mechanism,
the stimulatory effect of NO then becomes apparent. Supportive of this concept
is the observation that the renin stimulatory effect of NO in the isolated perfused
kidney is dependent on the perfusion pressure, in a way that its effect is substan­
tially greater at lower than at higher perfusion pressures [32].
Thus far, we have only considered possible changes of juxtaglomerular NO
production that arise from changes of NOS gene or NOS protein expression. It
is well known that both b-NOS and e-NOS activity are allosterically regulated
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by calcium. We do not yet know whether b-NOS or e-NOS activity in the
juxtaglomerular region are changed under conditions associated with an altered
renin system.
The macula densa has long been known as a link between tubular fluid, tubular

function, and the renin system. The pathway along which the macula densa cells
signal the neighboring JGE cells is still poorly understood. The demonstration
ofhigh-level NOS expression in macula densa cells makes it tempting to speculate
that NO could be involved in the macula densa signaling. As outlined in more
detail elsewhere in this book (Chapters 9 and 11), evidence has already been
obtained for a positive role of NO in the macula densa signaling.

8. Relevance of NO for the Development and Recruitment of Renin­
Producing Cells

Given a stimulatory role of NO for renin secretion and renin gene expression
and given the fact that the macula densa is an important site of NO production,
the question arises of whether NO formation in the macula densa is of importance
for the development of renin-producing JGE cells. This question has been ad­
dressed by comparing the ontogeny of renin-producing cells and b-NOS-express­
ing macula densa cells [50]. It was found that b-NOS expression temporally
precedes the onset of renin expression in the juxtaglomerular apparatuses [50].
This finding would be compatible with the idea that NO formation in the macula
densa cells could be of relevance for the development of renin-producing JGE
cells. As already stated, renin-producing JGE cells develop from vascular smooth
muscle cells by a reversible metaplastic transformation process. This process is
active throughout life, and states of a stimulated renin system lead to a recruitment
of renin-producing cells in the afferent arterioles, whereas states of suppressed
renin activity are associated with a reduction in the number of renin-producing
cells [1]. A strong retrograde recruitment of renin-producing cells in afferent
arterioles is found, for example, upon treatment of animals with ANGII antago­
nists. This recruitment of renin-producing cells can be blunted by NOS inhibitors
[28], suggesting that the basal release of NO is of importance for the capability
of vascular smooth muscle cells to transform into renin-secreting cells.
This possible influence of NO on the development of renin-producing cells

from vascular smooth muscle cells could be of major importance, because renin­
producing cells are not restricted to the kidney but are also found in the walls
of blood vessels in which a substantial formation of NO may take place.

9. The Origin of Juxtaglomerular NO

As already stated, JGE cells are surrounded by cells capable of producing NO.
Thus, the macula densa cells express the b-NOS type [10,11]; the endothelial



246 I Armin Kurtz and Karin Schricker

cells the eNOS type [9], the mesangial cell the iNOS type [12-14], and even
JOE cells themselves have once been mentioned to contain a special form of
iNOS [15]. This raises the question about the physiological relevance of different
NO synthases for renin expression and secretion. As mesangial cells are known
to express the iNOS predominantly during inflammatory stimulation [12-14] and
NOS-inhibitors do not influence renin secretion in isolated JOE cells [8,38], one
may infer that the physiological role of the iNOS for the renin system is a minor
one. Consequently, the interest focuses on the b-NOS in the macula densa and
the eNOS in the endothelial cells. In the last few years, inhibitors of NOS activity
have been developed that are more specific for b-NOS than for eNOS. It was
found that inhibitors of this type suppressed intrarenal renin secretion stimulated
via macula densa mechanism [25]. This is the first direct evidence that NO
production in the macula densa, is of functional importance for renin secretion
from JOE cells. Meanwhile, it is well established that the biological range of
NO is restricted. It is difficult, therefore, to imagine that macula densa-derived
NO could account for the retrograde recruitment of renin-producing cells, which
may occur at distances of 100 flm or even more from the macula densa. It is
reasonable to assume a major role of the eNOS for the renin system, in particular
for the recruitment of renin-producing cells. Whether mesangial-derived NO
produced by iNOS during inflammation is of functional relevance for the renin
system remains to be clarified.
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NO and the Medullary Circulation
Yoram Agmon and Mayer Brezis

1. Introduction

Important data have accumulated over the last decade regarding the role of nitric
oxide (NO) in the regulation of renal function [1]. Studies from our laboratory
and others have examined the specific role of nitric oxide in the regulation of
blood flow and oxygenation of the renal medulla, noted for its vulnerability to
hypoxic damage. Our observations and a literature review are presented, along
with experimental data regarding the role of nitric oxide in the pathogenesis
of radiocontrast nephropathy, a prototype of acute renal failure resulting from
medullary hypoxia.

2. The Renal Medulla

2.1. Anatomy of the Medullary Vasculature (Fig. 13-1)

The unique anatomy of the medullary vasculature allows efficient urine concentra­
tion and water conservation, an obligatory task in terrestrial mammals. The
medullary vessels arise from the juxtamedullary cortex, where efferent arterioles
originating from the juxtamedullary glomeruli descend into the medulla [2,3].
These efferent arterioles are typically larger than those located in the mid and
superficial cortex, which do not supply the medulla but rather form the cortical
peritubular capillary network. The juxtamedullary efferent arterioles give rise to
the medullary vasa recta, consisting of long hairpinlike capillary loops extending
deep into the medulla. In the outer medulla, an extensive capillary network
connects the ascending and descending vessels, whereas the inner medullary vasa
recta are unbranched [2].
Venous blood from the inner medulla drains directly from the vasa recta into
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Figure 13-1. Anatomical and physiological features of the kidney comparing cortex and
medulla. The cortex, which receives an ample blood supply to optimize glomerular filtra­
tion, is generally well oxygenated, except for the medullary rays areas devoid of glomeruli,
which are supplied by venous blood ascending from the medulla. The medulla, which
receives a meager blood supply to optimize concentration of the urine, is poorly oxygenated.
Medullary hypoxia results both from countercurrent exchange of oxygen within the vasa
recta and from oxygen consumption by the medullary thick ascending limbs. Renal
medullary hypoxia is an obligatory price the mammalian kidney pays for successful
urinary concentration.

the arcuate veins. By contrast, the outer medullary venous vessels ascend into
the medullary rays, which extend into the cortex and are placed between the
cortical labyrinths [2,4]. The medullary rays are devoid of glomeruli and are
often viewed as expansions of the outer medulla into the cortex.
Overall, the medulla is supplied by approximately one-tenth of the total renal

blood flow [2]. Medullary blood flow is typically low in order to preserve the
osmotic gradient generated by the tubular countercurrent mechanism.

2.2. Medullary Oxygenation

Active solute reabsorption by the medullary thick ascending limb (mTAL) of
Henle's loop generates the medullary osmotic gradient necessary for urine concen-
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tration. The anatomic design of the medullary vasa recta allows a countercurrent
exchange to build and preserve osmotic gradients, but at the price of impaired
medullary oxygenation. Oxygen diffuses from the arterial to venous vasa recta,
thus limiting the oxygen supply to the medulla. Oxygen deficiency is mostly
pronounced in the outer medulla, where the mTALs are located. This nephron
segment performs active, oxygen-consuming solute reabsorption in an oxygen­
deprived milieu and is therefore prone to hypoxic damage [5,6].
We have measured the oxygen tension in the renal parenchyme, applying p02

microelectrodes inserted into the kidney [7-11]. Partial pressure of oxygen in
the cortex is about 50 rom Hg, whereas outer medullary p02 is in the range
10-20 mm Hg. This degree of tissue hypoxia is compatible with intact tubular
function. However, additional worsening of medullary oxygenation by disruption
of the delicate balance of oxygen supply (by the medullary vasculature) and
demand (solute reabsorption by the mTAL) may result in mTAL dysfunction
and eventually frank necrosis of mTALs [5].
Numerous protective mechanisms normally serve to defend the renal medulla

from hypoxic damage [4,5,12,13]. Medullary oxygenation may improve by in­
creasing medullary oxygen supply (i.e., increasing medullary blood flow) or by
decreasing medullary oxygen demand (i.e., decreasing mTAL transport activity).

Medullary Vasodilators

The renal medulla is rich in endogenous vasodilators, including prostanoids
(primarily prostaglandin~) [3,14], adenosine [15], nitric oxide (to be discussed),
and dopamine [3]. These counteract a variety ofvasoconstrictors, such as catechol­
amines, vasopressin, angiotensin II, and endothelin [4,12]. Enhanced synthesis
of these vasodilators when medullary oxygen demand is augmented protects the
medulla from hypoxic damage.

Modification of Tubular Transport

Medullary oxygenation may also improve by decreasing solute reabsorption,
and thus oxygen utilization, by the mTAL. Direct inhibition of mTAL sodium
reabsorption results from the local action of endogenous prostaglandin E2 [16]
and adenosine [17], as well as dopamine, the platelet-activating factor, and
cytochrome P-450-dependent arachidonic acid metabolites [4]. Transport activity
by the mTAL may decrease indirectly by lowering the glomerular filtration rate.
For example, renal hypoperfusion results in cortical oligemia and a reduction of
glomerular filtration, although medullary blood flow is usually well maintained
(so-called corticomedullary "redistribution"). The reduction of glomerular filtra­
tion decreases mTAL reabsorptive activity and improves medullary oxygenation.
The outer medulla is also normally protected by the tubuloglomerular feedback
[4]. Hypoxic impairment of mTAL solute reabsorption increases solute delivery
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to the macula densa and results in activation of this feedback mechanism which
decreases glomerular filtration and thus additional solute delivery to the mTAL.
Multiple mechanisms usually act in concert to protect the outer medulla from

hypoxic damage. For example, endogenous adenosine decreases cortical blood
flow [15] and glomerular filtration, increases medullary blood flow [15], and
decreases mTAL solute reabsorption [17], all acting to improve medullary oxy­
genation [9,19]. The diversity of protective mechanisms allows compensation
when specific mechanisms are limited by disease or drugs. Therefore, experimen­
tal medullary injury in vivo and clinical renal failure are usually prevented unless
a combination of insults occurs, impairing multiple protective mechanisms [20].

Experimental Modification of Medullary Oxygenation

A variety of experimental manipulations may disrupt the delicate balance of
medullary oxygen supply and demand, and predispose the outer medulla to
hypoxic damage. Medullary blood flow and oxygenation may decline in response
to synthesis inhibition of vasodilator prostaglandins [8,14] or nitric oxide (see
below). Enhanced solute reabsorption by the mTAL during osmotic diuresis
{mannitol [10], contrast media (to be discussed)}, polyene antibiotics administra­
tion (which increase tubular membrane permeability [21]), or compensatory renal
hypertrophy [22] decreases medullary oxygenation and may result in mTAL
necrosis. By contrast, inhibition of mTAL reabsorption by furosemide improves
medullary oxygenation [10].
In summary, the renal medulla is remarkably prone to hypoxic injury due to

its delicate balance between oxygen supply and demand. Nitric oxide plays a
major role in the protection of the outer medulla from hypoxic damage, as will
be further discussed.

3, Medullary Nitric Oxide Production

Various structures in the renal medulla are capable of synthesizing NO, including
blood vessels, tubules, and interstitial cells. Indirect evidence supporting medul­
lary NO synthesis is presented in the studies of Biondi et at. [23-25] in which
canine kidney slices were tested for their content of cyclic guanidine 3',5'­
monophosphate (cGMP), a second messenger in the NO pathway. Overall, cGMP
content in the medulla is higher than i.n the cortex [24,25]. Within the medulla,
basal cGMP production is maximal at its inner portion. Stimulation of NO
synthesis by acetylcholine (ACh) or bradykinin increases cGMP production in
the medulla, an observation most pronounced in the mid and outer portions of
the inner medulla. Inhibition of NO synthesis by NG-monomethyl-L-arginine
(L-NMMA) significantly reduces both basal and ACh- or bradykinin-stimulated
cGMP production.
Recent studies have localized the exact medullary sites of NO synthesis by
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molecular techniques. These studies present conflicting data due to the existence
of constitutive and inducible NO synthase (NOS) in various isoforms.

3.1. Medullary Vascular NO Synthesis

As expected, the vasa rectae are capable of NO synthesis. Terada et al. [26] have
shown by reverse transcription-polymerase chain reaction that microdissected
vasa rectae possess a constitutive nitric oxide synthase (NOS), specifically isoform
I of NOS, as well as a soluble guanylate cyclase, the site for NO binding.

3.2. Nonvascular Medullary Sources of NO Synthesis

Various medullary nephron segments are also capable of NO synthesis, as shown
by Terada et al. in microdissected nephrons [26]. The inner medullary collecting
duct possesses large amounts of constitutive NOS (isoform I), the largest amount
of all nephron segments. The outer medullary collecting duct and the inner
medullary thin limbs also possess small quantities of constitutive NOS, but the
medullary thick ascending limb of Henle's loop does not contain any of this
NOS isoform. By contrast, studies by Ujiie et al. [27] revealed the presence of
isoform III of constitutive NOS, the main isoform in endothelial cells, in both
the mTAL and the outer medullary collecting duct.

In addition to constitutive NOS activity, various renal medullary structures
possess the capacity to express an inducible NOS when stimulated by cytokines.
These include the mTAL [28,29], the inner medullary collecting duct [30], and
medullary interstitial cells [31]. In the mTAL, the regulation of the inducible
NOS appears to be mediated by the nuclear transcription factor NFKB [29]. The
principal sources and regulation ofmedullary NO synthesis have not been clarified
at the time of this writing. In addition, inflammatory cells invading the medulla
may serve as a source of NO in various renal pathologies. In summary, it is clear
from the above data that various medullary structures are capable of synthesiz­
ing NO.

4. Medullary Effect of Nitric Oxide

4.1. Effect of Nitric Oxide on the Medullary Circulation

The role of nitric oxide (NO) in the regulation of medullary hemodynamics has
been recently studied using laser-Doppler flowmetry (LDF) and videomicroscopy
of the medullary vasculature. The role of basal NO synthesis was evaluated by
specific inhibitors of NO synthase (NOS), and the potential for NO-mediated
vasodilation assessed pharmacologically by the administration of acetylcholine
(ACh) or bradykinin, and physiologically by increasing renal perfusion pressure.
We recently published observations on medullary hemodynamics (specifically,

in the outer medulla), using LDF, with a fine-needle probe inserted into the outer
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medulla of anesthetized rats [10,14,15,32]. The role of nitric oxide in the control
of the basal tone of the outer medullary vessels was evaluated by measuring the
changes in outer medullary blood flow following NO synthase inhibition by the
intravenous injection ofN"'-nitro-L-arginine (L-NAME) (10 mg/kg bolus injection)
[32]. Outer medullary blood flow declined to 61±7% of baseline within 30 min
of injection (n=6; p<.005) (Fig. 13-2), indicating significant basal NO-mediated
medullary vasodilation. Although systematic dose-response studies were not per­
formed, our experience suggests that NO synthesis is not completely inhibited
using the above dose, suggesting underestimation of the role of NO in basal

Figure 13-2. Nitric-oxide-dependent cortical and medullary vasodilatation. Cortical and
outer medullary blood flow following in anesthetized rats, before and after inhibition of
nitric oxide synthesis by L-NAME (10 mglkg, IV n=6).
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medullary vasodilation. The intravenous injection ofL-NAME also lowered super­
ficial cortical blood flow to a similar extent. Because the medullary vessels arise
from the juxtamedullary cortex, L-NAME may cause juxtamedullary vasocon­
striction, with secondary lowering of the medullary blood flow. The exact role
of the medullary versus cortical effects of NO has yet to be more clearly defined.
Mattson et al. studied the effects of direct medullary interstitial infusions of

L-NAME and ACh via chronically implanted medullary interstitial catheters in
rats [33]. Outer medullary blood flow was measured by LDF via implanted
intrarenal optical probes. Interstitial L-NAME infusion (120 Jlg/0.5 ml/h) lowered
outer medullary blood flow to 63% ofbaseline (LDF signal change from 0.95±O.09
V to 0.60±O.07 V; n=15; p<.05) within 2 h of infusion. During the chronic (5
days) infusion of L-NAME, medullary blood flow averaged -70% of baseline.
The medullary interstitial infusion did not affect cortical blood flow throughout
the prolonged experimental period, emphasizing the direct role ofNO inmedullary
vasodilation. Interstitial ACh infusion (1-h infusions, 200 Jlg/h) increased outer
medullary blood flow by 19±4% (n=5, p<.05). This effect of ACh was abolished
by concomitant L-NAME infusion.
Earlier studies by Mattson et al. evaluated the effects of similar interstitial

infusions on papillary blood flow, applying LDF with hemodynamic measure­
ments from an exposed papilla [34]. They assumed that changes in papillary
blood flow were representative of changes in the inner parts of the renal medulla,
an assumption which may not be always correct [35]. The medullary interstitial
infusion ofNG-nitro-L-arginine (L-NA) (120 Jlg/O.5 mllh) lowered papillary blood
flow by 24±4% from baseline (n=7, p<.05) following 75 min of infusion. ACh
infusion (200 Jlg/h) raised papillary blood flow by 13±2% (n=7, p<.05). Superfi­
cial cortical blood flow did not change following L-NAME or ACh infusion into
the medullary interstitium. In a separate set of studies, L-NA infusion in similar
doses into the renal artery lowered papillary blood flow to 66±3% of baseline
(n=5, p<.05 with a similar reduction in cortical blood flow. Mattson et al. also
evaluated the medullary effects of bradykinin, a NO-mediated vasodilator [36].
Bradykinin or captopril (which inhibits bradykinin degradation) were infused
directly into the medullary interstitium through chronically implanted catheters,
and papillary blood flow was measured by LDF of exposed papillas in rats. A
30-min infusion of bradykinin (0.1 Jlg/min) or captopril (17 Jlg/min) raised
papillary blood flow to 117±3% (n=6, p<.05) or 121±5% (n=6, p<.05) of control
values, respectively. Interstitial infusion of L-NAME (2 Jlg/min) both lowered
papillary blood flow to 78±3% of baseline (n=7, p<.05) and completely abolished
the papillary blood flow response to bradykinin or captopril.
Comparable results of papillary blood flow studies in rats were obtained by

other investigators [37,38]. Atucha et al. [37] revealed a -15% decline in papillary
blood flow measured by LDF, within 1 h following intravenous infusion of
L-NAME (10 Jlglkg/min). Of interest is their observation that L-NAME blunted
the normal rise in papillary blood flow following volume expansion. Lockhart
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et al. assessed the changes in papillary blood flow by fluorescence videomicros­
copy of the papillary vasa recta [38]. Within 15 min of intravenous L-NAME
infusion (a 15-mg/kg bolus followed by 500 Jlg/kg/min), descending vasa recta
flow declined by -47% (8.43±1.81 to 4.46±1.19 nUmin; n=17,p<.Ol) and ascend­
ing vasa recta flow by -44% (4.2810.80 to 2.38±0.55 nUmin; n=27, p<.OI).
The role of NO in the response of the papillary vasculature to changes in renal
perfusion pressure was evaluated by Fenoy et al. [39]. Papillary blood flow was
measured by LDF of exposed papillas in rats during aortic clamping. In control
animals, increasing renal perfusion pressure (from 60 to 140 mm Hg) caused a
near-linear rise in papillary blood flow, indicating the poor autoregulation of
medullary blood flow. Systemic pretreatment with L-NAME blunted the rise of
papillary blood flow at high perfusion pressures, indicating a role for NO in
pressure-induced medullary vasodilation. Interestingly, L-arginine infusion did
not change the relationship between renal perfusion pressure and papillary blood
flow, suggesting that the availability of L-arginine is not a limiting step in NO
synthesis in this experimental setting. However, L-arginine completely abolished
the hemodynamic effects of subsequent L-NAME administration.
Taken together, the above studies highlight a major role for NO in the control
of the medullary vascular tone, both in the basal state and in response to diverse
physiologic stimuli.

4.2. Nonvascular Medullary Effects of NO

Preliminary experiments suggest that NO may exhibit direct tubular effects
[40,41]. NO inhibits tubular transport in cortical collecting duct cells [40] but
enhances proximal tubular sodium reabsorption [41]. No direct medullary tubular
effects have been described at the time of this writing. However, the demonstration
of soluble guanylate cyclase in medullary tubular structures such as the mTAL
and the medullary collecting duct [26] suggests that NO may have a direct
tubular effect.

5. Role of Nitric Oxide in the Pathogenesis of Acute Renal Failure

5.1. Radiocontrast Nephropathy

Studies from our laboratory evaluated the role of NO in the pathogenesis of
radiocontrast-induced acute renal dysfunction, characterized by hypoxic medul­
lary injury. Whereas direct tubular toxicity from the radiocontrast material has
been suggested in the pathogenesis of radiocontrast nephropathy (RCN), clinical
characteristics [42,43] and experimental data [44-50] suggest that systemic and!
or intrarenal hemodynamic changes predispose to ischemic renal damage from
contrast media (CM).
Defective endothelial-dependent, NO-mediated vasodilation has been recently
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observed in diabetes mellitus [51], hypertension [52], atherosclerosis [53], and
heart failure [54]. Because these conditions are often present in patients develop­
ing RCN [42], we speculated that endothelial dysfunction may playa role in
the vulnerability of the kidney to contrast-induced renal failure. We therefore
developed an in vivo model of RCN and evaluated the hemodynamic basis of
contrast-induced renal failure, with special interest in a potential role for NO.

In Vivo Model of RCN

One of the first in vivo models of contrast nephropathy, developed in our
laboratory by Heyman [55], combined uninephrectomy, salt depletion, prostaglan­
din synthesis inhibition, and contrast media administration to produce acute renal
failure in rats. This model resembles the clinical syndrome in humans, which is
characterized by multiple clinical risk factors [20,56,57], such as preexisting renal
failure, volume depletion, or concomitant administration of other nephrotoxins.
Histologically, tubular necrosis was observed, confined to the medullary thick
ascending limbs of Henle's loop, emphasizing the susceptibility of the renal
outer medulla to hypoxic damage. Additional NO synthesis inhibition by NG­
monomethyl-L-arginine (L-NMMA) resulted in aggravation of renal function and
histologic mTAL damage [7]. Without L-NMMA, creatinine clearance (CC)
decreased from 0.24±O.03 mllmin per 100 g body weight at baseline to 0.08±O.1
(n=22; p<.OOl) the day after CM administration. Adding L-NMMA (15 mg!kg),
CC decreased from 0.17±O.01 to 0.03±O.01 ml/min per 100 g (n=12; p<.002),
significantly more than without L-NMMA (p<.005 for the comparison between
final creatinine clearances). Pathologically, mTAL necrosis was significantly
more severe after the addition of L-NMMA (approximately 25% of mTALs
without L-NMMA versus more than 50% with L-NMMA; p<.OI).
We recently developed a simpler model of RCN in rats [32], in which chronic

preparations (i.e., uninephrectomy and chronic salt depletion) were not necessary.
The model consisted of NO synthesis inhibition prior to CM injection with or
without additional inhibition of the synthesis of prostaglandins, which are potent
medullary vasodilators [14]. Multiple protocols were examined, consisting ofinjec­
tions of CM (intraarterial injection of iothalamate 80%, 6 ml/kg), NO synthesis
inhibition (intravenous L-NAME, 10 mg/kg), and prostaglandin synthesis inhibi­
tion (intravenous indomethacin, 10 mg/kg), alone and in various combinations.
As previously described [55], the sole administration of CM does not impair

renal function or cause tubular necrosis. This resembles the clinical experience,
in which CM usually does not cause renal failure in the absence of additional
risk factors. Similarly, L-NAME did not impair renal function when given alone.
However, the injection ofCM following L-NAME caused significant renal failure,
with CC decreasing from 1.22±O.08 at baseline to 0.48±O.1O mllmin after 24 h
(n=8; p<.OOI) and necrosis of 18±6% of mTALs, figures resembling the results
in Heyman's original model [55]. Additional indomethacin injection along with
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Figure 13-3. Histology of a model of acute renal failure produced by radiocontrast
injection following inhibition of nitric oxide and prostaglandin synthesis. Outer medulla
of a rat kidney 24 h after an injection of the radiocontrast iothalamate following L-NAME
and indomethacin. Extensive tubular necrosis of mTALs is observed in the center, whereas
tubules immediately adjacent to vasa recta (on each side of the figure) are better preserved.

L-NAME, prior to CM administration, resulted in severe renal failure, with CC
decreasing from l.05±O.lO to O.27±O.05 ml/min (n=12; p<.OOl) and diffuse
necrosis of 49±99'0 of mTALs (Fig. 13-3). In all protocols, there was no necrosis
of cortical nephron segments, similar to Heyman's previous observations [55].
These data suggest that inhibition of nitric oxide synthesis is both sufficient and
necessary to allow radiocontrast-mediated medullary necrosis and renal failure.
Additional prostaglandin synthesis inhibition aggravates these pathologies.

Changes in Intrarenal Hemodynamics Following CM Administration

Previous hemodynamic studies have shown that contrast media transiently
reduce total renal blood flow. However, because the medulla receives only approx­
imately 10% of the total renal blood flow, these measurements may overlook
significant intrarenal hemodynamic changes, specifically in the outer medulla.
We measured directly the changes in the outer medullary circulation, the target
of histologic injury in our model of RCN, in an attempt to explain the hemody­
namic basis of our in vivo model. We applied LDF in anesthetized rats to study
intrarenal hemodynamics, with laser-Doppler probes placed in the kidney upon
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the superficial cortex and within the outer medulla (a needle probe is inserted
into the medulla through the cortex). Hemodynamic responses to CM were
observed in intact rats and in rats pretreated with L-NAME or indomethacin prior
to CM administration [32].

In intact rats, iothalamate injection transiently reduces cortical blood flow
(Fig. 13-4), resembling the changes in total renal blood flow observed in previous
studies [44-50). Pretreatment with either L-NAME or indomethacin does not
qualitatively affect the cortical blood flow response to iothalamate. In all cases,
a transient reduction in cortical blood flow is observed.
By contrast, the medullary blood flow response to iothalamate depends on
preexisting renal physiology (Fig. 13-4). In intact rats, medullary blood flow
increased to 196±25% of baseline (n=6; p<.OOI). This hyperemic response per-
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Figure 13-4. Hemodynamic response to radiocontrast injection before or after inhibition
of nitric oxide synthesis. Cortical and outer medullary microcirculatory flow in response
to iothalamate before or after inhibition of nitric oxide synthesis by L-NAME.
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sisted for over 1 h following iothalamate injection. As mentioned earlier, pretreat­
ment with L-NAME reduced medullary blood flow to 6l±7% of baseline (n=6;
p<.005). In addition, the previously observed hyperemic response to iothalamate
was replaced by prolonged vasoconstriction, with a further reduction of outer
medullary flow to 47±9% of baseline (n=6; p<.005) (and this vasoconstrictive
response persisted even longer than our formal l-h experimental observations).
Pretreatment with indomethacin reduced medullary blood flow to half of baseline
[14]. In addition, the previously observed hyperemic response to iothalamate
was similarly replaced by prolonged vasoconstriction, with a reduction of outer
medullary flow to 45±6% ofbaseline (n=6; p<.OOl). The combined administration
of L-NAME, indomethacin, and iothalamate lowered medullary blood flow to
12±4% of baseline (n=3; p<.005).

It appears, therefore, that medullary hyperemia is the response to iothalamate
under normal conditions. When nitric oxide or prostaglandin synthesis is inhibited,
iothalamate reduces medullary blood flow. These data suggest that iothalamate
tends to lower medullary blood flow, a tendency normally counteracted by medul­
lary vasodilators, such as nitric oxide and prostaglandins. Restriction of this
vasodilator potential, by inhibition of nitric oxide or prostaglandin synthesis,
and possibly in diseases characterized by endothelial dysfunction, unmasks this
vasoconstrictive tendency. A possible mediator of the observed vasoconstriction
is endothelin, which is secreted in response to contrast media, as previously
demonstrated in both in vivo and in vitro studies [48,49]. This reversal of the
vasoactive response is reminiscent of the effect of endothelial dysfunction in
other vascular beds. For example, atherosclerotic coronary arteries paradoxically
constrict in response to acetylcholine, in contrast to the vasodilation observed in
normal arteries [53]. Radiocontrast nephropathy may be an important example of
the pathophysiological implications of endothelial dysfunction within the kidney.

Changes in Intrarenal Oxygenation Following CM Administration

We previously evaluated the CM-induced changes in medullary oxygenation
by p02 microelectrodes inserted into the outer medulla in anesthetized rats [8].
Iothalamate administration reduced medullary p02 from 26±3 to 9±2 mm Hg
within 10 min of CM administration (n=15; p<.005). Our hemodynamic data
showing CM-induced medullary vasodilation suggests that enhanced p02 con­
sumption by the outer medulla following CM administration, rather than decreased
p02 delivery, aggravates medullary hypoxia. This is supported by our observation
that furosemide (lO mg/kg) injection following contrast administration completely
reverses the CM-induced worsening ofmedullary oxygenation [8]. Our experience
that CM alone does not cause renal failure despite severe medullary hypoxia
suggests that this degree of hypoxia is not sufficient to cause significant renal
damage. The combination of CM administration along with inhibition of NO
and prostaglandin synthesis further decreases outer medullary p02 toward zero,
predisposing to tubular necrosis.
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Proposed Pathogenesis of RCN

Combining the above experimental data, the following mechanisms of RCN
are proposed:

• Contrast media induce osmotic diuresis, leading to enhanced solute reab­
sorption, and therefore oxygen consumption, by the medullary thick
ascending limb.

• In addition, contrast media tend to induce renal vasoconstriction, a phe­
nomenon possibly mediated by endothelin. This response is transient in
the cortex, but prolonged in the medulla.

• The combination of the above medullary effects aggraves outer medul­
lary hypoxia.

• The normal medulla reacts to hypoxia by protective vasodilation, medi­
ated by a combination of vasodilators, including nitric oxide, prostaglan­
dins, adenosine [14,15,32], and possibly other vasoactive substances.
This normal hyperemic response partially improves medullary oxygen­
ation and prevents tubular damage.

• The attenuation of these vasodilator mechanisms, as a result of systemic,
renal, or endothelial disorders, or by drugs (for instance, nonsteroidal
anti-inflammatory drugs) leads to contrast media-induced vasoconstric­
tion and medullary ischemia, aggravation of medullary hypoxia and
frank tubular necrosis (Fig. 13-5).

Miscellaneous Models of RCN

Touati et al. have studied the role of nitric oxide in the pathogenesis of RCN,
including pathologic studies of the renal medulla [58]. Their in vivo rat model
of RCN consisted of uninephrectomy, renal ischemia (by aortic clamping), and
injection of CM. This protocol resulted in mild renal failure, with CC reduction
of approximately 25% from baseline at 24 h. The addition of L-NAME to the
protocol markedly decreased CC to less than 50% of baseline. Pathologically,
necrosis of the outer medullary structures was observed. Schwartz et al. have
also emphasized the protective role of nitric oxide in the pathogenesis of RCN
[59]. However, their studies concentrated on measurements of total renal blood
flow and CC, without specifically addressing the pathophysiology of the outer
medulla.

6. Role of NO in Other Models of Acute Renal Failure

6.1. Cyclosporine A Nephrotoxicity

Previous experiments from our laboratory have shown that chronic cyclosporine
A (CyA) administration to rats consistently resulted in renal failure [60]. Histolog-
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Figure 13-5. Putative mechanisms leading from medullary cell hypoxia to renal failure.
On the left are shown physiological homeostatic signals, such as nitric oxide, that improve
medullary oxygenation. In the center and on the right are shown some pathophysiological
consequences of more advanced medullary hypoxia, such as cortical vasoconstriction and
tubular damage. The potential adverse effects of endothelial dysfunction (with defective
release of nitric oxide), of some nephrotoxins, and of volume depletion are shown.
Nonsteroidal anti-inflammatory agents (NSAIDs) disable the beneficial prostanoid-medi­
ated medullary vasodilatatory response to local hypoxia, and volume depletion enhances
the tubuloglomerular feedback reflex decrease in glomerular filtration.

ically, degenerative changes were observed in the mTAL and in S2-S3 nephron
segments localized in the medullary rays.
Recent studies have examined the role of nitric oxide in the pathogenesis of

CyA nephrotoxicity [61-63]. However, all of these studies have emphasized the
changes in glomerular hemodynamics induced by CyA, without focusing on the
outer medulla or medullary rays, histologic sites of CyA toxicity [60]. Some of
these studies [61,62], but not all [63], suggest that renal cortical NO production
is diminished in CyA-treated rats. It is conceivable that CyA induces similar
effects in the medulla and in the medullary rays, thereby decreasing medullary
blood flow and O2 supply to these regions, resulting in hypoxic damage. Further
studies in the medulla are necessary to clarify this hypothesis.

6.2. Rena/Ischemia

The protective role of nitric oxide has been studied in a model of renal ischemic
renal failure employing complete renal ischemia via renal artery occlusion and
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reperfusion [64-68]. These studies uniformly suggest that NO has a renal protec­
tive role in this model. NOS inhibition exacerbated the deleterious effects of
ischemia/reperfusion [64], whereas L-arginine administration had the opposite
effect [64,66-68]. Insulinlike growth factor I had a protective effect in this model,
an effect possibly mediated by NO [65]. Interestingly, Sabbatini et al. present
data suggesting that renal impairment in old rats submitted to ischemia/reperfusion
is greater than in young rats, possibly due to reduced basal NO production in
aged rats [67].
None of the above studies addressed the role of NO in the medullary pathology

following renal ischemia. This model of renal ischemia has limited clinical
relevance, as acute renal failure is rarely the result of complete cessation of renal
blood flow-except in the setting of renal transplantation and aortic clamping
during vascular surgery [12]. Interestingly, total cessation of renal blood flow may
theoretically have a protective role upon the renal medulla, because glomerular
filtration is completely abolished and the mTAL performs no reabsorptive work.
This has been previously observed in nonfiltering rat kidneys perfused by a
hyperoncotic medium [18].
Yu et al. has demonstrated an adverse effect of NO upon isolated proximal

tubules exposed to hypoxia and reoxygenation [69]. Hypoxia stimulated NO
release from the tubules. NOS inhibition reduced and L-arginine increased hypoxic
tubular damage.

7. Summary

The experimental data presented above emphasize the significant role of nitric
oxide in maintaining adequate medullary oxygenation via medullary vasodilation.
Impaired endothelial-dependent vasodilation predisposes the kidney to acute renal
failure secondary to hypoxic medullary damage.
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NO in Septic Shock

Colin G.M. Millar and Christoph Thiemermann

1. Introduction

Despite significant improvements in critical care, septic shock remains the major
cause of death in noncoronary intensive care units with an estimated mortality
(gram-negative and gram-positive sepsis) ranging between 25% and 75%. Tradi­
tionally recognized as a consequence of gram-negative bacteremia, septic shock
is also caused by gram-positive organisms, fungi, and probably viruses and
parasites. The pattern of prevalence of nosocomial infections has changed over
the past 40 years. Gram-negative infections increased notably throughout the
1950s and 1960s, and by the early 1970s, they were responsible for most cases
of bacteremia in adults. In the 1980s, there was a resurgence in the frequency
of reported gram-positive bacteremia and sepsis. Today, between 30% and 50%
of all cases of sepsis (approximately 500,000 per year in the United States) are
caused by gram-positive organisms [1]. It has been postulated that the marked
increase in the incidence of sepsis and septic shock recognized over the last
15-20 years is secondary to (i) improved life-support technology which keeps
intensive care patients with high risk of infection alive for prolonged periods,
(ii) the prevalence of immunocompromised patients due to an increased incidence
of acquired immunodeficiency syndrome or due to chemotherapy and immuno­
therapy, and (iii) the increased use of invasive medical procedures.
Septic shock can be defined as sepsis (systemic response to infection) with
hypotension resulting in impaired tissue perfusion despite adequate fluid resuscita­
tion. The multiple-organ dysfunction syndrome (MODS) is defined as impaired
organ function in acutely ill patients such that homeostasis cannot be maintained
without intervention. MODS can be primary as a direct result of a specific insult
to an organ (e.g., acute lung injury or adult respiratory distress syndrome following
gastric aspiration) or secondary as a consequence of the host response to the insult.
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This, often exaggerated, host response was recently termed systemic inflammatory
response syndrome (SIRS), which may occur in response to varied insults includ­
ing infection, multiple trauma, hemorrhage, ischemia, and immune-mediated
organ injury. SIRS is manifested by two or more of the following criteria of
inflammation: pyrexia, tachycardia, tachypnea, or hypocapnea, and leukocytosis
or leukopenia-providing that these signs have occurred acutely in the absence
of any other obvious cause. In order to meet the criteria for septic shock, SIRS
has to be accompanied by hypotension (systolic blood pressure <90 mm Hg or
a reduction of 40 mm Hg from baseline) and one or more of the following indices
of organ hypoperfusion: arterial hypoxemia, increase in plasma lactate, acute
renal failure, and/or acute alterations in mental status (see Table 14-1) [2].
Presenting clinical signs of sepsis include fever, tachycardia, hypotension,

peripheral vasodilatation, and oliguria. Current therapeutic approaches include
antimicrobial chemotherapy, volume resuscitation, inotropic and vasopressor sup­
port, oxygen therapy and mechanical ventilation, and hemodialysis or hemofiltra­
tion. These have, however, failed to make a substantial impact on the high

Table 14-1. Definitions for Sepsis and Multiple-Organ Failure

Infection: Microbial phenomenon characterized by an inflammatory response to the presence of

microorganisms or the invasion of normally sterile host tissue by those organisms.

Bacteremia: The presence of viable organisms in the blood.

Systemic inflammatory response syndrome (SIRS): The systemic inflammatory response to a variety

of severe clinical insults. The response is manifested by two or more of the following conditions:

(I) temperature >38°C or <36°C; (2) heart rate >90 beats/min; (3) respiratory rate >20 breaths/

min or PaCO, <32 mm Hg; and (4) white blood cell count >12000/mm3, <4000/mm3, or >10%

immature (band) forms.

Sepsis: The systemic response to infection, manifested by two or more of the following conditions
as a result of infection: (I) temperature >38°C or <36°C; (2) heart rate >90 beats/min; (3) respiratory

rate >20 breaths/min or PaCO, <32 mm Hg; and (4) white blood cell count >12000/mm3, <4000/

mm3, or >10% immature (band) forms.

Severe sepsis: Sepsis associated with organ dysfunction, hypoperfusion, or hypotension.

Hypoperfusion and perfusion abnormalities may include, but are not limited to, lactic acidosis,

oliguria, or an acute alteration in mental status.

Septic shock: Sepsis induced with hypotension despite adequate fluid resuscitation along with the

presence of perfusion abnormalities that may include, but are not limited to, lactic acidosis, oliguria,

or an acute alteration in mental status. Patients who are receiving inotropic or vasopressor agents

may not be hypotensive at the time perfusion abnormalities are measured.

Sepsis-induced hypotension: A systolic blood pressure <90 mm Hg or a reduction of ~40 mm Hg

from baseline in the absence of other causes for hypotension.

Multiple-organ dysfunction syndrome (MODS): Presence of altered organ function in an acutely ill

patient such that homeostasis cannot be maintained without intervention.

Source: ACCP/SCCM consensus conference committee (Ref. 2).
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mortality associated with sepsis, and there remains a great need to explore novel
approaches toward understanding the events leading to tissue ischemia, MODS,
and death in circulatory shock. Greater insight into the pathophysiology of septic
shock will hopefully result in the rational design of novel therapies and, ultimately,
improved survival of critically ill patients.
In 1990, several groups independently discovered that an enhanced formation

of endogenous nitric oxide (NO) contributes to the hypotension [3,4], vascular
hyporeactivity to vasoconstrictor agents [5,6], or the reduced hepatic protein
synthesis [7] observed in animal models of endotoxic shock. We know today that
circulatory shock of various etiologies is associated with an enhanced formation of
NO due to the early activation of the constitutive NO synthase located in the
vascular endothelium (eNOS or NOS III) and the delayed expression of the
calcium-independent or "cytokine-inducible" isoform of NO synthase (iNOS or
NOS II). The enhanced formation of NO, particularly by iNOS, may contribute
to circulatory failure, myocardial dysfunction, and organ injury, ultimately leading
to the development of MODS and death. Thus, it has been argued that the
inhibition of NO synthesis may be of therapeutic benefit in patients with septic
shock. However, an enhanced formation of NO in septic shock may also exert
beneficial effects including inhibition of platelet and leukocyte adhesion to the
endothelium, improved microcirculatory blood flow and tissue oxygen extraction,
and augmentation of host defense. These conflicting roles have fueled the contro­
versy regarding potential therapeutic approaches with some colleagues advocating
strategies to reduce NO formation, whereas others propose that NO synthesis
should be augmented. Although experimental approaches have thus far failed to
reach a consensus, a Phase II clinical trial evaluating the use of a nonisoenzyme­
selective NOS inhibitor in patients with septic shock has already been commenced
(for reviews, see Refs. 8-14).
This chapter will discuss (i) the role of NO in the pathophysiology of gram­
negative and gram-positive septic shock, (ii) the advantages and disadvantages
of therapeutic approaches which modulate the biosynthesis of NO, (iii) the patho­
physiological events leading to acute renal dysfunction in sepsis, and, most
importantly, (iv) review the role of NO in the acute renal failure associated with
septic shock.

2. Role of Nitric Oxide in the Pathophysiology of Endotoxic Shock

2.1. Hypotension

The circulatory failure associated with shock of various etiologies is characterized
by severe hypotension (peripheral vasodilatation), hyporeactivity of the vascula­
ture to vasoconstrictor agents, myocardial dysfunction, maldistribution of organ
blood flow, and reduced tissue oxygen extraction. There is now good evidence that
an enhanced formation of NO contributes to several of these pathophysiological
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features of septic shock. For instance, an enhanced formation of NO due to
activation ofeNOS (acute phase of shock) and particularly following the induction
of iNOS in the vascular wall (late phase of shock) importantly contributes to the
hypotension in animals (rat, dog, pig, sheep) and man with septic shock [10,14].
Similarly, an enhanced formation of NO by iNOS also contributes to (i) the
delayed hypotension in animals and patients exposed to immunotherapy with
interleukin (IL)-2 [15,16], (ii) the delayed vascular decompensation (excessive
peripheral vasodilatation) in hemorrhagic shock [17,18], and (iii) possibly to the
hyperdynamic circulatory failure associated with liver cirrhosis [19]. Although
the circulatory failure associated with anaphylactic shock, traumatic shock, or
bums also results in an increase in the plasma levels of nitrite, it is unclear
whether this is merely a surrogate marker of these disorders or a cause of the
associated hemodynamic alterations [18].

2.2. Vascular Hyporeactivity

The peripheral vascular failure in animals and man with septic shock also results
in a progressive attenuation of the pressor effects afforded by norepinephrine and
other vasoconstrictor agents (epinephrine, vasopressin, angiotensin II, serotonin,
histamine, calcium, potassium). This phenomenon, which has also been termed
"vasoplegia," also contributes to the therapy-refractory hypotension in septic
shock. Clearly, the hyporeactivity of blood vessels obtained from animals exposed
to endotoxic or hemorrhagic shock (for several hours) to catecholamines is
largely-but not exclusively-due to an enhanced formation of NO secondary
to the induction of iNOS [5,6,17,20]. In endotoxemia, an NO-mediated vascular
hyporeactivity occurs in conductance, resistance, as well as venous vessels (see
Ref. 14).

2.3. Cardiac Dysfunction

The question as to whether an enhanced formation of NO contributes to the
myocardial dysfunction associated with shock is still controversial [21-23]. Large
amounts of exogenous NO (authentic NO or NO donors) reduce cardiac contractil­
ity by a cGMP-dependent mechanism. It is, however, unclear whether the amounts
of endogenous NO generated under physiological or even pathophysiological
conditions are sufficient to exert this effect. Isolated (rat) cardiac myocytes or
papillary muscles exposed to tumor necrosis factor a. (TNFa.) or Interleukin-l
(IL-I) express iNOS; NOS inhibitors attenuate the impairment of contractility
in isolated cardiac myocytes obtained from animals with endotoxic shock [24,25].
Although the iNOS activity in the heart of animals exposed to endotoxemia (for
3-6 h) is relatively small when compared with the activity found in other organs
[26], longer periods of septic shock may well result in a more pronounced
elevation in expression of iNOS protein and activity. It has been difficult to
demonstrate that NOS inhibition in animals with septic shock results in an
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improvement in cardiac contractility or cardiac output, as most studies have
employed nonselective NOS inhibitors or even eNOS-selective inhibitors
(L-NAME; ~-nitro-L-arginine methyl ester) which cause a reduction in cardiac
output by reducing myocardial blood flow (eNOS inhibition). Thus, further studies
are warranted aimed at evaluating the effects of iNOS-selective inhibitors on
cardiac function in septic shock.

2.4. Impairment in Tissue Oxygen Extraction

Circulatory shock often results in a marked defect in tissue oxygen extraction,
resulting in tissue hypoxia and an increase in venous oxygen concentration. As
the local generation of large amounts of NO (e.g., by activated macrophages)
serves to kill bacteria or tumor cells as part of the host defense [27], it is not
surprising that the generation of NO by iNOS in other cells is cytotoxic (suicide
mechanism). Indeed, large amounts of NO cause an autoinhibition of mitochon­
drial respiration by inhibiting several key enzymes in the mitochondrial respira­
tory chain (aconitase, NADH-ubiquinone reductase, succinate-ubiquinone oxido­
reductase) or in the Krebs' cycle (e.g., cis-aconitase), resulting in a shift in
glucose metabolism from aerobic to anaerobic pathways [9]. NO (like other
radicals and oxidants) also causes DNA strand breakage, which triggers a futile,
energy-consuming repair cycle by activating the nuclear enzyme poly(ADP)ribo­
syltransferase (PARS). Activation of PARS results in the rapid depletion of the
intracellular concentration of NAD+ (its substrate) slowing the rate of glycolysis,
electron transfer, and ATP formation, which ultimately results in cell death
("PARS suicide hypothesis") [28,29]. NO and peroxynitrite anions also cause
DNA strand breaks and, hence, activation of PARS [30-32]. Most notably,
inhibitors of PARS activity (e.g., 3-aminobenzamide, nicotinamide) attenuate the
inhibition ofcellular respiration caused by peroxynitrite [32]. Thus, the generation
of large amounts ofNO by iNOS may contribute to the defect in oxygen extraction
and, ultimately, cell hypoxia and death by causing (i) maldistribution of regional
blood flow (reduced oxygen supply), (ii) formation of a diffusion barrier for
oxygen within the vascular wall (reduced oxygen transport) (see Ref. 18), (iii)
inhibition of the generation of ATP (reduced oxygen utilization), and (iii) exces­
sive and futile consumption of ATP. In concert with the severe hypotension,
these effects of the local overproduction of NO may importantly contribute to
the organ injury and dysfunction associated with septic shock.

2.5. Endothelial Dysfunction

Prolonged periods of septic shock also result in the development of an endothelial
dysfunction, which is characterized by the impairment of"endothelium-dependent
vasodilatation" and, therefore, presumably eNOS activity. The mechanism(s) of
this endothelial dysfunction may include the downregulation of the expression
of the eNOS gene by pro-inflammatory cytokines such as TNFa, endothelial cell
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damage due to cytotoxic effects of NO, peroxynitrite or oxygen-derived radicals,
and (to a lesser extent) the inactivation of NO by oxygen radicals (for review,
see Ref. 10).

2.6. Host Defense

The recent generation of mice deficient in iNOS (iNOS mutant or "iNOS knock­
out" mice) has helped to shed a further light into the physiological and/or patho­
physiological importance of the generation of NO by iNOS [33,34]. For instance,
MacMicking and colleagues [34] demonstrate that iNOS-deficient mice failed to
restrain the replication of Listeria monocytogenes in vivo or lymphoma cells in
vitro. Moreover, the hypotension and early mortality caused by endotoxic shock
was reduced in iNOS deficient mice, whereas the degree of liver injury was
unaltered [34]. In a separate study, Wei and colleagues show that iNOS-deficient
mice were resistant to the mortality caused by endotoxin and exhibited reduced
nonspecific inflammatory responses to carageenin. Moreover, iNOS-deficient
mice (but not wild-type or heterozygous mice) were highly susceptible to infection
with the protozoa parasite Leishmania major [33]. Taken together, these studies
support the view that an enhanced formation of NO by iNOS (in macrophages)
defends the host against infectious agents and tumor cells, whereas an excessive
induction of iNOS in other tissues (e.g., vasculature) may cause shock and
tissue destruction.

3. Principles of the Regulation of the Expression of iNOS

As the regulation of the expression of iNOS has recently been comprehensively
reviewed elsewhere [8,9,11], the following paragraphs provide only a brief sum­
mary of some of the key features of the regulation of iNOS expression. The
induction of iNOS caused by endotoxin in vitro and in vivo is secondary to the
release of the pro-inflammatory cytokines TNFa, IL-l, and interferon-y (lFNy),
which either alone or in concert with each other ("cytokine network") or with
platelet-activating factor (PAF) activate cells to express iNOS protein and activity.
The signal-transduction events leading to the induction of iNOS are less well
investigated. There is, however, evidence that the activation of tyrosine kinase
(e.g., by cytokines) and ofthe nuclear transcription factor NFKB play an important
role (see Fig. 14-1). The expression of iNOS (in vivo) is tonically inhibited by
endogenous glucocorticosteroids, and an increase in the plasma levels of steroids
contributes to the development of cardiovascular tolerance to repetitive injections
ofendotoxin [35]. Interestingly, the inhibition by dexamethasone of the expression
of iNOS (but not of cyclooxygenase-2) is mediated by lipocortin-l [36]. Poly­
amines, such as spermine, are metabolized by polyamine oxidase to aldehydes,
which, in tum, also inhibit the expression of iNOS caused by endotoxin. Thus,
it is conceivable that endogenous polyamines or their active metabolites exert a
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Figure 14-1. Outline of events leading to iNOS induction in sepsis and SIRS.
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tonic inhibition of the expression of the iNOS gene [37]. Moreover, regulatory
cytokines including IL-4, IL-IO, or IL-13 inhibit the expression of iNOS (in
vitro), whereas IL-6 or IL-8 are without effect (see Ref. 11). As limitations in
space do not allow an extensive review of all of the factors and cellular mecha­
nisms which are involved in the expression and/or regulation of iNOS, the
interested reader is referred to recent reviews of this topic [8,9,11].

4. Role of NO in Gram-Positive Septic Shock

The incidence of nosocomial gram-negative bacteremia increased notably in the
1950s and 1960s, whereas it was relatively rare in the 1940s. By the early 1970s,
gram-negative bacteria were responsible for most of the cases of bacteremia
in adults. The resurgence in gram-positive infections including gram-positive
bacteremia and gram-positive sepsis marked a dramatic change in the prevalence
patterns for nosocomial infections which was first noted in the early 1980s. Most
notably, in the late 1980s there were several reports documenting severe group
A streptococcal infections which exhibited features of toxic shock syndrome with
an increased incidence of shock and death. Today, between one-third and one­
half of all cases of sepsis are caused by gram-positive organisms, and it is likely
that the incidence of gram-positive sepsis will continue to rise in the years to
come [1].
Endotoxin, a component of the outer membrane of gram-negative bacteria,
has been identified as the prime initiator of gram-negative bacterial septic shock.
As endotoxin is relatively easy to purify and commercially available; it has been
used by many investigators to elucidate the pathophysiology of septic shock.
Such studies were of vital importance in delineating some of the key features of
the pathogenesis and pathophysiology ofendotoxic shock including (i) the activa­
tion of blood-borne cells, (ii) the activation of the cytokine network, (iii) the
release of endogenous mediators, and (iv) the activation of humoral pathways.
Indeed, most of the above-mentioned studies investigating the role of NO as
well as the induction of iNOS in circulatory shock employ animal models of
endotoxemia. In contrast to endotoxic shock, we know relatively little about the
mechanisms by which gram-positive bacteria, which lack endotoxin, cause shock
and multiple-organ failure. The following paragraphs review our limited under­
standing of the mechanisms by which gram-positive bacteria cause the induction
of iNOS in order to gain a better understanding of the role ofNO in the pathophysi­
ology of gram-positive shock.
One of the major difficulties in elucidating the mechanism by which gram­
positive bacteria cause SIRS and shock is the fact that there are considerable
differences in the composition of the cell wall among different gram-positive
organisms. Specific components of the cell wall may be structurally different
from species to species (or even within the same species) and the composition



NO in Septic Shock / 279

of these components may change during maturation of the organism. In principle,
the cell wall of gram-positive bacteria comprises (from inside to outside) a cell
membrane (a single phospholipid membrane), cell wall, and capsule. The cell
wall, which provides gram-positive bacteria with the ability to retain the Gram
stain, contains primarily peptidoglycan (40-60%) and teichoic acids (20-30%).
These teichoic acids are divided into teichoic acid (covalently linked to peptido­
glycan) and structurally different lipoteichoic acids (LTA) which are anchored
in the phospholipid membrane and extend through the peptidoglycan multilayer
to the cell surface (see Fig. 14-2). There is now good evidence that LTA from
Staphylococcus aureus induces iNOS activity and protein in vascular smooth
muscle cells and macrophages in vitro [38,39]. The signal transduction pathway
leading to the expression of iNOS protein and activity by LTA in cultured
macrophages (J774.2) involves the activation oftyrosine kinase, as this expression
is inhibited by the tyrosine kinase inhibitors genistein, erbstatin, and tyrphostin
AG126 [40]. The induction of iNOS by LTA is also reduced by certain antioxi­
dants (PDTC, rotenone, butylated hydroxyanisole) or inhibitors of IKE-protease
(TPCK), suggesting the involvement of the activation of the nuclear transcription
factor NFKE [40]. In contrast to LTA, however, teichoic acid from S. aureus does
not induce iNOS activity in cultured macrophages (unpublished observations). In
addition, LTA (from S. aureus) also causes (i) a vascular hyporeactivity to
vasoconstrictor agents in vitro and in vivo, (ii) hypotension, and (iii) induction
of iNOS protein and activity in lung (in the rat) [41]. Prevention of the expression
of iNOS protein and activity with dexamethasone, on the other hand, attenuates
the circulatory failure caused by LTA [41]. Although these findings indicate that
an enhanced formation of NO accounts for the circulatory failure caused by LTA
in the rat, LTA does not cause MODS (e.g., renal failure, liver failure, lung
dysfunction, or metabolic acidosis) in this model. Thus, unlike endotoxin, LTA
alone is not sufficient to cause MODS and death in rodents, suggesting that
other components of the cell wall of gram-positive bacteria are involved in the
pathogenesis of gram-positive septic shock.
Peptidoglycan (PepG) consists of long sugar chains of alternating two N-acetyl­

glucosamine (NAG) and N-acetylmuramic acid (NAM) residues which are linked
by tetra- or penta-peptides (consisting of alternating L- and D-amino acids) (see
Fig. 14-3). The peptide subunit is highly variable between different strains of
gram-positive bacteria. PepG from S. aureus causes some of the features of
septic shock, including leukopenia, thrombocytopenia, hemolysis, complement
activation and release of TNFa. However, PepG alone is not able to cause a
severe circulatory failure, MODS, or death in the rat (see Ref. 42). Although
PepG (from S. aureus) does not induce iNOS activity in cultured macrophages,
PepG synergizes with LTA (from S. aureus) in causing the expression of iNOS
protein and activity in vitro and in the rat in vivo [43]. Moreover, PepG and
LTA synergize to cause hypotension, tachycardia, and vascular hyporeactivity
to norepinephrine and, hence, circulatory failure in the anesthetized rat. In addi-
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chains of alternating N-acetyl-glucosamine (NAG) and N-acetyl-muramic acid (NAM)
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tion, PepG and LTA also synergize to cause renal failure, hepatocellular dysfunc­
tion and injury, pancreatic dysfunction, as well as metabolic acidosis in this
species [43] (see Table 14-2). Prevention of iNOS induction with dexamethasone
or inhibition of iNOS activity with aminoguanidine attenuates the circulatory
failure as well as the liver dysfunction caused by PepG plus LTA, suggesting
that these abnormalities are mediated by an enhanced formation of NO by iNOS
(unpublished observations). The induction of iNOS protein and activity caused
by these wall fragments appears to be mediated by pro-inflammatory cytokines,
because PepG and LTA also synergize to cause the release of TNFa and inter-

Table 14-2. Lipoteichoic Acid (LTA) and Peptidoglycan (PepC), Two Cell-Wall
Components of the Cram-Positive Bacterium S. aureus, Synergized to Cause Multiple­
Organ Dysfunction Syndrome in vivo

LPS LTA PepG LTNPepG
(from E. coli) (from S. aureus) (from S. aureus)

Hypotension +++ ++ + +++
Expression of iNOS +++ + +++
Renal failure +++ + +++
Liver dysfunction +++ +++
Metabolic acidosis +++ +++
Release of TNFa +++ + + +++
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feron-y in the rat [43]. We propose that synergy between PepG and LTA to
release cytokines and to induce iNOS activity is a key mechanism by which
pathogenic gram-positive bacteria cause SIRS, circulatory failure, MODS, and,
ultimately, death. Indeed, a polyclonal antibody against PepG from S. aureus
attenuates the induction of iNOS afforded by several killed pathogenic, gram­
positive bacteria, including S. pyogenes, S. pneumonia, and S. aureus, whereas
this antibody does not affect the induction of iNOS caused by the gram-negative
bacterium Escherichia coli (unpublished observations).

S. Pathophysiology of the Acute Renal Failure in Septic Shock

The development of acute renal dysfunction in association with MODS carries
an ominous prognosis. Failure of only one organ besides the kidney carries a
mortality around 75%; three or more organs failing are associated with a mortality
rate approaching 100% [44]. The etiology of the renal injury in SIRS and septic
shock is multifactorial, encompassing hemodynamic causes as well as humoral
and cellular factors [45].

5.1. Renal Hemodynamic Alterations in Sepsis

In nonseptic hypotension, such as that secondary to hypovolemia, the initial renal
response to a reduced cardiac output is vasodilatation, thereby maintaining renal
perfusion by the process of autoregulation [46]. When the cardiac output falls
further, however, such that the mean arterial pressure falls below the autoregula­
tory threshold, renal vasoconstriction develops [47]. This vasoconstriction is
secondary to (i) activation of the renin-angiotensin-aldosterone axis, (ii) eleva­
tions in the plasma concentration of antidiuretic hormone (ADH), and (iii) in­
creased sympathetic activity. The heterogeneity of intrarenal perfusion requires
complex control and this increase in vasoconstrictor tone is balanced by vasodila­
tor influences including NO, the kallikrein-kinin system, and vasodilator prosta­
glandins [48].
Limited information is available on the pathophysiology of renal dysfunction

in sepsis in man. There is evidence that septic shock in man results in a reduction
in renal blood flow despite adequate fluid resuscitation [49]. The hemodynamic
alterations associated with animal models of sepsis vary greatly, exhibiting a
hypodynamic to hyperdynamic circulation, depending on the model employed
(endotoxin versus bacteremia, conscious versus anesthetized animals, etc.).
Hence, it is not entirely surprising that the alterations in total renal blood flow
observed in these models range from severe reductions to significant increases
in blood flow [50-54]. Animal models of hyperdynamic sepsis with an elevated
cardiac output probably best simulate the majority of cases seen clinically [55].
Although alterations in the total renal blood flow are undoubtedly important, the
intrarenal distribution of perfusion carries major implications both for renal
function and protection against injury. Under normal circumstances, the kidneys
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receive one of the highest rates of blood flow per unit tissue mass with the overall
oxygen delivery greatly exceeding oxygen demand [56]. Despite this, the kidneys
are particularly susceptible to injury from underperfusion. Demonstration of the
great heterogeneity of intrarenal blood flow and tissue oxygen tension has pro­
vided an insight into the susceptibility of certain regions to ischemic injury
and, in particular, highlighted the vulnerability of the relatively hypoxic yet
metabolically active medulla [57-61]. Blood flow and oxygen delivery are di­
rected mainly to the cortex, so as to maximize solute clearance by glomerular
filtration, whereas in the medulla, perfusion and oxygenation are minimized, the
low rate of blood flow helping to maintain the steep osmolality gradient required
for urinary concentration via the countercurrent mechanism. This distribution is
controlled by complex interactions between vasoactive mediators acting on the
renal vasculature, the influence of renal nerves on vascular tone, and factors
controlling the metabolic activity of the tubule epithelium, and is altered in
situations with abnormal systemic hemodynamics [48,50] (see also Chapter 13).
Although changes in total renal blood flow may be minor, septic shock may

still lead to a maldistribution of regional blood flow resulting in focal ischemia
and renal injury. Sepsis results in a corticomedullary redistribution of blood
flow, with a reduction in outer corticomedullary perfusion and an increase in
juxtamedullary and medullary flow [53,62]. Although this may cause a reduction
in glomerular hydrostatic pressure and thereby reduce the glomerular filtration
rate (GFR), it may also be a mechanism whereby the kidney strives to protect
the outer medullary tubule epithelium from regional ischemia. Here, an important
distinction between nonseptic and septic renal failure can be observed. In nonsep­
tic shock, there is an increase in filtration fraction due to an increase in efferent
glomerular vascular tone, for example, mediated by the potent vasoconstrictor
angiotensin II [47,63,64], whereas in septic shock, filtration fraction may be
unchanged or reduced [63,65,66]. It is tempting to speculate that NO is an
important mediator of this response, by postglomerular vasodilatation, although
other mediators of intrarenal blood flow such as adenosine and vasodilator prosta­
glandins must also be considered.
The maldistribution of perfusion and oxygenation leads to an imbalance be­

tween oxygen delivery and demand [57,61]. Renal oxygen extraction and cellular
energetics may be impaired, further exacerbating the inadequacy of perfusion
[67,68]. Variable alterations in cellular metabolic demand secondary to the effect
of endotoxin have been shown in vitro, with decreased oxygen consumption
observed in renal cortical cells, whereas renal medullary cells had a lower baseline
consumption, yet were stimulated to increased oxygen consumption following
endotoxin [69].

5.2. Direct Effects of Endotoxin on the Kidney

Lipopolysaccharide (LPS), and particularly the lipid-A moiety of LPS, is directly
toxic to cell membranes [70]. Thus, it has been proposed that LPS would be
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directly injurious to the kidney in sepsis. A study in the isolated perfused kidney,
however, showed no changes in GFR, sodium reabsorption, or renal tissue potas­
sium content in kidneys perfused with LPS compared to kidneys that received
timed-control perfusion. In comparison, infusion of comparable doses of LPS in
vivo led to a prompt and marked reduction in GFR, with a fall in sodium
reabsorption and tissue potassium content [71]. This, therefore, implies that the
renal dysfunction in sepsis is predominantly due to hemodynamic, humoral, and
cellular factors rather than direct toxicity from LPS. However, due to the limited
viability of the kidney ex vivo, the time course of this study was short, incorporat­
ing only 80 min of LPS infusion in graded doses. This would be insufficient
time to allow for gene transcription and protein synthesis and, hence, later effects
resulting directly from LPS exposure would not be assessed.
Other studies have investigated the effect of LPS on isolated renal segments

or cells in culture. When challenged with LPS, isolated medullary thick ascending
limb (mTAL) tubule segments express the gene for TNFa, and synthesize and
release this cytokine [72]. The TNFa produced in this in vitro system is cytotoxic
and exerts effects on ion transport in the mTAL. LPS also stimulates the synthesis
of TNFa in isolated glomeruli [73] and mesangial cells [74]. However, the
importance of the relative contribution of renal TNFa synthesis compared with
TNFa production from macrophages is not yet known. Further studies have
addressed the effect of LPS, or its components, on tubule epithelial viability. In
a porcine proximal tubule cell line (LLC-PK,), lipid-A produces a time- and
concentration-dependent cytotoxicity associated with increased intracellular cal­
cium concentrations [75].

5.3. Humoral Factors in the Renal Dysfunction in Sepsis

Cytokines

Cytokines, including TNFa, interleukins, and interferon-y, playa pivotal role
in the development of SIRS and septic shock following endotoxin [76]. Clinical
studies have shown that persistence of elevated levels of TNFa and IL-6, rather
than peak levels, correlate negatively with outcome [77].
Endogenous TNFa contributes to the pathology associated with experimental
nephrotoxic nephritis, and anti-TNF antibodies provide protection against renal
injury [78]. Similarly, anti-TNF antibodies prevent the augmented injury seen
when LPS administration is superimposed on nephrotoxic nephritis [79]. Adminis­
tration of TNFa in vivo leads to the deposition of fibrin in glomerular capillary
loops, leukocyte sequestration, and damage to glomerular endothelial cells [80].
Pretreatment of rats with TNFa prior to the induction of antiglomerular basement
membrane nephritis exacerbates glomerular injury [81]. The renal effects of
TNFa are widespread and include (i) direct mesangial cell cytotoxicity, (ii)
recruitment and adherence of neutrophils to the endothelium, (iii) activation of
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renal plasminogen activator inhibitor leading to fibrin deposition, (iv) stimulation
of endothelial and mesangial cells to release platelet-activating factor (PAF) and
endothelin (ET)-l, (v) production of reactive oxygen species by mesangial cells,
(vi) induction of iNOS activity in mesangial cells leading to NO release, and
(vii) the release of prostaglandin E2 (PGE2) from mesangial cells presumably due
to induction of cyclooxygenase-2 [82].
The interleukins IL-1, IL-2, IL-6, IL-8 and IL-10 also play an important role

in septic shock, and their release can be stimulated by endotoxin [83]. In clinical
practice, IL-2, when administered as a cancer chemotherapeutic agent, causes a
clinical syndrome analogous to SIRS [84]. The hypotension associated with IL-1
and IL-2 administration is mediated by NO [15,16,85,86]. Acute renal dysfunction
is a common limiting side effect during interleukin chemotherapy, and both
hemodynamic factors and intrinsic renal injury have been invoked in its patho­
physiology [87-90].
Platelet-activating factor is released both systemically and locally within the

kidney; for example, in glomerular mesangial cells [91]. PAF may lead to a
reduction in GFR by causing hypotension [92], or secondary to mesangial cell
contraction. Both of these mechanisms can be inhibited by the use of PAF
antagonists [92,93]. PAF stimulates the production of a series of potentially
injurious and protective mediators, including thromboxane A2 (TXA2), prostaglan­
din E2, and leukotrienes [94]. PAF also triggers the release of TNFa, potentiates
the release of TNFa stimulated by endotoxin [95], and causes the expression of
iNOS [96]. PAF also causes microvascular injury, which can result in hypovo­
lemia following extravasation, and thrombin release from platelets leading to
activation of the coagulation cascade [92].

Vasoactive Mediators

Numerous vasoactive mediators and endothelial factors are involved in the
renal response to systemic sepsis. These include the products of arachidonic
acid metabolism, the renin-angiotensin axis, endothelin-1, adenosine, bradykinin,
vasopressin, atrial natriuretic factor, and NO (see Ref. 97). Endotoxin stimulates
the release of the vasodilatory prostaglandins PG~ and PGI2• PAF stimulates
PG~ release from mesangial cells, where it acts to oppose the mesangial contrac­
tion induced by PAF [92]. The vasodilatory action ofPG~ mediates a reduction
in renovascular resistance [98]. Similarly, PGI2 also mediates a reduction in
renovascular resistance [98,99] and, in addition, may contribute to systemic
hypotension [50]. In contrast to the proposed renoprotective roles of PGE2 and
PGI2, TXA2 may play a role in the pathophysiology of acute renal failure in
endotoxemia [100]. TXA2 is a potent vasoconstrictor, stimulates platelet aggrega­
tion, has prothrombotic effects, and mediates PAF-induced vasoconstriction [94].
Increased levels ofTXA2occur in the renal cortex following exposure to endotoxin
[101], and TXA2 synthetase inhibitors attenuate the renal dysfunction associated



286 / Colin G.M. Millar and Christoph Thiemermann

with sepsis [102]. In addition, the TXA2 receptor appears to transduce the signal
from a newly recognized class of arachidonic acid metabolites that are formed
by the nonenzymatic oxidation of arachidonic acid by oxygen-derived free radi­
cals [103]. These eicosanoids resemble prostaglandin F2a, and this has coined
the term "FTisoprostanes" used to describe this class of metabolites. One such
compound, 8-epi-PGF2a, is a potent, selective renal vasoconstrictor [104], and
F2-isoprostanes may therefore also contribute to the renal dysfunction in sepsis.
The potent vasoconstrictor peptide endothelin-I (ET-1) is generated from its
precursor bigET-l by endothelin-converting enzyme(s) in vascular endothelial
cells (large vessels) [105], in glomerular endothelial cells, and in renal epithelial
cell lines [105-108]. Recently, human proximal tubule cells have been shown
to synthesize ET-I [109,110]. Three isoforms of ET have been identified, ET-I,
ET-2 and ET-3, and their effects are mediated via two receptor subtypes, ETA
and ETB [111,112]. The vasoconstrictor effects of ET-I are primarily due to
activation of ETA receptors located on vascular smooth muscle cells, whereas
activation of ETB receptors on endothelial cells leads to the formation of NO
and vasodilator prostaglandins which mediate the vasodilator effects of ET-1 in
the renal medulla of the rat [113]. In addition to vascular effects, ET receptors
have also been recognized on nonvascular cells, notably glomerular mesangial
and renal epithelial cells [114]. The renal vasculature is particularly sensitive to
the vasoconstrictor effects of ET-1, with a lO-fold greater response than that
observed in bronchial, femoral, and coronary arteries [115]. In the kidney, ET-I
causes a reduction in GFR and an increase in renovascular resistance. The vaso­
constriction is equipotent in the afferent and efferent arterioles, such that the
glomerular hydrostatic pressure, the driving force for glomerular filtration, is
unaltered [1l6]. Thus, it has been proposed that the reduction in GFR caused by
ET-I is due to mesangial cell contraction [116]. The plasma levels of ET-1 are
elevated in animals and man with endotoxernia and septic shock, and (in humans)
the plasma levels of ET-I correlate positively with the severity of endotoxernia
and mortality [117,118]. In a rodent model of endotoxernia, anti-ET antiserum
was infused selectively into the left kidney via the renal artery, preventing the
fall in GFR in the ipsilateral kidney but not affecting the fall in GFR in the
contralateral, control kidney [116]. The release of endogenous ET-1 by endotoxin
also serves to maintain peripheral vascular resistance and, hence, perfusion pres­
sure to the renal vascular bed [119]. The release of ET-l in endotoxemia may
serve to attenuate hypotension (beneficial effect), whereas excessive rises in the
plasma levels of ET-l may cause excessive vasoconstriction in some vascular
beds [119].

5.4. Cellular Factors in the Renal Dysfunction in Sepsis

Endotoxernia results in the activation of circulating leukocytes, which are major
contributors to host defense. Activated neutrophils may also lead to tissue injury
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due to the release of toxic mediators, including oxygen-derived free radicals and
proteinases. However, studies addressing the role of neutrophils in postischemic
renal failure have yielded conflicting results [120-122], although this may be
due to differences in the stage of neutrophil activation [123]. In the isolated
perfused rat kidney, LPS and neutrophils act in concert to cause acute renal
failure, which is (at least in part) mediated by neutrophil-derived oxidants and
elastase [124]. In particular, neutrophils primed with LPS cause severe functional
injury in the setting of mild renal ischemia [123].
Activation of the coagulation cascade may lead to fibrin deposition, dissemin­

ated intravascular coagulation, and thrombocytopenia. This can lead to accumula­
tion of microthrombi and entrapment of leukocytes in glomeruli which may
impair blood flow and cause injury through the release of inflammatory mediators.
Endogenous NO acts to inhibit the adhesion of platelets to the vascular endothe­
lium, and NOS inhibition with L-NAME greatly exacerbates glomerular thrombo­
sis in experimental endotoxemia [125].
Clearly, the pathogenesis of the acute renal failure in sepsis and endotoxemia

is multifactorial. In addition, the administration of nephrotoxic drugs such as
aminoglycoside antibiotics to patients with sepsis may often worsen-or even
cause-acute renal failure. Particularly, the risk of aminoglycoside nephrotoxicity
is increased in endotoxemia and under conditions of renal hypoperfusion [126].

6. Role of Nitric Oxide in Sepsis-Indnced Acute Renal Failure

6. J. Expression of Nitric Oxide Synthases in the Kidney in Sepsis

As the renal distribution of all three isoforms of NOS has already been reviewed
in detail (see Chapter 7), the following section will concentrate on the differences
in isoform expression between normal kidneys and those exposed to endotoxemia.

Neuronal NOS

The neuronal isoform of NOS (nNOS or NOS I) is located predominantly in
the macula densa [127-129] where it is thought to act to regulate glomerular
capillary pressure [127]. In addition, nNOS has been demonstrated in the efferent
arteriolar endothelial cells [130], and in the medullary collecting duct, glomerulus,
and thin limb by RT-PCR [131]. There is no evidence that the expression of
nNOS is altered by exposure to LPS [129].

Inducible NOS

Unlike many other tissues, the antibodies against inducible NOS (iNOS or
NOSH) recognize this (or a similar protein) in the normal kidney, implying that
it is either constitutively expressed or subject to continuous low-grade induction.
In the normal rat kidney, iNOS mRNA is found mainly in the outer medulla,
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particularly in the medullary thick ascending limb, with minor amounts in the
medullary collecting duct and vasa recta. It is also found to a lesser extent in
glomeruli as well as tubules in the cortex and inner medulla [132]. Exposure to
LPS (0.1 mglkg) for 24 h results in a 3-fold increase in iNOS expression in the
outer medulIa and a 20-fold increase in the glomeruli and inner medulIa [132].
Using in situ hybridization for iNOS mRNA, intense labeling can be found in
the proximal straight tubule, cortical and medullary thick ascending limbs, the
distal convoluted tubule, and the cortical and inner medullary collecting duct,
with weak staining in other segments of the nephron and medullary interstitial
cells. Following LPS, labeling is seen in mesangial cells and the papillary surface
epithelium with an increase in the intensity of the medullary interstitial cell
staining [133]. Although the aforementioned studies have not demonstrated iNOS
in the renal vasculature, immunoreactivity against iNOS has been found specifi­
cally in the afferent arteriole, occasionally in the efferent arteriole, but not in the
arcade or interlobular arteries, with an increase in the afferent arteriolar staining
folIowing LPS [129]. Cytokines stimulate the expression of iNOS protein and
activity to produce NO in mesangial cells [134], rat proximal tubule and inner
medullary collecting duct epithelial cells [135], and in cell lines of inner medulIary
colle~ting duct and medullary thick ascending limb epithelial cells [136,137].

Endothelial NOS

In the normal kidney, endothelial NOS (eNOS or NOS III) is found throughout
the renal arterial circulation and in the glomerular capillaries [130,138]. Further­
more, there is some evidence for the presence of eNOS in tubule epithelium of
various segments of the nephron, including the proximal tubule, thick ascending
limb, and collecting duct [138]. In LLC-PK) cells, a porcine proximal tubule celI
line, calcium-dependent NO synthesis can be demonstrated [139] from an enzyme
identified as eNOS [140]. Isolated rat proximal tubules demonstrate an increase
in eNOS activity 6 h following IV injection of endotoxin [141]. Interestingly, in
isolated rat proximal tubules subjected to hypoxia and reoxygenation, a toxic
role for NO produced from eNOS has been proposed [142].

6.2. Regional Hemodynamic Effects of Nitric Oxide Synthase Inhibition

Inhibition of NO synthesis with nonselective NOS inhibitors improves systemic
arterial blood pressure and restores vascular responsiveness to vasopressor agents
in animals (see Refs. 10 and 14) and man [143,144] with septic shock. Despite
improvement in systemic hemodynamics, inhibition of NOS activity, particularly
with either nonselective inhibitors of all isoforms of NOS (e.g., N'-methyl-L­
arginine; L-NMMA) or even selective inhibitors of eNOS activity (e.g., N'-nitro­
L-arginine methyl ester; L-NAME), may have unfavorable effects on mortality,
regional perfusion ofcertain vascular beds, or organs or on blood flow distribution
within a certain organ [53,145-149]. These adverse effects arise primarily from
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inhibition of eNOS activity which may result in excessive vasoconstriction and
may predispose to adhesion of platelets and polymorphonuclear leukocytes
(PMNs) to the endothelium (see Ref. 14). Thus, the systemic administration of
L-NMMA or L-NAME in animals or man with endotoxic or septic shock results
in (i) a fall in cardiac output (albeit in some instances from elevated to normal
levels) which has been attributed to an increase in systemic vascular resistance
and/or excessive vasoconstriction within the coronary vascular bed and, hence,
myocardial ischemia and (ii) an increase in pulmonary vascular resistance
[14,145-149]. In addition, there is evidence (in animals but not in patients) that
nonselective NOS inhibitors reduce renal blood flow in septic shock [150]. This
is not surprising, as the basal release of NO by eNOS is of particular importance
in regulating renal cortical blood flow. Indeed, systemic administration of very
low doses of L-NMMA (30-100 /lg/kg/min) cause a pronounced reduction in
renal cortical blood flow in rats without causing a significant increase in blood
pressure [151]. In a porcine model ofendotoxemia, L-NAME improves mesenteric
blood flow and gastric mucosal pH; (a marker of splanchnic perfusion) but
reduces cardiac index, carotid, and renal blood flow [54]. In the anesthetized rat,
bacteremia leads to a reduction in cortical flow of 19% and an increase in
medullary flow of36% (measured by laser-Doppler f1owmetry), whereas effective
renal plasma flow (PAH clearance) was slightly reduced (-9%). In this model,
NOS inhibition with L-NAME augmented the reduction in cortical flow (-43%)
caused by bacteremia, reversed the increase in medullary flux (-42%), and further
impaired effective renal plasma flow (-28%) [53]. Using in vivo microscopy
of the hydronephrotic rat kidney, Spain and colleagues demonstrate that the
constriction of interlobular and afferent arteries caused by bacteremia is worsened
by NOS inhibition, emphasizing the role of NO in determining preglomerular
tone [150]. Thus, there is a large body of evidence demonstrating that endogenous
NO plays an important role in the control of regional blood flow and intrarenal
hemodynamics.
In addition to its vasoactive properties, NO is an important inhibitor of platelet

aggregation and thrombosis [12,152]. The intricate network of capillary loops
within the glomerulus is a potential target for vascular mediated injury, and renal
cortical necrosis is known to occur in association with disseminated intravascular
coagulation (DIe), although, fortunately, this is now a rare complication. Al­
though endotoxemia in the rat results in only a minor degree (2%) of glomerular
thombosis, this is substantially augmented by L-NAME (55%) [125]. This exces­
sive thrombosis of the glomerular capillaries caused by this NOS inhibitor in
rats with endotoxic shock was reversed by L-arginine and glyceryl trinitrate
(GTN, which is metabolized within vascular smooth muscle cells to release NO)
but not by the (NO-independent) vasodilators hydralazine and atrial natriuretic
peptide [153]. This protective role of NO may be particularly relevant in septic
complications of pregnancy. Classically, renal cortical necrosis has been recog­
nized as a complication of septic abortion, or abruptio placentae, and although
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Table i4-3. Examples of inhibitors of Nitric Oxide Synthase with Variable
isoform Selectivity

Inhibitor Class Selectivity Ref.

L-NMMA L-arginine analog eNOS> iNOS 160,182
L-NAME L-arginine analog eNOS> iNOS 163, 182
Aminoguanidine Guanidine iNOS > eNOS 155, 163
I-Hydroxy-2-aminoguanidine Guanidine iNOS > eNOS 156
S-Methyl-isothiourea Isothiourea iNOS > eNOS 157-159
S-Aminoethyl-isothiourea Isothiourea iNOS > eNOS 157, 159, 160
2-Imino piperidine Amidine iNOS > eNOS 162
2-Amino piperidine Amidine iNOS > eNOS 162
Butyramidine Amidine iNOS > eNOS 162

the mechanism for the apparent increased susceptibility to glomerular thrombosis
has not been properly elucidated, there is some evidence from experimental
studies that a limited reserve capacity for NO production in pregnancy may be
implicated [154].
Unfortunately, all of the above studies have employed inhibitors of NOS

activity which are relatively nonselective for all NOS isofofffis (L-NMMA) or
weak inhibitors of iNOS activity (L-NAME). Indeed, in the rat, L-NAME causes
a significant rise in blood pressure and, hence, inhibition of eNOS activity without
attenuating the rise in nitrite (from iNOS) caused by endotoxin. Thus, L-NAME
is a more potent inhibitor of eNOS than iNOS activity in this species (see Ref.
14). There are now several chemical classes of novel, competitive NOS inhibitors,
including guanidines, isothiourea derivatives, thiazines, and certain amidines.
Among these agents there are potent and relatively selective iNOS inhibitors,
including aminoguanidine [ISS], l-hydroxy-2-amino-guanidine [156], S-methyl­
isothiourea [157-159], aminoethyl-isothiourea [157,159,160], 2-amino-5,6-dihy­
dro-6-methyl-4H-I,3-thiazine [161], and 2-iminopiperidine (amidine) [162], to
name but a few (see Table 14-3). Unfortunately, there are, to our knowledge, no
studies reporting on the effects of these NOS inhibitors on renal hemodynamics
in animals with or even without shock.

6.3. Effects of Nitric Oxide Synthase Inhibitors on Sepsis-Induced
Renal Dysfunction

We have recently compared the effects of nonselective and iNOS-selective NOS
inhibitors on hemodynamics and multiple-organ dysfunction syndrome in the
anesthetized rat. In this model, endotoxaemia for 6 h resulted in circulatory failure
comprised of hypotension, tachycardia, and hyporeactivity of the vasculature to
the pressor responses elicited by norepinephrine. This was associated with (i)
liver dysfunction (rise in the serum levels of bilirubin and y-GT) and hepatocellular
injury (rise in the serum levels of GPT and GOT), (ii) acute renal failure (substan-
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tial rise in the serum levels of urea and creatinine), and (iii) induction of iNOS
activity (measured in lung and liver homogenates) resulting in an increase in
plasma nitrite. Therapeutic administration (e.g., continuous infusion starting at
2 h after injection of endotoxin) of the iNOS-selective NOS inhibitors aminogua­
nidine [163], I-hydroxy-2-amino-guanidine [156], and aminoethyl-isothiourea
[160] attenuates the liver dysfunction and hepatocellular injury which developed
between 4 and 6 h after the injection of endotoxin. Interestingly, infusion of low
doses of L-NMMA (up to 3 mg/kg/h IV) also reduced the liver dysfunction, but
not the hepatocellular injury [160]. In contrast, low doses of L-NAME (0.3 mg/
kg/h) increased blood pressure and, hence, reduced the degree of hypotension
without affecting the degree of liver dysfunction or injury caused by endotoxin
in this model [163]. The effects of these NOS inhibitors on the renal dysfunction
caused by prolonged periods of endotoxemia were more difficult to assess, as 2
h of endotoxemia already resulted in pronounced increases in the serum levels
of urea (from 4 to 13 mmollL; maximum at 6 h: 15 mmoIIL) and creatinine
(from 30 to 50 IlmoIIL; maximum at 6 h: 80 IlmOIIL)' Infusion of aminoguanidine
[163], l-amino-2-hydroxy-guanidine [156], aminoethyl-isothiourea [160], or
L-NMMA [160] commencing at 2 h after endotoxin neither improved nor
worsened the renal dysfunction associated with endotoxemia in this model. As
a substantial degree of the renal dysfunction in this model occurs within the first
2 h of endotoxemia, further studies evaluating the effects of NOS inhibitors on
early alterations in renal function and, particularly, intrarenal blood flow distribu­
tion (see above) are warranted.
The finding that various NOS inhibitors exert beneficial effects on hemodynam­

ics and MODS in a rodent model of hypodynamic shock caused by endotoxin
raises the questions as to whether similar effects can also be documented in
models of hyperdynamic sepsis in larger animals. In contrast to rodents, sheep
are very sensitive to small doses of endotoxin [164] in a manner similar to
humans [165]. Indeed, infusion of either endotoxin or bacteria into sheep leads
(within 24 h) to a hyperdynamic circulation with a fall in peripheral vascular
resistance, an increase in cardiac output, and increases in organ blood flow
associated with a reduction in oxygen extraction [55]. In this model, prolonged
periods of endotoxemia or bacteremia (P. aeruginosa) are also associated with
increases in total renal blood flow and the development in precapillary arterio­
venous shunts resulting in (i) regional maldistribution of renal blood flow, (ii)
fall in glomerular filtration pressure, and, ultimately, (iii) GFR. Interestingly,
administration (at 24 h after the onset of endotoxemia) of L-NAME or L-NMMA
increased urine output and reversed the impairment in creatinine clearance caused
by infusion of bacteria, without causing a significant fall (below baseline) of
renal blood flow [166; see Ref. 55 for a review]. Thus, in contrast to other studies
demonstrating either a reduction or no effect of NOS inhibitors on renal function
in animal models of hypodynamic shock, inhibition of NOS activity improves
hemodynamics and renal function in an ovine model of hyperdynamic shock. In
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addition to these beneficial effects on renal blood flow and function, NOS inhibi­
tion also resulted in an increase in oxygen extraction, a fall in organ blood flow
from elevated to normal levels (in brain, heart, jejunum, ileum), and an increase
in peripheral vascular resistance, but no significant increase in lactate, indicating
a normalization of hemodynamic parameters in the absence of excessive vasocon­
striction [167,168].

7. Involvement of Nitric Oxide in Humans with Septic Shock

Although our understanding of the role of NO in animal models of circulatory
shock has improved substantially over the past years, our knowledge regarding
the biosynthesis and importance of NO in the pathophysiology of shock (of
various etiologies) in patients is still very limited. Indeed, a Medline search
covering the time period from 1987 to November 1995 revealed that only 8-14%
of all of the publications which included the key word "nitric oxide" also included
the key word "human" [169]. What, then, is the evidence that septic shock in
man is associated with an enhanced formation of NO? Elevated plasma and urine
levels of nitrite/nitrate have been reported in adults and children with severe
septic shock [170-173] as well as in patients with burn injuries who subsequently
developed sepsis [169]. Moreover, elevated plasma levels of nitrite/nitrate occur
in patients receiving IL-2 chemotherapy [174]. In contrast, there is also evidence
that the plasma levels of nitrite/nitrate are lower in patients after trauma and
surgery [170,174] and in patients with HIV infection [175]. Interestingly, the
increase in iNOS activity in leukocytes obtained from patients with sepsis appears
to correlate with the number of failing organs but not with blood pressure [176].
Taken together, these studies support the conclusion that septic shock in man is
associated with an enhanced formation of NO. It should, however, be stressed
that the increase in the plasma levels of nitrite/nitrate elicited by endotoxin,
cytokines, or bacteria in rodents (lO-fold) is substantially higher than the observed
increases in the plasma levels of these metabolites of NO in other animal species
(pig, sheep, etc.) or humans (see Ref. 169). Moreover, our understanding of (i)
the biosynthesis of NO, (ii) the regulation of and the mechanism involved in the
expression of iNOS, and (iii) the role of NO in MODS in shock are largely based
on animal experiments of endotoxic shock in rodents. In contrast, we know
relatively little about the role of NO in patients with septic and other forms of
circulatory shock.
There is evidence that endotoxin and cytokines (when given in combination)

causes the expression of iNOS as well as the formation of NO in various human
cells (primary or cell lines), including hepatocytes [177], mesangial cells [178],
retinal pigmented epithelial cells [179], and lung epithelial cells [180]. Interest­
ingly, IL-I causes the hyporeactivity of human hand veins (in situ) to the constric­
tor effects elicited by exogenous or endogenous norepinephrine, and this vascular
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hyporeactivity is largely attenuated by L-NMMA, suggesting that it is mediated
by NO (P. Vallance, personal communication). Early reports of beneficial hemo­
dynamic effects of L-NMMA in humans with septic shock [143,144] stimulated
a Phase I, multicenter, open-label, dose-escalation (1, 2.5, 5, 10, or 20 mg/kg/h
for up to 8 h) study using L-NMMA (546C88) in 32 patients with septic shock.
In this study, L-NMMA sustained blood pressure and enabled a reduction in
vasopressor (norepinephrine) support. The cardiac index fell (possibly due to an
increase in peripheral vascular resistance) and left ventricular function was well
maintained. Moreover, L-NMMA increased oxygen extraction, whereas the pul­
monary shunt was not worsened [181]. Although the development of thrombocy­
topenia has been documented in septic patients treated with L-NMMA, it is
unclear whether this effect is due to the NOS inhibitor or caused by the underlying
illness [144]. A multicenter clinical trial evaluating the effects of L-NMMA on
morbidity and mortality in patients with septic shock is ongoing, and the results
of this trial are awaited with interest.
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NO and Glomerulonephritis

Victoria Cattell and H. Terence Cook

1. Introduction

The various forms of human glomerulonephritis are a group of diseases of largely
unknown etiology, which account for a significant proportion of human renal
disease. Most have an immune pathogenesis and injury results from either immune
complex deposition or delayed hypersensitivity-type reactions within the glomeru­
lus [1]. In the majority of cases, evidence from animal models suggests that
immune complexes form in situ (deposition of circulating preformed immune
complexes is now considered a rare event, with the possible exception of acute
serum sickness). In these in situ reactions, the antigens may be fixed intrinsic
epitopes on glomerular cells or matrix molecules (e.g., the Heymann antigen on
glomerular visceral epithelial cells, or the Goodpasture antigen in the glomerular
basement membrane), or they can be exogenous antigens which localize due to
some particular affinity for glomerular structures (e.g., components of bacteria).
In the former case, the corresponding autoantibodies form through the breakdown
of self-tolerance. Recently, it has been appreciated through the development of
new experimental models that some types ofglomerulonephritis may arise without
soluble antibody formation and have characteristics of type IV immune reactions,
involving sensitized T lymphocytes.
The effectors of injury are multiple and include attack by terminal complement

components, acute neutrophilic inflammation with liberation of reactive oxygen
metabolites and proteolytic enzymes, acute macrophage-dependent inflammation,
and, possibly, cytotoxic T cells. Most chemical mediators have been implicated
at some stage in this reaction, with various roles in cell injury and the ensuing
functional derangements. The highly specialized nature of the glomerular capillar­
ies has imparted a certain mystique to these reactions, but, essentially, the cardinal
features of inflammation are still at the center of injury causing changes in
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permeability, hemodynamics, and often permanent structural abnormalities (irre­
versible scarring).
This combination of the induction of abnormal immune responses and inflam­
mation in a highly vascularized structure, whose function is dependent on actively
regulated vasomotor tone, strongly suggests that nitric oxide (NO) could have a
major pathogenic role at several different levels. The strong evidence that other
radicals (e.g., reactive oxygen metabolites) can be directly injurious in at least
some of these diseases, particularly in neutrophil-dependent glomerulonephritis,
supports this concept [2]. The induction of NO in pathological situations, includ­
ing human disease, has recently been reviewed [3].
Although the role of oxygen radicals as critical mediators of neutrophil-depen­

dent glomerulonephritis is unequivocal, the effectors of macrophage-dependent
glomerulonephritis have not yet been established. It is clear from experimental
models that, in some forms of glomerulonephritis, macrophages are the sole
effectors of glomerular injury, and in others, they may be the most significant
components of the inflammation [4]. They are usually associated with severe
disease and are especially implicated in rapidly progressive types of glomerulone­
phritis with crescent formation. The macrophages in glomerulonephritis are of
activated type, newly differentiated from blood monocytes and synthesizing a
wide range of potential mediators, including eicosanoids, procoagulants, cyto­
kines, and growth factors, and expressing high levels of major histocompatibility
(MHC) Class II antigens [5]. The discovery that NO is a significant product of
activated macrophages, accounting for a major part of their cytostatic and cyto­
toxic effects [6-8], suggested to us that NO could be the missing effector of
macrophage-induced injury in glomerulonephritis, in forms initiated both by
immune complexes or by delayed hypersensitivity reactions.
Before describing the recent evidence which demonstrates involvement of

NO in glomerulonephritis, evidence for involvement of NO in other forms of
inflammation and immune diseases will first be summarized, as this supports a
role for NO in the similar pathogenic processes that occur in glomerulonephritis.

2. Nitric Oxide in Immunity and Inflammation

There is considerable evidence that NO is involved in the regulation of the
immune response. In the mixed lymphocyte reaction, in vitro stimulation of T
cells by alloantigens leads to synthesis of NO and inhibition of NOS enhances
lymphocyte proliferation (reviewed in Ref. 9). A similar inhibitory effect is seen
in vivo, where NO production in infection with trypanosomes [10] or listeria
[11] diminishes T cell proliferation. It has been suggested that the mechanism
of these effects is that cytokines, particularly interferon-y, produced by activated
T cells induce inducible nitric oxide synthase (iNOS) synthesis in macrophages
and then NO inhibits proliferation of T lymphocytes, possibly by blocking the
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secretion of IL-2 [12]. Lymphocytes themselves are also a source of NO, and
mouse T helper type I (Th1) cells can be activated to produce large amounts of
NO which then inhibit the secretion of IL-2 and interferon-y by Thl cells, thus
acting to autoregulate the immune response [13] and possibly alter the balance
of Thl and Th2 cells. Th2 cells could not be induced to produce NO [13]. NO
may also regulate macrophages by inhibiting the expression of early growth
response-l protein, which is essential for macrophage differentiation [14], or
by inhibiting HLA class II antigen expression, thus interfering with antigen
presentation in the generation of the immune response [IS]. Th2 cells produce
the cytokines interleukin-4 (IL-4) and IL-I0, which suppress iNOS activity in
macrophages [16,17].
Nitric oxide has been implicated in a number of in vivo models of inflammation.

In inflammation induced by local immune complex formation in lung or skin,
there is increased formation of nitrite and nitrate, and inhibition of NO synthesis
reduces lung and skin permeability and lung hemorrhage [18,19]. In experimental
autoimmune encephalomyelitis, there is increased NO generation in the spinal
cords of affected mice [20], and aminoguanidine, an inhibitor of NOS with some
selectivity for the inducible enzyme, ameliorates the disease. Adjuvant arthritis
induced either by M. tuberculosis [21] or by bacterial cell-wall fragments [22]
is also associated with increased NO synthesis and is improved by NOS inhibition
[21]. In a spontaneous autoimmune disease in mice [23] characterized by autoanti­
body production, arthritis, and glomerulonephritis, NOS inhibition ameliorates
the inflammation in glomeruli and joints. There is also evidence of the involvement
of NO in human inflammatory disease. Thus, NOS activity is increased in colon
biopsies in ulcerative colitis [24], in synovial fluid in inflamed joints [25], and
in the bronchial mucosa in asthma [26].
Although these studies provide strong evidence for the role of NO in inflamma­

tion, they do not definitively demonstrate the role of the inducible isoform of
NOS. Recently, two groups have described mouse strains lacking the iNOS gene
[27,28]. These mice are more susceptible to infection with the bacterium Listeria
monocytogenes or the protozoan Leishmania major and show a reduced inflam­
matory response to carrageenin. However, they were more susceptible to lipopoly­
saccharide-induced mortality, indicating that NO generated from iNOS may have
both beneficial and detrimental effects in infection and inflammation.
The evidence for the involvement of nitric oxide in glomerulonephritis will

now be reviewed.

3. Nitric Oxide Synthesis in Glomerulonephritis

3.1. Induction of Nitric Oxide Synthesis in Glomerulonephritis

Nitrite Synthesis

The first experiments in which we demonstrated synthesis of NO by nephritic
glomeruli were in a rat model of immune complex glomerulonephritis, nephro-
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toxic nephritis (NTN), where injury is initiated by the deposition of heterologous
antiglomerular basement membrane antibodies [29]. The accelerated form of this
model is induced by preimmunizing rats with rabbit IgG and Freund's complete
adjuvant, followed by an intravenous injection of rabbit antirat glomerular base­
ment membrane antibody 7 days later. Our reason for choosing this model was
that it has previously been shown that the injury, as measured by proteinuria, is
dependent on macrophage infiltration [30]. The model is characterized by an
initial rapid influx of neutrophils and macrophages, but by 24 h, the infiltrating
cells are predominantly macrophages and macrophage numbers remain high over
the next 4 days [31] (Fig. IS-i).
To detect glomerular NO synthesis, we measured nitrite synthesis by the Griess

reaction, a method which has been used widely for studying NO synthesis by
activated macrophages [32]. When NO is produced, it is rapidly metabolized to
stable end products and, for macrophages in culture, the two major metabolites
are nitrite and nitrate, which are generated in an approximate ratio of 3 : 2. Nitrite
is stable in tissue culture and can be easily measured by the Griess reaction, in
which it forms a purple azochromophore by reacting with a sulphonamide. Isolated
glomeruli from rats with accelerated nephrotoxic nephritis were cultured for 48
h, and nitrite which had accumulated in the medium was measured at the end
of this time. Because hemoglobin may rapidly catalyze the conversion of nitrite
to nitrate [33], kidneys were first perfused with saline. As endotoxin is a potent
inducer of iNOS, precautions were taken to ensure that culture conditions were,
as far as possible, endotoxin-free: Renal perfusion was carried out with pyrogen­
free saline, glassware was baked at 170°C for 4 h, and polymyxin B was added
to all buffers used for glomerular isolation. The culture medium was Dulbecco's
modified Eagle's MEM (DMEM) without Phenol Red with 10% fetal calf serum
(FCS); the FCS contained 0.12 ng/m! endotoxin.
Nitrite was present in the medium from glomeruli isolated at times from 4 h

to 21 days after induction of glomerulonephritis with the peak accumulation from
glomeruli isolated at 24 h (Fig. 15-1). No nitrite could be detected in the culture
medium of normal rat glomeruli. In order to confirm that the nitrite in nephritic
glomerular supernatants was derived from the synthesis of NO, we showed with
the inhibitor of NOS, iV'-monomethyl-L-arginine (L-NMMA), a dose-dependent
inhibition of nitrite generation with almost complete inhibition at a concentration
of 300 ~; this inhibition could be reversed by high concentrations of L-arginine.
These experiments, therefore, demonstrated that nephritic glomeruli were able
to synthesize nitric oxide from L-arginine without further stimulation in culture
and were the first demonstration of NO production at a site of immunologically
induced inflammation. The amount of nitrite accumulated in the culture medium
at 24 h was about half that found at 48 h, suggesting that the rate of synthesis
was approximately linear over this period. Addition of lipopolysaccharide at 1
flg/mlled to an increase in nitrite generation. Because, in some instances, nephritic
glomeruli synthesize superoxide which might react with NO and possibly interfere
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Figure 15-1. Acute accelerated nephrotoxic nephritis. Upper panel: Nitrite generation
by isolated glomeruli cultured at 2000/ml for 48 h. Lower panel: Leukocyte infiltration
in this model. Open columns = neutrophils; hatched columns =macrophages. Numbers
were not determined at 24 h or 7 and 21 days.

with its detection as nitrite, the incubations were carried out in the presence of
superoxide dismutase, but this had no effect on nitrite production.
Since this initial demonstration of NO synthesis by glomeruli in accelerated

nephrotoxic nephritis, we have used the same method to demonstrate that there
is NO synthesis in a number of other models of acute glomerulonephritis. Nitrite
synthesis was substantial in a unilateral model induced in rats preimmunized
with human IgG by perfusing the left kidney with cationjzed human IgG, which
localizes to the glomerular capillary wall because of its charge [34]. This immune
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complex formation leads to a floridly hypercellular model of glomerulonephritis
with a major influx of macrophages and neutrophils. We had previously found
that macrophages isolated from inflamed glomeruli in this model appear highly
activated as assessed by their expression of class II histocompatibility antigens,
pattern of eicosanoid synthesis, and ability to synthesize superoxide [5]. In this
model, there was basal synthesis of nitrite by glomeruli, which was maximal at
day 4. Again, the production of nitrite was approximately linear over 48 h in
culture and could be inhibited by L-NMMA; this inhibition was reversible by
L-arginine but not by D-arginine. At 7 days, nitrite synthesis was much less than
at 4 days in spite of the fact that there was no change in the number of glomerular
macrophages during this time. The possible reasons for this decline are discussed
later. As this was a unilateral model, the non-nephritic right kidney was available
as a control and no significant basal nitrite production was found from day I to 4,
indicating that there was no systemic induction ofNO synthesis but that induction
was confined to the nephritic kidney. At 7 days, however, there was a small but
measurable synthesis of nitrite by glomeruli from the intact right kidneys.
Nitrite synthesis by glomeruli was also present in a model ofmesangial prolifer­

ative glomerulonephritis induced by a monoclonal antibody to the Thy 1.1 antigen
which is present on the surface of rat glomerular mesangial cells (the Thy
I model) [35] and in active Heymann nephritis, a rat model of membranous
glomerulonephritis [36]. The results in these models will be discussed further in
Section 3.2.

iNOS mRNA

The generation of micromolar quantities of NO over many hours in culture
strongly suggested that the enzyme involved in glomerulonephritis is the calcium­
independent inducible nitric oxide synthase (iNOS). Since our initial demonstra­
tion of NO synthesis in nephritic glomeruli, the different types of NOS have
been identified and the genes sequenced, making it possible to study the NOS
isoform involved by the detection of mRNA and by immunohistochemistry.
To detect the expression of the iNOS gene, we used the reverse transcription
polymerase chain reaction (RT-PCR) on RNA extracted from glomeruli in acceler­
ated NTN [37]. Glomeruli were isolated by sieving in RNase-free conditions and
RNA was extracted using RNAzol B. RNA was then reverse transcribed with
Moloney leukemia virus reverse transcriptase and PCR was carried out using
primers corresponding to rat vascular smooth muscle NOS. We initially carried
out semiquantitative PCR using primers which amplified a 222 base-pair (bp)
product. We could detect this product in activated rat peritoneal macrophages
obtained with Corynebacterium parvum but not in thioglycollate-elicited macro­
phages. It was also present in rat neutrophils elicited with oyster glycogen and
in cultured rat mesangial cells stimulated with IL-I. The PCR product was
detectable in glomeruli from nephritic rats from 6 h to 7 days (Fig. 15-2). Its
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Figure 15-2. Time course of inducible nitric oxide synthase (iNOS) expression in acceler­
ated nephrotoxic nephritis. Polymerase chain reaction was carried out with iNOS and
~-actin primers on cDNA from normal glomeruli (N) and glomeruli isolated 6 h, 24 h,
and 2, 4 and 7 days after induction of glomerulonephritis. peR was performed with cDNA
corresponding to 178 ng RNA. (From Ref. 37 with permission.)

identity was confinned by sequencing. It was just detectable in glomeruli from
normal rats when the highest concentration of cDNA was amplified. Competitive
RT-PCR was used to study the time course of iNOS mRNA. For this, another
set of primers were designed which amplified a 735-bp product and then a mutant
was made with an internal deletion of 221 base pairs and used as a standard in
competitive PCR reactions [38]. There was an approximate 440-fold increase in
iNOS mRNA during the first 24 h of accelerated NTN and the levels remained
elevated by 40-fold at 7 days.
The presence ofglomerular iNOS mRNA has been confinned in Thy 1glomeru­
lonephritis using a ribonuclease protection assay by Goto et al. [39]; mRNA was
present at 1 h but had declined by 6 hand 12 h and was not detectable by 24 h
or at later time points. This study also identified the glomerular expression of
endothelial NOS in both control and nephritic glomeruli, with a slight increase
in nephritic glomeruli particularly at I hand 4 days although, at each time, it
was much less than iNOS at 1 h. The source of iNOS was also investigated,
as will be discussed (see Section 3.2). In MRL-Ipr/lpr mice which develop a
spontaneous autoimmune glomerulonephritis increased iNOS mRNA in whole
kidney accompanied by an increase in iNOS protein detected by Western blotting
has been demonstrated [23].

iNOS Immunohistochemistry

We have looked for protein expression by immunohistochemistry [40] using
a polyclonal rabbit antiserum raised against a synthetic peptide corresponding to
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amino acids 47-71 of the mouse iNOS protein. This antiserum reacts with a
protein band of 135 kDa in a Western blot of an ADP eluate of induced murine
macrophages but does not recognize neuronal or endothelial NOS [26]. Immuno­
histochemistry was carried out on formalin-fixed paraffin-embedded sections of
unilateral glomerulonephritis induced by cationized IgG. In nephritic kidneys,
there was strong staining in glomeruli (Fig. 15-3) particularly in the cytoplasm
of mononuclear cells in capillary loops and in cells in Bowman's space in
glomeruli with early crescents. iNOS-positive mononuclear cells were also present
in the interstitium. No staining was seen in normal kidneys or in control right
kidneys from nephritic rats. This distribution of iNOS was confirmed by in situ
hybridization using synthetic oligonucleotide probes. Recently, in collaboration
with C. Pusey and F. Tam (Royal Postgraduate Medical School) we have been
able to demonstrate iNOS induction immunohistochemically in a model of NTN
in the Wistar Kyoto (WKY) rat (Fig. 15-4). Immunohistochemical localization
of iNOS has also been demonstrated in Thy-l glomerulonephritis [39], where
the main staining appears to be in infiltrating neutrophils.
Thus, there is clear evidence that in several experimental models of immune

complex glomerulonephritis there is induction of iNOS and that nephritic glomer­
uli have the capacity to synthesize NO.

Figure 15-3. Acute unilateral glomerulonephritis induced by cationized IgG-day 4. Im­
munohistochemistry shows strong glomerular staining for iNOS. lmmunoperoxidase/hema­
toxylin. (From Ref. 40 with permission.) See plate for color illustration.
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Figure 15-4. Nephrotoxic nephritis in theWKY rat-day 4. Positive immunohistochemis­
try for iNOS; immunoperoxidase/hematoxylin. See plate for color illustration.

3.2. Sources of iNOS

Macrophages

Our next goal was to identify the cellular source of NO production in nephritic
glomeruli, as NO can be induced in almost every cell, at least in vitro. Activated
macrophages, which are the source of many of the chemical mediators implicated
in the pathogenesis of glomerulonephritis [4], can produce large quantities of
NO [6-8, 32]. We therefore first studied NO synthesis by macrophages isolated
from nephritic glomeruli. We, and others, had previously shown that these macro­
phages can be isolated by several techniques which do not affect viability or
function [5,41]. One problem, however, is which macrophages to use as appro­
priate controls, as infiltrating macrophages in glomerulonephritis are a mixed
population of newly recruited blood monocytes and macrophages in various
stages of maturation. We have used syngeneic, elicited or activated, peritoneal
macrophages, as these represent a similarly mixed population recently recruited
from peripheral blood. Macrophages isolated from nephritic glomeruli produced
abundant nitrite under basal conditions; basal production of 30.7 ± 2.8 nmol per
48 h per 106 cells was found in accelerated nephrotoxic nephritis [29] and higher
levels in the unilateral model induced by cationized IgG. (Thioglycollate-elicited
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peritoneal macrophages, in contrast, do not produce nitrite spontaneously.) From
calculations based on the number of macrophages per glomerulus, macrophages
could account for the entire NO synthesis from nephritic glomeruli. This major
source was also suggested by the linear relationship between glomerular nitrite
levels, and the number of infiltrating macrophages in glomeruli in the different
models of glomerulonephritis studied [42] (Fig. 15-5).
We, therefore, sought direct evidence that macrophages are a source of nitrite

in glomeruli by studying active Heymann nephritis, where leukocyte-independent
injury occurs due to the activation of lytic complement components by in situ
immune complex formation on glomerular capillary walls [43]. The disease is
induced by immunization with a renal tubular epithelial (RTE) antigen, generating
antibodies which react in situ with this epitope expressed on glomerular visceral
epithelium. Glomeruli isolated from this chronic model 8 weeks after the onset
of proteinuria spontaneously synthesized low levels of nitrite (7.1 ± 1.4 nmol
per 2000 gl per 48 h) [36]. Surprisingly, these glomeruli contained a significant
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Figure 15-5. Linear relationship between glomerular nitrate generation and macrophage
infiltration in four models of glomerulonephritis. AHN = active Heymann nephritis; Thy
l.l =Thy 1model; NTN =accelerated nephrotoxic nephritis; in situ gn =acute immune
complex glomerulonephritis induced by cationized IgG. (From Ref. 94 with permission.)
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macrophage infiltrate (32 ± 6 macrophages/gl, compared with 14 ± 12 macro­
phages/gl in adjuvant-alone non-nephritic controls), which had not previously
been detected in this model. We were able to show that these macrophages were
the source of glomerular nitrite by irradiation-depletion of leukocytes.

Mesangial Cells

Cultured mesangial cells possess iNOS (Chapter 10), and nitrite synthesis can
be induced by cytokine stimulation, a factor likely to be highly relevant in vivo
in glomerulonephritis. We have investigated whether mesangial cells in vivo
might be a source ofNO production using the Thy 1.1 model ofglomerulonephritis
[35]. The mesangial proliferation in this model depends on an initial complement­
mediated injury to mesangial cells produced by injection of anti-Thy 1 antibody
(either polyclonal or monoclonal) which reacts with constitutive Thy 1 on mesan­
gial cells. The model can be broadly divided into an early phase (up to 4 days
after administration of antibody where injury with leukocyte infiltration occurs)
and a later phase of mesangial proliferation. Our interest was to see whether NO
was produced in the proliferative phase, where the mesangial cells in vivo have
characteristics thought to resemble those of mesangial cells in culture [44].
Spontaneous glomerular nitrite synthesis occurred in the early inflammatory phase
where there was significant macrophage infiltration, but not during the phase of
mesangial proliferation [35] (Fig. 15-6). This strongly suggested that in Thy 1
model, as in previous models studied, leukocytes are the major source of NO
generation in nephritic glomeruli. One intriguing finding, however, was that
although there was no spontaneous NO synthesis by glomeruli with established
mesangial proliferation, low levels could be induced by IL-l, a cytokine which
induces NO in mesangial cells in vitro [45,46], whereas IL-I at a similar dose
(l nM) did not induce NO in normal glomeruli. Ex vivo stimulation with IL-I
on day 4, when many mesangial cells are proliferating, produced higher nitrite
than on day 7, when hypercellularity is established, a further similarity between
cultured and in vivo mesangial cells.

Neutrophils

In many models of glomerulonephritis, neutrophils form a significant compo­
nent of the leukocyte infiltration in glomeruli, and in some diseases, they are
the mediators of injury, through generation of proteases and reactive oxygen
metabolites. In the rat, neutrophils isolated from the peritoneal cavity 5 h after
intraperitoneal injection of oyster glycogen express iNOS mRNA [37]. These
cells are, therefore, a possible source ofNO in nephritic glomeruli. In immunohis­
tochemical studies on glomeruli in the unilateral cationized IgG model [40], we
did not obtain convincing positive staining in infiltrating neutrophils. However,
in a recent study on the initial phase of the Thy I model, expression of iNOS
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Figure 15-6. Thy 1.1 glomerulonephritis. Upper panel: Glomerular nitrite generation at
different times after induction of disease. Open columns = basal; hatched columns = LPS
stimulated; solid columns = IL-l stimulated. Center panel: Macrophage numbers per
glomerulus at times 0, 6 h, and 4 days. Lower panel: Left-mesangiolytic lesion at 4
days; right-mesangial proliferation at 7 days.
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was identified principally in neutrophils by double-labeling, immunohistochemis­
try [39] although a few iNOS positive cells were macrophages. iNOS was not
detected in mesangial cells through the course of this model, despite examination
of the mesangial proliferative lesions on days 4 and 10.

3.3. iNOS in Normal Glomeruli

In normal glomeruli in some rats, we find detectable iNOS mRNA by RT-PCR,
which may reflect the extreme sensitivity of this technique. This finding has also
been reported by other groups [47,48]. Endothelial constitutive NOS has been
identified in rat glomeruli by RT-PCR [49], ribonuclease protection assay [39],
and immunohistochemistry [50]. In the Thy 1 model of glomerulonephritis, an
increase in endothelial NOS mRNA has been detected [39].
In spite of this iNOS expression in normal glomeruli, nitrite cannot be detected

by the Griess reaction in cultured normal glomeruli under either basal conditions
or when stimulated with I-f..Lg/ml LPS. However, glomeruli stimulated with higher
levels of LPS (10 or 100 f..Lg) do show L-NMMA inhibitable nitrite production
(6.2 ± 0.3 nmol per 2000 gl per 48 h with 100 f..Lg/ml LPS). In the normal rat
glomerulus, there is a small population of resident macrophages in the mesangium.
Irradiation with renal shielding 4 days before glomerular isolation reduced the
numbers of resident glomerular macrophages from 13 ± 0.4 to 2.9 ± 0.3 gl and
significantly reduced the nitrite accumulation from 6.2 ± 0.3 to 2.6 ± 0.9 nmol
per 2000 gl per 48 h, suggesting that these resident macrophages are the source
of LPS-inducible NO.

3.4. Significance and Source of Urinary Nitrite and Nitrate

The urinary excretion of nitrite and nitrate is the net result of dietary intake,
endogenous synthesis, and metabolic loss. NO synthesis is the endogenous source
of these metabolites, but this contribution can be masked by ingested nitrate; if
animals are fed a low-nitrate diet, urinary nitrate excretion then becomes a
measure of endogenous NO production [5\].
The ratio of nitrite/nitrate in urine is approximately 1 : 1000, and nitrite is
almost undetectable in normal rat urine. In our first study of accelerated nephro­
toxic nephritis, we found greatly elevated nitrite in the urine, but at that time,
nitrate was not measured nor were the animals on a nitrite/nitrate-free diet. We
therefore further examined nitrite and nitrate excretion under dietary restriction
to determine whether the kidney was the source of these metabolites in glomerulo­
nephritis. Rats on such a diet showed a dramatic drop in urinary nitrate excretion.
Preimmunization alone with rabbit IgG and Freund's complete adjuvant caused
a rise over 6 days, which would correspond with systemic immune stimulation.
Comparing the levels between rats which subsequently received a rabbit nephro­
toxic globulin to produce nephritis and those which received equivalent amounts
of normal rabbit globulin, there was no difference between the two groups, both
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showing a second rise in nitrate. Similar results with much lower levels were
found for urinary nitrite. These experiments showed that the major source of
these metabolites in urine in glomerulonephritis was systemic not glomerular, at
least in this model with systemic immunization.

3.5. Regulation of NO Production in Glomerulonephritis

Nitric oxide synthesis is regulated at many levels [52,53], including transcription
and translation of NOS, and the availability of arginine and cofactors required
for NO synthesis (see Chapter 3). Very little is known about these events in
glomerulonephritis. Induction of iNOS occurs rapidly after glomerular immune
complex formation. This is almost certainly cytokine mediated, as many of the
cytokines known to induce iNOS, (e.g., IL-I and TNF) have been detected in
the early phases of glomerulonephritis [54]. IFN-y could be involved, but to date,
despite the presence of small numbers of T lymphocytes in nephritic glomeruli
[55], there is no clear evidence of IFN-y production in glomerulonephritis.
Preliminary experiments in the Thy I model of glomerulonephritis have shown

that the message for iNOS appears as rapidly as I h after injection of anti-Thy
I antibody (H. Ebrahim, personal communication). This is preceded by induction
of IL-I mRNA, a cytokine which is known to induce NO synthesis in a wide
variety of cell types. We, in collaboration with Pfeilschifter, have tested the
ability of administered IL-I to induce iNOS mRNA in vivo and have found that
IL-I induces iNOS mRNA, detected by RT-PCR I h aftercytokine administration.
These preliminary results therefore suggest that IL-I, together with its many
other effects in glomerulonephritis, could cause the induction of NO synthesis.

In the two models of acute leukocyte-dependent glomerulonephritis we have
studied, NO synthesis peaks within I day of the onset of disease and then declines,
despite persistence of the macrophage infiltrate. The macrophages in the lesions
therefore behave similarly to those in vitro after y-IFNILPS stimulation, which
show peak iNOS activity at 12 h and declining activity, until at 72 h when iNOS
activity is no longer detectable [56]. The macrophages in nephritic glomeruli are
not refractory to induction of iNOS, for ex vivo stimulation with LPS results in
high levels of nitrite. Quantitative RT-PCR shows a decline in iNOS mRNA
[37]. A similar decline in iNOS in vivo is found in the mononuclear cells
infiltrating the renal cortex in the acute allograft reaction in the rat; about 40%
ofmononuclear cells are positive at the onset of rejection (4 days after transplanta­
tion), but almost none by 7 days [57]. These findings suggest that transcription
of iNOS mRNA ceases or that the message is destabilized. This could be due
to loss of stimulatory cytokines or the production of inhibitory cytokines. Trans­
forming growth factor P (TGFP) is a cytokine which inhibits NO production
through multiple effects, including reducing the stability of iNOS mRNA, and
is implicated in glomerulonephritis as a cytokine which promotes glomerular
scarring [58].
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The inhibition of iNOS message in infiltrating macrophage could be autocrine
or due to products of intrinsic glomerular cells, possibly mesangial cells, as
activated mesangial cells produce a wide range of cytokines, including TGF~
[59], and we found that supernatants from cultured mesangial cells have a sup­
pressive effect on NO production by peritoneal macrophages [60]. In addition,
NO itself is able to modify the expression of iNOS in a biphasic fashion. Thus,
at low concentrations, NO augments the expression of iNOS mRNA by LPS and
IFN-y-treated macrophages, but at higher concentrations, it is inhibitory [61]. It
is therefore possible that, in vivo, NO released from endothelial cells may potenti­
ate the rapid secretion of NO by newly arrived macrophages, but that once high
levels of NO are achieved, the further induction of iNOS is prevented.

4. L-Arginine Metabolism and Arginase Activity in Glomeruli

In addition to acting as a substrate for NOS, L-arginine may also be metabolized
to L-omithine and urea by the enzyme arginase, one of the enzymes of the urea
cycle. L-Ornithine is further metabolized to polyamines (putrescine, spermine,
and spermidine), which are essential for cell proliferation, and to L-proline,
which is required for collagen synthesis. Possible interactions and competition
for substrate between these metabolic pathways may, therefore, have significant
pathophysiological effects. This is a major pathway of arginine metabolism in
the liver where arginase levels are very high. There is high arginase activity in
wounds and at other inflammatory sites which leads to marked depletion of
L-arginine [62-64]. The levels in wound fluid are well below the effective Km

for macrophage iNOS and so there may be limitation of macrophage NO genera­
tion. In an experimental model of wound healing, there is an initial phase of
high NOS activity followed after several days by an increase in arginase activity
[63]. In view of this possible reciprocal relationship between the NO and arginase
pathways, we looked for evidence of arginase activity in glomerulonephritis.
To determine arginase activity, we studied the conversion of 14C-arginine to

14C-urea by glomeruli in culture. Glomeruli were isolated and cultured as for
measurement of nitrite synthesis. Normal glomeruli have a low level of constitu­
tive arginase activity and this is increased 5.7-fold in nephritic glomeruli isolated
3 days after induction of accelerated NTN. Addition of LPS to cultured glomeruli
increases nitrite generation and reduces urea synthesis, whereas L-NMMA pro­
duces an increase in urea synthesis consistent with a reciprocal relationship
between the NOS and arginase pathways. In order to study the relationship
between the pathways in more detail and also the time course of arginase induc­
tion, we studied the unilateral model induced by cationized IgG.
Glomerular urea synthesis was increased at each time point studied (1, 4, and

7 days) and was maximal on day 4, whereas nitrite synthesis was maximal on
day 1. L-NMMA increased urea synthesis on days I and 4 consistent with
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Figure 15-7. Sequential activation of NOS and arginase pathways of L-arginine metabo­
lism in glomeruli in acute in situ immune complex glomerulonephritis in the rat induced
by cationized IgG. Nitrite production declines with time, whereas metabolism by arginase
increases from day 1 to day 4. Competition between the pathways is demonstrated by the
significantly increased urea production in the presence of L-NMMA.*p < .05 versus basal;
**p < .037 versus basal. (Modified from Ref. 94 with permission.)

competition between the two pathways for substrate or possibly an inhibitory
effect on arginase of an intermediate in the NO synthetic pathway [65] (Fig. 15-7).
In order to confirm that there was induction of arginase in vivo, intracellular
activity was studied in glomerular Iysates at day 4 of nephritis; this was increased
threefold compared with control glomeruli (nephritic 47.6 ± 12 nmol urea/min
per 10,000 gl; controls 13.7 ± 1.3). What is the likely cellular source of the
arginase in glomeruli? We studied the arginase activity of macrophages isolated
from nephritic glomeruli and of cultured glomerular mesangial cells. The results
showed for the first time that mesangial cells have high arginase activity and
were the likely source of the arginase activity in glomeruli, whereas macrophages
could entirely account for the NOS activity. In a preliminary report, increased
arginase activity has also been shown in experimental mesangial proliferative
glomerulonephritis and was associated with increased ornithine decarboxylase
activity [66]. These findings suggest that increased arginase activity in nephritic
glomeruli could be a factor promoting cell proliferation and scarring, as ornithine
will act as a substrate for the synthesis of polyamines and collagen [67].

5. The Role of NO in Glomerulonephritis

5.1. Potential Actions of Nitric Oxide in Glomerulonephritis

The possible roles that NO may play in glomerulonephritis will now be summa­
rized before the effects of manipulating its synthesis are reviewed in the following
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section. Although the precise role of NO during pathological processes remains
unclear, it is likely that it has both damaging and protective roles [3]. First,
NO may be cytotoxic, either directly or by reacting with superoxide to form
peroxynitrite [68,69] and this cytotoxicity could affect intrinsic glomerular cells
or, in an autocrine manner, the infiltrating leukocytes synthesizing NO. The
cellular toxicity caused by NO itself is due to its effects on many intracellular
targets including iron-sulfur clusters in the mitochondrial electron transport chain
[6]. Peroxynitrite can decompose spontaneously to form the highly reactive
hydroxyl radical, which may cause peroxidative damage to a wide variety of
biological molecules [68]. However, it has also been suggested that, in situations
where tissue damage is primarily due to reactive oxygen species, NO may scav­
enge superoxide or peroxyl radicals [70] and thus limit damage. The interaction
ofNO with superoxide may also have a role in modulating leukocyte adhesion and
migration. In the mesenteric vasculature, inhibition of NO causes a superoxide­
dependent increase in the vascular expression of P-selectin [71] and NO itself
can reduce direct superoxide induced leukocyte adhesion to mesenteric vessels
[72]. Thus, the reaction of NO with superoxide may be toxic or protective,
depending on the circumstances, and this, in turn, will depend on the relative
concentrations of the two radicals and the concentration of other antioxidants; it
is possible that the balance of these effects may change with time during the
course of glomerulonephritis.
There are a number of other potentially beneficial effects of NO in glomerulo­
nephritis. NO has a major role in the control of glomerular hemodynamics
(discussed in more detail in Chapter 8) which may help to maintain glomerular
blood flow and glomerular filtration rate during inflammation. This could partly
result from the ability of NO to increase prostaglandin synthesis by stimulating
the activity of cyclooxygenase [73]. NO has inhibitory effects of platelets and
could therefore inhibit glomerular thrombosis, as has been shown for glomeruli
after endotoxin administration [74]. It may also cause downregulation of the
expression of pro-inflammatory cytokines [75] during inflammation. Following
the initial phase of injury, NO may also affect repair, because, in vitro, it has
been shown to inhibit mesangial cell proliferation [76] although others [77] have
failed to confirm this effect. It may also cause apoptosis and thus promote
resolution of inflammation by removal of inflammatory cells and proliferating
intrinsic cells [78,79]. The role of NO in wound healing, a situation analogous
to glomerular scarring, is discussed in Chapter 5.

5.2. Manipulation of Nitric Oxide Synthesis in Glomerulonephritis

Nitric oxide has now been implicated as a mediator in many types of inflammatory
reaction, including immune complex lesions which have many pathological fea­
tures in common with glomerulonephritis. So far, published studies manipulating
the L-arginine NO pathway in immune complex injury in lung [18,80], skin [18],
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Jomt [22], and peritoneum [81] have supported a pro-inflammatory role for
L-arginine metabolites. In all, the early formation of edema, measured either by
changes in vascular permeability or tissue swelling, has been ameliorated by
local or systemic administration of competitive inhibitors of NO synthesis, such
as L-NMMA or L-NAME [18,22,80,81], and in some experiments, permeability
has been exacerbated by the administration of L-arginine [18]. These findings
suggest involvement of NO in initial increases in vascular permeability following
immune complex deposition in the microvasculature, although how dependent
these effects are on changes in flow rather than permeability per se has not yet
been determined. It is, therefore, a reasonable hypothesis that NO inhibition
could have similar effects on glomerular proteinuria induced by immune complex
deposition. The effects of NO on the inflammatory cell infiltration in the above
models also have possible significance for glomerulonephritis. These few studies
suggest that macrophage, but not neutrophil, accumulation is reduced by NO
inhibition. Thus, in the experiments by Mulligan et al. [18,80] on immune complex
lung injury, the neutrophil infiltration induced by the intratracheal installation of
IgO antibodies to bovine serum albumin, followed by intravenous bovine serum
antigen, was not reduced by coinstallation of L-NMMA [18], but the macrophage
response in a similar system using IgA antibodies was [80]. Similarly, in a
biphasic model of immune arthritis [22] where streptococcal cell-wall fragments
injected intraperitoneally localize in synovium causing a destructive arthritis,
the neutrophil infiltration of the early phase of arthritis was not affected by
administration of systemic L-NMMA, but the mononuclear cell infiltration in the
chronic phase was significantly reduced.
The large quantities of NO generated by nephritic glomeruli, through the
inducible NOS, suggest a role in tissue damage. Assessment of the role of NO
in glomerulonephritis in vivo is, however, complicated first by the necessity to
demonstrate convincingly that NO inhibition has not influenced the amount of
immune deposition in glomeruli and, second, by the effects of the currently
available NO inhibitors on constitutive NO which changes both systemic and
glomerular hemodynamics [82,83] precluding attributing effects to iNOS inhibi­
tion. With these reservations, the current evidence for an in vivo role for NO in
glomerulonephritis will now be reviewed.
The first in vivo evidence for a role for NO in the pathogenesis of glomerulo­

nephritis came from a study of chronic NO inhibition in spontaneous murine
autoimmune disease [23]. MRL-lprllpr mice spontaneously develop disease char­
acterized by autoantibody production, glomerulonephritis, and other manifesta­
tions of autoimmune disorder, including lymphadenopathy, vasculitis, and arthri­
tis. There is strong evidence of iNOS induction in these mice compared with
normal strains. Increased urinary nitrite/nitrate excretion begins at 10-12 weeks
of age, peritoneal macrophages have enhanced responses to endotoxin and IFN-y,
and large numbers of iNOS-positive cells are present in the spleen. In the kidney
and spleen, iNOS mRNA and NO synthase activity are present. The authors of
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this study proposed that the high levels of cytokine production in macrophages
in these mice could be responsible for the widespread induction of iNOS and
elevated NO production. Treatment with oral L-NMMA, beginning at 8 weeks
of age, was shown to block increased NO production and reduce proteinuria.
The histological changes of proliferative glomerulonephritis and arthritis were
ameliorated. These results strongly implicate NO in this autoimmune disease.
As L-NMMA treatment did not reduce serum anti-DNA antibodies, the authors
further suggested that NO had a role as a mediator of inflammation in the affected
organs and was not merely a regulator of afferent immune mechanisms.
Another recent study has also implicated NO as a mediator of injury in glomeru­

lonephritis [84]. In the rat Thy I model, acute NO inhibition with L-NMMA
almost abolished mesangiolysis and significantly reduced proteinuria and the later
increases in mesangial matrix. No comment was made on effects on mesangial cell
proliferation, which presumably was also reduced, as mesangiolysis did not occur.
This remarkable result, achieved by a single injection of a small dose of L-NMMA
60 min prior to administration of cytotoxic antibody, suggested that NO was a
major effector of mesangial injury. By minimizing the dose of L-NMMA, there
was no hypertension at the time of antibody administration and no detectable
difference in the amount of antibody localizing in glomeruli (although this was
only assessed by immunofluorescence and not by more sensitive radiolabeled
antibody binding studies). It is of some interest that macrophage infiltration
was unaffected, as this implies that mesangiolysis per se is not the stimulus to
macrophage accumulation and, further, that macrophages are not important for
the subsequent increased matrix synthesis, as has previously been suggested.
Similar ameliorative results were obtained by feeding rats with a low-arginine diet.
In contrast with the above experimental data, others have found a protective

role for NO in glomerulonephritis. Ferrario et al. [85] studied acute NO inhibition
in the heterologous phase of rat nephrotoxic nephritis (2 h after nephrotoxic
serum) using single nephron puncture in Munich Wistar rats to assess glomerular
hemodynamic responses. L-NMMA infusion caused a dramatic augmentation
of urinary protein excretion, accompanied by further increases in the elevated
glomerular pressure and efferent arteriolar resistance seen in this model. This
exacerbation of glomerular vasoconstriction supports a role for induced NO in
counteracting the acute vasoconstriction at mesangial and arteriolar level induced
by the generation of eicosanoids in acute nephrotoxic injury. Preliminary experi­
ments by the same group using L-NAME inhibition and a milder level of injury
also showed a dramatic exacerbation of proteinuria and an increase in neutrophil
infiltration, again suggesting a protective role for NO [86]. However, in both these
experiments with nonselective NO inhibitors, there were significant increases in
mean arterial blood pressure, which complicates interpretation of the results.
Similarly, experiments with L-NAME in passive [87] and active [88] Heymann
nephritis, which resulted in exacerbation of proteinuria, have been complicated
by hypertension. This lack of availability of selective NOS inhibitors has delayed
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progress in studying the role of NO in acute glomerular injury, for hypertension
is known to exacerbate immune complex injury [89] and is a constant feature
of inhibition of endothelial-derived NO. There is a preliminary report on the use
of aminoguanidine, an arginine analog more selective for iNOS than eNOS, in
autoimmune glomerulonephritis induced by mercuric chloride [90]. Aminoguani­
dine profoundly enhanced proteinuria when administered during the effector
phase of the disease but was not effective in the induction phase, supporting this
increasing evidence for a NO-protective role in glomerular immune injury.
In an attempt to overcome the adverse effects of competitive NO inhibitors

on constitutive NO synthesis, we have performed studies to determine whether
a more selective form of NO inhibition can be achieved by acute arginine deple­
tion, as the high output of NO resulting from iNOS, particularly in macrophages,
is dependent on L-arginine concentration. We have shown that the enzyme argi­
nase is intimately linked with NO production through the availability of the
common substrate L-arginine, for NO inhibition will increase urea production in
nephritic glomeruli [91], and exogenous arginase can inhibit NO production in
both macrophages [92] and nephritic glomeruli [93]. Injection of bovine liver
arginase in rats causes rapid depletion of plasma L-arginine levels (Fig. 15-8,
upper panel). In accelerated nephrotoxic nephritis, this was accompanied by
exacerbation of proteinuria and reduced glomerular nitrite synthesis; when this
was studied in a unilateral form of this model, there was no systemic hypertension,
indicating an intact constitutive NOS system, but exacerbation of proteinuria still
occurred (Fig. 15-8, lower panel) [93]. These results suggest, as in the competitive
NO inhibitor experiments discussed above, that NO also has a protective role in
the autologous (macrophage-dependent) phase of nephrotoxic injury. We found
no influence of this treatment on leukocyte infiltration, which again suggests that
the principal effects are hemodynamic.
Clearly, these early studies on NO manipulation in vivo have produced conflict­

ing results which are far from defining how NO is involved in immune glomerular
injury. However, the evidence for NO induction in nephritic glomeruli is now
indisputable and major pathological roles are being defined for NO in other
tissues. We believe that further research will reveal a significant role for NO in
the pathogenesis of glomerulonephritis.
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Note Added in Proof

Sakurai et al (Biochim Biophys Acta 1316: 132-138, 1996) have studied the
role of NF-kappa B in the induction of iNOS. In WKY rats with nephrotoxic
nephritis there was increased NF-kappa B DNA-binding activity in glomeruli on
day 1 with maximal activation at days 3-5. Pyrrolidine dithiocarbamate (PDTC),
a potent inhibitor of NF-kappa B activation, inhibited the increase in NF-kappa
B DNA-binding activity, inhibited transcription of IL-I beta, MCP-I and iNOS
and prevented proteinuria.
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NO in Acute Renal Failure

John D. Conger

1. Introduction

Over a decade ago, it was noted that there was an absence of kidney vasodilator
response to intrarenal acetylcholine (ACh) in a rat model of ischemic acute renal
failure (ARF) [l]. This was the first evidence suggesting the possibility that
renovascular endothelium-derived relaxing factor activity (EDRF) may be abnor­
mal following an ischemic insult to the kidney. Subsequent studies have shown
that ischemia, ischemia-reperfusion, and hypoxia cause altered endothelial func­
tion in several vital organs, including brain, limb, lung, and heart, as well as the
kidney [2-7]. Since its identification as the principal active component of EDRF
[8], there has been continuing interest in determining what role nitric oxide (NO)
might play in both ischemic and nephrotoxic ARF. What is apparent from these
studies of NO in ARF is that the relationship is much more· complex than a
simple loss of endothelial NO activity. First, basal constitutive nitric oxide syn­
thase (cNOS) and inducible nitric oxide synthase (iNOS) generated NO at the
time of ARF induction may have a substantial impact on the subsequent severity
of renal injury. Second, endothelial NOS (eNOS) and NO activity in the early
and established post-ARF induction phases may vary from reduced to increased
and, in either circumstance, have an important effect on associated renal hemody­
namics. Finally, whereas the vascular effects of NO in ARF are presumed to be
protective, there is recent evidence that NO generated during hypoxia in renal
tubules may actually contribute to cell injury and death. Table 16-1 summarizes
the reported estimates of NO activity in ARF models. Thus, with our present
level of understanding, the role of NO in ARF must be viewed as highly variable,
depending on whether one is addressing the vasculature or tubules and at what
point in the course of disease one is interested. This review is organized in such
a manner as to account for these differing potential effects of NO in ARF.

332
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Table 16-1. Summary of Presumed NO Activity in Acute Renal Failure Models

Model Phase Vascular Tubular

Ischemia Initiation iod i
Ischemia Early established .j, i
Ischemia Late established i
Hypoxia Initiation i
Oxidant stress Initiation i

Cyclosporine A Initiation Nl
(normal)

Cyclosporine A Established .j,

As preliminary information, the various methods of assessing NOSINO will
be discussed, because this is vital to interpreting the results of various studies.
Next, data will be presented regarding vascular NOS activity. Its role in the
initiation and evolution of ARF will be considered first, followed by evidence
of its participation in the hemodynamics of the early and later established phases
of this disorder. Finally, the tubular toxicity of NO in hypoxia-reoxygenation
and oxidant stress injuries will be examined.

2. Measurement of the NOSINO System

Nitric oxide is a radical with a molecular life span of less than 10 s. Moreover,
its primary route of action, at least as an endothelial-generated substance, is as
a paracrine hormone. Thus, NO is difficult to measure directly in in vivo systems.
Indirect assessment techniques, therefore, have been developed which take advan­
tage of the defined steps in NO generation and action (i.e., L-arginine~NOS~
NO~cGMP).

L-Arginine can be measured in plasma and tissue to determjne adequacy of
NOS substrate in NO production [9]. Frequently, L-arginine has been given in
both in vivo and in vitro test systems [10]. This maneuver tests for the presence
of NOS activity, as well as increases the production of NO. Nitric oxide synthase
activity and NO generation can be blocked with a variety of L-arginine analogs
(L-NMMA, L-NNA, L-NAME, NLA) [\ 1]. Aminoguanidine, a nucleophilic hy­
drazine, is a putative selective inhibitor of inducible NOS [12]. Nitric oxide
synthase activity can be inferred from the biologic effects or end-product measure­
ments of L-arginine addition. L-citrulline is a by-product in NO generation that
can be determined in in vitro systems. Endothelium-dependent vasodilators such
as ACh, bradykinin, histamine, and thrombin stimulate endothelial NOS [11].
Immunoblot estimates of tissue content of NOS isoenzymes can be performed
in vitro and Northern blots can detect tissue messenger RNA [13-15].
Using in vitro preparation, there is a limited experience with direct NO measure­

ment using electron-sensing microprobes [16,17]. However, the more common,
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indirect measurements of NO rely on detecting the relatively stable NO metabo­
lites NOz and N03 [18]. Because the major fraction of excreted NOz/N03 is
derived from glomerular filtration and not generated in the kidney and because
NOz/N03 are variably reabsorbed by the tubules, urinary measurements may be
of value in estimating systemic NO generation but have limited sensitivity in
relation to renal NO production [19]. Inhibitors of NO include scavenging agents
such as hemoglobin and Methylene Blue [20]. NO life span can be prolonged
with superoxide dismutase, which reduces available superoxide radical to react
with NO [21]. Superoxide dismutase can be used to increase NO detection by
other methods.
Urinary and plasma cGMP levels are increased when there is increased NO
stimulation of target cells such as smooth muscle [22]. Like NOz/N03, measure­
ment specificity of cGMP in vivo is not optimal and interpretation of results
must be cautious. Nitric oxide donors, such as sodium nitroprusside and glyceryl­
trinitrate, provide NO directly and, therefore, test cGMP generation and its cell­
dependent effects in smooth muscle or other target cells [23].
Because nitric oxide generation and its cellular effects involve several steps

and the measurements of these intermediates largely represent indirect reflections
of NO activity, caution is required in interpreting the results. This principle must
be kept in mind, particularly when cause and effect relationships are sought or
suggested by individual studies.

3. Vascular NO in the Initiation and Evolution of ARF

In all forms of hemodynamically induced and several forms of nephrotoxic acute
renal failure, a substantial reduction in renal blood flow is a critical factor in the
initiation of renal injury. Intrinsic mechanisms in the renal vasculature protect
against these major declines in renal perfusion. The importance of vasodilator
prostaglandins in this regard has been well documented [24]. More recently, the
paracrine activity of NO generated through constitutive eNOS has been shown
to participate in the protective response when renal perfusion pressure and blood
flow are compromised. Pretreatment of rats with inhibitors of eNOS aggravates
ARF induced by renal artery clamping (RAC) [25,26]. Similarly, when salt­
depleted rats are given NOS inhibitors prior to exposure to radiocontrast agents,
subsequent declines in renal plasma flow and glomerular filtration rate are signifi­
cantly greater than in control rats [27]. Glycerol-induced ARF in rats also has
been shown to be aggravated when the NOS inhibitor NLA was given at the
time of ARF induction [28].
In other experiments, L-arginine treatment has been used in models of ARF.

Schramm et al. [29] gave L-arginine 300 mglkg, L-monoethylarginine (MeArg)
30 mglkg, and a combination of the two intravenously over 60 min, after 40 min
bilateral renal artery occlusion. L-Arginine or a combination of L-arginine and
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MeArg improved inulin clearance at 180 min after renal artery clamp release
compared to controls or MeArg alone. Similar results were obtained in a rat
model of uranyl nitrate compared to control. L-Arginine was shown by Maree
et al. [28] to ameliorate glycerol-induced ARF when infused immediately after
giving intramuscular glycerol.
The above studies examined the consequences of manipulation of constitutive

NO generation by the kidney during induction in ischemic and nephrotoxic ARF
models. Although these data are of interest, they do not address the role of native
renal NO production and its effect in ARF initiation in a cause and effect manner.
Increasing NO generation by supplying L-arginine or blocking NO production
with NOS inhibitors have positive and negative effects, respectively, on renal
function during and immediately after ARF induction. However, these are not
necessarily ARF specific effects. Analogous results have been found when other
endogenous vasodilators (e.g., prostaglandins) are inhibited or stimulated during
ARF induction [31-33]. In general, treatment with exogenous substances that
produce renal vasoconstriction will worsen and those that produce renal vasodila­
tion will improve postinduction kidney function in ARF. Thus, altering renal
hemodynamics by changing constitutive NOS activity does not confirm that
native NOSINO have unique and specific roles in ARF induction.
There are other data, albeit indirect, that suggest a vascular injury process as

part of ischemically induced ARF may interfere with constitutive eNOS activity
and NO generation. In several vascular beds, it has been shown that hypovolemic
shock or ischemia-reperfusion impairs subsequent endothelial function. Lieber­
thaI et al. [34] have shown in an isolated perfused kidney model that renovascular
resistance is increased immediately following 25 min of ischemia. Endothelium­
independent vasodilators such as atrial natriuretic peptide (ANP) and sodium
nitroprusside prevented the increase in renovascular resistance (RVR). However,
endothelium-dependent vasodilators (i.e., those that stimulate endothelial NO
generation, including ACh and A23l87) did not prevent the increase in RVR as
illustrated in Table 16-2. Similar observations have been made by Cristol et al.
in anesthetized rats [35]. The increase in basal vascular tone following ischemia
is thought to be due to loss of constitutive eNOS activity which, under normal
physiological conditions, modulates vascular tone both directly and by attenuating
endogenous vasoconstrictor agonist activity [36]. The precise nature of the early­
phase functional endothelial injury in hypovolemic shock and ischemia­
reperfusion is not known. There is some evidence that there may be a loss of
L-arginine substrate from endothelial cells, as L-arginine treatment can attenuate
the increased vascular tone [37]. There are, however, no tissue measurements
of L-arginine. Other evidence suggests that superoxide radical formed during
reperfusion scavenges endothelial NO [38]. Other possibilities, including de­
creased NOS expression, have not been adequately explored.
Another mechanism of shock leading to ischemic ARF also may involve NO.

This is the somewhat controversial role ofNO in the hypotension of endotoxemia.
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Table 16-2. Effect of Endothelial-Dependent Vasodilators on Renal Hemodynamics
Following Ischemia

Renal Perfusate Renal Vascular
n Flow Resistance GFR

(ml/min/g) (mm Hg/ml/min/g) (ml/min/g)

Control 7 9.7±O.OS 1O.2±O.8 O.5I±O.07
Ischemia 8 6.1±0.6* 16.7±1.4* 0.20±0.04*
Control + acetylcholine 3 1O.7±I.3 9.8±I.3 0.42±0.14
Ischemia + acetylcholine S S.S±0.4** 19.2±1.4** 0.1O±O.03**
Control + A23187 3 11.3±O.4 8.9±O.6 0.42±0.10
Ischemia + A23187 S S.3±O.4*** 16.0±1.0*** 0.12±0.06***

Note: Values are means ± SE; n = No. of rats; GFR = glomerular filtration rate.

*p < .OOS compared with control.

**p < .02 compared with control + acetylcholine.

***p < .02 compared with control + A23l87.

Source: Reprinted with pennission from Ref. 34.

A number of studies suggest that endotoxic shock is the result of excessive
release of NO into the blood with subsequent massive vasorelaxation [39,40].
There is in vitro evidence indicating that lipopolysaccharide (LPS) antigen can
stimulate inducible NOS in macrophages and smooth muscle cells through tumor
necrosis factor-a or interleukin-l~. In support of a role of NO generated through
iNOS in endotoxic shock is the observation that NOS inhibitors such as L-NMMA
can limit the hypotension of endotoxic shock [39]. Against a role of NO in
endotoxic shock is the time lag of several hours for LPS to induce macrophage
and smooth muscle NOS. This would not account for the early hypotension
observed after endotoxin exposure [41]. In addition, circulating NO, with its
half-life in blood of only 6-10 s, does not seem a likely candidate to produce
severe systemic hypotension. This issue is considered in greater detail in Chapters
8 and 14. A related observation by Shultz and Raij [42] suggests that NO
production in endotoxic shock, whether generated through iNOS or eNOS, is
critical to protection from glomerular thrombosis seen in this disorder [43].
They found that treatment with L-NAME markedly increased thrombi within
glomerular capillary loops after LPS exposure, as illustrated in micrographs
in Fig. 16-1. Glomerular thrombosis could be attenuated with L-arginine pre­
treatment.

In a nephrotoxic form of ARF induced with intravenous cyclosporine A, a
renal vasoconstrictor response has been observed. However, a recent study by
Conger et al. [44] using intrarenal L-NAME indicated that NO generation was
present despite renal vasoconstriction. The author is unaware of other studies of
endogenous NOS activity during ARF induction in nephrotoxic models.
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Figure 16-1. Representative photomicrographs of glomeruli from rats given LPS alone
(A and B) or LPS + L-NAME (C and D). Kidneys were removed at the end of the 8-h
experimental period, and portions were examined under light microscopy with PAD
staining (A and C) or processed for immunofluorescence with FITC-Iabeled antibody to
fibrinogen (B and D). Glomeruli from animals given LPS alone showed no significant
changes from normal and negative fluorescence, whereas those given LPS + L-NAME
showed extensive thrombi within the glomerular capillary loops and markedly positive
fluorescent staining (original magnification: 400 x). (Reprinted with permission from
Ref, 42.).

4. Vascular NO in the Established Phase of ARF

The preceding studies in the evolutionary phase of ARF and in ischemia­
reperfusion vascular injury in other organs predicted that eNOS/NO activity in
the established phase of ARF would be reduced. This was, of course, supported
by the repeated observation in experimental models that renal blood is reduced
in the early phase of ARF. This has not turned out to be the case.
Our laboratory investigated NOS/NO in the norepinephrine (NE)-induced mod­

els of ARF in rats at 48 h [45] and I week [46] into the disease course. This
model is induced by intrarenal infusion of NE for 90 min during which renal
blood flow is reduced to approximately 10% of normal. The animals are returned
to metabolic cages. Thereafter, renal function, hemodynamics, and vascular reac­
tivity are determined at various times after ARF induction. Rats that have been
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similarly treated but received intrarenal saline vehicle rather than NE served
as controls.
At 48 h, basal renal blood flow in NE-ARF rats was 40% less than in control

rats (p < .01). Glomerular filtration rate was 80% less than in controls (p < .01).
There was an increased vasoconstrictor sensitivity to intrarenal angiotensin II
and endothelin-l in the NE-ARF rats compared to controls (p < .02). There was
a decreased vasodilator response to intrarenal infusion of endothelium-dependent
ACh in the NE-ARF rats (p < .01), but a comparable vasorelaxation to that in
control rates when endothelium-independent prostacyclin (PGI2) was infused.
Although these findings would have been consistent with a loss of eNOS activity,
the response to intrarenal L-NAME was inconsistent with this interpretation.
When L-NAME was infused into the kidneys ofNE-ARF rats, there was a marked
vasoconstrictor response which exceeded that observed in control rats (p < .01).
This finding indicated that eNOSINO activity, in fact, was present and was not
the pathophysiologic basis for the decreased basal renal blood flow at 48 h. The
lack of renal vasodilation to ACh coupled with an exaggerated vasoconstrictor
response to L-NAME suggested the possibility that eNOSINO activity actually
was maximal under basal conditions and could not be stimulated further.
Similar studies have been performed in NE-ARF rats at 1 week into the disease

course. At this time, basal renal blood flow was similar to or only slightly less
than in control animals [46]. However, glomerular filtration rate continued to be
reduced at approximately 35% of controls (p < .001). As was observed at 48 h,
there was a lack of vasodilator responses to ACh and BK (bradykinin), but an
increased constrictor response to L-NAME in NE-ARF kidneys compared to
controls. Figure 16-2 shows the renal blood flow responses to sequential intrarenal
infusions of ACh and L-NAME in NE-ARF kidneys. Vasodilator response to
PGI2 was similar to controls. Aminoguanidine, an iNOS inhibitor, had no effect
on renal blood flow when infused into the kidney of NE-ARF rats. When the
NO donor sodium nitroprusside was given to NE-ARF kidneys, there was no
vasodilator response, unlike that observed in control rat kidneys (p < .001). Taken
together, these pharmacologic hemodynamic experiments indicated that NOS
activity of the constitutive type was present in the later established phase in an
experimental model of ischemic ARF. In addition, these experiments suggested
that NOS activity was maximal as was the case at 48 h. Not only was it impossible
to stimulate eNOS further with endothelium-dependent vasodilator, but it was
also not possible to stimulate smooth muscle cells cGMP further with exogenous
infused NO donors. In this same study of I-week postischemic vascular reactivity,
direct evidence of eNOS was sought by immunologic methods. Using a mouse
monoclonal antibody, immunohistochemical and immunofluorescence detection
of cNOS in the arterial vasculature of I-week control and NE-ARF kidneys were
performed. The intensity of endothelial staining or fluorescence for cNOS was
at least as strong in NE-ARF as in sham-ARF arterial microvessels, as illustrated
in Fig. 16-3 [46].
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Figure 16-2. Effects of sequential intrarenal infusion of ACh followed by intravenous
administration OfL-NAME onMAP and RBF in NE-ARF rats. ACh did not have significant
effects on either parameter. However, L-NAME caused a significant increase in MAP and
a significant decrease in RBF. *Different from baseline at p > .01. **Different from
baseline and preceding value at p < .01. (Reprinted with permission from Ref. 46.)

An interesting aspect of the above observations in established ARF in the
norepinephrine model is the pathophysiologic process that underlies basal vascu­
lar tone. At 48 h, renovascular resistance is increased by approximately 40%.
At the same time, eNOS activity appears to be present, if not maximaL This
combination of findings suggests that there is a potent postischemic vasoconstric­
tor mechanism operating, to which increased eNOS/NO activity may be a protec­
tive response. At I week, when basal renovascular resistance is only slightly
increased, and approaches normal, eNOS/NO activity is still maximal and the
observed effect of L-NAME indicated that there remains a strong vasoconstrictor
stimulus to which eNOS/NO continues to respond. What is the nature of the
postischemic vasoconstrictor mechanism? To date, this question is unanswered.
Several possibilities exist, including a smooth muscle cell membrane defect that
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Figure 16-3. Immunofluorescence demonstration of representative sections of distal
interlobular arteries incubated with mouse anti-NOS monoclonal antibody. Top: Anti­
NOS in sham-ARF kidney; Bottom: anti-NOS in NE-ARF kidney. The intersity of anti­
NOS immunofluorescence was at least similar, if not greater, in the endothelium of NE­
ARF compared with sham-ARF kidneys. (Reprinted with permission from Ref. 46.)
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allows increased calcium entry or defective calcium extrusion, an altered smooth
muscle cell membrane potential, and persistent autocrine or paracrine activity of
vasoconstrictor agonists such as endothelin-I, constrictor prostaglandins and other
eicosanoids, angiotensin II, or other as yet unidentified humoral substances.
Sorting out these possibilities obviously will require further investigation.
There are no data currently regarding vascular NOSINO activity in the estab­
lished phase of nephrotoxic models of ARF, with the exception of cyclosporine
A (CsA). Even in the studies on CsA nephrotoxicity, it is uncertain whether
these models are more representative of acute or chronic CsA renal toxicity.
Unlike acute, single-dose CsA treatment in which the vasoconstrictor response
was questionably due to decreased eNOS activity, I-week CsA-exposure studies
in animal models have found consistent evidence for impaired endothelium­
dependent vasodilation [47-49]. The findings of partial sparing of the endothe­
lium-dependent vasodilator response by administering L-arginine [10,50,51] and
the lack of vasoconstrictor response to NOS inhibitors have suggested that contin­
ual CsA treatment depresses the endothelial L-arginine/eNOSINO vasodilator
pathway. In support of a primary endothelial abnormality was the study by
Gallego et al. [50] in rats given CsA 25 mglkg for 2 weeks. Like others [10,52],
they found a decreased vasodilator response to ACh, in arterial rings, which was
partially corrected by L-arginine treatment. Response to the NOS inhibitor NLA
was suppressed. However, vasorelaxation to the calcium ionophore A23187,
which directly stimulates NOS, and to sodium nitroprusside (SNP) (an NO donor)
were normal. Recent experiments carried out in cortical neuron cell cultures have
suggested that, in fact, there may be a direct link between CsA and NOS inhibition.
Cyclosporine A, coupled with its intracellular receptor cyclophilin, inhibited the
serine/threonine phosphatase calcineurin [53]. Calcineurin inhibition by CsA has
been shown by Dawson et al. [54] to prevent dephosphorylation activation of
brain NOS.
A number of experiments examining the longer-term effects of CsA treatment

(2 weeks and longer) on renal vascular resistance have shown significantly differ­
ent renovascular responses. In addition to an "apparent" decline in constitutive
NOS activity, there was a depressed vasodilator response to SNP. Results from
the author's laboratory [55] in a rat model given CsA, 5 mglkg per day, for 2
weeks showed not only a reduced response to ACh and the NOS inhibitor
L-NAME but also a significantly attenuated response to SNP as well, despite a
normal vasodilator response to PGIz.Rego et al. [56] found decreased vasodilator
response to endothelium-dependent ACh, BK, and A23187, as well as to the
endothelium-independent SNP, in the mesenteric vascular bed and thoracic aortic
rings from rats treated with CsA, 5-10 mglkg daily, for 3 weeks. Similar observa­
tions were made by Roullet et al. [52] in the mesenteric resistance arterial vessels
from rats. Gerkens [47] found a decrease in renal vasodilator response to both
ACh and SNP in rats treated for 3 weeks with 5-20 mglkg CsA daily. Huand
et al. [57] reported that SNP-induced vascular relaxation was impaired in the
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ACh-eyoked release of NO from control and cyclosporin-treated rat renal arterioles
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Figure 16-4. Nitric oxide response as measure with NO-selective microsensor positioned
at the open end of a perfused afferent arteriole. In a series of such vessels, the NO response
to ACh was significantly less in arterioles from rats treated with daily cyclosporine A
injections. (From Ref. 59 with permission.)

mesenteric vasculature of rabbits given 5-20 mg/kg CsA daily for 7 weeks.
Bossaller et ai. [58] showed a decreased renal vasodilator response to SNP at 8,
but not 3, weeks after continual CsA treatment in rats. Despite the fact that these
studies point to a CsA-induced defect in smooth muscle cGMP with time, Conger
et ai. [59] have shown (Fig. 16-4) that ACh-stimulated NO release, measured
with a sensitive microelectrode, is reduced in afferent arterioles isolated from 2­
week CsA-treated rats. Collectively, these data suggest that in l-3-week models
of CsA exposure there are systemic and renal defects in vasorelaxation that are
more complex than loss of endothelial NOS activity alone and, likely, involve
abnormalities of smooth muscle cells as well.

5. NO in the Thbular Injury of ARF

To this point, the discussion in this chapter has focused almost entirely on NOSI
NO activity of the vasculature in the events initiating and maintaining ischemic
and nephrotoxic forms of ARF. Moreover, the presumed role of NO, with the
exception of its participation in the hypotension of endotoxic shock, was consid-
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ered to be protective. However, recent evidence indicates that NO, in fact, may
mediate cell injury in a number of tissues, including the renal tubules. NO has
been found to be cytotoxic to rat hepatoma cells [60], neuronal cells [61-63],
and to the respiratory epithelium [64]. Furthermore, NO appears to be responsible
for brain or heart ischemic damage after cerebral occlusion [65] and myocardial
infarction [66,67], respectively. Most recently, NO cytotoxicity has been de­
scribed in renal tubular epithelial cells. Yu et al. [68] showed that NOS activity
is increased during hypoxia in freshly isolated rat proximal tubules. They found
that cell membrane damage was prevented by a NOS inhibitor. A further increase
in hypoxic injury was observed when the NOS substrate, L-arginine, was added
to the hypoxic proximal tubules suspension as shown in Fig. 16-5.
The mechanism of NO-mediated injury during hypoxia is unknown. However,

there are a number of possibilities. NO has been shown to cause nuclear DNA
fragmentation which, in tum, activated nuclear poly(ADP)ribose synthase (PARS)
[69]. Enhanced activation ofPARS promotes ribosylation of nuclear and cytoskel­
etal (F-actin) proteins utilizing NAD as a substrate. Cellular ATP is then shunted
to regenerate NAD, an event which may contribute to cell injury because of
further decrements in already depleted energy stores during hypoxia [69]. NO
also may cause membrane damage either by direct attack or by combining with
O2- to form the toxic radical, ONOO-, which can attack cellular membranes by
lipid peroxidation [70].
Whereas the collective evidence indicates that NO is cytotoxic, the enzymatic

form of NOS that mediates NO generation appears to differ depending on the
renal cell injury model. Constitutive and inducible forms of NOS have been
identified in renal tubular cells other than the vasculature including macula densa
cells (cNOS), inner medullary collecting ducts (cNOS and iNOS), and proximal
tubules (cNOS and iNOS) [71,72]. In the studies of hypoxic renal tubules, Yagoob
et aI., [73] presented data consistent with constitutive eNOS and neuronal (n)NOS
activation by increased cellular calcium as the mechanism for increased renal
tubular NO and cell injury. Aminoguanidine (inhibitor of iNOS) did not prevent
hypoxia-induced NO release. Immunoblotting of the tubular tissue showed detect­
able eNOS and nNOS, but not the macrophage form of iNOS. In contrast,
Peresleni et al. [74], using a model of BSC-l kidney tubular epithelial cell
oxidative stress injury, found that antisense oligodeoxynucleotides (AS-ODN)
to iNOS prevented generation of NO in response to H20 2• The effect was isoform
specific, as AS-ODN-pretreated cells retained functional eNOS as judged from
the ability to generate NO in response to ionomycin. The potential toxic role of
NO in hypoxic and oxidant stress injuries to renal parenchymal cells and the
underlying mechanisms of specific enzyme upregulation will require further
examination. In addition, their precise relationship to in vivo injury events will
have to be determined.
Noiri et al. [75] have utilized AS-ODNs in vivo. Rats pretreated with an AS­

ODN construct hybridizing with iNOS RNAIDNA protected the kidneys against
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Figure 16-5. (A) Hypoxia for 15 min and reoxygenation for 35 min increased LDH
release in H/R tubules (e) compared with control tubules (0). L-NAME completely
prevented the HlR injury (6). O2 was reintroduced at 15 min as shown by the arrow. (B)
Addition of L-arginine to HIR tubules enhances LDH release (6) as compared with (e)
and control (0) tubules. O2 was reintroduced at 15 min as shown by the arrow. Values
are mean ± SE. (Reprinted with permission from Ref. 68.)

acute ischemia. The functional protection was associated with reduced morpho­
logic signs of tubular injury, suggesting that the macrophage-specific isoform of
iNOS is responsible for the generation of cytotoxic NO.

6. Summary and Conclusions

Much remains uncertain about the role of NO in acute renal failure. What is
known at this point comes from animal models and in vitro preparations. Adding
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to the frustration of understanding how NOSINO participates in ARF is the short
life span of NO and its predominant paracrine and autocrine activity, factors
that make direct measurement problematic and indirect assessments difficult
to interpret.
In the initiation phase of ischemic ARF, available information suggests that

endothelial NOS activity is reduced and may contribute to the severity of ischemic
injury. The evidence regarding vascular NO in nephrotoxic ARF is mixed. Al­
though inhibiting eNOS can worsen nephrotoxic forms of ARF, this does not
prove that its activity and NO generation are part of the pathophysiologic process
of renal injury. The initial vasoconstrictor response that may contribute to CsA­
induced ARF does not appear to depend on a decrease in eNOSINO generation.
The role of increased iNOS and NO generation in the hypotension and renal
failure of endotoxic shock is controversial. However, eNOSINO in the renal
vasculature appears to protect glomeruli from thrombosis in this disorder.
In the established phase of ischemic ARF, endothelial NOSINO is likely
increased, rather than reduced, as determined by pharmacologic and immunologic
studies in an NE-ARF model in rats. The findings in established ischemic ARF
suggest that the increased eNOSINOmay be a protective response to an underlying
potent local postischemic vasoconstrictor stimulus within the kidney. The only
data regarding the established phase of nephrotoxic ARF come from studies of
continual short-term exposure to CsA. The findings in this model indicate that
the L-arginineINOSINO/cGMP activation sequence is impaired. However, it is
unclear whether the primary defect resides in the endothelium or smooth muscle
cells of the vasculature.
Recent evidence indicates that NO generated in proximal tubular epithelium
may actually contribute to the cellular injury of hypoxia and oxidant stress.
This interesting observation suggests that renal NO may be contributing to both
protection and injury in ARF.
Additional studies need to be carried out to determine the roles of NO in
ARF-both protective and toxic. It is important, however, that the relative contri­
butions of these mechanisms ultimately be understood in the context of whole
organ pathophysiology so that therapeutic ventures are well founded and do not
run the risk of inducing overall negative in vivo effects.
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NO in Diabetic Nephropathy

Dennis Diederich

1. Introduction and Overview

The incidence of diabetes mellitus has reached epidemic proportions; some 10-12
million people in the United States alone are afflicted with diabetes mellitus
[1]. The vascular complications of diabetes represent major risk factors for
cardiovascular morbidity and mortality. Diabetic nephropathy has emerged as
the leading cause of end-stage kidney failure in many centers in the United States,
and diabetic retinopathy is the leading cause of blindness. The risk of fatal
myocardial infarction is increased threefold to fourfold in diabetic individuals.
Diabetic nephropathy is essentially a microvascular disease of the kidneys [2].
The natural history of renal involvement in insulin-dependent diabetes mellitus
is characterized by a spectrum of abnormalities, beginning with functional hemo­
dynamic alterations [3], followed by structural alterations [4], which, in some
30-50% of subjects progress to end-stage renal failure. Renal blood flow and
glomerular filtration rate are increased during the initiating phase of diabetes in
both humans and in animal models. The recent discovery that nitric oxide (NO)
serves as a physiologic modulator of renal blood flow and of glomerular filtration
rate prompted investigators to examine the potential role ofNO in the mediation of
diabetes-induced hyperfiltration. NO-mediated responses appear to be enhanced
during the initiating phase of experimental diabetes, but as the disease progresses,
responses mediated by NO become impaired. Accelerated free radical production
and glycated proteins increase NO inactivation and contribute to inflammatory
gene activation. Vasoprotective responses mediated by NO are replaced by cyto­
toxic, vasodestructive responses. Preliminary evidence suggests that enhanced,
dysfunctional production of NO via the inducible NO synthase (iNOS) pathway
may be contributing to the enhanced free radical production and vasodestructive
responses which characterize the advanced phase of diabetic vascular disease.
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This presentation will focus on the potential roles of alterations ofNO homeostasis
in producing vascular dysfunction, characteristic of the initiating and early phases
of overt nephropathy, and destruction of the kidneys, characteristic of the ad­
vanced phase of diabetic nephropathy. Clinical correlates for this arbitrary classi­
fication are outlined in Table 17-1.
A brief overview of NO homeostasis in the normal kidney will facilitate

understanding alterations in NO production and function which have been de­
scribed in diabetes. As in other organs, NO in the kidney is produced from
L-arginine by a family of NO synthases (NOS) [5]. Four isoforms of NOS have
been demonstrated in the rat kidney: (a) endothelial NOS (eNOS) [6,7], (b)
neuronal NOS (nNOS) [8], and (c) two isoforms of "inducible" NOS (iNOS),
vascular smooth muscle (vsmNOS), and macrophage (macNOS) [9]. Endothelial
NOS is localized primarily in glomeruli, afferent arterioles, and arcuate and
interlobular arteries, whereas nNOS is localized predominantly in cells of the
macula densa and inner medullary collecting duct [10]. Both eNOS and nNOS
are constitutive and are activated by mechanisms which increase intracellular
calcium, including receptor activation by agonists such as acetylcholine and
bradykinin. The small amounts of NO produced by eNOS maintain basal renal
blood flow and glomerular filtration rate via cyclic guanosine,3',5',monophos­
phate (cGMP)-mediated vascular smooth muscle and mesangial cell relaxation
[11]. The afferent arterioles are exquisitely sensitive to the vasorelaxing effects
of basal and activated production of endothelium-derived nitric oxide (EDNO)
[12-14]. EDNO modulates (opposes) renal vasoconstriction induced by angioten­
sin II, norepinephrine, endothelin, and prostaglandins [12,15]. Inhibition of NOS
by the intrarenal infusion of subpressor doses of L-arginine analogs leads to
abrupt decreases in renal plasma flow, glomerular filtration rate, and sodium
excretion [16,17]. Stimulation of EDNO production by infusion of acetylcholine
increases renal blood flow, glomerular filtration rate, sodium excretion, and
urinary excretion of cGMP [18,19]. Nitric oxide synthesized in glomerular endo-

Table 17-1. Clinical Spectrum of Diabetic Renal Disease

Initiating phase
Hypertrophy
Glomerular hyperfiltration
Microalbuminuria

Overt-phase diabetic nephropathy
Mesangial expansion
Proteinuria
Hypertension
Glomerular sclerosis
Tubulointerstitial disease

Advanced phase
Interstitial fibrosis
End-stage renal failure
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thelial cells produces cGMP-mediated responses in adjacent mesangial cells
("cross-talk") [20,21], examples of which are suppression of mesangial cell
proliferation and inhibition of protein synthesis [22]. In addition to vasodilatory
and antiproliferative effects, NO modulates microvascular permeability [23],
inhibits platelet adhesion and aggregation [24], as well as leukocyte adhesion to
the vessel wall [25,26]. These observation underscore the important physiologic
roles of NO in modulation of renal function and in vasoprotection.
The iNOS isoforms differ in being calcium independent and in requiring
transcriptional activation, classically by cytokines, for full expression. Activation
of the iNOS pathway leads to sustained, nonmodulated production of high net
amount of NO. NO production via the iNOS pathway is generally viewed as
providing defensive and cytotoxic functions. However, recent evidence indicates
that the original concepts of constitutive and inducible NOS may require some
modification. Constitutive eNOS is subject to upregulation by shear stress [27,28]
and estrogen [29] as well as downregulation by NO itself [30-32]. Similarly,
iNOS has recently been demonstrated to be constitutively present in tubular cells
[9] and in glomeruli [33,34]. The responses of vsmNOS and macNOS may differ
depending on the activating stimuli [9].

2. Growth Factors, Glomerular Hyperfiltration, and NO

The initial targets of diabetes in the kidney are the endothelial and mesangial
cells. Within 36-48 h of development of hyperglycemia and glycosuria, kidney
size, glomerular filtration, and renal blood flow increase [35-37]. The enlargement
of the kidneys is due to hypertrophy of tubular epithelium and glomerular struc­
tures. The increase in glomerular filtration rate (GFR) arises from the combination
of increased renal plasma flow and glomerular capillary hydraulic pressure (PGd;
the increase in PGC results from preferentially greater reduction in afferent arterio­
lar resistance [38]. Glomerular hyperfiltration appears to follow enlargement of
the kidneys, suggesting that the increase in size of the kidneys is not due to the
increased function [36]. The mechanism(s) responsible for the hypertrophic and
hemodynamic responses in diabetic kidneys have been the subject of considerable
study but remain incompletely understood. Hyperglycemia plays a critical role
in the production and maintenance of both glomerular hyperfiltration and renal
enlargement in diabetes [39]. Normalization of blood glucose with insulin elimi­
nates glomerular hyperfiltration and decreases the size of the kidneys in both
humans and animals with diabetes [40-42]. The close temporal relationship
between renal enlargement and hyperfiltration prompted investigators to explore
the vasoactive effects of renal growth factors. Increased synthesis of extracellular
matrix components, an early finding in kidneys of diabetic animal, is preceded
by release of growth factors, including insulinlike growth factor I (IGF-l) growth
hormone (GH), transforming growth factor (TGF)-~l and platelet-derived growth
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factor (PDGF) [2,43-46]. In addition to their mitogenic effects, IGF-l and PDGF
produce vasodilation mediated by NO [47,48]. Infusion of IGF-I increases glo­
merular filtration rate in humans and animals [49-51]. Renal vasodilation pro­
duced by IGF-I infusion in the isolated perfused rat kidney was blocked by
inhibition of NOS with NG-nitro-L-arginine methyl ester (L-NAME), indicating
that the response induced by the growth factor was mediated by increased NO
production [52]. In addition to diabetes, renal IGF-l production is increased in
two other states characterized by glomerular hyperfiltration, hypersomatotropism,
and during compensatory hypertrophy of the kidney [49]. In summary, hypergly­
cemia stimulates the production of renal growth factors; growth factors contribute
to glomerular hyperfiltration by stimulation of vascular NO production.
The potential role of increased production ofNO in the pathogenesis of glomer­

ular hyperfiltration in diabetic animals has been addressed in several studies
[53-56]. Urinary excretion of nitrite and nitrate, stable metabolites of NO, was
increased in diabetic rats [53-55,57]; this finding provides indirect evidence
in support of increased NO production. The relationship between glomerular
hyperfiltration and increased nitrate + nitrite excretion is not clear, however. In
one study, L-arginine supplementation prevented glomerular hyperfiltration in
diabetic rats without affecting the elevated urinary nitrite + nitrate excretion [54].
In addition, acute changes in urinary excretion of nitrite + nitrate do not necessarily
predict renal vascular NO production [58]. Comparison of the responses of GFR
in control and diabetic rats to infusions of either N"'-nitro-L-arginine (L-NA) or
NG-nitro-L-arginine methyl ester (L-NAME) has been utilized to evaluate the NO­
mediated component in basal GFR [16,59]. Changes in GFR in diabetic rats in
response to infusion of NOS inhibitors have been quite varied, ranging from
no response [56] to incomplete [53,57] or complete elimination of glomerular
hyperfiltration [55]. These findings suggest that other factors, in addition to
increased NO production, contribute to glomerular hyperfiltration in experimental
diabetes [43,60-62].

3. Central Role of Glucose Elevation in EDNO Dysfunction

Vascular relaxation mediated by endothelium-derived nitric oxide (EDNO) is
impaired in diabetic subjects. The bulk of evidence indicating impairment in
EDNO-mediated arterial relaxations in diabetes is based on decreased relaxation
noted in response to acetylcholine. Relaxation in response to acetylcholine is
blocked by removal of the endothelial layer and by inhibition of NOS by L-argi­
nine analogs, confirming that EDNO mediates the relaxation [63,64]. Elevations
in glucose play a major role in the initiation of diabetes-induced endothelial
dysfunction. EDNO-mediated relaxations in both conduit and resistance arteries
from normal rats were markedly impaired following 2-4 h exposure of the
arteries to elevated concentrations of glucose [65-68]. The impairment of EDNO-
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mediated relaxations were specific for o-glucose; mannitol and L-glucose at
equimolar concentrations exerted no effect on relaxations in response to acetylcho­
line. The impairment in EDNO-mediated relaxations induced by elevated glucose
arise from multiple mechanisms, including increased production of free radicals
[67,69,70], vasoconstricting prostaglandins [65,67], and activation of protein
kinase C (PKC). Addition of free radical scavengers [67,69,70], indomethacin
[65,67], or PKC inhibitors [71] during glucose incubation prevented the impair­
ment in EDNO-mediated relaxations. These findings point to increased destruc­
tion, rather than decreased production, of EDNO as the major mechanism by
which glucose elevation impairs EDNO responses.
Similar findings were noted in the renal microcirculation; EDNO-mediated

relaxations of perfused afferent arterioles from normal rabbits were impaired
following a 3-h exposure to 30 mM glucose [72]. Exposure of isolated glomeruli
to 30 mM glucose increased production of lipid peroxide radicals (LPO) within
1 h; the increased LPO production was sustained during a 48-h incubation [73].
The hydroxyl radical scavenger, dimethylthiourea (DMTU), blocked the produc­
tion ofLPO by glomeruli throughout the 48-h incubation. Pretreatment of glomer­
uli with PKC antagonists (H-7 or staurosporine) blocked LPO production during
the initial hour but not after 48 h of incubation.

4. Activation of Protein Kinase C by Elevated Glucose

High ambient concentrations of glucose activate PKC in arteries [71,74], isolated
glomeruli [75], and in cultures of mesangial [76,77], endothelial [78], vascular
smooth muscle [79,80], and tubular epithelial cells [81]. Mechanisms by which
elevated glucose activated PKC activity included increased levels of diacylglyc­
erol (DAG) [82], increased intracellular calcium (Ca2+) [83], increased prostaglan­
din endoperoxides (thromboxane Aiprostaglandin H2), and phospholipids [84].
Activation of PKC has been reported to have a wide range of effects, including
inhibition ofNO production by all isoforms ofNOS [75,85-91], increased perme­
ability of endothelial cell layers [92], activation of mesangial contraction [74],
increased mesangial matrix production [76,78,93,94], and mediation of renal
vasoconstriction by angiotensin II [95]. Growth factor production may also be
mediated by PKC-dependent mechanisms [96-99].
The above findings provide evidence that high ambient concentrations of

glucose induce oxidative stress in vascular tissues, including those of the kidney.
Free radicals produced by oxidant stress induce reversible endothelial dysfunction
by inactivation of EDNO (Fig. 17-1).

5. Endothelial (EDNO) Dysfunction in Early-Phase Diabetes

There is considerable evidence indicating that vascular relaxations mediated by
EDNO are impaired in humans and animals with diabetes [100-102]. Relaxation
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Figure 17-1. Diagram outlining some of the important responses induced by glucose
elevation which alter nitric oxide (NO) production and function during the early phases
of diabetic vascular disease. Hyperglycemia induces the expression of growth factors;
insulinlike growth factor I (IOF-I) and platelet derived growth factor (PDGF) contribute
to glomerular hyperfiltration by stimulating release ofNO. NO production is downregulated
by protein kinase C (PKC).Free radicals and advanced glycosylation end products (AGEP)
produce endothelial dysfunction by inactivation of NO. During later stages of diabetes,
AGEP can stimulate production of NO via cytokine-induced expression of inducible NO
synthase. Plus (+) denotes stimulation; minus (-) indicates inhibition or inactivation.

in response to acetylcholine is impaired in both large and smal1 arteries obtained
from diabetic animals. The mechanisms responsible for diabetes-induced EDNO
dysfunction (Table 17-2) have been explored most extensively in the aorta ob­
tained from diabetic animals [102,103]. Impaired relaxations in response to acetyl­
choline noted in the aorta from diabetic rats are normalized by pretreatment of
the arteries with the free radical scavengers, superoxide dismutase or dimethylthi­
ourea [69,102,103]. These findings point to increased inactivation of EDNO by
free radicals as the cause of the faulty response to EDNO in diabetic arteries.
Endothelium-derived NO-mediated relaxation in renal vessels also is impaired

in diabetic animals. Renal vasodilation induced by infusion of acetylcholine and
production of cGMP by isolated glomeruli is markedly decreased in diabetic rats

Table 17-2. Potential Mechanisms for EDNO Dysfunction

Decreased production of NO
L-Arginine. cofactor deficiency
Downregulation of NOS
Receptor. postreceptor dysfunction

Decrease in transport NO (RSNO)
Increased destruction of NO
Increased free radical production
Quenching of NO by AGEP
Decreased responsiveness to NO
Increased production of NO antagonists
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[104]. Both responses were normalized in insulin-treated diabetic animals. The
diameter of afferent arterioles measured in situ is increased in diabetic rats
[105,106]. Constriction of afferent arterioles in response to L-NAME was found
to be blunted in diabetic rats but was normalized following pretreatment with
superoxide dismutase [105]. EDNO-mediated relaxations were impaired in iso­
lated perfused interlobar arteries obtained from diabetic rats [107]; the impairment
in endothelium-dependent relaxation became progressively worse with duration
of the diabetes [108]. Pretreatment with dimethylthiourea normalized relaxations
in response to acetylcholine in arteries from diabetic rats but had no effect on
arteries obtained from control rats [107]. Collectively, the findings reviewed
above demonstrate a consistent pattern of impairment in relaxations mediated by
EDNO in large as well as small vessels from diabetic animals. The impaired
responses to EDNO in diabetic vessels during the early phase of diabetes (4-6
weeks) are due to an increased production of free radicals which inactivate NO;
scavengers of free radicals normalize EDNO-mediated relaxations in diabetic
vessels.
Administration of insulin or of dimethylthiourea to diabetic rats (starting 3

days after onset of hyperglycemia) normalized EDNO-mediated relaxations in
interlobar arteries from the kidneys of diabetic rats studied 4-6 weeks after
induction of the diabetes [109]. These findings underscore the critical roles of
sustained glucose elevation and of increased free radical production in the genesis
of reversible EDNO dysfunction, a characteristic finding during the early phases
of diabetic vascular disease (Figure 17-1). The findings outlined above present
a seeming paradox: nitric oxide-mediated relaxations in the renal microcirculation
appear to be enhanced in diabetes, whereas ENDO-mediated relaxations in renal
arteries obtained from diabetic animals are impaired.

6. EDNO in the Advanced Phase of Diabetic Vascular Disease

Vascular relaxations mediated by EDNO in interlobar arteries from diabetic rats
became progressively less with duration of diabetes; after 12 weeks of diabetes,
relaxations of diabetic arteries were less than 10% of those observed in arteries
from control rats [109]. Pretreatment of the arteries with dimethylthiourea pro­
duced negligible improvement in acetylcholine relaxations. Vascular smooth
muscle relaxation induced by nitroprusside, mediated by NO, become impaired
also during the advanced phases of diabetic vascular disease. The lack of revers­
ibility of EDNO-mediated relaxations and the impairment in NO-mediated vascu­
lar smooth muscle relaxations provide evidence for irreversible injury to the
diabetic arteries with long-standing diabetes. Mechanisms contributing to the
irreversible phases ofdiabetic vascular disease include the production of advanced
glycosylation end products (AGEP), accelerated free radical production, and
structural damage to the vasculature. Ligation of AGEP with specific cell mem-
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brane receptors triggers free radical production. AGEP and free radicals (oxidant
stress) both can induce gene expression, resulting in inflammatory products and
iNOS activation (Fig. 17-2).
There is compelling evidence indicating that advanced glycosylation end prod­

ucts (AGEP) are intimately involved in the pathogenesis of diabetic vascular
disease; this area has been extensively reviewed [1,110,111]. This discussion
will focus upon effects of glycosylation and of AGEP which impact on NO
homeostasis. AGEP alter NO-mediated responses in several ways. AGEP inacti­
vate NO by quenching of the molecule [112], thereby interfering with the ability
of NO to induce vascular relaxation or to suppress proliferative responses
[112,113]. Free radicals are by-products of both the early as well as late glycation
reactions [111,114-116]; free radicals increase the rate ofNO inactivation. Glyco­
sylation of proteins such as albumin decreases the formation of S-nitroso-albumin
[117], a physiologically active, stabilized form of NO [118]. S-Nitroso-albumin
exhibits NO-like vasoprotective responses, including vasodilation and antiplatelet
and antiproliferative effects [118-124]. In addition, rapid uptake of locally pro­
duced NO by reactive sulfhydryl groups may prevent toxic effects of high concen­
trations of NO [122,125-128]. The principal mechanism through which AGEP
exert their cellular effects is via specific cellular receptors for AGE [129-131];
receptors for AGEP (RAGE) are expressed in many cells, including endothelial

N°TOFR

/ONO~
OH*

Mesangial_ Glomerular _ Vascular +---+ Interstitial
expansion sclerosis disease fibrosis

Figure 17-2. Diagram depicting potential mechanisms capable of inducing the expression
of inducible NO synthase (iNOS) during the later phases of diabetic vascular disease.
Ligation of AGEP to macrophage receptors triggers the production of cytokines (tumor
necrosis factor alpha and interleukin-l) and induces gene expression, both of which may
induce expression of iNOS. Oxygen free radicals (OFR) produced by glycation reactions
and in response to AGEP binding to receptors for AGE (RAGE) also may induce gene
expression leading to iNOS expression. Activation of iNOS leads to sustained production
of high concentrations of NO. Reaction between NO and OFR may lead to the production
of damaging peroxynitrite (ONOO) and hydroxyl radicals (OH+). Damage to cells induced
by high concentrations of NO or by NO-mediated ONOO and OH* may contribute to
glomerular sclerosis, accelerated vascular disease, and tubulointerstitial fibrosis.
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[132] and mesangial cells [131]. Ligation of AGEP by RAGE induces oxidant
stress with free radical production [132-134]. Free radicals generated by AGEP­
receptor interaction may inactive NO. Binding of AGEP to receptors on mono­
cytes and macrophages may activate iNOS via production oftumor necrosis factor
alpha (TNF-a) and interleukin-l (IL-l) [110,111,135,136]. Aminoguanidine, a
phenylhydrazine derivative that inhibits advanced glycosylation reactions, has
been also reported to prevent early diabetic vascular dysfunction [137], which may
be related to inhibition of iNOS by arninoguanidine [138,139]. Administration of
early glycosylation products to normal rats induces glomerular hyperfiltration
[140,141], mesangial growth and matrix production [140-142], vascular insensi­
tivity to vasodilating agents, and other renal findings which closely simulate
those of the native diabetic state [140,141]. AGEP peptides released from local
metabolism of AGEP are cleared from the circulation by glomerular filtration
[1,143]. AGEP peptides accumulate in the circulation as renal function declines
[1,144,145]. The accumulation of AGEP peptides may be a major factor contribut­
ing to the accelerated atherosclerosis commonly observed in diabetic subjects
with advanced renal insufficiency [142,146-148]. In summary, AGEP alter NO
homeostasis initially by inhibiting the vasoprotective effects of EDNO. AGEP
also trigger the release of cytokines and growth factors which promote structural
alterations, including mesangial expansion and glomerular sclerosis. Cytokines
production initiated by AGEP also may induce the expression of iNOS leading
to dysfunctional and potentially destructive responses mediated by NO.
Accelerated free radical production during late-phase diabetic vascular disease

arises from multiple pathways [110,111,114,149,150]. Free radicals are formed
in the early as well as late steps in glycosylation reactions [114-116] and following
AGEP interaction with receptors [132-134,151] noted above. Low-density lipo­
protein (LDL) oxidation is increased by pathophysiological concentrations of
glucose [152], by glycation reactions [149,153], and by free radicals [149,154].
Modified LDL and lipid peroxidation products interfere with both the production
and bioactivity of EDNO [155]. Oxidized LDL and AGEP induce the expression
of genes regulating the production of inflammatory mediators, including growth
factors, adhesion molecules, and iNOS [151,154,156-160] (Fig. 17-3).

7. Evidence for iNOS Expression in Diabetes Mellitus

Schonfelder and colleagues recently provided direct evidence for iNOS expression
in humans with gestational diabetes [161]. Employing the techniques of reverse
transcription-polymerase chain reaction and Western blot analyses, these investi­
gators demonstrated iNOS messenger RNA and protein expression in placental
tissue from patients with gestational diabetes but not in nondiabetic control
patients. The authors suggested that increased NO production by iNOS contributes
to abnormalities in the intervillous circulation and dilatation of capillaries noted
in the placenta of diabetic subjects.
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Figure 17-3. Overview of potential mechanisms for iNOS expression or activation in
diabetes. Reactive oxygen species (ROS), oxidized lipids, advanced glycosylation end
products (AGEP), tumor necrosis alpha (TNFa), interferon gamma (IFN-y), and interleu­
kin-I beta (IL-I~) are all capable of activating transcription factors which participate in
regulatory gene expression. NFKB refers to nuclear factor KB, AP-I refers to activator
protein-I, and cAMP refers to cyclic adenosine 3',5'-monophosphate. Expression of regula­
tory genes leads to expression of various growth factors, iNOS, adhesion molecules, and
leukocyte migration factors. Abbreviations: IGF-l =insulinlike growth factor I; PDGF =
platelet derived growth factor; TNFa =tumor necrosis factor alpha, TGFb =transforming
growth factor beta, PCNA = proliferating cell nuclear antigen, bFGF = basic fibroblast
growth factor, VCAM = vascular cell adhesion molecule, and MCP = monocyte chemotac­
tic protein.

There is increasing evidence of iNOS expression in experimental diabetes.
Cytokine gene expression accompanied by both iNOS and cyclooxygenase ex­
pression have been demonstrated in lymphocytes and macrophages infiltrating
the pancreas of animals with hereditary diabetes mellitus (NOD mice and bio­
breeding BB rats) [l62,l63]. Islet cell destruction in these animal models is
accompanied by increased local production of NO by the activated infiltrating
cells [162,164-166]. Macrophages activated by AGEP or by oxidized lipids
release TNF-a and IL-l~, cytokines known to induce expression of iNOS
[110,167,168]. Glucose elevation has recently been reported to enhance the
expression of iNOS induced by lipopolysaccharide plus interferon-y in cultured
murine mesangial cells [169]. Infusion of AGEP into normal animals induces
glomerular hyperfiltration [141] and vascular dysfunction characterized by in­
creased permeability and unresponsiveness to vasodilatory agents [140]. Amino­
guanidine, a relatively selective inhibitor of iNOS [139], has been reported to
inhibit the development of diabetic vascular dysfunction [137,138,140]. Expres­
sion of iNOS in renal mesangial cells is controlled by at least two separate
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signaling pathways, one involving 3',5',-cyclic monophosphate (cAMP) and the
other triggered by cytokines such as IL-I por TNF-a [170]. The two pathways
operate in a synergistic fashion. Interleukin-l p- and TNF-a-induced iNOS expres­
sion is dependent on activation of the transcription factor, nuclear factor KB
(NFlCB), whereas the cAMP is not. NFlCB is activated by reactive oxygen species
and by AGEP [151,158]. Oxidized LDL activates both the cAMP and NFlCB
signal pathways [158,167].

8. Vasodestructive Implications of iNOS Activation in Diabetes

Activation of iNOS leads to rampant, nonmodulated production of very high
concentrations of NO [171]. The simultaneous increased production of NO and
of superoxide anion, an important target of NO, produces conditions favorable
for the formation of peroxynitrite anion in diabetes [10,172-175]. Peroxynitrite
directly oxidizes many important biologic molecules by attacking sulfhydryl and
iron-sulfur centers [173,175-177]. Peroxynitrite may spontaneously decompose
to form hydroxyl radical and nitrogen dioxide [172]. In the presence of trace
metals, peroxynitrite may form a nitronium ion, an intermediate which readily
nitrates tyrosine on proteins, forming 3-nitrosotyrosine residues [178,179]. The
cellular toxicity caused by high concentrations of NO may arise from NO­
mediated production of damaging peroxynitrite anion and hydroxyl radicals.
In addition, NO can produce toxicity by attacking iron-sulfur clusters in the
mitochondrial electron transport chain [10] and by reacting with critical iron or
sulfhydryl groups on various enzymes. Evidence of NO-mediated toxicity in
experimental diabetes at the present is largely indirect. The abnormal vasodilation
noted in the afferent arteriole in diabetic animals, as well as the insensitivity of
the afferent arteriole to vasodilating and vasoconstricting agents may both be
reflections of increased NO resulting from iNOS activation in the arteriole. The
later development of sclerosing glomerular disease likewise may arise at least
in part from cytotoxic effects of NO-mediated free radical production. Continued
infusions of AGEP into normal animals induce glomerular sclerosis and albumin­
uria [142]; as reviewed above, AGEP may induce iNOS expression via multiple
pathways. AGEP cross-linking in structural proteins is enhanced by increased
free radicals. The synergistic effects of accumulation of AGEP [1,110,146,156]
and enhanced NO-mediated radical production may be responsible for the wide­
spread acceleration of atherosclerosis characteristic of end-stage diabetic ne­
phropathy.

9. Intervention Strategies to Prevent Diabetic Vascular Disease

The focus of prevention must be on control of glucose levels in diabetic individu­
als. The critical role of elevation in glucose in the pathogenesis of diabetic
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vascular disease cannot be overemphasized. The findings from the recently com­
pleted Diabetes Control & Complications Trial offer conclusive proof for the
protective effects of aggressive control of blood glucose in diabetic subjects
[180]. Adjunctive measures which may afford some protection from the delayed
complications of diabetes currently under study include the trials with aminogua­
nidine [1], with aldose reductase inhibitors [181], and with antioxidants [182].
Discussion of these trials is beyond the scope of this chapter. Intervention strate­
gies directed at iNOS activation in diabetes must await direct demonstration of
a pathophysiological role of iNOS in diabetic vascular disease. The recently
reported findings that selective knock-down of iNOS in the kidney amelioriates
ischemic acute renal failure [183] offers promise that it may be possible to
selectively target iNOS activation in other clinical states.
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NO and Hypertension

Eduardo Nava, Georg Noll, and Thomas F. Luscher

Although nitric oxide (NO) release seems to be influenced by changes in blood
pressure, it remains controversial whether its production is or is not affected in
hypertension. Recent research work is unraveling profound differences in the
role of NO in different forms of hypertension. This role seems to vary depending
on the stage of the disease and model studied. In human hypertension, pharmaco­
logical experiments revealed an impaired NO dilator mechanism. In spontaneous
and renovascular hypertension in the rat, the production of NO is increased,
probably as a compensatory mechanism. However, in genetic hypertension, NO
is ineffective in performing its biological functions, presumably because of in­
creased inactivation by oxidative radicals. In this form of hypertension, an in­
creased production of contractile factors and/or a decreased release of hyperpolar­
izing factors seem to be involved. NO also plays a crucial role in the kidney, where
it contributes to the regulation of blood pressure. A reduced renal production of
NO, even with a normal overall endothelial function, could contribute to the
genesis of hypertension. In salt-dependent hypertension (Dahl- and DOCA salt­
sensitive), NO production is impaired, probably due to a deficiency of the substrate
for NO synthase. In pulmonary hypertension, the use of NO gas inhalation has
been proposed as a future therapy for this condition. The above issues will be
the focus of this chapter.

1. Nitric Oxide in the Cardiovascular System

Nitric oxide has quickly become a well-established mediator of cell communica­
tion implicated in many physiological and pathophysiological processes, includ­
ing a variety of cardiovascular diseases [I]. NO is synthesized from L-arginine
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by NO synthases (Fig. 18-1) [2], a family of enzymes including a calcium­
dependent isoform which is constitutively present in endothelial cells and platelets
(NOS III) [2]. This enzyme is modulated by shear stress and a variety of receptor­
activated agonists as well as hormones and Chapter 8 [3-5]. Nitric oxide synthe­
sized by endothelial cells plays a crucial role in the regulation of blood pressure,
vascular tone, and platelet aggregation [6-8]. There is also a second form of
constitutive calcium-dependent enzyme present in neuronal cells (NOS I). This
enzyme can be found within the nerve endings surrounding the vessels [2].
Another type of NO synthase is calcium independent and inducible by immuno­
logical stimuli (NOS II; Fig. 18-1) [2]. This enzyme is present in a number of

•
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Figure 18-1. The L-arginine/NO pathway in the blood vessel wall. sGC = soluble
guanylate cyclase; cGMP =cyclic 3/,5/-guanosine monophosphate; LPS =lipopolysaccha­
ride; TNF = tumor necrosis factor; IL-I = interleukin Ib; cNOS/iNOS =constitutive!
inducible NO synthase; ADMA =asymmetrical dimethylarginine; L-NMMA =N'-mono­
methyl-L-arginine; L-NAME =N'-nitro-L-arginine methylester.
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tissues, including smooth muscle cells and macrophages, and takes part in several
immunopathological processes [2].

2. Nitric Oxide and Blood Pressure

Research carried out by the authors has shown that brief pharmacologically
induced elevations in blood pressure are followed by an increased release of NO
to the circulation, which can be detected by measuring small variations in plasma
nitrate. On the contrary, drops in pressure cause a decreased production of NO
(Fig. 18-2) [9]. We have also observed that the production of NO and the activity
of constitutive NOS are higher in a genetic model of hypertension compared to
normotensive controls (Fig. 18-3) [10,11]. These findings strongly suggest that
high blood pressure upregulates NO production. The mechanism by which ele­
vated blood pressure leads to an increased production of NO is not clear yet.
Extensive work has been done on the effect of blood flow, shear stress, and
other related mechanical stimuli on the production of NO and the expression of
endothelial NOS [3,12-15]. KeIrn et at. proposed that only variations in blood
flow, but not blood pressure, are able to stimulate the endothelial release of NO
[16]. Although cardiac output remains constant in spontaneous hypertension
[17,18], it is likely that the shear stress against the vessel wall is increased
because of the generalized vasoconstriction seen in this condition. Also, shear
stress may be higher due to the increased viscosity of the blood occurring in
hypertension [19]. In addition, it is possible that the availability of NO is dimin­
ished because of increased oxidative degradation of NO (see Section 5). The
overexpression of NOS could be ascribed to cessation of downregulation by
NO [20].

3. Nitric Oxide and Hypertension

The role of the endothelium and NO in systemic hypertension is still controversial.
We initially proposed that an impaired release of relaxing factors may partly
underlie the pathogenesis of hypertension [21]. However, later it appeared that
endothelium-dependent relaxation is nonuniformly affected in this condition. In
some vascular beds of spontaneously hypertensive rats, such as the aorta, mesen­
teric, carotid, and cerebral vessels, endothelium-dependent relaxation is impaired
[21-23]. In contrast, in coronary and renal arteries of spontaneously hypertensive
rats, endothelial function does not seem to be affected by high blood pressure
[23,24].
Research carried out so far reveals that the role of NO in hypertension varies

widely, depending on the situation and animal model studied (see below for
specific details). In some models, NO production seems to be diminished and
this might be partly responsible for the high blood pressure. In other situations,
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Figure 18·2. Effects of substance P (3 /lglkg/min, dotted lines), prostacyclin (0.3-0.6
mglkg/min, dashed lines) and angiotensin II (3 /lglkg/min, solid lines) on blood pressure
(closed symbols) and plasma nitrate (open symbols). Plasma nitrate concentration follows
the changes in blood pressure caused by angiotensin II and prostacyclin. For substance
P, however, there is an inverse relation between blood pressure and plasma nitrate.
*Statistically significant (p<.05) compared to basal levels. (From Ref. 9, by permission.)

the cause of hypertension is not related to the NO pathway and the production
of NO is activated as a compensatory mechanism (Fig. 18-4) [25].

4. Nitric Oxide in Human Hypertension

Experiments in humans, have demonstrated a diminished basal and stimulated
NO production [26-30]. The decrease in forearm blood flow induced by NG-
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Figure 18-3. Blood pressure (a) and activity of constitutive NO synthase (eNOS; b) in
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at age 3 weeks (young) and 18 weeks (adult). *P < .05 and ** P < .01 versus normotensives;
tp < .01 versus young animals. (From ref 10, by permission.)
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Hypertension
B

Figure 18-4. Moncada's interpretation of the biological events observed in different
experimental situations of hypertension. The production of NO by the vessel wall may
vary in three ways. In a normal artery, the vasoconstrictor tone (open-headed arrows)
is counterbalanced by the NO-dependent vasodilatory tone (closed-headed arrows). In
hypertensive situation A (e.g., spontaneous or renovascular hypertension), the vasoconstric­
tor tone is primarily increased and NO production appears higher than normal in an
attempt to equilibrate blood pressure. In situation B (e.g., salt-sensitive hypertension), the
primary cause is a diminished production of NO. The usual vasoconstrictor tone is enough
to produce hypertension. (From Ref. 25, by permission.)

monomethyl-L-arginine (L-NMMA), is smaller in hypertensive than in normoten­
sive patients [26] and endothelium-dependent vasodilations to acetylcholine ap­
pear to be reduced in patients with primary or secondary hypertension (Fig. 18-5
[27-29]). The impaired endothelial response in hypertensives can be enhanced
by indomethacin, suggesting that vasoconstrictor prostanoids also contribute to
the impaired endothelium-dependent relaxation in hypertensive patients [29].
Most of these studies are based, unfortunately, on pharmacological experiments,
and few analytical measurements of NO have been performed (except for urinary
nitrate which seems to be lower in hypertensive patients [30]). Tracing the real
production of NO from endothelial cells in human hypertension is an endeavor
which still remains to be undertaken. New horizons have been opened in this
field by the recent use of porphyrinic microprobes in human vessels [31].

S. Nitric Oxide in Spontaneous Hypertension

The spontaneously hypertensive rat (SHR) is a genetic model of hypertension
which we have investigated for many years. In the mid-1980s, we demonstrated
that the impaired relaxations of aortic segments from SHR are not caused by a
deterred production of endothelium-derived relaxing factor (EDRF) but instead,
by an increased release of prostanoid contractile factors (Fig. 18-6) [21,32,33].
With the advent of the NO age and using new methodologies, we have confirmed
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Figure 18-5. Changes in forearm vascular resistance caused by acetylcholine and sodium
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that to nitroprusside, was impaired in hypertensive patients. * p<.05. (From Ref. 27,
by permission.)

the initial observations on the release of EDRF in this form of hypertension (Fig.
18-2) [l0,11]. The activity of constitutive NOS, as assessed by the conversion
of [14C]-L-arginine to [14C]-L-citrulline is higher in the heart and in mesenteric
resistance arteries obtained from SHR compared to age-matched normotensive
rats [10,11]. Moreover, the concentration of the oxidative product of NO, nitrate,
measured by high-performance liquid chromatography and capillary electrophore­
sis, is higher in hypertensive rats as compared to normotensive controls [II].
In contrast, prehypertensive young SHR exhibit similar nitrate levels as the
normotensive. These observations demonstrate that the basal release of NO is
increased in rats with spontaneous hypertension and that this increased production
is directly related to the high blood pressure of the animals. Interestingly, Hirata's
group has found that, although the vasoactive effects of acetylcholine in the
kidney are indeed abnormal, the release ofNO from renal vessels is not diminished
but is even slightly higher in the SHR (Fig. 18-7) [33]. Treatment with inhibitors
of the endothelium-derived hyperpolarizing factor (EDHF) brings the vasoactive
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Figure 18-6. Different mechanisms of endothelial dysfunction in genetic (i.e., spontane­
ous; left) and salt-induced hypertension of the rat (right). ACh =acetylcholine; ADP =
adenosine diphosphate; cGMP = cyclic 3',5'-guanosine monophosphate; NE = noradrena­
line; 5-HT=5-hydroxytryptamine (serotonin); PGH2=prostaglandin H2.; EDCF=endothe­
lium-derived contracting factor. (Modified from Ref. 44, by permission.)

effects of acetylcholine to a similar level in nonnotensive and hypertensive rats,
suggesting that, in this fonn of hypertension, a decreased EDHF production, but
not NO, is taking place [33].
Further studies carried out in our laboratory have demonstrated that the accumu­

lation of cyclic GMP in mesenteric resistance arteries is similar in WKY and
SHR [11]. Moreover, the NO-dependent vasodilator tone, assessed by the blood
pressure effects of L-NAME, is not higher in hypertensive rats, as would be
expected in a situation in which the production of NO is increased. The capacity
of vascular smooth muscle cells of hypertensive rats to respond to NO, on the
other hand, must be fully maintained as organic nitrates lower blood pressure in
a similar fashion in both strains of rats and relaxations to sodium nitroprusside
are enhanced in this condition [32]. Altogether, these findings suggest that endoge­
nously produced NO, though increased in SHR, is unable to properly raise cyclic
GMP levels in the vascular smooth muscle cells of these animals. Hence, it
appears that an additional event takes place that prevents NO from accomplishing
nonnal hemodynamic functions. The hypertrophied and fibrotic intimal layer of
hypertensive vessels [34] may represent a physical barrier for NO, accounting
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for the blunted hemodynamic actions of NO. Also the chemical environment that
NO encounters, such as oxicative stress [35] can determine its fate.

6. Nitric Oxide and the Kidney in Hypertension

Nitric oxide plays an important role in renal function. Indeed, the kidney is
extremely sensitive to NO inhibition as very low doses of L-arginine analogs,
which do not affect blood pressure, diminish diuresis and natriuresis [36,37].
Research carried out by Salazar and co-workers demonstrated the importance of
NO in the kidney, particularly when the balance of sodium is altered or extracellu­
lar volume expansion occurs [37-39]. Indeed, the activity of constitutive NOS
is higher in the renal medulla (where the regulation of pressure-induced natriuresis
takes place) than in any other tissue related to the control of blood pressure [40].
It is also noteworthy that the kidney displays the highest increases in vascular
resistance upon treatment with NO synthesis inhibitors [41]. It is plausible that
in certain circumstances, minimal alterations in the production of NO occur.
In such cases, the cardiovascular system might not be affected, but systemic
hypertension emerges due to a deterrence of kidney function. It has been recently
shown that renal failure is also associated with an accumulation of an endogenous
inhibitor of NO synthesis, the asymmetrical dimethylarginine [42], which could
also explain the increase in peripheral resistance and hypertension observed in
this condition.
In renovascular hypertension endothelium-dependent vascular relaxation is

impaired, suggesting a diminished production of EDRF [43]. However, Sigmon
and Beierwaltes have demonstrated in a model of renovascular hypertension
that treatment with an inhibitor of NO synthesis similarly affects clipped and
nonclipped kidneys as well as normotensive controls [41]. Thus, in this model
of hypertension, the endothelium is not disfunctional but is a critical component
in the adaptation to increased blood pressure. These authors also observed that
the clipped kidney lacks the NO-mediated adaptative mechanism and suggested
that this may contribute to the pathogenesis of hypertension in this model [41].

7. Nitric Oxide in Salt-Sensitive Hypertension

We reported that Dahl salt-sensitive rats show impaired endothelium-dependent
relaxations (Fig. 18-6) [44], but no release of vasoconstrictor prostanoids could
be demonstrated [44,45]. This suggests that a decreased NO production may
contribute to the pathogenesis of this form of hypertension. Hayakawa et al.
recently demonstrated that Dahl salt-sensitive rats display a reduced response to
acetylcholine in renal blood vessels which is accompanied by a decreased release
of NO (Fig. 18-7) [33]. Chen and Sanders showed interesting data supporting
this idea [46,47]. Inhibition of NO synthesis causes a higher increase in blood
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pressure in normotensive rats (Sprague-Dawley and Dahl salt-resistant) than in
Dahl salt-sensitive rats, suggesting that the synthesis of NO is lower in the latter
group of animals [46,47]. These authors also demonstrated that NO production,
as assessed by the pharmacological effects of NO inhibitors, improves by feeding
NaCI to salt-resistant Dahl rats [46]. Moreover, administration of L-arginine was
effective in lowering blood pressure in the salt-sensitive strain, but not the SHR
[46]. These findings provide new insights into the pathogenesis of salt-dependent
hypertension and emphasize the profound differences in the role of NO in several
forms of hypertension.
Blood vessels from DOCA salt-sensitive hypertensive rats elicit impaired endo­

thelium-dependent relaxations [48], and cGMP accumulation is diminished in
these vessels [49]. Thus, a decreased production of NO may be involved. Haya­
kawa and co-workers have demonstrated that these impaired relaxations are
paralleled by a diminished release of NO from perfused kidney vessels (Fig. 18­
7) [33]. Beneficial effects of treatment with L-arginine on endothelial function
have also been shown [50,51], suggesting, once again, a compromised availability
of the substrate for NOS as a possible pathogenesis of this form of hypertension.

8. Nitric Oxide in the Hypertensive Heart

Hypertension leads to left ventricular hypertrophy, myocardial damage and heart
failure [52]. Recent studies have shown that in spontaneous hypertension, the
production of NO is increased in the heart. Keirn et al. have shown that the
release of NO from isolated coronary vessels is augmented in the spontaneously
hypertensive rat (SHR [53]). Moreover, experiments performed in our laboratory
demonstrate that adult SHR possess a higher activity of constitutive NOS in the
heart endothelial cells than their normotensive counterparts [10]. Very young
prehypertensive SHR have, in contrast, lower enzymatic activity than the normo­
tensive animals, indicating that the increased activity of NOS in these cells
is indeed related to hypertension (Fig. 18-3) [10]. The augmented activity of
constitutive NOS in the hypertensive heart develops at the expense of the left
ventricle, where the highest differential pressure in the cardiovascular system is
found [10]. These observations further support the concept that high blood pres­
sure upregulates the endothelial NOS and, hence, the production ofNO. It appears
that cardiac cNOS activity remains unchanged within the normotensive blood
pressure range; however, there exists a pressure threshold above which upregula­
tion of the enzyme takes place.
An enhanced production of NO in the hypertensive heart probably acts as a

compensatory mechanism by decreasing myocardial contractility and causing
vascular dilatation. Nitric oxide in the hypertensive heart may also protect it
from hypertrophy. High blood pressure causes cardiac hypertrophy and fibrosis
which often leads to left ventricular failure [54]. Nitric oxide, a potent inhibitor
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of smooth muscle cell growth and migration [54], might protect the heart from
these damaging effects of hypertension.

9. Nitric Oxide and Pulmonary Hypertension

Nitric oxide is present in exhaled air of animals [55] and humans [56]. It is an
inhibitory modulator of the pulmonary hypoxic pressor response [57]. Further­
more, NO plays a role in the pulmonary circulation and in the normal oxygenation
of the blood through regulation of ventilation-perfusion match [57]. It is likely
that the NO involved in the physiological regulation of the pulmonary circulation
is synthesized by the constitutive NO synthase [55]. On the basis of these findings,
inhaled NO has been used for the treatment of various forms of pulmonary
hypertension [58], such as the pulmonary hypertension of the newborn [59],
pulmonary hypertension of congenital heart disease [60], idiopathic pulmonary
hypertension [61], acute pneumonia [62], and severe obstructive airways disease
[63]. It is important to realize that inhaled NO is still at the experimental stage
and the potential hazards of this treatment have not been fully explored. If further
data confirm the early promise of this novel treatment, it will not be long before
NO delivery and monitoring machines are in routine use in neonatal and intensive
care units.
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NO in Normal and Preeclamptic Pregnancy

Chris Baylis

Nonnal pregnancy involves dramatic hemodynamic maternal changes which
are suppressed in preeclampsia, leading to serious complications for mother and
baby. The mechanisms of the physiologic adaptations are unknown, as is the
precise cause of preeclampsia, and there are no adequate methods of prevention
or reliable early markers of the disease. As discussed in detail in this chapter, it
is possible that the nonnal hemodynamic physiologic adaptations are due to
increased nitric oxide (NO) production and that the systemic manifestations of
preeclampsia are the result of a net NO-deficient synthesis.

1. Renal and Systemic Hemodynamics in Normal Pregnancy

Large increases occur in plasma volume, stroke volume, and heart rate, which
together produce an -40% rise in cardiac output [1,2]. Despite the increase in
cardiac output, blood pressure (BP) falls [1,3] due to a reduction in total peripheral
vascular resistance (TPVR) [l]. As well as arteriolar vasodilation, nonnal preg­
nancy is accompanied by vascular refractoriness to the pressor action of adminis­
tered vasoconstrictors including angiotensin II (All) and arginine vasopressin
[2,4,5]. In addition to changes in systemic hemodynamics, there are marked
changes in kidney function indicated by the fall in serum creatinine, due to a rise
in glomerular filtration rate (GFR), maintained throughout most of the gestational
period [6,7]. The time course and relative magnitude of these hemodynamic
responses to pregnancy are shown in Fig. 19-1. The rise in GFR is correlated
with increases in renal plasma flow (RPF) [7], and all of these systemic and
renal responses are seen in the rat as well as in women. Studies by the author
have shown that in the rat, the rise in GFR is entirely due to increases in RPF,
secondary to renal vasodilation [8]. The renal vasodilation precedes the general
volume expansion and involves parallel relaxation of both preglomerular and
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Figure 19-1. Diagram depicting the time course and magnitude of the changes in blood
pressure (BP), GFR, plasma volume, and cardiac output in normal pregnant women.

postglomerular arteriolar resistances (RA and RE). An important consequence of
the parallel falls in RA and RE is that no change occurs in glomerular blood
pressure, PGC during pregnancy [8].
The renal and systemic hemodynamic changes are initiated by maternal factors,

as they also occur in pseudopregnant rats [8]. However, the exact causes of the
renal and peripheral vasodilation of pregnancy are unknown although various
hormone systems have been implicated as potential mediators. Increased produc­
tion of prostaglandins occur in pregnancy [8,9], but studies by the author suggest
that these vasodilatory agents do not directly mediate the gestational rise in GFR
or falls in BP [10,11]. The renin-angiotensin II system is modified in pregnancy
with increased plasma renin activity (PRA) and plasma All levels and decreased
responsivity to administered All [4,5]. We have shown that All does not control
BP or renal function in the normal (physiologic) nonpregnant state [12]; thus, it
is unlikely that gestational changes in the All system cause the fall in BP or
increased GFR. Plasma atrial natriuretic peptide (ANP) increases moderately
during pregnancy, although there is substantial variability [13,14]. These increases
in ANP are not responsible for the gestational fall in BP because plasma ANP
remains elevated long after delivery, when BP has returned to prepregnancy
values [14] and Masilamani and Baylis have shown that the depressor response
to ANP is unaltered in pregnant rats [15]. Despite much investigative effort, the
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cause of the vasodilation and plasma volume expansion of normal pregnancy
remains elusive. The possible role of the nitric oxide (NO) system is discussed
in section 4.

2. Nitric Oxide: Control of Systemic and Renal Hemodynamics in the
Nongravid State

Many cell types, including vascular endothelial cells, make the vasodilatory NO
synthesized enzymatically from L-arginine, which acts predominantly via the
second messenger, cyclic GMP (cGMP) [16]. Vascular endothelial cells contain
the constitutive, endothelial NO synthase (eNOS) that continually produces NO,
which controls TPVR and BP by direct vasodilatory actions and by blunting the
responsiveness to vasoconstrictors [16,17]. A second constitutively expressed
neuronal or "brain-type" NOS (bNOS) influences BP and kidney function by
central and peripheral neural activity [18] and possibly by influencing renal
epithelial cell transport in various locations throughout the tubule, including the
macula densa [19,20]. A third inducible NOS isoform (iNOS) may influence BP
and/or kidney function under some circumstances [21,22]. Nonselective inhibition
of NO production from the various NOS isoforms can be produced by systemic
administration of substituted L-arginine analogs which compete with the endoge­
nous substrate and inhibit NOS [16]. Studies in animals have shown that acute
NOS inhibition leads to dose-dependent increases in BP, to a maximum of
-30-40% above basal values [12,16,23]. Pressor doses of NO inhibitors also
produce large increase in renal vascular resistance (RVR), decline in RPF, and
small reduction in GFR [12,23]. Local inhibition of NO production in the human
forearm circulation produces vasoconstriction [24,25] and systemic NOS inhibi­
tion increases BP and TPVR [26], showing that tonically produced NO vasodilates
the periphery in normal man. Infusion of the native substrate L-arginine stimulates
NO production in some settings, and studies in normal man have shown that
L-arginine lowers BP and increases RPF [27]. Thus, tonically produced NO plays
an important role in control of BP and renal function in the normal, nonpregnant
human, as discussed in more detail elsewhere in this volume (Chapters 8 and 18).
The author and others have shown that in animals, chronic NOS inhibition

produces a dose-dependent, chronic systemic hypertension, renal vasoconstriction
with substantial elevations in glomerular blood pressure, proteinuria, and glomeru­
lar injury [28,29]. Whereas partial NOS inhibition for 8 weeks produces a moder­
ate stable hypertension [28], near-complete NOS inhibition elicits a higher mean
BP over a shorter (5-6 week) period, with some rats developing malignant
hypertension [29]. Although the role of NO deficiency in human hypertension
has yet to be clearly defined, several clinical studies have suggested that NO
deficiency occurs in some essential hypertensives, and acute L-arginine (NO
substrate) infusion is an effective antihypertensive agent in essential and second-
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ary hypertension in nonpregnant humans [24,30]. This important area is discussed
elsewhere in this volume (Chapter 18).

3. Methods of Assessment of Activity of NO

Plasma or tissue levels of the NO substrate arginine give a measure of substrate
availability, because NO is enzymatically synthesized from L-arginine [16]. It is
generally believed that L-arginine is not rate limiting for normal constitutive NO
synthesis, but the substrate can become rate limiting when NO production rates
are high due to iNOS; whether increased levels of constitutively generated NO
also become substrate limited is not known [16,31,32]. There are also endogenous,
substituted L-arginine analogs such as asymmetric dimethylarginine (ADMA)
which functions as an inhibitor of NO synthesis, by competing with the native
substrate, L-arginine, for the enzyme(s) that synthesize NO (the NO synthases,
NOS) [33,34]. Because endogenous levels of these L-arginine analogs are present
in concentrations which can inhibit NO synthesis, plasma or tissue levels of these
compounds may be informative about overall NO synthesis. In vivo, orotic
acid (a precursor of pyrimidine synthesis) is increased as a marker of arginine
deficiency, which could reflect arginine depletion secondary to excessive NO
synthesis or NO deficiency secondary to inadequate arginine availability [35,36
and Chapter 6].
The type, location, and abundance of the NOS is also an important determinant

of NO production. So far, three NOS isoforms have been sequenced and cloned;
NOS I is the constitutively expressed brain-type NOS (bNOS) first found in the
cerebellum; NOS II is the inducible NOS (iNOS) activated by immune and
possibly other stimuli and first found in the macrophage; NOS III is the endothelial
constitutively expressed NOS (eNOS), and a second iNOS isoform has recently
been detected in the rat kidney [20,21). The activity of these various NOS
isoforms can be measured by arginine to citrulline conversion, localized with
immunohistochemistry, and NOS mRNA expression can be quantitated using
specific cDNA probes [16,19,20,21,22,37]. Several cofactors are required for
NOS activity, such as calcium in the case of the constitutively expressed NOS,
and FAD, NADPH, and tetrahydrobiopterin for all NOS [16,38]; however, these
are ubiquitous and it is unlikely that cofactor levels will be useful as an index
of activity of the NO system.
Nitric oxide is extremely labile and cannot be measured directly because it

rapidly undergoes oxidation to inorganic N02 and N03 =NOx [16]. The amount
of NOx present in body fluids represents the production of NO when corrected
for the NOx ingested in the diet. The best way to assess NO production is from
24-h urine NOx excretion rates, corrected for intake. We have found that acutely
UNOxbV does not reliably reflect NO production because there is extensive renal
epithelial handling of filtered NOx and when tubular reabsorption is altered,



388 / Chris Baylis

UNOxV will change independently of the NO system [39]. Plasma and 24-h urine
values of the NO second messenger cGMP are informative but may be misleading
when viewed in isolation, as cGMP is also the second messenger of atrial natri­
uretic peptide.
In addition to measuring the activity and/or levels of the various components

of the NO system, acute interruption of NO synthesis, either locally or systemi­
cally and either in vivo or in vitro, can also give important insights into the
functional activity of the endogenous NO system, as discussed above. In vivo
and in vitro responses to certain agonists, such as acetylcholine (Ach) and bradyki­
nin (Bk) as well as the physiologic stimulus of shear stress, have provided another
means of assessing the activity of the NO system [16]. Finally, the responsiveness
to NO donors (such as sodium nitroprusside) and the distribution and isoform
of the NO receptor (predominantly soluble guanylate cyclase) are also informa­
tive [40,41].
Many of these approaches have been employed to investigate the role of NO

in normal and hypertensive pregnancy, as discussed in the next section.

4. NO in Normal Pregnancy: Control of Maternal Hemodynamics

4.1. Experimental

A number of studies have investigated whether enhanced production and/or
sensitivity to NO occurs in normal pregnancy. Plasma and urinary levels of
cGMP (the second messenger of NO) increase during pregnancy in rats and
urinary cGMP increases in pseudopregnant rats [42]. This probably reflects in­
creased tissue production of cGMP, as metabolic clearance rate is unaffected
[42]. Marked increases in 24-h urinary NOx excretion have been reported during
pregnancy in the normal rat which cannot be accounted for by increased dietary
intake [43,44]. In addition, increases in plasma NOx were also observed during
pregnancy, and plasma and urinary NOx correlate well with increases in cGMP
(Fig. 19-2 [43]).
Nitric oxide production in pregnant rats is relatively resistant to chronic NO

synthesis inhibition [44], suggesting enhanced basal production, although one
study failed to show an exaggerated pressor response to acute NO synthesis
inhibition in conscious pregnant versus virgin rats [45]. In vivo studies suggest
that NO is responsible for the pregnancy-associated refractoriness to the pressor
action of administered vasoconstrictors [46,47]. Data from in vitro studies have
also supported the concept that NO activity is increased in some blood vessels
during pregnancy although the findings have been variable. Much work has been
done in guinea pigs, where agonist-stimulated NO release by Ach from carotid,
uterine, and mesenteric arteries, but not renal arteries, is enhanced in pregnancy
[48,49]. However, these same workers failed to show a consistent gestational
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Figure 19-2. Summary of the 24-h urinary excretion of nitrite + nitrate (e) and cGMP
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values. (Reproduced with permission from Ref. 43.)

blunting of the carotid artery response to a range of vasoconstrictors which argues
against tonic basal NO production in this conduit vessel [50-52]. In the rat
thoracic aorta, there is no evidence of increased basal or agonist stimulated NO
in late pregnancy [53]. Although uterine blood vessels are partially dependent
on NO to attenuate the effect of some vasoconstrictors, cyclooxygenase products
and other unidentified agents also playa role [51,52]. In the guinea pig, there is
only a small increase in RPF during pregnancy, and in this species, pregnancy
has little impact on NO release from the renal artery [49]. None of these studies
in the guinea pig have addressed the issue of vascular reactivity in resistance­
sized vessels. One study in isolated rat renal interlobar arteries suggests blunted
basal and enhanced agonist-stimulated NO release in late pregnancy [54]. Because
RVR is returning to nonpregnant values close to term, the more likely time to
see increased basal renal NO release would be at midterm, when the kidney is
maximally vasodilated [8].
Recent studies have shown that pregnancy increases the activity of calcium­

dependent (constitutive) NOS (by measuring arginine to citrulline conversion)
in uterine artery, kidney, heart, and other tissues in both early and late pregnant



390 / Chris Baylis

guinea pigs [37,55]. Increased expression of mRNA levels for both constitutive
NOS isoforms have been observed in a variety of locations in late pregnant
guinea pig and estrogen apparently provides the primary stimulus, as estrogen
receptor antagonism with tamoxifen prevents the gestational stimulation to NOS
expression [37]. Increased eNOS has also recently been reported in the aorta of
pregnant rat [56] and the author has shown a midterm increase in renal nNOS
expression (by Northern blot analysis), at a time when the kidney exhibits the
maximal gestational vasodilation in the rat (Baylis and Huffman, unpublished
data). There are additional data to suggest that estrogens enhance NO-dependent
vascular relaxation in pigs and rabbits [57,58]. However, in pregnant rats, estrogen
levels are very low until just before term [59], although increased NO production
and vasodilation are seen early; therefore, the precise role of estrogens in mediat­
ing the increased NOS expression of pregnancy in the rat remains to be deter­
mined.
Normal pregnant rats exhibit signs of relative arginine deficiency because

orotic acid excretion increases progressively during pregnancy [60] and plasma
arginine levels are -40% reduced in the basal state [61]. This reduction in maternal
plasma L-arginine presumably reflects increased utilization of substrate in re­
sponse to the increased demand for NO and increasing fetal requirements, as
well as increased urea production. Chronic dietary arginine deprivation, in the
rat, leads to low fetal birth weight and high perinatal mortality [62]. These
observations, in aggregate, suggest that NO plays a role in the systemic cardiovas­
cular responses to normal pregnancy.
In addition to a general increase in vascular NO production, which contributes

to the gestational vascular refractoriness to constricting agents and fall in BP
and is particularly pronounced close to term, increased NO production apparently
plays a role in the renal vasodilation of pregnancy. It is clear that NO is an
important physiologic renal vasodilator [63] and recent work in conscious preg­
nant rats suggests that the renal vasodilation is due to increased NO production
[64]. As shown in Figure 19-3, low-dose NOS inhibition abolishes the midterm
rise in GFR by selectively reversing the gestational fall in renal vascular resistance,
without changing RVR in virgins. Normal late pregnant rats given lipopolysaccha­
ride (LPS, which normally stimulates a large burst of NO production) develop
glomerular thrombosis due to inadequate NO generation secondary to substrate
limitation, and plasma arginine levels fall to near zero [61]. This same dose of
LPS in nonpregnant rats produces only -50% fall in plasma L-arginine, greater NO
generation, and no glomerular thrombosis; thus, pregnant females are particularly
susceptible to development of L-arginine deficiency [59]. Presumably, this is
partly the result of increased utilization of L-arginine due to increased basal NO
synthesis. Finally, chronic NOS inhibition during pregnancy leads to suppression
of the normal peripheral and renal vasodilation [65] and produces a pattern that
closely resembles the symptoms of preeclampsia (see Section 6). Thus, increased
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NO production seems to be responsible for the renal vasodilation in the normal
pregnant rat.

4.2. Clinical

There are specific problems with the clinical assessment of NO activity using
NOx values, which contribute to the lack of consensus in the current literature
on the effect of pregnancy on the NO system in women. These include the
variability of dietary NOx intake, which is high in some processed foods and
vegetables, as well as the potential impact of other social and environmental
influences such as cigarette smoking, alcohol consumption, atmospheric pollution,
and exercise [66]. In addition, our work in rats suggests strongly that measure­
ments on spot urines are uninformative about the status of the NO system and
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are more likely to reflect renal tubular handling of N03 [39]. Thus, bacteria-free
24-h urine samples are necessary, as 24-h urine excretion of NO" when corrected
for NOx intake, provides a measure of NO production. Further, in our experience,
human urine samples sometimes contain interfering factors (Samsell and Baylis,
unpublished data) which cause the urinary NOx to "disappear" during assay. One
example of an interfering factor is vitamin C [67], which is particularly worrisome
in the context of measurements in pregnancy, as pregnant women are usually
receiving vitamin supplementation.
The available clinical data are summarized in Table 19-1. The 24-h urinary

excretion of cGMP is increased in normal pregnancy [68,69] and Seligman et
al. report elevated plasma NOx in normal pregnancy [70). In contrast, work by
Curtis et al. reports no difference in plasma NOx values between nonpregnant
and normal late pregnant women [71] and Brown et al. report similarity of 24­
h urinary NOx excretion between late pregnant and nonpregnant women [72]. Of
note, none of these studies employed a controlled 10w-NOx diet or discussed
quality control issues regarding urinary NOx measurements. Preliminary studies
in women on a controlled 10w-NOx intake unexpectedly show a reduction in 24­
h UNOx V in the first trimester of normal pregnancy and no difference later in
pregnancy versus the nonpregnant value [73]. These observations, which await
confirmation, demonstrate dissociation between NO and cGMP production in
normal pregnant women and argue against a role for a widespread increase in
NO generation throughout the peripheral vasculature. Strategic, local increases
in NO production may, however, have an important impact on maternal BP
without being detectable as a change in total NO production.
Because NO is produced by the fetoplacental unit, an overall increase in NO
production should occur in the second part of pregnancy, irrespective of whether
NO production increases in the maternal resistance vessels. Immunohistochemis­
try and molecular biology techniques have demonstrated that the normal placenta

Table 19-1. Summary of Clinical Measures of Activity of the NO System in Normal
and Preeclamptic Pregnancy

Study [Ref.]

Kopp et aI., 1977 [68]

Barton et aI., 1992 [69]

Cameron et aI., 1993 [98]

Seligman et aI., 1994 [70]
Curtis et aI., 1995 [71]
Brown et aI., 1995 [72]
Conrad and Mosher,
1995 [73]

Normal Late Pregnant Versus
Nonpregnant

Increased 24-h urinary cGMP
excretions

Increased plasma NO,
No difference in plasma NO,
No difference in 24-h urine NO,
NO difference in plasma NO, or
24-h UNO,bV

Preeclamptic Versus Normal
Late Pregnant

Decreased 24-h urinary cGMP
excretion
No difference in spot urinary
NO,

Decreased plasma NO,
No difference in plasma NO,
No difference in 24-h urine NO,
No difference in plasma NOn
fall in 24-h UNO,b V
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contains abundant constitutively expressed endothelial NOS in the resistance
vasculature [74,75] and, in vitro, the nonnal placental vasculature makes and
vasodilates to NO [76]; in fact, NO is more important than prostacyclin in control
of placental vessel tone [77]. Whether this increase in NO, from fetoplacental
sources is sufficiently detectable in maternal blood or urine is not known.
There is some evidence that a relative arginine deficiency develops in nonnal

pregnant women because the 24-h urinary excretion of arginine and plasma
arginine levels fall although levels in cord blood are maintained [78-80] and
orotic acid excretion increases markedly [81]. In addition, the circulating endoge­
nous NOS inhibitor asymmetric dimethyl arginine (ADMA) falls in nonnal preg­
nancy, suggesting a "pennissive" increase in NO synthesis [82]. There have been
few studies on vascular reactivity in maternal resistance vessels during normal
pregnancy, although McCarthy and colleagues could not detect any change in
Ach-dependent or NO-donor-induced relaxation of small arteries from fat [83].
In contrast, exaggerated vasoconstriction to an NO synthesis inhibitor occurs in
the hand of nonnal early and late pregnant versus nonpregnant women, suggesting
increased tonic NO release in the skin circulation in pregnancy [84].

5. Hypertension in Pregnancy

Hypertensive complications are relatively frequent in pregnancy and can have
serious consequences to both mother and baby. Of the various categories of
hypertension in pregnancy, preeclampsia is the most serious. This disease is
caused by pregnancy and is clinically silent during the first half of the gestation.
There are no reliable, simple early indicators. Risk factors include previous
preeclamptic pregnancy, multiple pregnancy, extremes of maternal age, family
history, possibly low socioeconomic status/poor nutrition, essential hypertension,
and renal disease. The overall incidence of essential hypertension, and renal
disease. The overall incidence of preeclampsia is 5-7% [85].
The symptoms of preeclampsia are extensive and result from suppression

of the nonnal physiologic responses to pregnancy. They include generalized
vasoconstriction, increased responsiveness to vasoconstrictors, increased BP, in­
creased capillary penneability, severe edema, falls in plasma volume, increased
intravascular coagulation, reduction in organ perfusion, fall in GFR, proteinuria,
widespread vascular endothelial damage, including glomerular endotheliosis, and
intrauterine growth retardation (IUGR) [85]. The primary defect in preeclampsia
may involve reduced placental perfusion, leading to fetoplacental ischemia. There
is some evidence that the ischemic fetoplacental unit produces a circulating agent
that causes widespread dysfunction of the maternal vascular endothelium [86].
Research into preeclampsia has been hampered because this disease does not

occur spontaneously except in primates and there are no good experimentally
induced animal models [87]. Pregnancy is usually antihypertensive when superim-
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posed on rats with established hypertension, whether genetic or experimentally
induced [8,87-89]. In the case of the spontaneously hypertensive rat, increased
NO production appears to play an important role in the antihypertensive effect
of pregnancy [90,91].
Because of the recent evidence, discussed above, which suggests that NO is

an important physiologic vasodilator in normal pregnancy, the evidence on a
possible NO deficiency in preeclampsia is considered in the next section.

6. NO Deficiency in Preeclamptic Pregnancy

6.1. Experimental

Unlike other models of hypertension, where pregnancy is uniformly antihyperten­
sive [8,88-90], chronic NOS inhibition produces a maintained, dose-dependent
hypertension and the normal late fall in BP is suppressed while GFR falls, as
shown in Fig. 19-4. In addition, these rats develop proteinuria, suppression of
the normal volume expansion, and increased maternal and fetal morbidity and
mortality [65] in a pattern that resembles the symptoms of preeclampsia. These
observations have subsequently been confirmed by other groups [92,93], although
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Figure 19-4. Mean arterial blood pressure (BP) in the conscious chronically catheterized
rat before and during a normal pregnancy (e) and during pregnancy with low dose (0)
and high dose (6) chronic NO synthesis inhibitor during pregnancy. *denotes a difference
in the normal pregnant rats versus the virgin state. @ denotes a difference, during preg­
nancy, between the NO inhibited and control rats. (Reproduced with permission from
Ref. 65.)
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a recent report challenges these findings, claiming that fetal malformations and
IOGR occur in the absence of maternal hypertension during chronic NOS inhibi­
tion [94]. The author has recently confirmed and expanded earlier observations
with chronic NOS inhibition during pregnancy [65] and have shown, using
micropuncture technique, that RA and RE as well as glomerular blood pressure
remain extremely high in late pregnant rats with chronic NO inhibition [95].
Furthermore, we have found that, although pregnant rats are somewhat resistant
to the actions of NO synthesis inhibitors, a level of NO production that is
appropriate for normal BP control in the nonpregnant rat is associated with
marked hypertension in pregnancy [44]. Therefore, the hemodynamic adaptations
of pregnancy require a large increase in NO production in order for BP to remain
low. Finally, studies by Podjarny and colleagues have shown that the symptoms
ofpreeclampsia produced by superimposition of pregnancy in rats with subclinical
adriamycin nephropathy can be reversed with chronic L-arginine treatment, sug­
gesting that an NO deficiency is pathogenic in this model [96]. Thus, at least in
the rat, relative NO deficiency is associated with compromised pregnancy and a
preeclamptic-like disease.

6.2. Clinical

The available clinical data is summarized in Table 19-1. The 24-h urinary excre­
tion of cGMP tends to faIl in preeclampsia and, interestingly, treatment of pre­
eclamptics with MgS04 restores the cGMP excretion to that of a normal late
pregnant woman [68]. These observations are supported by recent studies in the
rat, which suggest that the antihypertensive action of MgS04 are mediated by
NO [97]. In contrast, a study by Cameron et al. shows no difference in spot urine
content of NOx in normotensive versus preeclamptic late pregnant women [98]
although, as discussed above, spot urinary NOx has little predictive value of the
activity of the NO system [39]. Seligman et al. report reduction in plasma NOx

in preeclampsia [70], whereas Curtis et al. show no difference in plasma NOx

values between normal late pregnant and preeclamptic women [71] and Brown
et al. report similarity of 24-h urinary NOx excretion between these same groups
[72]. In contrast, the first report with rigorous dietary control does show a
significant reduction in 24-h UNOxbV in preeclamptic versus normal third trimester
women, suggesting diminished NO production in preeclampsia [73].
An in vitro study on vascular reactivity in maternal resistance vessels in

preeclamptics shows no abnormality in the NO component of Ach-induced vaso­
dilation or in NO-donor-induced vasodilation [99]. However, the critical measure
of the response to NOS inhibition in preeclampsia, reflecting basal NO production,
has not yet been reported. The circulating endogenous NOS inhibitor asymmetric
dimethyl arginine (ADMA) is increased in preeclampsia [82] and a recent case
report shows a highly beneficial effect of an NO donor in treatment of a severe
postpartum preeclamptic who developed HELLP syndrome [100]. This agrees
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with in vitro data showing that platelets from preeclamptics are more sensitive
to the inhibitory effects of NO than normal pregnant and nonpregnant women
[101]. Overall, it remains unclear whether preeclampsia is associated with NO
deficiency in the maternal vasculature. Some of the confusion undoubtedly origi­
nates from the difficulty in directly assessing activity of the NO system in the
clinical setting.
There are also some conflicting data on human placental NO production in
preeclampsia. A recent report by Kovacs et al. demonstrates low cGMP levels
in vivo in venous umbilical plasma in preeclamptics versus normal [102]. Pinto
and colleagues reported that the high level of agonist-stimulated NO production
seen in the "in vitro" normal placenta was profoundly depressed in the preeclamp­
tic placenta [103], but later studies report no difference [104] or increased [105]
NO production from preeclamptic versus normal placentas. Recently, immunohis­
tochemical studies have documented alterations in the distribution of endothelial
NOS in syncytiotrophoblast in preeclamptic versus normal placentas [106] which
may either cause or result from the reduction in placental blood flow that occurs
in preeclampsia.

7. Summary and Conclusions

The animal data are reasonably consistent in indicating that NO synthesis in­
creases during gestation and that this increase is required for the physiologic
hemodynamic adaptations that are seen in normal pregnancy. The clinical data
are contradictory, both regarding normal and preeclamptic pregnancies, and rea­
sons for the variability in the literature have been identified above. There are a
number of studies suggesting that an NO deficiency may occur in preeclampsia,
which may cause some of the manifestations of the disease, but more, carefully
designed clinical studies are required. Two recent review articles provide different
perspectives on NO in pregnancy and also conclude that more information is
necessary before definitive statements can be made regarding the clinical rele­
vance of NO in normal and hypertensive pregnancy [107,108].
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Sickle Cell Disease and NO

Norman Bank, Suzette Y. Osei, and Rexford S. Ahima

1. Background

A wide spectrum of functional and anatomical abnormalities occurs in the kidneys
of patients with sickle cell disease (SS). In children and young adults, with either
SS or SA - sickle cell trait disease, there is a renal concentrating defect which
is reversible with blood transfusion [1). Beyond the age of 15 however, blood
transfusions no longer correct the defect. Occlusion of the vasa recta by sickled
red blood cells (RBC), leading to tubular atrophy, interstitial scarring, and mi­
croinfarcts is thought to underlie the progressive nature of the concentrating
defect [1,2]. More subtle functional disturbances in tubular transport are common
and include the inability to sustain a maximum [W] gradient and impaired K+
secretion unrelated to the renin/aldosterone axis [3-5]. The transport defects do
not usually translate into clinically apparent electrolyte disturbances unless some
intervening event tips the scales, such as sepsis, excess dietary potassium intake,
or a potassium-sparing drug is prescribed [6].
Of a more serious nature in terms of long-term prognosis for renal function is

the presence ofhyperfiltration that occurs in young patients [7,8]. Both glomerular
filtration rate (GFR) and effective renal plasma flow (ERPF) have been found
to be elevated, indicating reduced renal vascular resistance to blood flow [7,8].
Most likely resulting from the increased blood flow, there is a marked hypertrophy
of the glomeruli [9,10], the glomerular area averaging almost seven times that
in normal control patients without advanced disease [10]. Closely associated with
this remarkable hypertrophy is the presence offocal glomerular sclerosis [11-14]
and albuminuria, which often progresses to the nephrotic range. In such patients,
renal function usually declines, leading eventually to end-stage renal failure
[15,16]. Hemo or peritoneal dialysis is most often prescribed, as renal transplanta­
tion can exacerbate painful crises [17] and patients are at risk for recurrence of
the nephropathy in the transplanted kidney [18].
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Clinical investigation into the mechanisms of hyperfiltration and the tubular
transport abnormalities has been somewhat limited. It was shown, however, that
urinary vasodilatory prostaglandins are abnormal in sickle cell patients [19] and
that treatment with nonsteroidal anti-inflammatory drugs leads to a fall in GFR
[20]. Allon et al. found that indomethacin reduced GFR from 119 to 100 mIl
min in sickle cell patients but had no significant effect in normal controls [20].
Indomethacin also caused a significant reduction in the clearance of osmotically­
free water C"ZO in the sickle cell patients but not in the controls [20]. Urine
osmolality (Uosm) rose after indomethacin administration in water-loaded sickle
cell patients, but again not in the controls [20]. Overall fractional sodium excretion
(FEN.) fell by 42% in the sickle cell patients given indomethacin, but a much
smaller decrease occurred in the controls. The authors concluded that hyperfiltra­
tion is prostaglandin-mediated and that there is a prostaglandin-dependent de­
crease in salt reabsorption in the medullary thick ascending limb and in the
diluting segment of the nephron. De long and co-workers [2] suggested that
renal synthesis of vasodilatory prostaglandins is increased in sickle cell patients,
and this is causally related to afferent arteriolar dilation and glomerular hyperfil­
tration. More recently, Falk et al. [10] found that treatment of patients with sickle
cell nephropathy and proteinuria with an angiotensin-converting enzyme inhibitor
led to a decrease in proteinuria without any measurable effect on GFR, ERPF,
or filtration fraction. The mechanism of the reduction in proteinuria was not
clear, but the absence of any effect on hemodynamic parameters argues against
a role for selective efferent arteriolar constriction due to angiotensin II mediating
the hyperfiltration.

2. Transgenic Mouse Models of Sickle Cell Disease

In order to study sickle cell disease at a more basic level, several transgenic
mouse strains have been developed which express a number of the abnormalities
found in patients [21-29]. Different gene strategies have been used in creating
these transgenic strains, and the mice vary considerably in their expression of
functional and pathological abnormalities. For example, the transgenic SAD
mouse manifests microvascular occlusions, occasional thrombi in the lungs, kid­
ney, penis, and myocardium, and a glomerulopathy affecting 75% of the animals
in their first year [28]. In contrast, the a"~S[~MDD] transgenic mouse manifests
organomegaly but relative few pathologic abnormalities under ambient room air
conditions [26,27]. In all strains of sickle cell mice studied, sickling is exacerbated
under hypoxic conditions and organ pathology becomes more severe [24,27,28].
The a"~S[~MDD] mouse strain was created by the simultaneous microinjection
and cointegration of LCR-W and LCR-a" (LCR, locus control region; a", human
a-globin) constructs on a normal mouse background [26]. Higher levels of human
~s expression were achieved by breeding the transgenic mice with mice bearing
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a deletion of the mouse ~rnajor_globin gene. When the ~rnajor deletion was bred to
homozygosity, expression ofPS averaged 72.7% [26]. The designation aH~SWMDD]
indicates the double deletion of mouse ~ major-globin. The mice manifest a
compensated hemolytic anemia, an elevated reticulocyte count of 6.7% (3.3%
in controls), and a normal Hct of 47.5% [26]. Oxygen affinity is higher than
normal, which could result in lower tissue oxygenation [26]. Examination of the
organs reveal that the kidneys, spleen, and lungs are significantly increased in
size, the ratio of kidney weight/body weight averaging 1.19% in the sickle cell
mice, as compared with 0.87% in the normal controls (p < .01) [27]. The kidney
weight/body weight ratio increases with age, consistent with progressive vascular
engorgement or hypertrophy. Fibrosis is found in the kidneys of some animals,
presumably due to healed infarcts [27].
In order to determine whether the mice manifest renal functional abnormalities

mimicking those found in sickle cell patients, studies were carried out to measure
their ability to maximally concentrate their urine after 18 h of water deprivation
[27]. Maximal Urine Osmolality (Urna,) was not significantly different than in
normal control mice. However, when Urna, was reevaluated after the mice had
been housed in environmental chambers filled with a 10% O2 gas mixture for 1
week, Urn.. showed a 30% fall (Fig. 20-1). This abnormality was reversible upon
returning the mice to room air, and then recurred when they were again exposed
to hypoxia. Kidney histology revealed severe clumping and sickling of RBC in
the vasa rectae with occlusion of blood vessels in the renal medulla and papilla
(Fig. 20-2), findings resembling those seen in humans with homozygous sickle
cell disease.
Glomerular filtration rate (GFR) was measured in the mice by means of 14C_

inulin clearance. The observations are shown in Table 20-1. GFR was found to
be significantly higher in the sickle cell mice than in normal controls whether
expressed in absolute terms or normalized for body weight (BW). Kidney weight
was also increased in the aH~S[~MDD] mice, and the correlation between GFR and
kidney weight for both groups was highly significant (p < .01) (Fig. 20-3).
Whether these two abnormalities are causally related or not is unclear. When
GFR was expressed per gram kidney weight, there was no statistical difference
between the two groups. Because mean arterial blood pressure was the same in
the two groups of animals, renal vascular resistance was presumably lower in
the aHps[~MDD] mice. Hyperfiltration in patients with sickle cell disease has often
been attributed to anemia. However, because the aH~S[~MDD] mice are not anemic,
other mechanisms seem to be responsible. Overproduction of vasodilatory prosta­
glandins [19,20] and other endogenous vasodilators seem to be likely candidates.

3. Studies of NO and NOS in Transgenic Mice

Several clinical characteristics of sickle cell patients suggest the possibility that
nitric oxide (NO) production may be increased. Hyperfiltration is one of them, as
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EFFECT OF TWO CYCLES OF HYPOXIA ON
URINE OSMOLARITY IN ~S TRANSGENIC MICE
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Figure 20-1. Fall in maximum urine osmolality (Urn,x) in aHpS[pMDD] mice after exposure
to 10% O2,

NO has been shown to be an important renal vasodilator, acting on preglomerular
arterioles [30] and relaxing mesangial cells [31]. As a group, sickle cell patients
have lower blood pressure than controls [32,33], a phenomenon that could con­
ceivably be due to overproduction of NO. Certainly, hypotension and general
peripheral vasodilatation has been shown to be associated with high levels of
NO production [34]. A third clinical clue is the increased incidence of priapism
in sickle cell patients [35,36]. One or more episodes of priapism occurs in
approximately 40% of sickle cell patients [36]. Contrary to previously held views,
priapism has been shown to be a high-flow condition rather than low flow [37].
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Figure 20-2. Vasoocclusion of medullary blood vessels in aH~S[~MDDl mouse exposed
to 10% O2 for 5 days. Note vacuolization of the cytoplasm and swelling of collecting
duct cells.

Evidence for both endothelial and neuronal nitric oxide synthases have been
found in rat and rabbit corpus cavemosum, and substantial NO synthesis has
been demonstrated [38]. NO synthesis appears to be essential for normal penile
erection in experimental animals [38]. Finally, Enwonwu et al. [39] has reported
that blood L-arginine levels and urinary excretion of L-arginine are low in patients
with sickle cell anemia. This finding could be interpreted to suggest that L-arginine
utilization by the NOS pathway is increased in sickle cell patients, perhaps
predisposing to depletion of precursor L-arginine and, hence, failure of NO
synthesis during periods of stress.
Because of these associations, nitric oxide production was studied in the

Table 20-1. GFR in Control and aH~S[pMDDl Mice

Group ~l/min mllmin per kg of Body Weight

C57BI/6J (9) 267 10.01
±20 ±O.43

aH~S[~MDD] (12) 402* 12.39
±40 ±0.56

p <.01 <.01

*p < 0.01 number of animals is shown in brackets []
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Figure 20-3. Correlation between glomerular filtration rate (GFR) and kidney weight
in control (0) and a.HW[~MDD] mice (6).

aH~S[~MDD] mice by measuring urinary nitrite excretion and two of the three
isoforms of nitric oxide synthase (NOS) by Western blot and immunohistochemis­
try. The urinary nitritelcreatinine ratios for control and sickle cell mice are shown
in Fig. 20-4. The ratio was significantly higher in the latter group, indicating that
nitrite excretion was greater in the aH~S[~MDD] mice than in controls after correction
for differences in urine flow rate. Because nitrite is a stable metabolic product
of NO, the observation suggests that NO synthesis is increased in the sickle cell
mice. The effect of inhibiting NO production was tested in three aH~S[~MDD] mice
by administration of nitro-L-arginine (NLA) in the drinking water for 5 days.
The correlation between GFR and 24-h urinary nitrite excretion in these mice
as well as in untreated aH~S[~MDD] and control mice is shown in Fig. 20-5. A
positive correlation (r=0.54) was found over the range of nitrite excretion, with
the NLA-treated animals having the lowest GFR, and nitrite excretion and the
untreated aHW[~MDD] mice the highest. The observations are consistent with a
role for increased NO production in the hyperfiltration of the sickle cell mice
but do not constitute proof.
Further studies measured the abundance ofendothelial cell nitric oxide synthase

(NOS III) and macrophage inducible nitric oxide synthase (NOS II) in protein
extracts of the kidneys, using monoclonal antibodies and Western blot. Figure
20-6 shows a Western blot of NOS III. The purified enzyme was applied to lane
5 (positive control). Lanes 1 and 2 are kidney extracts from control mice and
lanes 3 and 4 are from aH~S[~MDD] mice. A 140-kDa band, corresponding to the
molecular weight of NOS III (40,41] was present in the control mice. Also
evident is a higher-molecular-weight band in the kidney extracts. In the aHW[~MDD]
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Figure 20-4. Urine nitrite/creatinine ratios in control and transgenic (TG) sickle cell
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1 2 3 4 5
Figure 20-6. Western blot of mouse kidney protein extracts, using a monoclonal antibody
directed against human constitutive endothelial cell nitric oxide synthase (NOS III). Lane
1: Control mouse maintained in room air; lane 2: control mouse exposed to 10% O2; lane
3: sickle cell mouse maintained in room air; lane 4: sickle cell mouse exposed to 10%
O2; lane 5: purified NOS ill.

mice, the 140-kDa bands are clearly in greater abundance, and additional higher
molecular bands are also evident.
Figure 20-7 is a Western blot in which a monoclonal antibody directed against

activated rat macrophage nitric oxide synthase (NOS II) was used. Lanes 1 and
2 are from control mice and lanes 3 and 4 are from aH~S[~MDD] mice. A prominent
band is seen at 130 kDa, corresponding to the molecular weight of monomeric
NOS II [34,42]. It is clear that the abundance of the 130-kDa protein is much
greater in the aH~S[~MDD] mouse. The active forms of NOS II, and perhaps NOS
III, are present in vivo as dimers [43]. In both Figs. 20-6 and 20-7, higher­
molecular-weight and lower-molecular-weight bands that reacted with the mono­
clonal antibodies were observed. These additional bands presumably represent
dimeric forms and digestion products of the dimeric enzymes.
Because of the aHW[~MDD] sickle cell mice manifest relatively mild hematologi­

cal and pathological abnormalities when they are maintained under room-air
conditions [27], they were restudied after exposure to a low-oxygen environment
for 4-5 days in order to exaggerate in vivo sickling. It had previously been
demonstrated in this transgenic strain [27] as well as in other transgenic strains
of sickle cell mice [24,28] that hypoxia increases the number of reticulocytes in
the circulation and HbS polymerization, events which lead to vasooclusive lesions.
The resulting effect of chronic hypoxia on NOS III and NOS II is shown in the
Western blots (Figs. 20-6 and 20-7). In the control mice, hypoxia had no significant
effect on NOS III abundance (lane 2 versus lane 1), but there was a pronounced
increase in several molecular-weight bands reacting with the monoclonal antibody
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1 2 3 4 5
Figure 20-7. Western blot of mouse kidney protein extracts, using a monoclonal antibody
directed against rat activated macrophage nitric oxide synthase (NOS II). Lane identifica­
tion same as in Fig. 20-6.

in the (X,H~S[~MDD] mice (lane 4 versus lane 3, Fig. 20-6). In the case of NOS II
(Fig. 20-7), chronic hypoxia resulted in a small but significant increase in the
control mice (lane 2 versus lane I) and a marked increase in the (X,H~S[~MDD] mice
(lane 4 versus lane 3). Thus, enhancement of the in vivo HbS polymerization
due to hypoxia was associated with markedly increased abundance of both NOS
III and NOS II in the kidneys of the (X,H~S[~MDD] mice.
Immunohistochemistry in similarly prepared control and (X,H~S[~MDD] transgenic

mice localized the sites in the kidney of these two isoforms of NOS. NOS III
was expressed in the proximal convoluted tubules throughout the cortex of the
normal control mice (Fig. 20-8), but was not observed in the glomeruli or in the
medulla. In the (X,H~S[~MDD] mice, NOS III was found in the same sites, but the
intensity of staining was greatly increased. NOS II immunoperoxidase staining
was not observed in the control mice but was seen in glomeruli, distal convoluted
tubules, and collecting ducts in the cortex and medulla of the (X,HW[~MDD] mice.
Hypoxia resulted in de novo appearance of immunoperoxidase staining of NOS
II in distal nephron segments of control mice and increased intensity of NOS II
staining in the (X,HW[~MDD] mice.
It is of interest that nitric oxide is an important moderator of liver pathophysiol­

ogy in endotoxin and ischemic types of liver insult [44-48], where it appears to
serve a protective function for hepatocytes [49,50]. Sickle cell patients are at risk
for developing a wide variety of liver functional and pathological abnormalities
[51,52], due in part to intrahepatic vasoocclusion and ischemia. Immunoperoxi­
dase staining of the liver of the (X,H~S[~MDD] transgenic mice was carried out and
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Figure 20-8. Immunohistochemistry of NOS isoforms in the renal cortex under room air
(A-D) and hypoxia (E-F). (A) NOS III in cortical tubules of normal mouse. (B) Note the
increased NOS III immunostaining in cortical tubules of aH~S[~MDDlmouse. (C) Absence
of NOS II in cortex of normal mouse. Nonspecific staining resulting from endogenous
peroxidase was also observed in control sections incubated with normal rabbit serum.
(D) Strong NOS II immunostaining in distaUcollecting tubules of aHps[~MDDl mouse.
(E) Moderate NOS II immunostaining in cortical tubules of normal mouse under hypoxia.
(F) Increased NOS II immunostaining in cortical tubules and glomerular mesangium of
aH~S[pMDDlmouse. Scale bar = 100 ~m. See plate for color illustration.
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showed NOS II in a rim of hepatocytes lining the central veins, whereas no NOS
II staining was present in livers of control mice. Exposure of the (l"J3S[J3MDD]
mice to hypoxia led to multifocal areas ofliver necrosis, but the rim ofhepatocytes
surrounding the central veins was free of cellular damage, corresponding to the
region where NOS II staining was identified. Thus, NOS II induction occurred
in the liver as well as the kidney of the (l"J3S[J3MDD] mice, indicating a systemic
mechanism of NOS II induction rather than one confined to the kidney.

4. Mechanisms of Increased NOS Abundance in Sickle Cell Mice

The precise mechanism(s) responsible for the increased NOS II and III immunore­
activity in the (lHJ3S[J3MDD] mice is presently unknown. NOS II is induced in many
disease states that are characterized by chronic inflammatory processes, such
as arthritis, inflammatory bowel disease, and encephalitis [53]. Indeed, acute
inflammation per se appears to activate NOS II via a number of cytokines [53].
In addition, hypoxia has been shown to induce NOS II mRNA, gene product,
and NO production in isolated renal tubular epithelial cells [54]. The observation
that normal mice exposed to hypoxia manifest an increase in renal NOS II
abundance supports the view that hypoxia at the tissue level may be the mediator
in the (lHJ3S[J3MDD] mice. A large body of experimental observations has shown
that young red blood cells (reticulocytes) from sickle cell patients adhere to the
vascular endothelium of small blood vessels, primarily in postcapillary venules
[55-58], thereby narrowing the lumen and causing intermittent obstruction
[56,58]. This is thought to lead to tissue hypoxia [56]. It seems a reasonable
hypothesis, therefore, that local hypoxia is the proximate cause of induction of
NOS II, although how hypoxia leads to increased transcription of NOS II is not
yet clear.
Much less information is available about factors that regulate long-term changes

in constitutive endothelial NOS. Increasing levels of shear stress have been best
studied and are known to cause prolonged elevations of NOS III mRNA and
protein levels in cultured endothelial cells [59,60]. Shear stress has also been
shown to increase NO release from the endothelium in physiological experiments
[61-63]. Shear stress is a function of both blood flow rate and viscosity [63].
The kidney in sickle cell disease may suffer from increased shear stress caused
by adhesion of RBC to the endothelium via (l4J3I-integrin expression on sickle
reticulocytes to endothelial intercellular adhesion molecule-l [64]. This could
increase the velocity of plasma flow through small vessels due to a narrowed
lumen. In addition, clumping of RBC would tend to raise the local hematocrit
where adhesion was occurring, and this, in turn, would increase viscosity. These
events could conceivably lead to induction of NOS III in endothelial cells in the
kidney. However, the immunohistochemistry observations show that NOS III is
expressed in cortical tubular epithelial cells and it is this expression which was
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increased in the sickle cell mice. A number of studies have found evidence for
NOS III in renal epithelial cells [65-70], but its function there and its regulation
have not been well defined. It is possible that shear stress in the closely adjacent
capillaries of the sickle cell mice plays a role in induction of NOS III in the
epithelial cells. It has been demonstrated that shear stress invokes a wide array
of responses in gene regulation and changes in the cytoskeleton and the adhesion
properties of the abluminal surface of endothelial cells [63,71]. Thus, signals
originating in endothelial cells could conceivably be transmitted to the adjacent
tubular epithelial cells resulting in induction of NOS III at this location. This is
highly speculative, however, and it must be said that the cause of the abundant
NOS III in the cortical tubules of the aHW[~MDD] mice is presently unknown.

5. Role of NO in Functional Abnormalities in Sickle Cell Disease

Localization of NOS III and NOS II in the kidneys of the aHW[~MDD] mice and
the increased abundance of these enzymes on Western blots raise the possibility
that there is increased NO synthesis at specific sites within the kidney that may
be affecting function. For example, NOS II was prominent in the glomerular
mesangium of the aH~S[~MDD] mice but was not seen in this location in control
mice. NO has been shown to have a direct effect to relax mesangial cells and
to increase Kf [31], actions which might contribute to the hyperfiltration. NOS
II was expressed in distal convoluted tubules and collecting ducts of the aH~S[~_
MDD] mice but not in control mice. Patients with sickle cell anemia manifest a
defect in urinary acidification and decreased H+ excretion in response to ammo­
nium chloride loading [72]. Ho Ping Kong and Alleyne [72] reported that urine
pH fell to 5.38 in sickle cell patients loaded with ammonium chloride, as compared
to 4.83 in controls. Oster et a1. [73] confirmed these findings and found that
titratable acid excretion and net acid excretion were also reduced. During bicar­
bonate loading, sickle cell patients could not generate a normal urinelblood peo2
gradient, taken to be a sign of impaired distal tubular H+ secretion [73]. These
authors, as well as others [74], concluded that sickle cell patients manifest an
incomplete distal renal tubular acidosis. It is of interest, therefore, that Tojo et
a1. [75] described inhibition of H+-ATPase activity by nitric oxide in cortical
collecting ducts. Thus, induction of NOS II in this location in the sickle cell
mice raises the possibility that increased NO synthesis in the cortical collecting
ducts might play a role in distal renal tubular acidosis in sickle cell patients.
Sickle cell patients also manifest a defect in potassium excretion. Battle et a1.
[6] and De Fronzo et a1. [5] found decreased fractional potassium excretion in
sickle cell patients with impaired renal function, as compared with non-sickle­
cell patients with comparable reductions in renal function. Hyperkalemia is a
common finding in patients with sickle cell anemia. Recent studies have shown
that NO can inhibit Na+/K+ ATPase in mouse proximal tubular cells [76] and in
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cortical collecting duct cells [77]. Stoos et al. [77] found that release of NO from
activated endothelial cells caused a 50% reduction in short-circuit current in a
cocultured line of cells derived from mouse cortical collecting ducts. In addition,
cyclic GMP in the collecting duct cells increased markedly under these experimen­
tal conditions [77]. These effects were blocked by nitroarginine. Because NOS
II is expressed in the cortical collecting ducts of the aH~S[~MDD] mice, the possibil­
ity exists that increased NO synthesis at this site may be implicated in reduced
sodium reabsorption and, hence, potassium secretion in this segment of the
nephron.
As discussed earlier, it has been shown that inhibition of cyclooxygenase by

indomethacin causes a significant correction of hyperfiltration in sickle cell pa­
tients [2,20,78]. This has been attributed to the expected fall in renal prostaglandin
synthesis. However, more recent studies indicate that nonsteroidal anti-inflamma­
tory drugs inhibit NOS II mRNA and gene product [79]. In addition, NOS
inhibitors have been found to reduce prostaglandin E2 synthesis [80]. In a model
of renal inflammation, Salvemini et al. [81] found that the marked increase in
PGE2 synthesis in this model was directly related to release of NO from activated
infiltrating macrophages. These recent observations, as well as others [82], indi­
cate that there is an important interaction between the inducible forms of NOS
(NOS II) and cyclooxygenase. These new findings raise the question of whether
the GFR correction by indomethacin in sickle cell patients is due to diminished
prostaglandin synthesis, to inhibition of NO synthesis, or both. Clearly, much
additional information is needed to understand the role of prostaglandins and
NO in sickle cell renal disease and the interrelationship between NOS II and
cyclooxygenase.
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A Putative Role of NO and Oxidant Injury
in the Pathogenesis of Hemolytic
Uremic Syndrome

Marina Noris and Giuseppe Remuzzi

1. Introduction

Hemolytic uremic syndrome (HUS) is a disease of nonimmune hemolytic anemia,
thrombocytopenia, and renal failure due to platelet thrombi in the microcirculation
of the kidney. It mainly affects infants and small children, although older children
and adults may also suffer. The characteristic lesion, thrombotic microangiopathy
(TMA) [I], is unique to this syndrome and consists of vessel wall thickening
(capillaries and arterioles), with swelling and detachment of the endothelial
cells from the basement membrane and accumulation of fluffy material in the
subendothelium (Fig. 21-1). As a result of these changes and occasional thrombi,
the glomerular capillary lumina may become occluded. Glomerular thrombi con­
sist of fibrin and platelets, with platelets being preponderant in the early lesions.
Extrarenal lesions have also been found, which include microthrombotic lesions
in the colon, heart, brain, and pancreas [1]. Typical HUS of children begins with
diarrhea, sometimes bloody, and other gastrointestinal symptoms. Classic HUS
forms have a remarkably better prognosis than atypical (sporadic or D-) HUS
that manifests without prodromal diarrhea in children of all ages and in adults,
and accounts for about 5-10% of all cases [2]. The latter usually occurs in
families and has a very poor outcome, with end-stage renal failure or death in
more than 50% of cases [2].
Available evidence points toward vascular endothelial dysfunction as an im­

portant step in the sequence of events leading to the development of microangio­
pathic lesions in HUS. Consistent with this possibility are findings that all the
proposed causative agents for HUS (i.e., bacterial endotoxins, verotoxins, antibod­
ies and immunocomplexes, and certain drugs) are toxic to vascular endothelium
in vitro.

418
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Figure 21 -J. Electron micrograph of a glomerular capillary in hemolytic uremic syn­
drome. The endothelium is detached from the glomerular basement membrane; the suben­
dothelial space is widened and occupied by electron-lucent fluffy material and cell debris.
The capillary lumen is narrowed. (Magnification: 3000 x).

2. The Pivotal Role of Endothelial Cell Injury in the Pathogenesis of nus

A number of endothelial cell abnormalities have been reported in HUS and its
related syndrome, thrombotic thrombocytopenic purpura (TIP). In both syn­
dromes, the vessels form less prostacyclin (POI2) than normal [3] and serum
binding capacity for POl2 is reduced [4]. A recent study showed that in vivo
POI2 synthesis is reduced in children with HUS, as indicated by lower than
normal urinary excretion of renal POI2 metabolites in the acute phase of the
disease, which normalizes in remission [5]. Unusually large von Willebrand
factor (vWF) multimers in plasma of patients with HUS or TIP can be taken as
additional evidence of vascular endothelial cell damage [1,6,7]. These multimers
do not normally circulate but are stored in the endothelial cell Weibel-Palade
bodies and their presence in the peripheral blood may reflect endothelial cell
damage.
Experimental evidence indicate that all the factors known to cause HUS may

damage vascular endothelium. Most cases of HUS are due to an infection with
Escherichia coli 0157:H7 [8,9] that produces two toxins, verotoxin-l and vero­
toxin-2, also called Shiga-like toxin due to their identity to the cytotoxin of
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Shigella dysenteriae type 1 [10,11]. Verotoxins are toxic to human endothelial
cells in culture [12,13] and reduce the synthesis of the natural platelet aggregation
inhibitor prostacyclin from rat aortic tissue [14]. As recently documented [15],
human renal cortex and medulla express specific glycolipid receptors (Gb3 recep­
tors) which bind both verotoxin-l and verotoxin-2.
Endotoxin can combine with verotoxin to amplify its cytotoxic potential. Louise

and Obrig [16] found that this synergism was dose dependent in the umbilical
vein and renal endothelial cells in culture and was maximal after preincubating
the cells with endotoxin. Endotoxin alone transiently inhibited protein synthesis
by umbilical vein endothelial cells and enhanced the protein synthesis-inhibiting
activity of verotoxin. A similar synergism has been demonstrated between vero­
toxin and tumor necrosis factor-a (TNF-a) [17]. Preincubation of umbilical vein
endothelial cells with TNF-a increased specific binding sites for 1251 verotoxin-l
1O-100-fold, and upregulated cell-surface-associated verotoxin receptors [18].
Given the frequent finding of endotoxemia in HUS [19], it is conceivable that
endothelial damage results from the toxic effect of verotoxin added to the effects
of endotoxin and endotoxin-elicited TNF-a.
More recent studies focused on the possibility that endothelial damage could

derive from neutrophil activation with the consequent excessive release of toxic
products [20]. In shigellosis, neutrophilia, endotoxemia and complement activa­
tion correlate with the development ofHUS [21]. Plasma concentration ofelastase,
a neutrophil-derived proteolytic enzyme, is increased in patients with diarrhea­
associated HUS [22]. Moreover, polymorphonuclear cells from HUS patients
avidly adhere to endothelial cells in culture and induce endothelial injury by
degrading fibronectin [23].
The possibility that activated neutrophils contribute to microvascular injury in
HUS is consistent with findings that the cytotoxic activity of endotoxin in vitro
[24] and in vivo [25,26] mainly results from its ability to promote neutrophil
adhesion to endothelium [27] and to stimulate cytokines [28] and oxygen radical
[29] formation. Recently, we have demonstrated that verotoxin-l increases leuko­
cyte adhesion to cultured endothelial cells under physiologic flow conditions [30]
by upregulating adhesive proteins on endothelial cell surface. This finding is
relevant if one considers that leukocyte adherence and/or emigration are key
events for the increased vascular leakage and microvascular dysfunction associ­
ated with acute inflammation.

3. NO and Peroxynitrite as Mediators of Endothelial Damage: Evidence
from Studies in Vitro and in Experimental Models of Endothelial
Cell Injury

Bacterial and viral products as well as leukocyte-derived cytokines [31-35],
by upregulating a calcium-independent isoform of NO synthase, may induce
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endothelial cells to release NO. Overproduction of NO is part of a defense
mechanism against invading microorganisms [35,36], but it can exert undesired
cytotoxicity on the cells that produce it [37] and on neighboring cells [38], as
documented by data that the NO antagonist N-monomethyl-L-arginine (L-N­
MMA) protects experimental animals from immune-mediated vascular injury
[39,40]. Proposed mechanisms for NO toxicity include binding to iron in the
prosthetic groups of a variety of enzymes, S-nitrosation of proteins, and mono­
or poly(ADP)ribosylation leading to posttranslational modification of proteins
and also to NAD depletion [35,37,41,42]. Autocytotoxicity of NO formed from
the inducible enzyme has been recently reported upon endothelial cell stimulation
with TNF-a [33]. Thus, TNF-a induced a time- and dose-dependent release
of cytoplasmic enzyme lactate dehydrogenase (LDH) in cultured bovine aortic
endothelial cells, which was preceded by increased production of NO and was
prevented by the NO synthase inhibitor N-iminoethyl-L-omithine and by dexa­
methasone, which blocks [43] expression of the inducible NO synthase in the
endothelium. In two recent articles, NO liberated from various NO-donating
agents caused cytolysis in rat liver endothelial cells [44] and in human umbilical
vein endothelial cells (HUVEC) [45], confirming a direct toxic effect of NO.
The production of large amounts of NO has been implicated in the cell and

organ damage associated with endotoxic shock [46,47 and Chapter 14]. Endotoxin
causes intravascular NO production through the induction of NO synthase either
in medial-layer smooth muscle cells or in endothelial cells [43,48-50]. Excessive
NO release likely mediates endotoxin-induced vascular hyporeactivity, as docu­
mented by data that both NG-monomethyl-L-arginine (L-NMMA) and Nw-nitro­
L-arginine (L-NAME) were able to restore in vivo responsiveness to norepineph­
rine after intravenous infusion of endotoxin in rats [51]. In another study,
L-NMMA administration in dogs with endotoxin-mediated shock fully restored
vascular resistance and systemic arterial pressure [52]. In rats, administration of
L-NMMA concurrently with endotoxin enhanced the leakage of albumin in the
gastrointestinal tract. By contrast, when L-NMMAwas injected 3 h after endotoxin
(i.e., at the time of the expression of an inducible NO synthase enzyme), a dose­
dependent reduction in the vascular damage was observed [53]. Similarly, in
another study in rabbits, pretreatment with dexamethasone had no effect on the
initial hemodynamic changes following endotoxin but prevented the subsequent
fall in mean arterial pressure observed in animals treated with endotoxin alone
[54]. This suggests that even though the role of constitutively produced NO
might be protective in maintaining local organ perfusion in endotoxemia [55],
the large quantities generated by the inducible enzyme contribute to tissue damage.
There is also evidence that NO can rapidly react with leukocyte-derived super­

oxide anion (02-) to form peroxynitrite (ONOO-) [56,57], a potent oxidizing
agent known to initiate lipid peroxidation in biological membranes, hydroxylation
and nitration of aromatic amino acid residues and sulfhydryl oxidation of proteins
[58,59]. Furthermore, once protonated, peroxynitrite decays to the very reactive
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and toxic hydroxyl radical (OH-) and nitrogen dioxide radical N02- [56]. This
pathway is of particular interest during acute inflammatory reaction, when excess
oxygen radicals are produced by activated leukocytes. Actually, formation of
peroxynitrite has been recently detected, by measuring the immunoreactivity of
nitrotyrosine, in the aorta of rats 6 h after injection of endotoxin, which was
prevented by L-NMMA administration [60]. Similarly, Wizemann and co-workers
[47] found evidence for the presence of nitrotyrosine residues in sections of lungs
48 h after endotoxin administration to rats, which correlated with histological
evidence of cellular damage [47].

4. Increased NO Formation in HUS: A Possible Mediator of
Microvascular Injury

We recently explored the possibility that in HUS and the related disease TIP,
an exaggerated formation ofNO could increase in vivo lipid peroxidation, possibly
as a consequence of NO interacting with neutrophil-derived products [61]. Plasma
concentrations of the NO metabolites nitrites/nitrates (N02-/N03-) in patients
with recurrent HUSIITP studied during the acute phase of the disease were
elevated as compared to healthy controls, indicating an increased NO synthesis
in vivo. At recovery, N02-/N03- plasma concentrations decreased in all patients.
To investigate whether substances which increase vascular NO synthesis were
present in the circulation of patients with HUSIITP, human umbilical vein
endothelial cells (HUVEC) were exposed for 24 h in vitro to serum from patients
or controls, and NO synthesis was evaluated as conversion of [3H]-L-arginine to
[3H]-L-citrulline. Serum from patients with acute HUS/TTP induced NO synthesis
in cultured endothelial cells more than normal serum. Enhanced stimulatory
activity was no longer found in the recovery phase. Similar results have been
obtained recently in four patients with typical HUS and diarrhea prodrome (Table
21-1, unpublished data). Of note, in the latter patients, differences between
patients and controls were even greater than in recurrent HUSIITP.
Altogether these data suggest that the high NO levels measured in vivo in

acute HUS/TTP depend on NO synthesis induction, most probably in vascular
endothelial cells. Activated inflammatory cells are also possible sources of NO
[36]. In humans, there is indirect evidence of NO formation by macrophages [62]
and peripheral monocytes [63]; however, a conclusive proof is still lacking [64].
TNF-a. is a likely candidate for NO synthase induction in HUSIITP due to

the fact that this cytokine is one of the most potent inducers of the inducible NO
synthase enzyme in various cell system, including endothelial cells [33,34].
Actually, we found a higher plasma TNF-a. concentration in patients with acute
HUSIITP, confirming previous data in the literature [65]. In addition, Siegler et
aI. [66] found elevated levels of TNF-a. in the urine of children with HUS, very
likely reflecting renal overproduction of the cytokine. Apart from TNF-a., other
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Table 21-1. Nitric Oxide and Oxygen Radical Synthesis in Patients with Typical HUS

HUS
Acute
Remission

CTR

O2- release by PMNs
(nmol/IO' cells/30 min)

Il.6±3.s*·**
4.6±O.4
3.2±O.4

Plasma NO,- N03­
(nmol/m!)

12J.8±4.2*·**
8s.8±ls.4
43.1±14.3

[lHl-L-citrulline'
(pmol/ I0' cells)

182±92*'**
98±50
s8±11

Plasma MDA
(nmol/ml)

0.s49±O.373*·**
0.313±O.081
0.146±O.034

Note: Values are mean ± S.D.

'HUVEC were incubated for 24 h with serum (diluted I : 2 in Phosphate-buffered saline (PBS)
from patients and controls in the presence of [3 Hl-L-arginine. HUS, patients with typical, diarrhea
associated hemolytic uremic syndrome (n=4), CTR, healthy volunteers (n=4).

*p < .01 versus CTR.

**p < .05 versus remission.

substances that accumulate in the blood of patients with HUSfITP, such as
bacterial cytotoxins [31,32,43] and other cytokines (i.e., interleukin-l~ [31]),
could theoretically contribute to endothelial NO synthesis induction in this
disease.
In tum, NO itself releases TNF-a and interleukin-I [67,68] from human leuko­

cytes, thus promoting secondary activation that may amplify inflammatory dam­
age [69]. Actually, recent evidence has indicated (see above) that neutrophils
contribute to microvascular injury in HUS. Because activated neutrophils release
reactive oxygen radicals, we measured ex vivo O2- production by polymorphonu­
clear cells from patients with acute HUSfITP. Polymorphonuclear cell-derived
O2- was remarkably higher than normal in patients with acute forms of either
typical HUS (Table 21-1) or recurrent HUSfITP [61] but decreased in the recov­
ery phase. It is possible that this excess O2- reacts with NO, yielding peroxynitrite,
a strong cell toxic due to its ability to induce oxidant injury and initiate lipid
peroxidation. The latter possibility is supported by data of higher malondialdehyde
(MDA) and conjugated diene concentrations in the circulation of patients with
acute HUSfITP ([61] and Table 21-1). This is not a completely new finding, as
previous studies showed increased lipid peroxidation products in the serum of
an infant [70] and children with HUS [71]. Moreover, increased levels of MDA
and decreased antioxidant enzyme activity have been found in red blood cells
of children with diarrhea-associated HUS [72]. It is possible that oxidative stress
utilizes and depletes the intracellular defense mechanism of red blood cells in
these patients, inducing a pro-oxidant/antioxidant imbalance. Interestingly, in our
patients with HUSfITP, either O2- release from polymorphonuclear cells or NO
metabolite plasma levels positively correlated [61] with plasma LDH, the best
available marker of disease activity, further confirming a role of these toxic
radicals in the microangiopathic process.
A preliminary report by Westberg et al. [73] has recently documented increased



424 / Marina Noris and Giuseppe Remuzzi

PMN

TNF-a

Bacterial
toxins

Figure 21-2. Proposed mechanism for nitric oxide and oxygen radical-mediated endothe­
lial damage in hemolytic uremic syndrome. PMN: polymorphonuclear cell; TNF-a: tumor
necrosis factor-a; NO: nitric oxide; O2-: superoxide anion; HOe: hydroxyl radical.

N03- plasma levels in patients with active TMA. The authors suggested that
increased NO synthesis in TMA may be an adaptive response to prevent platelet
aggregation in this disease. Given the inhibitory properties of NO on platelet
activation [35], this possibility cannot theoretically be excluded. However, the
very rapid interaction of NO with neutrophil-derived O2 likely prevents NO
from exerting its beneficial effects in this syndrome.

5. Hypothesis

A schematic rendition of the hypothesis on a possible novel pathway of injury
that could account for microvascular damage in HUSffTP is depicted in Fig.
21-2. The initial insult (verotoxin, endotoxin, immune complexes, cytokines)
induces NO synthesis by endothelial cells and polymorphonuclear cell activation.
Activated polymorphonuclear cells adhere to the endothelium and release cyto­
kines and O2-: the former amplify inflammatory response, the latter can interact
with NO to form ONOO-, thus contributing to microvascular damage. NO, in
tum, induces the release of cytokines by leukocytes. Thus, once activated, the
inflammatory process sustains itself.
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Role of NO in Urinary Tract Infections

Robert M. Weiss, Marcia A. Wheeler, and
Shannon D. Smith

Nitric oxide (NO) has been shown to have a pathophysiologic role in several
disease states including sepsis [l], allograft rejection [2], rheumatoid arthritis
[3,4], glomerulonephritis [5], and glomerulosclerosis [6,7]. Inducible nitric oxide
synthase (iNOS) has been identified in rodent monocytes/macrophages, and iNOS
mRNA has been detected in purified human monocyte-derived macrophages
induced with LPS and interferon-y [8]. As urine from patients with urinary tract
infections (UTIs) contains the components involved in the induction of NOS,
including bacterial products, cytokines, and neutrophils, infected urine has pro­
vided a model for the molecular and enzymatic characterization of iNOS in
human inflammatory cells. The definitive documentation of iNOS in human
inflammatory cells previously had been lacking.
There are at least three major types of nitric oxide synthase (NOS) enzymes
that convert L-arginine to NO and L-citrulline [9]. One is a soluble constitutive
calcium/calmodulin-dependent enzyme (nNOS) that has been localized primarily
to neuronal tissues [10-12]. The activity of this form of NOS is regulated by
changes in intracellular calcium concentration and a nNOS has been characterized
in nonadrenergic, noncholinergic (NANC) innervated tissues [13-15]. The second
type of NOS, endothelial NOS (eNOS), has similar properties to nNOS in that
it also is a constitutive enzyme that releases NO for short periods of time and
requires NADPH, tetrahydrobiopterin, FAD, and FMN as cofactors (see Chapter
2). eNOS, however, is primarily membrane bound due to posttranslational modi­
fications [16,17] and has been identified in endothelial cells [18]. The other major
type of NOS, an inducible NOS (iNOS), is induced in cultured rabbit bladder
smooth muscle cells [19,20], rodent macrophages [21-24], human hepatocytes
[25], and vascular smooth muscle cells. iNOS is induced in cells treated with
lipopolysaccharides (LPS) [21] and cytokines [26,27]. Once activated, iNOS
synthesizes NO for long periods of time and can exert pro-inflammatory, bacterio­
cidal, and antiviral actions [28-30]. (see Chapter 14).

428
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During UTIs, there is a complex interaction between the host defense mecha­
nisms and the invading bacteria (Fig. 22-1). Bacteria may attach to the urothelium
and induce cytokines [31,32]. Interleukin-6 (IL-6) is found in the urine of mice
within minutes of the intravesical instillation of Escherichia coli or isolated P.
fimbriae [33]. Urinary tract infections in children infected with P. fimbriated E.
coli are associated with higher IL-6 levels than infections occurring in children
with other E. coli strains [34]. Both IL-6 and IL-8 are found in urine after
colonization of the human urinary tract with nonvirulent strains of E. coli [31,32].
E. coli also has been shown to stimulate the production of IL-8 in normal bladder
epithelial cells, urinary tract epithelial cell lines, and neutrophils, and IL-8 is an
important neutrophil chemoattractant [35]. Both IL-6 and IL-8 appear to be
secreted by uroepithelial cells in the bladder and initiate the influx of neutrophils.
When cytokines are induced, neutrophil numbers can rise to 103_108 cells/ml
urine in UTIs.
Most neutrophils present in infected urine are viable and are potentially capable

of phagocytosis [36-38]. The ability of leukocytes to phagocytose bacteria may
derive from their ability to produce hydrogen peroxide or reactive nitrogen

URETHRA

PMNs

Bacteria
Figure 22-1. Schematic representation of a UTI. 1. Bacteria travel through the urethra
and attach to the bladder urothelium. 2. The urothelium is induced to produce cytokines.
3. Neutrophils (PMNs) invade the bladder and NOS is induced.
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intermediates, including NO [39]. Combinations of cytokines and LPS which
generate large amounts of NO in rodent monocyte/macrophages elicit none or
very small amounts of NO in human neutrophils isolated from blood [40,41].
Studies with nontraditional inducers of NOS in human monocyte/macrophages
indicate that these cells can produce NO following infection with human immuno­
deficiency virus type I [42] and after cross-linking of the surface receptors CD69
[43] or FceIIlCD23 [44,45].
Reactive nitrogen intermediates produced by leukocyte cytoplasts can kill

bacteria [46] and neutrophils in freshly voided urines from symptomatic bacteri­
uric patients also can phagocytoze bacteria. Therefore, although phagocytosis
may be compromised by low urinary pH and adverse osmolality [38], the increased
NOS activity seen in urinary leukocytes from patients with UTIs may facilitate
bacterial killing.
In the urine from patients with UTIs, the conditions are present for the induction

of nitric oxide synthase (NOS), that is,

1. Bacterial products including LPS

2. Cytokines

3. Large numbers of neutrophils

This, coupled with the presence of reactive nitrogen intermediates, including
nitrites, led to our studies on infected urine as a means of verifying iNOS activity
in human inflammatory cells.
Urine nitrite levels are increased in patients with UTIs [47] and detection of

urinary nitrites serves as a rapid indirect method for detecting bacteriuria [48].
The elevated urinary nitrite levels with UTIs are based on the bacterial reduction
of endogenous nitrates (N03-) to nitrites (N02-).

baclcria
N03- -------7> N02-

Another possible source ofelevated urinary nitrite levels is related to the oxidation
of nitric oxide (NO) to nitrates and nitrites with further bacterial reduction of
nitrates to nitrites.
Smith et al. [49] have shown that with UTIs in humans, in addition to elevated
urinary nitrite levels, there is increased NOS activity in the particulate fraction
of the urine pellet. Furthermore, the elevated urinary nitrite levels in infected
urine, increased with time when the urine was incubated at 37°C (Fig. 22-2).
Nitrite levels in noninfected urine did not increase with incubation. The increase
in nitrite levels with time in the infected specimens could be related to both the
bacterial conversion of nitrate to nitrite and to the oxidation of NO to nitrate and
nitrite. The dual mechanism for the increase in urinary nitrite levels is supported
by the finding that the addition of L-arginine (l roM) to the infected urine during
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Figure 22-2. Effect of infection and incubation time on urine nitrite production. Each
data point is the mean ± SEM of the urinary nitrite levels from at least five different
donors. Asterisk represents a 95% significance level between control and infected urine.
[Reprinted with permission from Kidney International, 4S (1994), pp. 586-591.]

a 4-h incubation period caused a further 102±27% increase in urinary nitrite
production, In bacteria-enriched filtrates of infected urine, NOS activity was not
measurable and L-arginine did not increase nitrite production, suggesting that
the primary NOS activity responsible for the increased nitrite production in
infected urine is related to the cellular fraction rather than to the bacteria. Further­
more, NOS activity was not detected in samples of E. coli. The addition of
sodium nitrate (NaNO}; I roM) to infected urine during a 4-h incubation period
caused a 124±35% increase in urinary nitrite production and caused a 33±l1%
increase in nitrite levels in bacteria-enriched filtrates of infected urine. Neither
L-arginine nor NaNO} altered nitrite levels in noninfected urine during incubation.
Nitric oxide synthase activity, as measured by the conversion of [14C]-L-arginine

to [14C]-L-citrulline, was significantly elevated in homogenates isolated from
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urine pellets of patients with UTIs compared to controls. Production of [14C]_
citrulline was confinned by thin-layer chromatography. The increase in NOS
activity was evident in both soluble and particulate fractions of the urine pellet,
although the soluble activity was less than 10% of the particulate activity. NOS
activity in the particulate fraction of the urine pellet from women with noninfected
urine was 18 times greater than that in the particulate fraction of the urine pellet
from men with noninfected urine, 14±3 and 0.8±0.2 pmol citrulline fanned
per minute per milligram of protein, respectively. NOS activity was increased
significantly in the particulate fraction of the urine pellet in both women and
men with infected urine, 121±25 and 49±9 pmol citrulline fanned per minute
per milligram of protein, respectively (Fig. 22-3). The Km for enzyme activity,
using 3.0-200 IlM arginine as substrate, in urine pellet particulate fractions
was 18±5 jlM arginine, which is consistent with published results for purified
iNOS [49].
Nitric oxide synthase activity in the particulate fraction isolated from the urine

pellet of patients with UTIs depends on NADPH but not on calcium. The average
NOS activity in particulate fractions of the urine pellet of infected urine obtained
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Figure 22-3. Difference in urine particulate NOS activity between men and women with
and without urinary tract infections. Each value represents detenninations from at least
five patients.
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from males and females in the presence of 1mM CaCl2 is 81±14 pmol arginine
metabolized per minute per milligram of protein. NOS activity is 75±19 pmol
arginine metabolized per minute per milligram of protein in the nominally cal­
cium-free medium. Similarly, particulate NOS activity in uninfected urine from
both men and women is not affected by removal of calcium, whereas it decreases
on the removal of NADPH.
Nitric oxide synthase activity in the particulate fraction of the urine pellet

from infected urine was inhibited 39±3%, 30±4%, and 5±2% by 100 llA1 L-cana­
vanine, 100 IlM NG-monomethyl-L-arginine (NMA) and 100 llA1 NG-nitro-L­
arginine (NNA), respectively (Fig. 22-4). The cofactor and inhibitor profile of
the urine pellet NOS activity provide further support that the NOS activity
measured in the particulate fraction of the urine pellet is an inducible isoform, an
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Figure 22-4. Percent inhibition of particulate NOS by L-NNA, L-NMMA, and L-canavan­
ine. Results are reported as percent inhibition ± SEM. [Reprinted with permission from
Kidney International, 45 (1994), pp. 586-591.]
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iNOS, and is similar to the activity described in rodent macrophages, inflammatory
neutrophils, and carcinoma cells [50] and to that induced by microbes, microbial
products, tumor cells, and cytokines [51]. NOS inhibitors blunt citrulline forma­
tion from arginine in a concentration-dependent manner (i.e., 1000 fJM L-canavan­
ine inhibits 68±49'0 of the NOS activity. An explanation for the inability of these
inhibitors to suppress all of the citrulline production is that some of the citrulline
may be generated by a NOS-independent pathway. In murine macrophages and
bovine epithelial cells, arginine is metabolized to ornithine by arginase, and the
ornithine, in tum, is converted to citrulline by a transcarbamoylase [52,53]. A
similar pathway may account for the production of some of the citrulline in the
urine pellet.
To characterize the cell type containing iNOS, Ficoll gradient centrifugation
was performed on leukocyte-positive urines from patients with and without UTIs.
Ficoll gradient fractionation of cell pellets from the urine of patients with UTIs
shows that the majority of the NOS activity is found in neutrophil-enriched
fractions and that the NOS activity is 43-fold higher in neutrophil-enriched
fractions obtained from patients with UTIs than from controls. When NOS activity
is expressed as NADPH-dependent activity, 23.5±13.8 pmol citrulline per minute
per milligram of protein is measured in neutrophil-enriched fractions obtained
from patients with UTIs compared to 0.55±0.16 pmol citrulline per minute per
milligram of protein measured in neutrophil-enriched fractions isolated from con­
trols.
Inhibition profile of leukocyte NOS activity in leukocyte-enriched fractions

isolated from the urine with a series of NOS inhibitors is consistent with the
pattern seen with human recombinant iNOS [54] and with iNOS in activated rat
peritoneal neutrophils [55]. The rank order ofNOS-inhibitor potency on NADPH­
dependent neutrophil iNOS activity is L-AP-(l-iminoethyl) ornithine (L-NIO) >
L-thiocitrulline > L-NMMA > L-canavanine > aminoguanidine > N'-nitro-L­
arginine methyl ester (L-NAME) = (L-NNA) (Table 22-1). The iNOS in human
neutrophils is primarily membrane associated, which is similar to the membrane
partitioning of eNOS [56]. Although human neutrophil iNOS is calcium indepen­
dent, it is inhibited by the calmodulin, antagonists, trifluoperazine (TFP), and N­
(6-aminohexyl)-5-chloro-l-naphthalene-sulfonamide (W-7) at effective concen­
trations of 10 fJM and 39 I.l.M, respectively (Table 22-1). This suggests that
calmodulin is not bound as tightly to the human neutrophil iNOS as to the
rodent form.
A reverse transcriptase-polymerase chain reaction (RT-PCR) on cDNA pre­

pared from leukocyte-enriched total RNA reveals a 413-bp (base-pair) fragment
which is consistently amplified with human iNOS primers. DNA sequencing of
the PCR products reveals 99.9% nucleotide sequence identity with their respective
cloned cDNAs.
Using a specific C-terminal human iNOS polyclonal antibody [57], Western

blot analysis of total lysates or 2'5'-ADP-sepharose-purified samples isolated
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Table 22-1. NOS Inhibitors and Calmodulin
Antagonists Inhibit Leukocyte NOS Activity

IC,o" (JlM)

NOS inhibitor
L-NIO
L-Thiocitrulline
L-NMMA
L-Canavanine
Aminoguanidine
L-NAME
L-NNA

Calmodulin antagonist
Trifluoperizine
W-7

3.0
4.1
7.1

12.1
22.0
116
>200

10

39

aIC,o values are determined using a computer-assisted
10g-logit plot for two to six experiments for each inhibi­
tor, each done in duplicate.

from leukocyte fractions obtained from patients with UTIs identified iNOS protein
at approximately 130 kDA, identical in molecular weight to the protein product
seen in HEK 293 cells stably transfected with the human hepatocyte iNOS cDNA.
Collectively, these data provide definitive molecular proof of an iNOS in human
neutrophils whose activity is increased with UTIs.

It is of note that iNOS activity which is 1O.7±2.9 pmol citrulline per minute
per milligram of protein at the time ofUTI diagnosis remains elevated at 23.5±8.6
pmol citrulline per milligram of protein after 2-4 days of antibiotic therapy but
decreases significantly to 1.5±0.5 pmol citrulline per milligram of protein after
6-10 days of antibiotic treatment. (Fig. 22-5) Thus, with antibiotic treatment of
a UTI, NOS activity remains elevated at a time when pyuria is significantly
decreased and may be involved in the inflammatory response seen in UTIs.
Nitric oxide causes nitrosation of the heme moiety of the soluble guanylyl

cyclase enzyme and this leads to its activation. Guanylyl cyclase converts guano­
sine triphosphate (GTP) to cyclic GMP [58] and many of the actions of NO are
mediated via cyclic GMP [59]. Therefore, we measured cGMP levels in the urine
from patients with UTIs (n = 56) and age-matched controls (n = 50) (Fig.
22-6). The predominant organisms identified in the infected urine samples are
Escherichia coli (69%), Klebsiella (12%), Pseudomonas (7%), Staphylococcus
(5%), and others (7%). In addition to the increased NOS activity in infected urine,
there is a fourfold to fivefold increase in cyclic GMP levels in the supernatants of
infected urine as determined with an 125[ radioimmunoassay [60]. Cyclic GMP
levels are 0.7810.08 and 3.05±0.44 flmol cyclic GMP per gram of creatinine in
uninfected and infected urine, respectively.
In urinary tract infections, cytokines induced in the bladder epithelial layer

cause a rapid influx of neutrophils. These neutrophils have been implicated in
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phagocytotic and inflammatory processes. Because of the presence of both cyto­
kines and bacterial products in the urine, these neutrophils were examined for
the presence of nitric oxide synthase. These results can be summarized as follows:

I. The NOS found in the pellet fraction of urine is increased in patients
with UTIs and is an NADPH-dependent, CA2+-independent enzyme, suggest­
ing that it is an iNOS. The majority of neutrophil NOS activity is in the
particulate fraction. NOS isolated from rat polymorphonuclear neutrophils
[24] and iNOS isolated from transformed macrophages are primarily soluble
proteins [23]. Only about 40% of the iNOS isolated from primary mouse
peritoneal macrophages [61] and 25% of the iNOS in the cloned murine
macrophage cellline RAW264.7 [62] are membrane associated. In contrast,
greater than 90% of the human neutrophil iNOS is tightly membrane associ­
ated, which is similar to the membrane partition of eNOS. Because the
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primary structure of the NOSs are similar, and posttranslational modifications
cause the targeting of eNOS to membranes, human neutrophil iNOS also
may be modified after translation, perhaps by ubiquitinylation [61] or by
fatty acid modification.

2. The inhibitor profile of neutrophil NOS also suggests that it is an
iNOS. L-NIO, L-NMMA, and canavanine have a lower ICso than L-NAME
and L-NNA. The ICsos for L-NIO and L-NMMA for neutrophil iNOS are
similar to those reported for human recombinant iNOS [54] and iNOS in
activated rat neutrophils [55]. Unlike iNOS isolated from rodent sources,
human neutrophil iNOS is inhibited by calmodulin antagonists, TFP and
W-7, suggesting that calmodulin is bound less tightly to the human enzyme
than to the rodent form. Irrespective of the potential differences in calmodulin
binding affinity to human and rodent iNOS, both enzymes are clearly Ca2+­

independent [63].

3. RT-PCR amplified iNOS and DNA sequencing confirmed the PCR
results, indicating that human neutrophils contained iNOS message. These
results were further confirmed by identification of an immunoreactive iNOS
protein at approximately 130 kDa, using a specific C-terminal human iNOS
polyclonal antibody. iNOS immunoreactivity present in neutrophils isolated
from patients with bacterially infected urine is decreased after antibiotic
treatment and is not detected in the urine from patients without UTIs.

4. Cyclic GMP levels in the urine of patients with urinary tract infections
are significantly increased compared to cyclic GMP levels in control urines
[60). Because NO increases cGMP levels, NO may cause an increase in
cGMP during UTIs.

Although identification of iNOS has been problematic in human blood-borne
inflammatory cells [40,41], iNOS has been definitively identified in urinary tract
infections [64]. Because UTIs represent an ongoing infectious process with inter­
play of bacteria and host defense mechanisms, the characterization of iNOS in
neutrophils from infected urine suggests an important role for NO in inflamma­
tory processes.
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Role of the NO System in
Urinary Tract Obstruction

David A. Schulsinger, Steven S. Gross, and
E. Darracott Vaughan, Jr.

1. Introduction

Obstructive uropathy with subsequent nephron injury is a major cause of renal
damage and occurs in a significant number of urological diseases. Obstruction
to the urinary tract can come from either intrinsic disease or external compression
to the genitourinary system. The pathophysiology of urinary tract obstruction
has been a subject of a number of recent reviews [1-3]. In a large autopsy
study of patients of all ages, frequency of urinary tract obstruction was 3.1%.
Obstruction in the younger patient is usually due to a congenital anomaly; during
young adulthood, the most common etiology is urinary stone disease, and later
in life, the male can develop hydronephrosis secondary to prostatic disease. The
terminology is confusing, with the term hydronephrosis being an anatomical
description of a dilated ureter and collecting system. Better terms are either
obstructive uropathy or obstructive nephropathy, which imply that there is actual
damage to the urinary tract. In the latter setting, there is not only an anatomic
change but a reduction in renal function due to the obstructive injury. The
mechanism of injury to the nephron during obstruction remains an area of intense
controversy. It is clear that this is not a pure pressure phenomenon although the
ureteral pressure initially rises following obstruction. Subsequently, it falls and
there is renal vasoconstriction which is injurious to the nephron. During the
course of either complete or partial obstruction, there appears to be a complex
interaction between renal vasoconstrictors and renal vasodilators. Accordingly,
with the advent of knowledge concerning nitric oxide, studies have been initiated
to define the role of nitric oxide system in obstructive injury. Therefore, in this
chapter we will review the current information available concerning this system
in experimental models of urinary tract obstruction.
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2. Renal Hemodynamics in Ureteral Occlnsion

Renal hemodynamic regulation during complete unilateral ureteral obstruction
(DUO) is described by a triphasic relationship in renal blood flow (RBF) and
ureteral pressure (UP) [4-6]. In Phase I (0-90 min), there is a rise in both RBF
and UP, primarily as a result of afferent arteriole vasodilation. During Phase II
(90 min-5 h), there is a decline in RBF and a rise in UP associated with
efferent arteriolar constriction. Finally, in Phase III (5-18 h), afferent arteriolar
constriction results in a decline in both RBF and UP. The triphasic relationship
characterizing these changes in RBF and UP is shown in Fig. 23-1.
In bilateral ureteral obstruction (BUO), the changes in RBF and UP are not
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Figure 23-1. The triphasic relationship between ipsilateral renal blood flow and left
ureteral pressure during 18 h of left ureteral occlusion. (From Vaughan, E.D. Jr., Sorenson,
E.J. Gillenwater, J.Y. The renal hemodynamic response to chronic unilateral complete
ureteral occlusion. Invest. Urol. 1970;8:78. Used by permission.)
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entirely the same as the patterns seen in the triphasic model of UUO. Similar to
UUO, there is an increase in both RBF and UP during the first 90 min after
BUO [7]. Between 90 min and 7 h, however, the decrease in RBF during BUO
is significantly less than the decline in RBF seen in UUO. By 24 h, the decrease
in RBF is similar in UUO and BUO. During the first 4.5 h, the progressive rise
in UP follows a similar pattern for both DUO and BUO. In contrast to UUO,
after 4.5 h, the UP remains elevated until at least 24 h. Unlike the triphasic UUO
model of preglomerular vasodilatation, postglomerular vasoconstriction followed
by preglomerular vasoconstriction, BUO passes through a phase of preglomerular
vasodilatation and, finally, postglomerular vasoconstriction and remains in that
phase. In contrast to chronic UUO, increased preglomerular vasoconstriction does
not appear to occur in BUO.
Although the exact mechanisms of renal hemodynamic changes during acute

and late phases of UUO are not known, various modulators participate in the
effect. Several vasodilators, including prostaglandins [8], bradykinins and nitric
oxide (NO) result in dilatation of the afferent arteriole. In vascular endothelial
cells, nitric oxide is derived exclusively from the oxidation of the terminal
guanidino nitrogen of L-arginine by the enzyme, nitric oxide synthase (NOS)
[9]. Nitric oxide, in tum, activates soluble guanylate cyclase and increases the
production of guanosine 3'5'-cyclic monophosphate (cGMP), which mediates
vascular relaxation.
The vasoactive compounds potentially responsible for constriction of efferent

arteriole during DUO, include thromboxane A2 [10], ET-l [11,12], angiotensin
II [13], platelet-activating factor [14], and leukotriene B4 [15]. The focus of this
chapter will be the contribution of nitric oxide during acute and late UUO
and BUO.

3. Nitric Oxide Synthase and the Urinary Tract

Localizing NO formation at a cellular level throughout the urinary tract was
greatly facilitated by immunohistochemical identification ofNOS. Several reports
document the presence of NOS in the normal kidney, ureter, bladder, and the
Leydig cells of the testicle. In pathophysiological conditions, including glomeru­
lonephritis, renal cell carcinoma, and hypoxia, the presence ofNOS was identified
(see Chapter 15 and 20).
In the kidney, all NOS isoforms have been previously described. The constitu­
tive, "neuronal" isoform, NOS I, is localized to the cells of the macula densa
(MD) of rat and mouse kidney [16-19]. Histochemically, only the macula densa
and parts of the glomerular capsule were NOS I labeled in rat and human kidney.
In guinea pig, selective immunohistochemistry of the postglomerular arteriole
was seen. By reverse transcription polymerase chain reaction (RT-PCR), NOS I
mRNA was also localized to the inner medullary collecting duct and, to a lesser
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extent, to the glomerulus, inner medullary thin limb, and cortical and outer
medullary collecting ducts as well as in parts of the renal vasculature [20].
The second constitutive-type NOS, NOS III, also termed "endothelial NOS"

(eNOS) is present in the endothelium of renal arterioles by NADPH-diaphorase
reaction (see Chapter 7 for details).
Finally, the inducible form ofNOS (iNOS) orNOS II was localized to the preglo­

merular portion of the afferent arteriole, including the granular cells [21]. In normal
rat [22] and rabbit kidney [23], NO release requires a functional endothelium, as
its removal by a detergent abolished its release. This suggested an endothelium­
dependent mechanism for NO formation. However, in 3-day UUO, ex vivo deter­
gent-treated endothelium failed to block the release ofNOz-, suggesting a nonendo­
theliallocation for iNOS production ofNO [23]. Likewise, we have identified iNOS
by immunohistochemistry in the renal tubules after unilateral ureteral obstruction
[24]. Figure 23-2 shows the localization of iNOS between 3 and 28 days after UUO.
It is well known that L-arginine, the precursor for NO synthesis, is synthesized from
citrulline [25] and cortical tubules are the most active site of its synthesis within the
kidney [26]. It appears that the renal tubules are the cells responsible for L-arginine
production and NO synthesis. This may suggest a central role for the kidney to
manufacture NO in response to UUO.
Figure 23-3 shows localization of inducible NOS (NOS II) to the MD in

obstructed rat kidney after 28 days. These findings suggest that the MD may
produce considerable amounts of NO which may be a mediator substance in
signal transfer from the distal tubular fluid to the glomerular arterioles [17].
Wilcox et aI. [16] suggest that neuronal NOS in the MD produces NO responsible
for mediating a vasodilator arm of the tubuloglomerular feedback response. We
propose that NO produced in the MD cells by UUO-induced NOS diffuses across
the avascular space of the extraglomerular mesangium. In smooth muscle cells
of the afferent arteriole, NO stimulates soluble guanylate cyclase, generating
cGMP from GTP to influence the vascular tone of the afferent arteriole during
UUO (Fig. 23-4).

4. Nitric Oxide and Acute Unilateral Ureteral Obstruction

During acute UUO, afferent arteriole vasodilatation is responsible for the increase
in RBF and UP. A number of studies have examined the role of NO during acute
000. Lanzone et al. [27] showed that intrarenal infusion of NG-monomethyl­
L-arginine (L-NMMA) attenuated the increase in RBF after acute UUO. In addi­
tion, these effects of L-NMMA were abolished by intrarenal L-arginine infusion.
Schulsinger et al. [28] demonstrated that intrarenal L-arginine infusion between
90 and 140 min after UUO, in the presence of meclofenamate, a cyclooxygenase
(COX) inhibitor, restored the RBF and UP to control 000 values. In the absence
of 000 (sham), however, administration of L-arginine had no effect on RBF.
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Figure 23-2. Photomicrographs of iNOS immunoreactivity in UUO renal sections (x200).
(A) No staining for iNOS in the sham or (B) l.5-h obstructed kidney. (C) iNOS is localized
to the distal tubules of a 3-day obstructed kidney and (D) after 7 days of UUO. (E) iNOS
staining of distal tubules, but not in the glomerulus after 21 days of UUO. (F) After 28
days of UUO, staining is visualized in the distal tubule and proximal tubule but not in
the glomerulus or arteries. (G) No staining for iNOS in a 14-day steroid treated obstructed
kidney (PT, proximal tubule; DT, distal tubule; g, glomerulus: a, artery).
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Figure 23-3. Photomicrograph of immunohistochemical localization of iNOS in the
macula densa of rat kidney after 28 days of UUO (x400). Note the section through the
glomerular capillary tuft and the adjacent tubular structures that show dense localization
of iNOS within the cells of macula densa. In contrast, the glomerular cells and the
endothelium were not recognized (a, arteriole; g, glomerulus; md, macula densa).

Thus, exogenous L-arginine in the absence ofUUO was not necessary in maintain­
ing normal renal hemodynamics.
The activation of the NO system following acute UUO may be due to altered
synthesis of L-arginine or increased utilization of L-arginine. It can be argued
that there is an increased utilization of endogenous L-arginine upon ureteral
occlusion, thereby limiting the production of NO, and this situation is reversed
with exogenous L-arginine infusion [28]. Once exogenous L-arginine is added,
the augmented NOS activity facilitates the production of NO, promptly reducing
renal vascular resistance (RVR) with a subsequent rise in RBF and UP.
The mechanism whereby DUO enhances NOS is not clear. Marsden et al.

showed that sheer stress will activate the EDRF system [29]. Therefore, the high
intraglomerular hydrostatic pressure may contribute to the production of NO.
RT-PCR studies have shown upregulation of mRNA NOS II in obstructed rat
kidneys as early as 90 min, but no induction in the contralateral or sham-operated
rat kidneys [30]. Thus, iNOS upregulation following UUO may represent the
rate-limiting enzyme essential for NO formation.
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Figure 23-4. Proposed model of UUO-induced NOS in the macula densa and its role
in regulating glomerular afferent arteriole smooth muscle tone. (DUO, unilateral ureteral
obstruction; TD, triamcinolone diacetate; RBF, renal blood flow; UP, ureteral pressure)

5. Nitric Oxide in Late and Chronic Unilateral Ureteral Obstruction

As described above, Phase III (5-18 h), or late obstruction, is characterized by a
decline in both RBF and UP. This effect is explained by vasoconstriction of the
afferent arteriole, resulting in decreased GFR and urine production. Unlike the in­
crease in RBF and UP in acute UUO, the vasoconstrictors angiotensin II, thombox­
aneA z,andendothelinmay counteract the vasodilatoreffectofNOand other vasodi­
lators during late UUO. Recent studies suggest that decreased NOS activity
contributes to renal vasoconstriction observed in rats with bilateral ureteral obstruc­
tion [31-33]. During late obstruction, either an altered synthesis of L-arginine or
increased utilization of it results in decreased serum levels of L-arginine available
for NO production [23,31]. The latter explanation is consistent with our findings.
Schulsinger et al. [34] showed that the infusion of L-arginine after 18 h of UUO
increased RBF significantly toward baseline (preobstructed) values (Fig. 23-5).
Likewise, UP rose sharply after L-arginine during the same time period (Fig. 23­
6). However, in the absence of obstruction (sham operated), there was no change
in RBF after exogenous L-arginine infusion. Likewise, NOS synthesis inhibition
in 24-h UUO rats caused a greater decrease in RBF in the obstructed kidney com­
pared to the sham-operated kidney [35]. Others have shown a similar effect in sham
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Figure 23-5. RBF before and after UUO (time 0). L-Arginine was infused after 18 h
UUO in obstructed (UUO+ L-arg) and sham-operated animals (Sham+ L-arg), but not
control obstructed animals (UUO). +p < .005 compared with preinfusion of L-arginine
(18 h).

operated rats [31]. This is consistentwith our data showing that iNOS is upregulated
after 90 min to 28 days ofUUO [24]. The substrate, L-arginine, becomes rate limit­
ing to NO production during this period ofobstruction. Thus, the substrate necessary
to fuel the renal hyperemic effect during Phase I UUO may be exhausted and not
available during late UUO. This, in tum, shifts the delicate balance to favor a vaso­
constrictor, rather than a vasodilator effect on the afferent arteriole. In summary,
the vasodilator, NO, is able to modulate renal vasoconstriction during late UUO,
resulting in an increase in RBF and UP.
In chronic ureteral obstruction, there are few reports on the role of NOS in

UUO. In 6-week UUO rats, there was a significant decrease in RBF following
inhibition of NO synthesis [36]. Chen et al. [36] suggest that NO is an important
modulator of both preglomerular and postglomerular tone in the chronically
obstructed kidney.

6. Nitric Oxide and Bilateral Ureteral Obstruction

As mentioned earlier, from 0 to 4.5 h post-BUO there is period of afferent
arteriole vasodilatation followed by a phase of efferent arteriole vasoconstriction.
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Figure 23-6 UP between a and 19 h after UUO. L-Arginine was infused after 18 h
UUO in obstructed (UUO+ L-arg) and steroid-treated animals (UUO+ L-arg+TD), but not
control obstructed animals (UUO). +p < .005 compared with preinfusion of L-arginine
(18 h).

Several studies suggest that decreased NO activity contributes to renal vasocon­
striction in rats with BUO [31-33]. Reyes et al. showed a decreased availability
of arginine for NO synthesis in rats with BUO for 24 h [31]. In rats with BUO,
administration of Nw-nitro-L-arginine (L-NAME) further decreased RBF in a
dose-dependent manner, suggesting a sustained basal release of NO that counter­
acts the effect of vasoconstriction which tends to decrease GFR and effective
renal plasma flow (ERPF). Subsequent administration of L-arginine significantly
increased the GFR and ERPF. L-Arginine given to rats with BUO, or pretreatment
with L-arginine, significantly decreased RVR and increased GFR and ERPF.
Subsequent administration of an L-arginine antagonist resulted in an increase
RVR and a decrease in GFR and ERPF to values comparable to basal conditions.
These studies suggest that BUO results in either an alteration in synthesis of
L-arginine or an increased utilization of it, resulting in decreased serum levels
of the substrate for NO synthesis. Rats obstructed for 24 h have one-third the
plasma level of L-arginine compared to serum values prior to obstruction or
sham-operated [31]. In summary, the mechanism by which BUO decreases the
available endogenous L-arginine for NO synthesis may be due to a decline in
renal function or an increase in L-arginine utilization.
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7. Regulation of Nitric Oxide During UUO

Various modulators of NOS may effect its expression, synthesis, and activity.
Cytokines are known to induce the expression of NOS activity at the level of
transcription. Interleukin-6 (IL-6), a macrophage product, causes an upregulation
of NOS mRNA. Conversely, steroids such as dexamethasone can inhibit the
induction of NOS in vitro [37] and in vivo without affecting the constitutive
form of the enzyme [38]. Ex vivo perfusion of dexamethasone or cycloheximide
abolished the time-dependent release of NOz-, an oxidation product of NO, by
the hydronephrotic kidney [23]. PCR and immunoperoxidase staining techniques
demonstrated that iNOS mRNA and protein expression were upregulated in
renal tubules of 14-day obstructed kidneys [30], and triamcinolone diacetate­
pretreatment (TD) prevented iNOS induction. In a dog model, the rise in UP
(Fig. 23-6) and RBF (Fig. 23-7) following L-arginine infusion 18 h post-UUO
was abolished after TD pretreatment [34]. In contrast, sham-obstructed animals
did not show changes in RBF after L-arginine administration. These findings
suggest that UUO-induced iNOS mRNA is inhibited by TD at the level of
transcription and that excess substrate did not alter the RBF and UP (See fig.
23-4).
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Figure 23-7. RBF before and after UUO. L-Arginine was infused in obstructed (UUO+
L-arg) and steroid-treated animals (UUO+TD) but not control obstructed animals (UUO).
+p < .005 compared with preinfusion of L-arginine (18 h).
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Selective and nonselective inhibitors NOS isoforrns have been described. Thus,
L-NMMA blocks the activity of both cNOS and iNOS [39], whereas aminoguani­
dine (AG) has been shown to be a relatively selective inhibitor of iNOS [40-42].
It is notable that the effects of various inhibitors of NOS activity have been
examined during acute unilateral ureteral obstruction [27,43]. Lanzone et al. [27]
showed that L-NMMA infused into the renal artery inhibited RBF before UUO.
In contrast, after UUO, RBF was not significantly altered. However, when
L-NMMA was stopped, RBF increased significantly. Likewise, when animals
received L-arginine and L-NMMA simultaneously, there was no change in the
RBF compared to the control group. In late-phase UUO, we showed that continu­
ous 18-h ipsilateral renal artery infusion of L-NMMA significantly decreased
RBF at all time points prior to and following obstruction [34]. This was reversed
when L-arginine was coinfused with L-NMMA after] 8-h post-UUO, as both
RBF (Fig. 23-8) and UP (Fig. 23-9) were significantly increased. These findings
suggest that L-arginine infusion abolished the effects of L-NMMA on NOS during
acute and late-phase UUO. In addition, Inman et al. [43] demonstrated that RBF
was reduced by 47% and 67% when L-NMMA was infused after and prior to
obstruction, respectively. Others showed that the potentiating effect of L-arginine
was abrogated by coadministration of L-NMMA or AG [23]. These findings
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Figure 23-8. RBF before and after UUO. L-Arginine was infused in obstructed (UUO+
L-arg) and L-NMMA-treated animals (UUO+ L-NMMA+L-arg) but not control obstructed
animals (UUO). +p < .003 and *p < .002 compared with preinfusion of L-arginine (18 h).
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Figure 23-9. UP between a and 19 h after UUO. L-Arginine was infused after 18 h
UUO in obstructed (UUO+ L-arg) and L-NMMA-treated animals (UUO+ L-NMMA) but
not control obstructed animals (UUO). +p < .005 compared with preinfusion of L-arginine
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support the view that inhibition of NOS prevents the production of the NO which
is needed to maintain renal hemodynamics during acute UUO.

8. Interaction of NO and Prostaglandins During UUO

The relationship between NO and the prostanoid system has been investigated.
In acute UUO, NO and PG are the major vasoactive regulators in early obstruction.
Salvemini et al. [23] demonstrated a relationship between the NO system and
the PG system. In ex vivo perfused rabbit hydronephrotic kidneys, production
of NO by iNOS causes activation of the inducible COX, resulting in a marked
increase in PG synthesis. In the contralateral kidney, production of NO by a
cNOS activates constitutive COX, resulting in prostaglandin Ez release. These
in vivo studies may be explained by the in vitro demonstration that NO directly
activates purified constitutive and inducible COX isoforms, in association with
the formation of an NO complex [44]. Inhibition of PG synthesis entirely prevents
the increase in both RBF and UP after UUO [28,45]. Intrarenal infusion of
L-arginine promptly increased RBF and UP to levels normally observed initially
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with UUO and without PG synthesis inhibition [28]. In contrast, L-arginine
infusion in the absence of ureteral obstruction does not alter RBF, regardless of
whether PG synthesis is inhibited or not. Taken together, these findings suggest
that during UUO, the enhanced renal production of PG is largely responsible for
the decrease in RVR and that the NO system is also activated, contributing to
increased RBF and UP. In summary, activation of the NO system by UUO is
capable of superseding the PG system while maintaining high RBF and UP.

9. CONCLUSION

This chapter has attempted to define the role of the nitric oxide system following
unilateral and bilateral ureteral obstruction. Clearly, the nitric oxide system plays
an important role in the regulation of renal hemodynamics following ureteral
obstruction. At the cellular level, UUO results in the upregulation of iNOS mRNA
and protein expression and an enhanced synthesis ofNO, which serves to maintain
renal hemodynamics during UUO. However, the NOS substrate L-arginine appar­
ently becomes rate limiting to NO synthesis in this setting, favoring vasoconstric­
tion of the afferent arteriole. The decreased synthesis of NO during UUO and
BUO may contribute significantly to the reduction in RBF and UP after ure­
teral obstruction.
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