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Preface

According to the recent report of Diabetes Atlas in 2015, diabetes affects 415 mil-
lion people worldwide, that is, one in every 11 adults is estimated to have diabetes, 
and half of them are undiagnosed. Further, it is expected that the number of diabetic 
patients will increase to 642 million by 2040. Diabetes and its associated metabolic 
derangements are one of the most important risk factors for aging-related and life- 
threatening disorders, such as atherosclerotic cardiovascular disease, chronic kid-
ney disease, cancer, Alzheimer’s disease, and osteoporosis. Indeed, atherosclerotic 
cardiovascular disease accounts for about 60% of death in diabetic patients, and 
microvascular complications are leading causes of end-stage renal failure, acquired 
blindness, and foot amputations. In addition, hazard ratios of death from any cause, 
non-cardiovascular disease, and several cancers in diabetic patients are 1.8, 1.7, and 
1.25, respectively, compared with nondiabetic individuals. Moreover, Alzheimer’s 
disease and osteoporotic bone fractures are highly prevalent in diabetes, and aver-
age life span and healthy life expectancy of diabetic patients are about 10–15 years 
shorter than those of nondiabetic subjects. These observations suggest that diabetes 
and its numerous complications are a global health burden and that early detection 
and treatment of various diabetes-related complications are urgently needed for 
slowing the aging process and achieving a successful life in diabetic patients. This 
book entitled Diabetes and Aging-Related Complications deals with why and how 
aging process is accelerated under diabetes, providing valuable and comprehensive 
information for management of various types of diabetes- and aging-related disor-
ders. I organized a symposium on diabetes and aging in the 58th Annual Meeting of 
Japan Geriatrics Society in 2016. I selected the contributors of chapters mainly from 
scientists who presented their updated data in the symposium. I think that the book 
helps most of the researchers and clinicians in the field of diabetes and its related 
complications acquire more updated knowledge about a diverse range of topics.

Recently, there is accumulating evidence that cumulative hyperglycemic expo-
sure has contributed to the development and progression of diabetes- and aging- 
related disorders. In the Diabetes Control and Complications Trial-Epidemiology of 
Diabetes Interventions and Complications (DCCT-EDIC) trials, former intensive 
therapy has been shown to be associated with the reduced risk of all-cause mortality 
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over 27 years’ mean follow-up. The phenomenon is called as metabolic memory, 
thus suggesting that past hyperglycemic exposure may persistently cause chronic 
damage in numerous organs and tissues of diabetes that are not easily reversed, even 
by subsequent, relatively good glycemic control. In other words, the observations 
suggest that beneficial influence of early glycemic control on the risk of vascular 
complications and death is sustained in patients with diabetes. The readers of this 
book will also get information on underlying molecular mechanisms of the meta-
bolic memory in diabetes.

I hope that the book inspires readers to take various actions on behalf of diabetic 
patients.

Kurume, Japan Sho-ichi Yamagishi, M.D., Ph.D.

Preface
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Chapter 1
Diabetic Kidney Disease

Mai Sugahara, Tetsuhiro Tanaka, Reiko Inagi, and Masaomi Nangaku

Abstract Renal senescence is accompanied by a gradual decrease in its function. 
Although it rarely causes clinical problems per se, superimposition of various dis-
eases, such as diabetes, may accelerate this functional decline. Recent research has 
revealed some of the complex mechanisms of how diabetes promotes the aging 
process in the kidney, including the pathogenic roles of hemodynamic changes, 
tubulointerstitial hypoxia, oxidative stress, advanced glycation end-products, and 
impaired autophagy. Diabetes also modulates aging-related signaling pathways, 
such as sirtuins and mammalian target of rapamycin. Current therapeutic strategy 
for diabetic kidney disease consists of glycemic control and antihypertensive treat-
ment with renin-angiotensin system inhibitors. However, they fail to fully prevent 
the progression of diabetic kidney disease, raising an urgent need for novel thera-
peutic methods. Some pharmacological agents are being developed based on the 
knowledge of hemodynamic and molecular basis of diabetes- and aging-related kid-
ney function decline.

Keywords Diabetic kidney disease • Hypoxia • Oxidative stress • Advanced glyca-
tion end-products • Autophagy

1.1  Introduction

Aging is a universal process that affects all organs including the kidney. Even in 
healthy individuals, glomerular filtration rate (GFR) starts to decline at 30 years of 
age and proceeds at the rate of approximately 8 ml/min/1.73 m2 per decade [1]. This 
loss in renal function is largely attributed to hemodynamic changes within the kid-
ney and age-related vulnerability to physiological stress, such as hypoxia and oxida-
tive stress.

M. Sugahara • T. Tanaka (*) • R. Inagi • M. Nangaku 
Division of Nephrology and Endocrinology, The University of Tokyo Graduate School of 
Medicine, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8655, Japan
e-mail: tetsu-tky@umin.ac.jp
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The rate of kidney function decline may increase with superimposition of vari-
ous diseases. Diabetes is one of the strong drivers of this decline, and it accelerates 
the process of aging through several different mechanisms, such as hemodynamic 
changes, endothelial dysfunction, tubulointerstitial hypoxia, oxidative stress, accu-
mulation of advanced glycation end- products (AGEs), and impaired autophagy. 
Diabetes also modulates some aging-related signaling pathways including sirtuins 
and mammalian target of rapamycin (mTOR). This chapter discusses the pathogen-
esis of diabetic kidney disease (DKD) in relation to aging process and introduces 
some potential therapeutic methods to cope with diabetes-related kidney function 
decline.

1.2  Hemodynamic Changes and Chronic Hypoxia at 
the Center of Aging Kidney and DKD

1.2.1  Vasculature of the Kidney (Fig. 1.1) [2]

The kidney has a unique spatial arrangement of vasculature; it has two capillary 
networks that run in series. The renal artery bifurcates into interlobar arteries, arcu-
ate arteries, interlobular arteries, and afferent arterioles. The afferent arterioles give 

Renal artery

Afferent
arteriole

Efferent
arterioleGlomerular

capsule

Arcuate artery
and vein

Interlobular artery
and vein

Renal
artery

Renal
vein

Ureter
Medulla

Cortex Renal vein

Peritubular
capillary network

Loop of Henle

Collecting
duct

Distal
tubule

Proximal convoluted
tubule

Fig. 1.1 Vasculature of the kidney. The renal artery bifurcates into interlobar arteries, arcuate 
arteries, interlobular arteries, and afferent arterioles. The afferent arterioles give rise to the first 
capillary network, the glomerulus, and they merge again at the vascular pole to form efferent arte-
rioles. The efferent arterioles enter the second capillary network, the peritubular capillaries, which 
surround tubules and offer oxygen and nutrients to tubular and interstitial cells. The enlargement 
shows the architecture of a nephron with arrows indicating the direction of blood flow. Reprinted 
by permission from Macmillan Publishers Ltd.: Nat Rev. Nephrol 6: 667–78, © 2010

M. Sugahara et al.
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rise to the first capillary network, the glomerulus, and they merge again at the vas-
cular pole to form efferent arterioles. The efferent arterioles enter the second capil-
lary network, the peritubular capillaries (PTCs), which surround tubules and offer 
oxygen and nutrients to tubular and interstitial cells.

Although this anatomy is crucial for the regulation of renal blood flow (RBF), 
GFR, urine concentration, and other specialized kidney functions, arterial and 
venous vessels running in close parallel to each other gives rise to a diffusional 
oxygen shunt, which results in comparatively low oxygen tensions in the renal tis-
sue. The renal medulla is especially prone to hypoxia, because its blood supply 
depends on vasa recta which emerge from juxtamedullary glomeruli and travel 
along the long loop of Henle.

1.2.2  Morphological and Hemodynamic Changes 
of Aging Kidney

Histological observations of kidneys from autopsies and nephrectomies have 
revealed some universal changes associated with aging (Table 1.1), not only in the 
glomerulus and tubules but also in the vessels. After 40 years of age, atherosclerotic 
changes become evident in the pre-glomerular arteries, i.e., interlobar arteries, arcu-
ate arteries, and interlobular arteries, causing RBF to decrease at a rate of approxi-
mately 10% per decade [3]. This decrease is most profound in the renal cortex, 
resulting in cortical atrophy. The degree of atherosclerosis correlates with the degree 
of glomerulosclerosis [3], which is a common finding in the aging kidney, suggest-
ing a hemodynamic role in the aging process.

In the arterioles, hyaline deposition within the vascular wall leads to obliteration 
of the lumen and is also related to glomerulosclerosis. There are two types of struc-
tural changes associated with arteriolopathy; it results in complete atrophy of the 
cortical glomeruli, whereas it forms a shunt between the afferent and efferent arte-
rioles in the juxtamedullary nephrons (Fig. 1.2) [4]. The latter change increases the 

Table 1.1 Histological changes in DKD and aging kidney

DKD Aging kidney

Glomerulus Mesangial matrix expansion
Uniform thickening of capillary wall
Nodular lesion
Diffuse lesion
Exudative lesion (hyalinosis)

Focal and segmental 
glomerulosclerosis
Hyaline deposition
Thickening of glomerular 
basement membrane

Tubulointerstitium Thickening of tubular basement 
membrane
Tubular atrophy
Fibrosis

Tubular atrophy
Fibrosis

Vessels Hyaline deposition in arterioles
Atherosclerosis
Loss of PTCs
New vessel formation near the hilus

Hyaline deposition in arterioles
Atherosclerosis
Loss of PTCs
Aglomerular arterioles

1 Diabetic Kidney Disease
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blood flow to the medulla, resulting in a redistribution of blood flow from the cortex 
to the medulla.

As a consequence of glomerulosclerosis, the aging kidney fails to maintain 
PTCs, causing hypoxia in the tubulointerstitial area. Hypoxia has now been recog-
nized as a common mediator to progressive kidney diseases [2, 5], and the same 
scenario also applies to the process of physiological aging. Experimentally, the kid-
neys from old rats were indeed exposed to extensive degrees of hypoxia [6].

1.2.3  Hemodynamic Changes of DKD

Diabetes is the leading cause of end-stage kidney disease (ESKD) and is associated 
with increased cardiovascular mortality. The earliest sign of DKD is persistent albu-
minuria, and even with appropriate glycemic control and antihypertensive treat-
ment, a certain number of patients progress to overt proteinuria and eventually to 
renal failure. Histological changes typically observed in DKD are listed in Table 1.1. 
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Fig. 1.2 Two types of structural changes associated with arteriolopathy. There are two types of 
structural changes associated with arteriolopathy; it results in complete atrophy of the cortical 
glomeruli, whereas it forms a shunt between the afferent and efferent arterioles in the juxtamedul-
lary nephrons, resulting in aglomerular arterioles. Reprinted by permission from Elsevier: Kidney 
Int 2: 224–30, © 1972
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As DKD is often referred to as one of the “microvascular” complications of diabe-
tes, vascular dysfunction plays an important role in the pathogenesis of DKD.

Both arteries and arterioles invariably show the typical changes of arteriosclero-
sis and arteriolosclerosis, respectively. The arteries exhibit intimal thickening 
accompanied by reduplication of elastic lamina [7], the finding also observed in the 
aging kidney. Hyaline arteriolosclerosis is also a frequent and early manifestation of 
DKD. Arteriolopathy results in a maladaptive autoregulation that permits the trans-
mission of systemic hypertension to glomerular capillaries. Moreover, diabetes dis-
turbs vasoactive humoral systems which control the glomerular circulation. The 
balance between factors influencing the afferent arteriolar tone is shifted toward 
vasodilation, whereas opposite changes may occur on the efferent arterioles, result-
ing in glomerular hypertension and subsequent hyperfiltration [8].

Glomerular hypertension causes mechanical damage to the capillary wall, even-
tually leading to glomerulosclerosis and loss of PTCs. Elevated glomerular pressure 
also increases filtration of proteins to tubular lumen. Consequently, enhanced tubu-
lar reabsorption induces synthesis of pro-inflammatory and profibrotic factors, fur-
ther resulting in tubulointerstitial inflammation and fibrosis. Fibrosis and loss of 
PTCs generate hypoxic state in associated tubulointerstitial areas, which is known 
as the common final pathway of progressive kidney diseases [2, 5]. These insights 
indicate that arterio- and arteriolosclerosis underlie the pathogenesis of both dia-
betic and aging kidney. This would further imply that diabetes accelerates the pro-
cess of aging through hemodynamic changes and associated tubulointerstitial injury 
in the kidney.

1.3  Cellular and Molecular Biology of DKD in Relation 
to Aging

Hyperglycemia alters metabolic pathways and cellular environments; many of these 
changes are involved not only in the pathogenesis of DKD but also in renal senes-
cence. The altered metabolism further contributes to the progression of hemody-
namic changes and tubulointerstitial injury described above. In these regards, 
understanding the molecular basis of DKD may also help to unveil the aging pro-
cess in the kidney.

1.3.1  Reactive Oxygen Species (ROS)

It has been generally accepted that the imbalance between antioxidant defense 
mechanism and ROS production leads to oxidative stress and subsequent pathologi-
cal conditions including diabetic and aging kidney. ROS are chemically reactive 
molecules containing oxygen. Several ROS with unpaired electrons, such as super-
oxide, hydroxyl radicals, and lipid radicals, are considered as free radicals. Hydrogen 

1 Diabetic Kidney Disease
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peroxide (H2O2), peroxynitrite (ONOO−), and hydrochlorous acid (HOCl) are not 
free radicals but possess an oxidizing effect. ROS are usually considered cytotoxic, 
because they oxidize important macromolecules including proteins, lipids, carbohy-
drates, and nucleic acids, disrupting their physiological functions.

One pathogenic mechanism of ROS in relation to DKD and aging kidney is 
through inducing endothelial dysfunction and subsequent atherosclerosis [9]. For 
example, superoxide anions inactivate endothelium-derived NO by converting it to 
peroxynitrite. NO has important anti-atherosclerotic properties which include regu-
lation of vascular tone and vessel wall permeability, suppression of leukocyte adhe-
sion to the endothelial surface, inhibition of vascular smooth muscle cell migration, 
and proliferation; its inactivation inevitably results in atherosclerosis. In the kidney, 
reduced levels of NO leads to vasoconstriction and a subsequent decrease in PTC 
blood flow [2, 5]. Furthermore, ROS elicit inflammatory pathway, another impor-
tant contributor in the pathogenesis of atherosclerosis.

Within the mammalian cell, there are mainly three sources of ROS; mitochon-
drion, endoplasmic reticulum (ER), and the enzyme systems in the cytosol, such as 
xanthine oxidase, lipoxygenase, and nicotinamide adenine dinucleotide phospha-
tase oxidase (NOX) [10]. The traditional view has been that production of ROS 
would generate harmful effects, regardless of the cell types or their source. However, 
recent findings revealed that some ROS are essential in specific intracellular signal-
ing pathways and actually function in a beneficial manner.

The ROS molecules whose functions are extensively reevaluated include super-
oxide produced in mitochondria. It has been assumed that excess glucose uptake 
would lead to an increase in pyruvate entry into mitochondria and an increased flux 
of substrates to the electron transport chain, resulting in hyperpolarization of the 
mitochondrial membrane and accumulation of electrons at complex III and coen-
zyme Q, which donate electrons to molecular oxygen and generate superoxide 
anions. This pathway has been considered as the central source of ROS in the patho-
genesis of DKD.  However, a new in  vivo method of measuring superoxide via 
in vivo administration of dihydroethidium (DHE) to mice revealed that superoxide 
was actually reduced in the kidney in both streptozotocin (STZ)-induced diabetic 
mice and Ins2-Akita mice [11]. Mice with reduced superoxide dismutase (SOD) 2, 
an antioxidant enzyme, did show increased renal superoxide production, but the 
degrees of mesangial expansion or albuminuria were comparable to the wild-type 
mice when they were made diabetic. Furthermore, a stimulation of mitochondrial 
biogenesis with adenosine monophosphate kinase (AMPK) activation resulted in an 
increased superoxide production, accompanied by reduced mesangial matrix and 
albuminuria in STZ-induced diabetic mice [11].

These observations led to the proposal of a new theory, “mitochondrial horme-
sis,” whereby a “physiological” increase in mitochondrial superoxide is actually 
beneficial, whereas excessively high levels of superoxide and/or decreased superox-
ide may contribute to the disease progression or be a permissive factor for inflam-
mation and fibrosis [10]. The same applies to the process of aging. It has been 
proposed that ROS in general contributed to chronic organ damage in the elderly, 

M. Sugahara et al.
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but some recent studies provided compelling results. For example, exposure of 
Caenorhabditis elegans to 2-deoxyglucose (DOG), an inhibitor of glycolysis, 
increased mitochondrial ROS and increased life span. In the same study, co- 
administration of N-acetylcysteine with 2-DOG reduced ROS production and the 
benefit in life span extension [12].

Overall, the way oxidative stress contributes to the pathogenesis of DKD and 
aging kidney might be more complex than initially thought. A further investigation 
is required to unveil these two sides of ROS.

1.3.2  AGEs

AGEs are a heterogeneous group of bioactive molecules that are formed by the 
nonenzymatic glycation of proteins, lipids, and nucleic acids. In diabetes, hypergly-
cemia and oxidative stress promote the reversible glycation of target substrates, 
forming Schiff bases. The following chemical rearrangement forms the more stable 
early glycated product, Amadori product. Then, the slow complex rearrangement 
finally proceeds to the formation of AGEs. This final process is irreversible, result-
ing in the accumulation of AGEs in diabetes [7, 8] (Fig. 1.3a).

AGEs contribute to the pathogenesis of DKD in both receptor-independent and 
dependent manners [8] (Fig. 1.3b). The former includes modification of extracellu-
lar matrix (ECM) structure by cross-linking of proteins such as collagen and elastin. 
This process increases ECM rigidity and its resistance to proteolytic degradation, 
leading to mesangial matrix accumulation and interstitial fibrosis. Cross-linking of 
matrix proteins also increases permeability of glomerular basement membranes.

In addition to altering the structure of extracellular proteins, AGEs exert their 
effects through various specific cell surface receptors, collectively referred to as 
“RAGE,” receptor for AGEs. The AGE-RAGE interaction stimulates multiple intra-
cellular signaling pathways which contribute to the pathophysiology of DKD; for 
example, it activates NOX and increases cytosolic production of ROS. It also acti-
vates several nuclear transcription factors, such as nuclear factor kappa-B (NF-κB). 
The subsequent cellular responses include production of cytokines, growth factors, 
and cell adhesion molecules, promoting inflammation and fibrosis [8].

Recent evidence suggests that AGEs are also involved in renal senescence. 
A cross-sectional study of older community-dwelling women showed that higher 
levels of serum carboxymethyl-lysine (CML), a common AGE, correlated with 
reduced GFR [13]. Experimentally, overexpression of glyoxalase I (GLO1), 
an  enzyme which detoxifies precursors of AGEs, was shown to ameliorate age-
related interstitial thickening as well as serum creatinine increase in aged rats [14]. 
A part of this anti-aging effect arises from preserved endothelial function. In GLO1 
transgenic rats, NO production in endothelial cells was well maintained even at 
53 weeks of age [15]. Therefore, AGEs may be a novel therapeutic target of both 
DKD and aging kidney.

1 Diabetic Kidney Disease
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1.3.3  Impaired Autophagy

Autophagy is a “self-eating” pathway by which cells degrade macromolecules and 
organelles to maintain intracellular homeostasis. It has two major physiological 
roles; one is to recycle intracellular resources in response to conditions of nutrient 

G ProteinH2N+ ProteinN

O

ProteinHN

OH

AGE

Schiff base Amadori Product

AGE

RAGE

NF-κBNOX

ROS Target genes

Fibrosis
Inflammation
Angiogenesis

Endothelial dysfunction
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Protein ProteinAGE

Mesangial matrix accumulation
Interstitial fibrosis
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b

Fig. 1.3 (a) AGE formation. AGEs are formed by nonenzymatic Maillard reaction between car-
bonyl groups of reducing sugars and amino groups on proteins, lipids, or nucleic acids. The rates of 
these reactions are slow under physiological conditions, but are accelerated under persistent hyper-
glycemia, dyslipidemia, and oxidative stress. (b) Effects of AGEs. AGEs contribute to the pathogen-
esis of DKD in both receptor-independent and dependent manners. AGEs form cross-links between 
ECM proteins, which increase ECM rigidity and its resistance to proteolytic degradation, leading to 
mesangial matrix accumulation and interstitial fibrosis. AGEs also modulate cellular activities 
through RAGE. The AGE-RAGE interaction activates NOX and increases cytosolic production of 
ROS. It also activates several nuclear transcription factors, including NF-κB. However, this drawing 
shows only a part of the complex mechanism of how AGEs contribute to the pathogenesis of DKD

M. Sugahara et al.
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deficiency, and the other is to remove damaged proteins and organelles under vari-
ous stress conditions [16]. Accumulating evidence has shown that autophagy is 
impaired in both diabetic and aging kidney, making renal cells more vulnerable to 
pathological stresses such as ROS, AGEs, and hypoxia.

Transgenic mice systemically expressing green fluorescent protein (GFP)-
labeled LC-3, a marker protein for autophagosomes, revealed a high basal level of 
autophagy in podocytes [17], and its inhibition was detrimental to podocytes’ cyto-
skeleton [18]. Hyperglycemia was shown to reduce autophagic activity [18], indi-
cating a pathogenic role of impaired autophagy in DKD.  Indeed, mice with 
podocyte-specific deletion of autophagy-related 5 (Atg5) developed podocyte loss 
and massive proteinuria in a high-fat diet-induced diabetic model [19].

Autophagy is also essential in maintaining homeostasis in renal tubular cells. 
Unlike podocytes, the basal autophagic activity in proximal tubular cells is low [16]. 
However, insults to the kidney, such as ischemia-reperfusion and cisplatin, resulted 
in increased autophagy [20, 21]. In these studies, mice lacking Atg5 specifically in 
proximal tubular cells exhibited severer acute kidney injury (AKI), suggesting reno-
protective effects of autophagy. Proteinuria is also known to exert nephrotoxic stress 
on tubular cells, stimulating autophagy. However, in animal models of diabetes, 
autophagy was suppressed in proximal tubules, which was accompanied by exacer-
bation of proteinuria-induced tubulointerstitial damage [22]. The investigation of 
human kidney biopsy also revealed lower autophagic activity in type 2 diabetic 
patients [22]. These findings may indicate that insufficient upregulation of autoph-
agy underlies the tubulointerstitial injury in DKD.

The association of autophagy with aging has also been extensively studied; it is 
generally considered that autophagic activity declines with aging, leading to accu-
mulation of damaged proteins and organelle within cells, which subsequently 
results in functional deterioration in the elderly. In the field of nephrology, mice 
with podocyte- specific deletion of Atg5 were shown to develop a higher level of 
albuminuria and a significant increase in glomerulosclerosis at the age of 
20–24  months compared with control littermates [23]. Moreover, accumulating 
body of evidence has revealed that some life span-related signaling pathways, 
including mTOR and sirtuins, regulate autophagy in the kidney, casting an influ-
ence on the progression of DKD and renal senescence (discussed in the next 
section).

1.4  Signaling Pathways Related to DKD and Aging Kidney

Research into the aging process has revealed some key signaling pathways associ-
ated with life span, such as mTOR-, sirtuin-, insulin-like growth factor (IGF)-, and 
Klotho-related pathways. Diabetes may shorten patients’ lives by modulating these 
pathways [24]. This section describes some of the proposed relationships between 
mTOR or sirtuin signaling and kidney aging in diabetic patients.

1 Diabetic Kidney Disease
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1.4.1  mTOR Signaling Pathways

mTOR is an evolutionarily conserved serine-threonine kinase that regulates cell 
growth, proliferation, and metabolism. mTOR forms at least two distinct functional 
complexes, called mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2) 
[25]. Inhibition of mTOR increases life span of animals, and calorie restriction (CR) 
is considered to induce longevity by downregulating mTOR [24].

Although both mTORC1 and mTORC2 regulate a number of different down-
stream pathways, the most extensively studied in relation to DKD is mTORC1’s 
effect on autophagy. mTORC1 negatively regulates autophagy by inhibiting the 
activity of the Unc-51-like kinase 1 (ULK1), one of the autophagy initiating kinases, 
through direct phosphorylation [26]. Enhanced mTORC1 activity is observed in 
human patients and animal models of diabetes [26], which may be one of the causes 
of impaired autophagy discussed above. Interestingly, nondiabetic mice with 
podocyte- specific activation of mTORC1 also manifested mesangial expansion, 
glomerular basement membrane thickening, and proteinuria, all of which resemble 
DKD [27]. Moreover, treatment with rapamycin, an inhibitor of mTORC1, sup-
pressed the development of DKD in STZ-induced diabetic rats and db/db mice, 
suggesting the important pathogenic role of mTORC1 in DKD [26].

1.4.2  Sirtuins

Sirtuins are another family of molecules associated with life span of organisms. One 
of the members, silent information regulator 2 (SIR2), was originally found to pro-
mote longevity in yeast. There are seven mammalian homologues of SIR2, SIRT1–
7, of which SIRT1 most closely resembles SIR2. SIRT1 was initially recognized as 
an NAD-dependent histone deacetylase, which induces chromatin silencing and 
transcriptional repression. However, recent studies have revealed that its targets are 
not confined to histones; SIRT1 regulates a wide variety of cellular processes, 
including glucose and lipid metabolism, mitochondrial biogenesis, inflammation, 
and autophagy, which are largely organ protective [28].

SIRT1 is also considered to have an anti-aging effect in the kidney. Kume et al. 
reported a decreased expression of SIRT1 in 24-month-old mice, which was recov-
ered by long-term CR, attenuating hypoxia-associated mitochondrial damage [29]. 
SIRT1 deacetylases forkhead box O3 (FOXO3), a transcription factor regulating the 
expression of BCL2/adenovirus E1B 19-kDa interacting protein 3 (Bnip3), which is 
an essential component of autophagy. Taken together, SIRT1 deficiency underlies 
the impaired autophagic activity in the aging kidney, resulting in decreased cellular 
resistance to stress conditions, such as hypoxia. Furthermore, an accumulating body 
of evidence has shown anti-apoptotic, anti-inflammatory, and anti-fibrotic effects of 
SIRT1, suggesting multiple pathways by which SIRT1 deficiency promotes the pro-
cess of kidney aging [28].
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A decrease in SIRT1 protein expression has also been observed in both type 1 
and type 2 diabetic animal models [26]. In addition to its effect on renal cells, SIRT1 
modulates glucose and lipid metabolism through various mechanisms; it promotes 
insulin secretion, improves insulin resistance, and increases adiponectin excretion 
[30]. Therefore, activation or upregulation of SIRT1 may serve as an effective thera-
peutic strategy against DKD.

1.5  Potential Renoprotective Treatments for DKD

Current therapeutic strategy for DKD consists of glycemic control and antihyper-
tensive treatment with renin-angiotensin system (RAS) inhibitors. However, they 
fail to fully prevent the progression of kidney function decline, emphasizing the 
need for novel therapies. This section explains how RAS inhibitors slow the pro-
gression of DKD and introduces some potential therapeutic methods that are being 
developed based on new knowledge of the pathogenesis of DKD.

1.5.1  RAS Inhibitors

RAS blockade induces vasodilation of glomerular arterioles; the degree of dilatation 
is greater in the efferent arterioles, resulting in reduced intraglomerular pressure 
and, thus, less damage to the capillary walls. RAS inhibitors also restore PTC blood 
flow and subsequently improve oxygenation of the tubulointerstitium. In addition, 
RAS inhibitors have an important role as antioxidants, ameliorating oxidative stress 
induced by hyperglycemia [2, 5]. Furthermore, RAS inhibitors contribute to reorga-
nization of functional molecules composing the slit diaphragm, which maintains the 
barrier function of glomerular capillary walls and reduces proteinuria [31].

1.5.2  Sodium-Glucose Cotransporter-2 (SGLT2) Inhibitors

SGLT2 inhibitors are another family of drugs that may slow the progression of 
DKD by restoring intrarenal hemodynamics. SGLT2 is located in the early proximal 
tubule and couples glucose reabsorption to sodium reabsorption. Since it reabsorbs 
80–90% of filtered glucose, SGLT2 blockade results in glucose excretion into urine 
and a subsequent decrease in blood glucose levels.

Although developed as a new class of antidiabetic agent, SGLT2 inhibitors slow 
the progression of DKD possibly by a mechanism independent of their blood glu-
cose lowering effects. In a randomized controlled trial, EMPA-REG OUTCOME 
trial, patients treated with empagliflozin revealed a significantly smaller decrease in 
estimated GFR (eGFR) during the 192-week interventional period compared to the 
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placebo-treated group [32]. It has been postulated that SGLT2 inhibition results in 
increased sodium delivery to the juxtaglomerular apparatus, which subsequently 
leads to vasoconstriction of afferent arterioles and lowering of intraglomerular pres-
sure through the mechanism of tubuloglomerular feedback. Other effects, such as 
those on arterial stiffness, vascular resistance, serum uric acid levels, and the sys-
temic and renal neurohormonal systems may also contribute to the renoprotective 
effects of SGLT2 inhibitors [32]. Additionally, some studies point to an increasing 
trend in serum erythropoietin (EPO) levels by SGLT2 inhibitors [33], which may 
also contribute to the protective effect. At cellular levels, hyperglycemia accelerates 
tubular senescence through upregulation of p21 expression; this upregulation was 
also attenuated by SGLT2 knockdown in an in vitro experiment [34].

1.5.3  Prolyl Hydroxylase Domain (PHD) Inhibitors

As mentioned earlier, tubulointerstitial hypoxia underlies the pathogenesis of pro-
gressive kidney diseases, including DKD. On the other hand, cells possess several 
mechanisms for adapting themselves to hypoxic conditions. Facilitating these 
responses may mitigate detrimental consequences of hypoxia and possibly induce 
renoprotective effects.

Hypoxia-inducible factor (HIF) lies at the center of these adaptive responses to 
hypoxia. HIF is a heterodimeric transcription factor composed of an oxygen- 
dependent α-subunit and a constitutively expressed β-subunit. In hypoxic condi-
tions, HIF upregulates its target genes, which are involved in angiogenesis, 
erythropoiesis, glycolysis, and cell survival. Cells continuously synthesize HIF-α 
subunits, and their transcriptional activity is primarily controlled by the rate of deg-
radation. Under normoxic conditions, oxygen-dependent HIF-α degradation is 
 initiated by PHD enzymes. They use molecular oxygen to hydroxylate HIF-α at 
specific proline residues, and these proline-hydroxylated HIF-α is recognized by the 
von Hippel-Lindau (VHL)-E3 ubiquitin ligase complex, resulting in ubiquitination 
of HIF-α. Ubiquitinated HIF-α is then destroyed by the proteasome. Under hypoxic 
conditions, hydroxylation of HIF-α is inhibited, allowing it to translocate to the 
nucleus where it dimerizes with HIF-β and enhances transcription of target genes 
(Fig. 1.4) [2, 5].

Inhibition of PHD enzymes, therefore, would increase the expression of HIF- 
target genes including EPO. Based on these findings, small-molecule inhibitors of 
PHDs have been developed as a new therapeutic method for anemia in chronic 
kidney disease (CKD) patients. At least six compounds are currently tested in clini-
cal trials, most of them showing promising results [35]. There are some  expectations 
that these PHD inhibitors would also ameliorate CKD; however, preclinical studies 
present inconclusive results. HIF activation by cobalt reduced proteinuria and tubu-
lointerstitial damage in STZ-induced diabetic rats [36], while proximal tubular 
deletion of HIF-1α ameliorated fibrosis in the unilateral ureteral obstruction model, 
suggesting a profibrotic role of HIF [37]. Along similar lines, overexpression of 
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HIF-2α in distal tubules using an ectopic promoter resulted in fibrogenesis [38]. 
Further studies are required to clarify the optimal timing and cell types of HIF acti-
vation as well as the specific PHD subtypes to inhibit, which would generate desir-
able renoprotective effects in CKD including DKD.

1.5.4  Bardoxolone Methyl

Oxidative stress, another key player in the pathogenesis of DKD, is also a target of new 
therapeutic strategy. Similar to the PHD-HIF axis against hypoxic stress, cells have 
antioxidant mechanism called the Keap1-Nrf2 pathway (Nrf2: nuclear factor- erythroid 

HIF-α HIF-β

HIF-α

Nrf2

Nrf2

Keap1

transcription

transcription

Keap1

Nrf2

pVHLPro-OH Pro-OH

ubiquitin

PHD
HIF-α HIF-α HIF-α degradation

Keap1

Nrf2

ubiquitin

degradation

Nucleus

Nucleus

Hypoxia

Oxidative stress

Normoxia

Unstressed condition

Fig. 1.4 Cellular defense mechanisms against hypoxia and oxidative stress. (Upper panel) Under 
normoxic conditions, HIF-α is hydroxylated at specific proline residues by PHD enzymes. Proline- 
hydroxylated HIF-α is recognized by VHL proteins, resulting in ubiquitination of HIF-α. 
Ubiquitinated HIF-α is then destroyed by the proteasome. Under hypoxic conditions, hydroxyl-
ation of HIF-α is inhibited, allowing them to translocate to the nucleus where they dimerize with 
HIF-β and induces transcription of target genes. (Lower panel) Under unstressed conditions, Nrf2 
is continuously ubiquitinated by Keap1 and degraded within the proteasome. Under oxidative 
stress, ubiquitination of Nrf2 is inhibited, allowing it to translocate to the nucleus where it enhances 
transcription of target genes
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2-related factor 2). Nrf2 is a transcription factor which regulates the expression of sev-
eral antioxidant and cytoprotective genes. Its level is primarily regulated by the rate 
of degradation by Keap1. Under unstressed conditions, Nrf2 is continuously ubiqui-
tinated by Keap1 and degraded within the proteasome. Under oxidative stress, on the 
other hand, ubiquitination of Nrf2 is inhibited, allowing it to translocate to the nucleus 
where it enhances transcription of target genes (Fig. 1.4) [39].

Bardoxolone methyl is a potent inducer of Nrf2 originally developed as an anti-
cancer drug. In two phase I clinical trials with 81 oncology patients, however, it 
showed unexpected improvement in eGFR and was further developed as a renal 
drug [39, 40]. In a phase II clinical trial with 20 patients whose eGFR were between 
15 and 45 ml/min/1.73 m2, bardoxolone methyl did improve renal function with 
only mild side effects [40]. Unfortunately, the subsequent phase III BEACON trial 
enrolling patients with stage 4 CKD and type 2 diabetes had to be terminated pre-
maturely because of a higher rate of cardiovascular events in the drug-treated group 
[41]. However, secondary analysis revealed that the elevated baseline B-type natri-
uretic peptide and previous hospitalization for heart failure were the risk factors for 
cardiovascular events related to bardoxolone methyl; for patients without these 
baseline characteristics, the risk was in fact similar between the bardoxolone 
methyl- and placebo-treated patients [42]. In addition, the prevalence of cardiovas-
cular diseases in the Japanese population tends to be lower than that in the American 
and other Western populations, suggesting that it is relatively safe to continue a 
clinical trial in Japan, provided that patients at risk are excluded from the study. A 
phase II clinical trial involving patients with stage 3 CKD and type 2 diabetes is 
currently underway (TSUBAKI study).

1.6  Conclusion

Although numerous efforts have been made to find a new therapeutic method to 
treat DKD, it continues to be the leading cause of ESKD worldwide. Recent research 
into pathogenesis of DKD has revealed that much of its molecular mechanism is 
shared with that of renal senescence. In addition, diabetes induces atherosclerosis 
and subsequent hemodynamic changes, which also accelerate the aging process 
within the kidney. This highlights the importance of unveiling the influence of both 
diabetes and aging in the field of nephrology, especially in a highly aging society.
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Chapter 2
Diabetic Eye Disease

Yuichi Kaji

Abstract More than 50 million people are suffering from blindness worldwide. In 
addition, the number of blinded patients is increasing. Cataract, diabetic retinopa-
thy, age-related macular degeneration, and corneal disorders are major causes of 
blindness. Advanced glycation end products (AGEs) have a central role in the devel-
opment of the above ocular diseases. Understanding the mechanism of AGE forma-
tion will be a clue to the prevention and treatment of major causes of blindness.

Keywords Advanced glycation end products (AGEs) • Receptor for AGEs (RAGE) 
• Diabetic retinopathy • Diabetic keratopathy • Cataract • Age-related macular 
degeneration • Diabetic keratopathy

2.1  Causes of Blindness

Humans receive more than 90% of information using their eyes. With advance of 
our technology, we receive various information from many informative devices such 
as computers, TVs, tablets, and smartphones, and good vision is therefore impor-
tant. This means that vision loss would result in severe difficulty in daily life. The 
World Health organization (WHO) estimates that more than 50 million people are 
suffering from decreased vision or blindness [1]. Figure 2.1 shows the main causes 
of blindness worldwide. Even with the progression of modern medicine, the preva-
lence of blindness is increasing worldwide. The main causes of blindness are closely 
related to the Maillard reaction. The accumulation of products of the Maillard reac-
tion in the body, or a reaction to these products, are involved in the development of 
severe ocular disorders. Understanding the Maillard reaction, and its regulation, is 
therefore a potential target for the prevention and treatment of blindness.

The causes of blindness differ considerably from country to country. In most of 
the developing countries, blinded patients with cataract are increasing. For example, 
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cataracts are the cause of 86% cases of blindness in Nigeria [2]. As one ages, cata-
racts (clouded lenses) may develop; cataract surgery can restore good eyesight. 
However, the number of patients who can undergo cataract surgery is very limited 
in some developing countries. Ultimately, cataracts are now the cause of 50% cases 
of blindness worldwide [1]. If cataract formation could be reduced through the inhi-
bition of the Maillard reaction, the number of blind patients may decreases consid-
erably. In contrast, age-related macular degeneration is the leading cause of 
blindness in most developed countries. The Maillard reactions are known to play an 
important role in the development of age-related macular degeneration. The Maillard 
reaction could therefore be a candidate of therapeutic targets to prevent and treat 
age-related macular degeneration.

2.2  Cataracts and the Maillard Reaction

Cataract is a condition in which the lens in the eye becomes clouded with age 
(Fig. 2.2). Cataracts cause 50% of the cases of blindness worldwide, making cata-
racts the most important ocular disease leading to blindness.

The prevalence and the severity of the cataract increases with age, as the age- 
related changes of the lens accumulate in the lens itself. Accumulation of age-related 
materials in the lens is related to its histological character. In the tissue with  epithelial 
cells, old cells are removed and replaced by new cells. This renewal system prevents 
age-related changes accumulating in the organ. However, the lens has quite a unique 
structure; the basement membrane covers the entire surface of the lens, and the older 
lens cells are pushed toward the center of the lens (Fig.  2.3). Old lens cells are 
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Normal eye
(clear lens)

Cataract

Fig. 2.2 Patient image of cataract. The lens is originally translucent. However, during the aging 
process, the lens becomes clouded, and the patient cannot capture a clear image
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Fig. 2.3 Renewal system of epithelial cells and the lens epithelium. In the skin, old epithelial cells 
exfoliate from the surface of the epithelium. However, in the lens epithelium, the old epithelial 
cells accumulate toward the center of the lens
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therefore not removed but accumulate at the center of the lens. The central part of the 
lens is one of the parts of the body most affected by the aging changes of tissue.

Etiological studies have reported ultraviolet irradiation, smoking, diabetes, alco-
hol intake, and oxidative stresses are risk factors in the development of cataracts 
[3–5]. These factors are known to accelerate the Maillard reaction and the advanced 
glycation end products. In fact, the lens is one of the first organs in which advanced 
glycation end products have been detected in  vivo. In a cataract lens, various 
advanced glycation end products, including CML, pentosidine, and pyrraline, have 
been detected [6–8]. Advanced glycation in lens proteins, such as crystalline, 
induces intra- and intermolecular cross-linking, leading to the aggregation of abnor-
mal proteins and lens clouding.

2.3  Age-Related Macular Degeneration and 
the Maillard Reaction

Age-related macular degeneration affects the central section of the retina and is a 
major cause of blindness, especially in United States, Australia, and a number of 
European countries [9, 10]. A major risk factor of age-related macular degeneration 
is the increase in age of the patient. Therefore, the number of the patients with age- 
related macular degeneration is increasing as the life expectancy increases, particu-
larly in most of the developed countries. The prevalence of age-related macular 
degeneration is roughly 10% in patients over the age of 75 years [9, 10]. However, 
a precursor lesion develops more often. Early degenerative changes of macula, the 
central section of the retina, are seen in 30% of 70–80-year-old individuals, and 
50% in those individuals are over the age of 80 years. It is important to prevent or 
limit the degenerative changes and the progression to the final stages of age-related 
macular degeneration.

In the end stages of the age-related macular degeneration, uncontrolled prolifera-
tion of the blood vessels extends from the choroid into the retina (Fig. 2.4). The 

Normal eye Drusen Age-related
macular degeneration

Fig. 2.4 Progression of age-related macular degeneration. In the early stage of age-related macu-
lar degeneration, drusen are seen in the retina. In the advanced stage, neovascularization and hem-
orrhage lead to visual loss
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structure of the normal retina is completely destroyed and severe bleeding ensues. 
Generally, a lesion called a druse precedes these severe retinal changes. 
Histologically, drusen are lesions with an abnormal accumulation of various pro-
teins such as amyloid beta, immunoglobulin, and complement factors [11]. Even 
though the abnormal accumulation of proteins is observed in the early stages of 
macular degeneration, the visual acuity is generally not affected at this stage. With 
an unknown mechanism, the expression of VEGF is upregulated, and neovascular-
ization occurs in the latter stage of age-related macular degeneration.

The inhibition of the progression from the early stage (drusen) to the late stage 
(neovascularization) is an important strategy in the prevention of blindness. 
Recently, inhibition of VEGF with intravitreous injection of neutralizing antibody is 
utilized as a first choice of treatment for age-related macular degeneration. However, 
the effect of the anti-VEGF treatment is temporary because the treatment cannot 
stop the expression of VEGF in the retinal lesion. However, there are some 
 supporting data that drusen in the retina induces neovascularization by increased 
expression of VEGF.  Ishibashi et  al. have reported that drusen contain advanced 
glycation end products (Fig. 2.5) [12]. In addition, retinal epithelial cells express 
receptor for AGE (RAGE). This constant interaction between AGE and RAGE is 
seen in the retinal pigment epithelial cells of patients with age-related macular 
degeneration. The AGE-RAGE axis may increase the expression of various cyto-
kines, including VEGF, and increase oxidative stress in the retinal pigment epithe-
lial cells. This constant interaction of AGE and RAGE in the retinal pigment 
epithelial cells may play a central role in the pathogenesis of age-related macular 
degeneration [13–15].

Fig. 2.5 AGEs in drusen. AGEs are detected in the drusen, an abnormal aggregation of proteins in 
age-related macular degeneration
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2.4  Diabetic Retinopathy and the Maillard Reaction

The number of patients with diabetes is increasing not only in the developed but 
also developing countries. The WHO has reported that the number of people with 
diabetes has risen from 108 million in 1980 to 422 million in 2014 [16]. With the 
improvement of medical care and the medication on offer, life expectancy of patients 
is increasing. With an increased duration of diabetes, severe complications may 
develop in the retina, kidney, nerves, blood vessels, and heart.

Diabetic retinopathy first affects blood vessels in the retina. The retina has a fine 
structure of capillary vessels to meet the high demand of oxygen and glucose to 
change the light into the electric signal of nerves. However, with the increase of the 
duration of diabetes, retinal capillaries are obstructed, and severe ischemia is 
induced in the retina. This ischemic change induces the expression of VEGF and 
induces neovascular vessel formation in the retina. The neovascular vessels bleed 
easily, and the proliferation of the vessels is uncontrolled, which causes the eyeball 
to fill with blood (Fig. 2.6).

The most important risk factor for diabetic retinopathy is [17–19] the duration of 
the diabetes. Diabetic retinopathy is seen in roughly 20% of patients with a 5-year 
duration of diabetes, which increases to 60% in a 20-year duration. Poor glycemic 
control, increased blood pressure, smoking, and alcohol are also risk factors for dia-
betic retinopathy. The Maillard reaction is known to be involved in the development 
of diabetic retinopathy (Fig. 2.7). In diabetic patients, the blood sugar level is increased, 
and the proteins in the body are constantly exposed to this high glucose level. The 
proteins in the body and the blood sugar react to form a Schiff base and initiate the 
Maillard reaction. An example of glycated proteins is glycated hemoglobin in blood. 
Hemoglobin A1c is now clinically used as a reference for the average blood sugar level 
of diabetic patients [20–23]. Increased blood sugar levels also induce the glycation of 
proteins in the retina. Increased accumulation of the Maillard reaction products and 
advanced glycation end products are seen in experimental animals, as well as diabetic 
patients. An increased interaction of advanced glycation end products and RAGE 

Normal eye Diabetic retinopathy Proliferative diabetic
retinopathy

Fig. 2.6 Clinical picture of diabetic retinopathy. In diabetic retinopathy, numerous hemorrhages, 
retinal edema, and neovascularization are the major pathways of visual loss in diabetic retinopathy
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expressed in vessel endothelial cells and pericytes is speculated to play an important 
role in the development of diabetic retinopathy [13, 20, 21, 24, 25].

Retinal photocoagulation is widely applied to treat diabetic retinopathy. In addi-
tion, blockage of VEGF by intravitreous injection of neutralizing antibody to VEGF 
is recently applied to treat diabetic retinopathy. In the end stage of diabetic retinopa-
thy, surgical removal of proliferative tissue with retinal photocoagulation is the only 
treatment. Even with the advance in the treatment of diabetic retinopathy, the num-
ber of blinded patients with diabetic retinopathy is increasing. So new treatment 
strategy based on the molecular mechanism is needed. Experimentally, blocking the 
interaction of AGE and RAGE has inhibited the development of diabetic retinopa-
thy in animal model [13, 20, 21, 24, 25]. However, no drug targeting the AGE and 
RAGE axis is clinically available to treat or to prevent diabetic retinopathy. An 
alternative target of treatment in the treatment and inhibition of diabetic retinopathy 
is required, and we believe the AGE and RAGE axis will be a promising target.

2.5  Diabetic Keratopathy and the Maillard Reaction

Diabetic retinopathy is not the only cause of visual loss in patients with diabetes. 
Diabetic keratopathy is also the important causes of poor vision in diabetes. Diabetic 
keratopathy comprises several symptomatic corneal conditions inducing superficial 

Pericytes

Pericyte loss

Vascular endothelial cells

AGEs in basement
membrane

Increased leakage

Increased thickness of
basement membrane

AGEs

AGEs

AGEs

Fig. 2.7 AGE-induced diabetic retinopathy. In diabetic retinopathy, AGEs in the blood or blood 
vessel walls induce an increased leakage of the vessels (inducing retinal edema), increased thickness 
of the basement membrane, and pericytes loss (inducing capillary loss and the resulting ischemia)
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punctate keratopathy and persistent corneal epithelial erosion (Fig. 2.8). Especially, 
persistent corneal erosion in diabetic patients is often resistant to routine clinical 
management of corneal erosions including topical medication and bandage contact 
lenses. These poorly healing epithelial surfaces have compromised defenses against 
general microbial attack predisposing these patients to corneal infection. In addi-
tion, we cannot observe inside the eyes with diabetic keratopathy. This means that 
eye doctors cannot conduct the evaluation as well as treatment of diabetic 
keratopathy.

Various molecular mechanisms have been proposed for the development of dia-
betic keratopathy including accumulation of polyols in epithelial cells [26–28], 
reduced sensation with reduced neurotrophic factors [29, 30], alteration in basement 
membrane components, and advanced glycation in the basement membrane [31]. 
Advanced glycation end products (AGEs) have been implicated in the development 
of diabetic keratopathy and may explain some of the structural changes noted. We 
have found AGEs deposit in the basement membrane of the corneal epithelial cells 
of diabetic patients. When this happens, the molecular structure of basement mem-
brane components changes, and they lose adhesive property. In our previous study, 
advanced glycation end products in laminin induce the decreased attachment of 
corneal epithelial cells (Fig. 2.9) [31]. In this way, the corneal epithelial cells lose a 
clue for the attachment on the basement membrane.

Prevention and treatment of diabetic keratopathy are difficult with the conven-
tional ocular therapy. New treatment based on the molecular mechanism of diabetic 
keratopathy is needed. Inhibition of aldose reductase inhibitor exerts some prophy-
lactic effect on the diabetic keratopathy [26–28]. In addition, topical application of 
substance P and insulin-like growth factor-1 peptide has the potential to treat 
 diabetic keratopathy as well as neurotrophic corneal ulcer [29, 30]. We have shown 
that aminoguanidine, an antioxidant, was effective in inhibiting AGE formation 
in vitro and thus ameliorated the attachment of corneal epithelial cells to the base-
ment membrane [31]. However, the in vivo effect of aminoguanidine on diabetic 
keratopathy remains unknown.

Fig. 2.8 Clinical picture of 
diabetic keratopathy. In 
diabetes, AGEs in the blood 
or blood vessel walls induce 
an increased leakage of the 
vessels (inducing retinal 
edema), increased thickness 
of the basement membrane, 
and pericytes loss (inducing 
capillary loss and the 
resulting ischemia)
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Chapter 3
Diabetic Neuropathy

Soroku Yagihashi and Hiroki Mizukami

Abstract Neuropathy is the most common and earliest to occur among a variety of 
vascular complications of diabetes. In contrast to its popularity, it seems that atten-
tion has not been sufficiently paid to this complication. This may have been ascribed 
to the difficulty in understanding of the pathophysiology of neuropathy or lack of 
effective treatment regimen due in part to the complicated etiology. Nevertheless, 
there are slow but steady advances in clinical management of diabetic neuropathy 
involving the proposal of diagnostic criteria or clinical staging of neuropathy for an 
early detection of nerve deficits and direction of the treatment. Emergence of pain- 
relieving agents has also contributed to the improvement of quality of life in patients 
with symptomatic neuropathy. Notwithstanding, there still needs clarification of the 
pathogenesis for the development of diabetic neuropathy, clinical indices for nerve 
deficits, and for the prediction of prognosis. In this communication, recent progress 
in the pathogenesis of diabetic neuropathy will be summarized and its underlying 
pathology will be introduced.

Keywords Diabetic neuropathy • Pathology • Pathogenesis

3.1  Introduction

Importance of neuropathy is well understood in clinical practice of diabetes man-
agement. It is not always the case, however, that clinical care for this common com-
plication is satisfactory. The reason for the insufficiency of clinical attention may be 
ascribed to the difficulty in the understanding of the clinical status of neuropathy or 
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lack of effective treatment regimens for neuropathy. Alternatively, it may also be 
attributed to the lack of established criteria for the evaluation of the treatment 
effects. In this review, we will refer to the current consideration on the basic pathol-
ogy and pathogenetic mechanisms of diabetic neuropathy and attempt to correlate 
the pathologic basis with clinical signs and symptoms.

3.2  Basic Pathology of Diabetic Polyneuropathy

3.2.1  Nerve Fiber Degeneration and Fiber Loss

Most dramatic changes in diabetic nerve in humans are represented by loss of nerve 
fibers with distal predominance (Table 3.1) [1]. Axonal degeneration and Schwann 
cell changes are characteristic. Demyelination also appears where there is a local 
pressure or local ischemia/reperfusion injury. Distal axonal degeneration starts in 
the most distal portion of the axon processes, and degeneration will ascend with 
progression of the disease. In diabetes, all three types of degenerative fibers may be 
encountered. However, most prevalent are fibers with distal axonal degeneration. 
Reduction of small nerve fibers in the distal foot occurs in early stage of diabetes, 
even in prediabetic stage [2]. The loss of intraepidermal nerve fibers well parallels 
with progression of neuropathy [3]. Currently, evaluation of intraepidermal nerve 
fibers by skin biopsy becomes world standard indicative of presence of neuropathy. 

Table 3.1 Pathologic features of diabetic neuropathy

Large fiber lesions Small fiber lesions Microvessel changes

Somatic nerves
(Sural nerve) Distal nerve fiber 

loss
(focal and diffuse)
Axonal degeneration
Demyelination

Loss of small fibers Luminal occlusion
Swollen endothelial 
cells
Thickened basement
membrane

(Skin) Loss and disruption 
of nerve fibers

Fenestration

(Cornea) Loss of nerve fibers
Loss of branching

Autonomic nerves
(Parasympathetic) Postganglionic

Nerve fiber loss
(Sympathetic) Axonal dystrophy

Loss of synapses
Clinical phenotype Ankle jerk↓ Thermal sensation↓

Perception↓ Pain sensation↓
Vibration sense↓ Spontaneous pain
Nerve conduction↓
Amplitudes↓

S. Yagihashi and H. Mizukami



33

However, as skin biopsy is claimed to be still invasive, alternative noninvasive 
observation of small fibers on the cornea (corneal confocal microscopy, CCM) has 
been established as a diagnostic tool for the small fiber neuropathy. With this 
method, regeneration of small fibers could be detected earlier in cornea than in the 
skin in patients with diabetes who undertook pancreas transplantation [4].

Distal axonal degeneration is known to occur in cases of metabolic neuropathies 
including vitamin deficiencies and alcoholism [1]. In diabetes, in addition to meta-
bolic aberration, altered blood flow with hypoxia/ischemia or reperfusion perturbs 
the integrity of peripheral axons and Schwann cells and thereby induces the degen-
eration starting in the most distal part [5]. Axons with small diameter are preferen-
tially affected because of limited supporting system due to its small size. Consequently, 
symptoms transmitted by small-sized nerve fibers commence with pain and altera-
tions of thermal sensations, followed by paresthesia as well as sensory loss.

3.2.2  Role of Microangiopathy

Vascular supply is sparse in the peripheral nerve compared to other tissues. Neural 
regulation of blood flow is limited to the arteriole at the entry in the nerve which is 
controlled by sympathetic or peptidergic nerve endings. Consequently, endoneurial 
area of the nerve is extremely susceptible to ischemia/hypoxia [6]. It was repeatedly 
shown that ischemia/hypoxia greatly contributes to the development of neuropathy. 
In fact, endoneurial microvessels show swollen endothelial cells, narrowing of the 
lumen, and thickening/duplication of basement membranes of the vascular walls 
[7]. The vascular changes well correlated with the severity of neuropathy, indicat-
ing that microangiopathy promotes the progression of neuropathy in diabetes. In 
fact, there is a close correlation between basement membrane thickening and nerve 
fiber loss.

3.3  Relationship Between Neuropathological Changes 
and Clinical Syndrome

Despite of considerable variability for the clinical signs and symptoms, recent stud-
ies slowly but steadily shed light on the relationship between clinical features and 
pathologic changes.

3.3.1  Subjective Symptoms

The most prominent symptom in diabetic neuropathy may be pain as a positive 
symptom. Pain in diabetic polyneuropathy is roughly divided into inflammatory 
pain and neuropathic pain. The latter of which is ascribed to nerve degeneration 
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and nerve fiber loss and occurs in progressive stage of neuropathy. In this setting, 
small nerve fibers are responsible to convey pain signals, but in the lower extremi-
ties, such fibers are largely lost in distal site. Thus, the pain may be accounted for 
by a reflection of phantom pain [8]. Under such circumstances, degenerated nerve 
fibers that attempt to regenerate send pain signals to dorsal column of the spinal 
cord through dorsal root ganglia. Ascending nerve fibers from dorsal column to the 
central nervous system also carry pain to the brain. A variety of factors are also 
involved in pain induction such as acute vascular occlusion, rapid changes of 
blood glucose, or acute energy imbalance. Thin fibers (C fibers) usually transmit 
dull pain while sharp pain is conveyed by relatively thick fibers (Aδ). Recently, 
pain threshold of the skin was found to be increased and related to decreased den-
sity of intraepidermal small nerve fibers. It is still open to question, however, 
whether the density of skin small nerve fibers is in fact related to the occurrence of 
spontaneous pain.

With advancement of the disease, as loss of nerve fibers becomes more promi-
nent, loss of sensation is a cardinal sign which is a strong risk for foot gangrene or 
ulcer. Since patients do not complain on this sign, every effort should be made to 
educate the importance of foot care to the patients (Fig. 3.1).

Years

Subjective
symptoms

Positive
symptoms
depend on
the remnant
fibers

Positive symptoms (acute)
(spontaneous pain,

paresthesia etc.)

Positive symptoms (chronic)
(intractable pain,
paresthesia etc.)

Negative symptoms
(loss of sensation)

Dependent
on fiber loss

Injured
nerve fibers

Fig. 3.1 Natural history of diabetic neuropathy and its relationship to positive and negative symp-
toms. With background of progressive decline of nerve fibers, patients with diabetes complain pain 
and paresthesia in the foot which are triggered by injured nerve fibers. Acute pain is induced by 
rapid metabolic deterioration or vascular impairments that cause rapid processes of nerve fiber 
degeneration which sends pain signals. Pain also appears chronically as consequence of long-term 
nerve injury. Such positive symptoms are caused by remnant nerve fibers that convey pain signals. 
On the other hand, negative symptoms of loss of sensation are caused by loss of nerve fibers and 
patients usually do not complain. Therefore, this condition is more serious for prognosis
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3.3.2  Objective Signs and Symptoms; Ankle Jerk and Vibration 
Perception

Ankle jerk and vibration perception test are useful for the diagnosis of neuropathy. 
Loss of ankle jerk is dependent on the involvement of small unmyelinated afferent 
nerve fibers that surround muscle spindles. Spiral afferent nerve fibers of the muscle 
spindle were found to be disrupted in animals with diabetes [9], possibly resulting 
in abnormal ankle jerk.

Vibration perception test or pressure test are sensed by Meissner and Pacini cor-
puscles distributed in the dermis. These corpuscles send afferent nerve fibers of Aβ 
size to spinal dorsal root ganglion cells and then central axons extend to the brain 
through dorsal fascicle of the spinal cord. It is known that aging is associated with 
decreased large nerve fiber function. In fact, the number of Pacini corpuscles is 
decreased with aging [10], resulting in increased threshold of vibration perception.

3.3.3  Autonomic Nerve Symptoms

Connection of autonomic signs and symptoms with pathologic alterations is chal-
lenging in diabetic neuropathy. There are only a few pathologic studies on auto-
nomic nervous systems in human diabetes. In their studies, distal axonal degeneration 
of postganglionic nerve fibers was reported to correlate with abnormal function of 
gastrointestinal tract, cardiovascular system, and urogenital tracts. Loss of afferent 
sensory nerve fibers is relevant to painless myocardial ischemia or gastroparesis or 
atonic bladder.

Most distinct changes in sympathetic nerves are axonal and dendritic dystrophy 
which is swollen axon or dendrite containing aggregates of cytoplasmic organelles, 
mitochondria, endoplasmic reticula, and ribosomes in the axon terminals or den-
drites [11]. Dystrophic changes are frequent in diabetes but also found in normal 
aging although less frequently. The frequency of dystrophy was well correlated with 
loss of synapses.

3.4  Risk Factors for Diabetic Neuropathy

It is well established from Diabetes Control and Complications Trial (DCCT) stud-
ies and subsequent Epidemiology of Diabetes Interventions and Complications 
(EDIC) studies that blood glucose control is critical to the onset and progression of 
neuropathy in patients with type 1 diabetes. Also in Europe, epidemiologic prospec-
tive study on neuropathy in type 1 diabetes for consecutive 5 years demonstrated 
that long-term blood glucose control (HbA1c), hypertension, lipidemia, smoking, 
and obesity were found to be risk factors for the progression of neuropathy 
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(Table 3.2) [12]. In contrast to type 1 diabetes, however, it is yet to be established 
whether long- term hyperglycemia is a critical determinant for the development of 
neuropathy by UKPDS study. Recent studies disclosed possible implication of 
hyperlipidemia and hypertension as contributing factors for neuropathy [13].

3.5  Biochemical Mechanisms for Peripheral Nerve 
Damage in Diabetes

It is yet to be clear how hyperglycemia leads to peripheral nerve damage. Basically, 
increased flux of glucose into collateral glycolytic pathway is a major process which 
is still complicated. In this review, we will introduce several key metabolic path-
ways which are known to be activated in chronic hyperglycemia, contributing to the 
development of neuropathy (Fig. 3.2).

Table 3.2 Risk factors of 
neuropathy development in 
patients with type 1 diabetesa

Risk factors Odd’s ratio (CI) p value

Model 1
Duration of diabetes 1.40 (1.21–1.63) p < 0.001
HbA1c 1.48 (1.23–1.79) p < 0.001
HbA1c (Δ) 1.36 (1.14–1.62) p = 0.001
Triglyceride 1.21 (1.02–1.40) p = 0.03
Total cholesterol 1.15 (0.98–1.35) p = 0.08
BMI 1.27 (1.08–1.47) p < 0.001
Smoking history 1.38 (1.03–1.85) p = 0.03
Hypertension 1.57 (1.03–2.39) p = 0.03
Albumin excretion rate 1.01 (0.88–1.14) p = 0.93
Model 2
Duration of diabetes 1.25 (1.03–1.51) p = 0.02
HbA1c 1.64 (1.33–2.03) p < 0.001
HbA1c(Δ) 1.44 (1.17–1.77) p = 0.001
Triglyceride 1.17 (0.97–1.41) p = 0.10
Total cholesterol 1.11 (0.93–1.54) p = 0.25
BMI 1.20 (1.01–1.43) p = 0.04
Smoking history 1.68 (1.20–2.36) p = 0.003
Hypertension 1.54 (0.96–2.47) p = 0.07
Cardiovascular disease 2.12 (1.16–3.86) p = 0.01
Retinopathy 1.45 (0.98–2.13) p = 0.06
Albumin excretion rate 1.02 (0.89–1.18) p = 0.75

Model 1 was the result of 1101 cases with inclusion of albumin 
excretion rate but without cardiovascular disease, and Model 2 
was the result of 932 cases with inclusion of cardiovascular dis-
eases and retinopathy but without albumin excretion rate
aModified from Reference [12]
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3.5.1  Polyol Pathway (Aldose Reductase Pathway)

The first collateral pathway of glycolysis in hyperglycemia is polyol pathway. 
Excessive flux of glucose is converted to sorbitol mediated by aldose reductase 
(AR) [14]. Sorbitol is impermeable and thereby accumulates in the cell. Then the 
sorbitol is converted into fructose via sorbitol dehydrogenase (SDH). As the first 
step of this pathway progresses, there occurs much consumption of nicotinamide 
adenine dinucleotide phosphate (NADPH) acting as coenzyme of AR. NADPH is 
also utilized for the production of reduced glutathione (GSH) as a scavenger of 
oxygen radicals and for the production of nitric oxide (NO) which is derived from 
L-arginine. Following the consumption of NADPH, as a consequence of deficient 
GSH and NO, excessive oxygen radicals and insufficient NO with impaired 

   Hexosamine
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Fig. 3.2 Proposed mechanisms of how hyperglycemia affects the peripheral nerve. In normogly-
cemia, intracellular glucose undergoes glycolysis through TCA cycle in mitochondria to produce 
ATP. Once hyperglycemia occurs, polyol pathway is activated (1) to produce sorbitol and fructose. 
Hyperglycemia also elicits nonenzymatic glycation and AGE formation via intermediate glycation 
products like 3-deoxyglucosone and methylglyoxal (2). AGE binds with receptor for AGE (RAGE) 
releasing NADPH oxidase and activation of NF-κB. These pathways exert oxidative stress damage 
to the endothelial cells and nerve tissues (3). Hyperglycemia also elicits activation of protein 
kinase C via production of diacylglycerol (4). It was also pointed out that increased fructose-6-P 
and glutamate-6-P undergo excessive glycosylation of nuclear, membranous proteins leading to 
O-GlcNAc glycosylation of cellular proteins, thus modifying cellular function (5). Recently, 
excessive lactate production in the nerve was found to associate with reduced AMPkinase (AMPK) 
with suppression of mTOR and ATP synthesis (6)
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endoneurial function affect the peripheral nerve tissues, resulting in neuropathic 
changes. Recent studies also disclosed complicated metabolic interplay between 
impaired mitochondrial energy production and redox alteration incurred by 
increased flux of polyol pathway [15]. In this setting, excessive lactate production 
suppresses AMP- activated protein kinase (AMPK) to inhibit serine-threonine kinase 
(mTOR, mammalian target of rapamycin) activation, resulting in poor energy pro-
duction. It is intriguing that mice deficient in liver kinase B1 (LKB1) as an upstream 
molecule of AMPK develop sensory neuropathy reminiscent of typical diabetic 
neuropathy in humans [16]. Further investigation is expected to solve the relation-
ship between LKB1-AMPK and diabetic neuropathy.

Clinical application of AR-inhibitors (ARI) showed benefits for improvement 
of delayed nerve conduction velocity (NCV) and promotion of nerve fiber regen-
eration. Although ARI developed in Western countries were given up to develop 
on the market because of potential adverse effects or insufficient efficacy, epal-
restat marketed in Japan was found to be effective showing significant suppres-
sion of the progressive delay of NCV [17]. The failure of the clinical trial of ARI 
may be ascribed to the inappropriate inclusion of subjective symptoms as clinical 
endpoint because symptoms do not necessarily parallel with the progression of 
the disease.

3.5.2  Nonenzymatic Glycation (AGE/RAGE) Pathway

Superfluous glucose is likely to bind with amino acid base of structural proteins in 
the body forming Amadori products of intermediate glycated proteins. Glycated 
proteins further cross-link with each other to aggregate as insoluble large mole-
cules, called advanced glycation endproducts (AGE). There are plenty of suggested 
mechanisms that account for the implication of protein glycation in the develop-
ment of neuropathy in diabetes. As early glycation products, intermediate glycation 
products such as methylglyoxal (MG) and 3-deoxyglucosone (3-DG) are shown to 
be toxic to neural tissues. These intermediate glycation metabolites produce oxygen 
radicals to exert cell death or dysfunction. It was also found that MG mediates pain 
induction in diabetic neuropathy [18]. During the course of AGE formation, there 
also occur concurrent vitamin deficiency and metabolic imbalance [19]. In addi-
tion to intermediate glycation products, AGE accumulate in various components of 
peripheral nerve tissues to induce cell damage and degeneration of structural pro-
teins. Long-lived proteins such as basement membrane proteins are likely to undergo 
AGE accumulation, resulting in nerve fiber degeneration and impaired nerve fiber 
regeneration. Furthermore, bindings of AGE and their receptors (RAGE, receptor 
for AGE) also elicit cell biological reactions to cause cell damage [20]. RAGE is 
expressed diffusely in the peripheral nerve, in particular cell membranes of neuronal 
cells, Schwann cells, and endothelial cells [21]. Following the attachment of AGE 
with RAGE, NADPH oxidase is activated to release OH radicals (NADPH activa-
tion). As a consequence, NF-κB is activated to exert proinflammatory reaction [22]. 
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When RAGE is transgenetically overexpressed in endothelial cells, nerve conduc-
tion delay is further worsened in diabetic mice [21], whereas NCV delay and nerve 
fiber atrophy were mitigated in RAGE-deficient diabetic mice compared to wild 
diabetic mice, thus implicating in the AGE/RAGE role in the development of neu-
ropathy [23]. Administration of AGE was recently found to induce NCV delay and 
nerve fiber atrophy in normal rats, similar to those found in diabetic animals, con-
firming a pathogenic role of AGE in the development of neuropathy [24]. AGE is 
known to be elevated in the serum of patients with end-stage renal failure who show 
the delay of NCV.

There have been attempts of inhibition of glycation process and AGE/RAGE 
action for the prevention and treatment of diabetic complications. Treatment with 
aminoguanidine demonstrated the inhibition of AGE accumulation in the nerve, 
improvement of nerve blood flow, and NCV delay as well as nerve fiber lesions 
[25]. More recently, benfotiamine, a derivative of vitamin B1, and pyridoxamine, a 
vitamin B6 derivative, are examined for their efficacy on the neuropathy by clinical 
trials [19]. No definite clinical efficacy was obtained in these trials.

3.5.3  Protein Kinase C Pathway

Protein kinase C (PKC) plays a central role in the protein synthesis and Ca metabo-
lism in nerve cells. There are many isoforms of PKC such as α, β, δ, γ, and so on. In 
hyperglycemic condition, there is an increase in the expression of PKCβ in the eye 
and renal tissues of diabetic animals with increased vascular permeability, perturbed 
vascular supply, and ischemia, thus contributing to the development of retinopathy 
and nephropathy in diabetes. Experimental trials with PKCβ inhibitor successfully 
improved pathological alterations in the eye or kidney. Also in neuropathy, there 
was improvement of NCV and nerve blood flow in STZ-induced diabetic rats treated 
with PKCβ inhibitor. However, phase III clinical trial of PKCβ inhibitor was 
unsuccessful.

It is of note that there is a difference in PKC changes between neural and vascu-
lar tissues. While vascular tissues were associated with increased expression of 
PKCβ and increased PKC activity, neural tissues showed decreased expression of 
PKCα and lowered PKC activity [26]. It is therefore likely that targeting the tissues 
with specific PKC-isoform inhibitor may be essential to obtain better efficacy.

3.5.4  Hexosamine Pathway

There is an increasing interest in the hexosamine pathway as a causative mechanism 
for the development of diabetic complications [27]. When excessive glucose enters 
the cell, it is converted to glucose-6-phosphate and then fructose-6-phosphate. 
Fructose-6-phosphate is converted to glucosamine 6-phosphate (GlcN6-P) by the 
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enzyme glutamine/fructose-6-phosphate-amido-transferase (GFAT). GlcN6P is fur-
ther attached with glycosyl chain to modify the molecules of nucleus, cytoplasm, 
and cell membrane, resulting in altered cell function and cell injury. In fact, hyper-
glycemia induced activation of GFAT and glycosylation of crucial cellular proteins. 
When GFAT was inhibited by a specific inhibitor, glycosylation was suppressed and 
cell injury was prevented. Animals given glucosamine developed NCV delay and 
cultured neuronal cells exposed to glucosamine underwent apoptosis [28]. Since 
precise metabolic pathway of hexosamine is yet to be clear, role of this pathway in 
neuropathy is still unknown.

3.5.5  Oxidative Stress

Oxidative stress has long been regarded as a main contributor to the pathogenesis of 
diabetic complications. In fact, its role in vascular complications or effect on endo-
thelial cells or smooth muscle cells is well established by preclinical studies. There 
still remain many unsolved issues, however, on neurological complications in dia-
betes. There is a controversy on the source of oxidative stress. Recent studies dis-
closed decreased energy production (ATP production) in nerve mitochondria and 
less production of oxygen stress in diabetic nerve [15]. In Germany, based on the 
premise that oxidative stress is a major cause of neuropathy, alpha-lipoic acid, as an 
anti-oxidant, is clinically applied to the treatment of neuropathy. In short-term 
study, there was an improvement of subjective symptoms. No definite improvement 
was confirmed, however, by double-blind clinical trials; as such it is still not 
approved as an effective treatment.

3.5.6  Cytokine and Neurotrophic Factors

There is an enhancement of inflammatory process in diabetic tissues. Also in the 
peripheral nerve, there is an increased infiltration of macrophages with excessive 
production of inflammatory cytokines. It was also found that TNF-α, IL-1α, and 
IL-1β were all increased in diabetic nerve where they affected the nerve as cyto-
toxic, thereby causing neurodegeneration [29]. Based on the data, TNF-α antagonist 
or cyclooxygenase (COX)-2 inhibitor was found to be effective for amelioration of 
experimental diabetic neuropathy in animals, but confirmation in humans is yet to 
be complete.

On the other hand, several studies demonstrated that production and release of 
nerve growth factor, neurotrophin 3, and ciliary neurotrophic factor (CNTF) were 
deficient in diabetic animals. Erythropoietin derivative was found to be effective for 
functional and structural deficits in animals with diabetes [30]. It is yet to be deter-
mined, however, whether the deficit of neurotrophic factors is the cause of neuropa-
thy or merely the consequence of nerve damage in diabetes.
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3.6  Direction of Treatment

Final goal of diabetes treatment may be the maintenance of good quality of life and 
healthy life expectancy. To this end, it is essential to prevent the clinical onset of 
neuropathy and to inhibit the progression of symptomatic neuropathy. To achieve 
this goal, precise pathogenesis of neuropathy should be clarified to establish the 
fundamental treatment. For the management of diabetic neuropathy, care and cure 
should be separately taken into account (Fig. 3.3). Currently, there is no consensus 
on the treatment for the patients who already have an established neuropathy. To 
alleviate the symptoms, care is the main purpose, though palliative, in which pain 
control is the major problem. Recent development of analgesics or antidepressants 
improved the quality of pain control, but there still needs further development. In 
contrast to symptomatic therapy, means to prevent the progression or reversal of 
neuropathy is still immature. To develop effective treatment for the cure, clarifica-
tion of natural history of neuropathy and establishment of appropriate clinical end-
point is crucial. Otherwise, candidate compounds based on the pathogenetic 
mechanisms may again be only effective for the animals, but not for humans.
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Fig. 3.3 Management of diabetic neuropathy with consideration of “care” and “cure.” The treatment 
of diabetic neuropathy should separately be considered to be “care” and “cure.” For the relief of posi-
tive symptoms such as pain, drugs can be prescribed only as a relief. It should be of note, however, 
that such “care” does not prevent the progression of neuropathy. In contrast, fundamental treatment 
that attempts to halt the disease is based on the pathogenetic mechanisms. Since precise mechanisms 
are yet to be clear, multiple treatment regimens are required for the better management of neuropathy
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Chapter 4
Diabetes and Endothelial Dysfunction

Tatsuya Maruhashi, Yasuki Kihara, and Yukihito Higashi

Abstract In patients with diabetes mellitus, endothelial dysfunction is the initial 
step in the process of atherosclerosis and plays an important role in the development 
of this condition, leading to diabetic vascular complications. Oxidative stress 
induced by hyperglycemia and acute glucose fluctuations are associated with endo-
thelial dysfunction through inactivating nitric oxide (NO) by excess production of 
reactive oxygen species (ROS). Under the condition of insulin resistance, NO pro-
duction is selectively impaired, whereas endothelin-1 (ET-1) secretion is preferen-
tially activated in endothelial cells, leading to endothelial dysfunction in obese or 
overweight diabetic patients. On the other hand, endothelial dysfunction might con-
tribute to insulin resistance in skeletal muscle. Reduced NO production through 
oxidative stress and selective insulin resistance in endothelial cells contributes to 
decreased glucose uptake by skeletal muscle due to a delayed increase in insulin 
concentration in the interstitium of the skeletal muscle. Therefore, insulin resistance 
is further exacerbated through a vicious cycle of endothelial dysfunction and 
reduced glucose uptake by skeletal muscle. From a clinical perspective, it is impor-
tant to select an appropriate intervention that is effective in improving endothelial 
dysfunction for treatment of patients with diabetes mellitus.

In addition to lifestyle modifications, antidiabetic agents that improve insulin 
sensitivity are anticipated to improve endothelial function and prevent cardiovascu-
lar events in patients with diabetes mellitus.
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resistance

T. Maruhashi, M.D., Ph.D. (*) • Y. Kihara 
Department of Cardiovascular Medicine, Graduate School of Biomedical and Health 
Sciences, Hiroshima University, Hiroshima, Japan
e-mail: 55maruchin@gmail.com 

Y. Higashi, M.D., Ph.D., F.A.H.A. (*) 
Department of Cardiovascular Regeneration and Medicine, Research Institute for Radiation 
Biology and Medicine, Hiroshima University, Hiroshima, Japan 

Division of Regeneration and Medicine, Medical Center for Translational and Clinical 
Research, Hiroshima University Hospital, Hiroshima, Japan
e-mail: yhigashi@hiroshima-u.ac.jp

mailto:55maruchin@gmail.com
mailto:yhigashi@hiroshima-u.ac.jp


46

4.1  Diabetic Vascular Complications

Diabetes mellitus is associated with an increased risk of microvascular and macro-
vascular complications. A recent study has shown that adults aged 50 years or older 
with diabetes mellitus die 4.6 years earlier, develop disabilities 6–7 years earlier, 
and spend 1–2 more years in a disabled state than do those without diabetes mellitus 
in the USA [1]. Microvascular complications, including retinopathy, nephropathy, 
and neuropathy, and macrovascular complications, including coronary artery dis-
ease, ischemic stroke, and peripheral artery disease, are important causes of morbid-
ity and mortality in patients with diabetes mellitus. Macrovascular complications, 
namely, cardiovascular diseases (CVDs), are associated with increased mortality in 
patients with diabetes mellitus. CVD is the most common underlying cause of 
death, accounting for about 45% of deaths in patients with type 1 diabetes mellitus 
and about 50% of deaths in patients with type 2 diabetes mellitus [2]. It is therefore 
important to prevent the onset and progression of CVD for better prognosis in the 
management of patients with diabetes mellitus.

Endothelial dysfunction is the initial step in the pathogenesis of atherosclerosis 
and plays a key role in the development of this condition, leading to cardiovascular 
complications [3]. In addition, it has been demonstrated that endothelial function is 
an independent predictor of cardiovascular events [4]. Diabetes mellitus has been 
shown to be associated with endothelial dysfunction [5, 6]. For the prevention of 
CVD in patients with diabetes mellitus, it is therefore important to understand the 
causative mechanisms linking diabetes mellitus and endothelial dysfunction and to 
select an appropriate intervention that will effectively ameliorate endothelial func-
tion. In this section, the current understanding of the relationship between diabetes 
mellitus and endothelial function and treatment options are discussed.

4.2  Endothelial Function

It had been thought that the vascular endothelium was just a structural barrier sepa-
rating the blood vessel wall and the inside cavity. In the 1980s, it was revealed that 
the vascular endothelium functions not only as a barrier but also as an endocrine 
organ secreting various vasoactive agents such as the vasodilators nitric oxide (NO), 
prostacyclin, and endothelium-derived hyperpolarizing factor (EDHF) and the 
vasoconstrictors endothelin-1 (ET-1), angiotensin II, and thromboxane A2 [7]. Thus, 
the vascular endothelium might be one of the biggest endocrine organs in the human 
body, with an estimated total weight equal to that of the liver and an estimated total 
area equal to that of six tennis courts. A healthy endothelium acts as a gatekeeper 
controlling vascular tone and structure by regulating the balance between vasodila-
tion and vasoconstriction, growth inhibition and growth promotion, anti-thrombosis 
and pro-thrombosis, anti-inflammation and pro-inflammation, and anti-oxidation 
and pro-oxidation. Endothelial dysfunction refers to a condition characterized by an 
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inability of the endothelium to maintain vascular homeostasis as a result of an 
imbalance between endothelium-derived relaxing and contracting factors, leading 
to the progression of atherosclerosis. Endothelial dysfunction is an early feature of 
atherosclerosis and is associated with the development of this condition in human 
[3]. It is expected that improvement or augmentation of endothelial function may 
prevent the development and progression of atherosclerosis and consequently 
reduce cardiovascular events. Therefore, endothelial dysfunction has emerged as a 
therapeutic target in patients with cardiovascular risk factors such as hypertension, 
dyslipidemia, and diabetes mellitus and in patients with CVD. NO, one of the vari-
ous vasoactive agents released from the endothelium, has various anti- atherosclerotic 
effects including vasodilation, inhibition of platelet aggregation and adhesion, inhi-
bition of leucocyte adhesion, and suppression of vascular smooth muscle cell pro-
liferation. Considering the wide range of anti-atherosclerotic effects of NO, reduced 
NO bioavailability is generally referred to as endothelial dysfunction.

Diabetes mellitus is associated with endothelial dysfunction. Impaired 
endothelium- dependent vasodilation has been demonstrated in patients with type 1 
and type 2 diabetes [8, 9]. Although the definitive pathogenesis remains unclear, 
several mechanisms underlying the endothelial dysfunction in patients with diabe-
tes mellitus have been proposed.

4.3  Mechanism Underlying the Endothelial Dysfunction 
in Diabetes

4.3.1  Oxidative Stress

Oxidative stress has been shown to be associated with the pathology of various dis-
eases including diabetes mellitus. Oxidative stress refers to a condition in which the 
balance of reactive oxygen species (ROS) and the antioxidant system is disturbed in 
favor of prooxidant ROS. Excessive production of ROS cannot be sufficiently coun-
teracted by the antioxidant defense system, and the deleterious effects of ROS, such 
as cell proliferation, hypertrophy, apoptosis, and inflammation, become clinically 
evident. ROS are produced by various oxidase enzymes, including nicotinamide 
adenine dinucleotide phosphate (NADPH) oxidase, uncoupled endothelial NO syn-
thase (eNOS), mitochondrial electron transport, cyclooxygenase, glucose oxidase, 
and lipoxygenase. ROS include superoxide anion (O2−), hydrogen peroxide (H2O2), 
hydroxyl radical (OH), hypochlorous acid (HOCl), NO, and peroxynitrite (ONOO−). 
O2− is produced by the reduction of molecular oxygen through removal of one elec-
tron, and it serves as the precursor of other ROS such as H2O2 and OH. In addition, 
O2− reacts directly with NO and reduces NO bioavailability. In this context, O2− is 
an important source of oxidative stress associated with endothelial dysfunction. 
Accumulating evidence has revealed an interaction between oxidative stress and 
endothelial dysfunction. Excessive O2− reacts directly with NO with high affinity, 
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resulting not only in degradation and inactivation of NO but also in formation of 
ONOO−, a highly potent oxidant causing lipid peroxidation, DNA damage, and cell 
death (Fig. 4.1). In addition, ONOO− can oxidize the essential eNOS cofactor tetra-
hydrobiopterin (BH4) to the biologically inactive trihydrobiopterin (BH3), leading to 
a deficiency of BH4. In the absence of sufficient concentrations of BH4, eNOS is 
converted from an NO-producing enzyme into an O2−-generating enzyme. This pro-
cess is referred to as eNOS uncoupling (Fig.  4.1) [10]. Under this condition, 
impaired endothelial function is further exacerbated through a vicious cycle of 
increased oxidative stress and eNOS uncoupling, leading to a further increase in 
O2− production and a decrease in NO bioavailability. In diabetes mellitus, chronic 
hyperglycemia is known to be a major contributor to elevated oxidative stress and 
endothelial dysfunction. In addition, recent studies have demonstrated that acute 
glucose fluctuations are involved in the mechanism underlying the increased oxida-
tive stress in diabetes mellitus.

eNOS

BH4

NOL-arginine

BH4

eNOS uncoupling

BH3
-BH2

O2NADPHNADPH++H+O2
-

ONOO-

O2
-

Diabetes
mellitus

Lipid peroxidation
DNA damage
Cell death

Hyperglycemia
Glucose fluctuation

Fig. 4.1 Putative mechanism of endothelial nitric oxide synthase (eNOS) uncoupling in patients 
with diabetes mellitus. O2

− indicates superoxide, BH4 tetrahydrobiopterin, BH3 trihydrobiopterin, 
BH2 dihydrobiopterin
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4.3.1.1  Oxidative Stress Induced by Hyperglycemia in Diabetes

Mitochondria are the major intracellular source of O2−. Intracellular glucose oxida-
tion starts with glycolysis, which generates pyruvate for mitochondrial catabolism 
to form ATP in the cytoplasm. Pyruvate transported into the mitochondria is oxi-
dized to NADH and FADH2 by the tricarboxylic acid (TCA) cycle. NADH and 
FADH2 serve as donors of electrons used as energy for ATP production through 
oxidative phosphorylation by the electron transport chain composed of four multi-
protein enzyme complexes located in the inner mitochondrial membrane. Electron 
transfer is coupled with the transfer of protons across the inner mitochondrial 
membrane. Therefore, electron transfer through the electron transport chain gener-
ates a proton gradient by pumping protons across the inner mitochondrial mem-
brane, providing the energy to drive the ATP synthase. Under the condition of 
hyperglycemia, NADH and FADH2, electron donors, from the TCA cycle are 
increased, and the proton gradient across the inner mitochondrial membrane is 
increased due to the enhanced electron transfer through the electron transport 
chain and a concomitant increase in the proton pumping. An increase in proton 
gradient above a certain threshold inhibits electron transport through the electron 
transport chain, resulting in increased electron leak and O2− generation in mito-
chondria [11].

Hyperglycemia-induced overproduction of mitochondrial O2− inhibits the activ-
ity of the glycolytic enzyme glyceraldehyde-3-phosphate, the activity of which is 
essential for maintenance of glycolytic flux, thereby resulting in the accumulation 
of upstream glycolysis intermediates and increased flux of these metabolites into 
glucose overutilization pathways, including the polyol pathway, hexosamine path-
way, protein kinase C (PKC) pathway, and advanced glycation end product (AGE) 
pathway (Fig. 4.2) [11]. Increased glucose flux into the polyol pathway consumes 
NADPH, which is required for regenerating reduced glutathione (GSH), a main 
intracellular antioxidant. Therefore, intracellular concentrations of reduced GSH 
are consequently decreased, leading to an increase in intracellular oxidative stress. 
Shunting of excess intracellular glucose into the hexosamine pathway increases 
the modification of transcriptional factor through dysregulated protein glycosyl-
ation, resulting in altered protein expression. PKC activation induced by hyper-
glycemia through increased diacylglycerol has various pathogenic consequences 
including decreased expression of eNOS, increased expression of ET-1, trans-
forming growth factor-β and plasminogen activator inhibitor-1, and activation of 
NF-κB and NADPH oxidase, leading to impairment of endothelial function. AGE 
causes functional alterations of intracellular proteins and modifications of extra-
cellular matrix proteins and plasma proteins. In addition, activation of RAGE, a 
receptor for AGEs, on endothelial cells mediates the production of ROS and activa-
tion of NF-κB. Hyperglycemia causes endothelial dysfunction through overproduc-
tion of mitochondrial O2− and diversion of glycolytic flux to alternative metabolic 
pathways.
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4.3.1.2  Oxidative Stress Induced by Acute Glucose Fluctuations 
in Diabetes

Blood glucose levels are strictly regulated within a narrow range in normal subjects. 
However, in patients with diabetes mellitus, a rapid and large increase in blood glu-
cose levels in the postprandial phase is observed. Recent studies have demonstrated 
that the postprandial acute hyperglycemia may play a significant role in the patho-
genesis of diabetic vascular complications through increased oxidative stress, 
reduced NO bioavailability, and consequent endothelial dysfunction [12]. Glucose 
fluctuations induced by intermittent high glucose might be more deleterious to 
endothelial cells than a constant high glucose concentration. In in  vitro studies, 
intermittent high glucose has been demonstrated to enhance apoptosis of endothelial 
cells via the activation of PKC and NADPH oxidase, suggesting the involvement of 
oxidative stress in endothelial cell injury [13, 14]. In addition, a recent clinical study 
has demonstrated that glucose fluctuations, obtained from continuous glucose moni-
toring system data by calculating the mean amplitude of glycemic excursion 
(MAGE), are associated with increased oxidative stress in patients with type 2 dia-
betes [15]. Monnier et  al. reported that the mean urinary excretion rate of 8-iso 
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Fig. 4.2 Putative mechanisms of hyperglycemia-induced endothelial dysfunction in patients with 
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PGF2α, an oxidative stress marker, strongly correlated with MAGE, whereas there 
were no significant correlations between the urinary excretion rates of 8-iso PGF2α 
and any other glucose control parameters, including HbA1c and fasting plasma glu-
cose [15]. In addition, Torimoto et al. reported that there was a significant associa-
tion between glucose fluctuations and endothelial dysfunction in patients with type 
2 diabetes [16]. MAGE significantly correlated with reactive hyperemia index, a 
marker of endothelial function, measured by using peripheral arterial tonometry in 
patients with type 2 diabetes [16]. Although the precise molecular mechanisms for 
enhanced oxidative stress and consequent endothelial cell injury by glucose fluctua-
tions have not been fully elucidated, a possible explanation is that constant high 
glucose may facilitate cellular metabolic adaptations against high glucose-induced 
toxic effects by consistent feedback, whereas such adaptations may be reduced dur-
ing intermittent exposure to high glucose due to the absence of consistent feedback, 
resulting in higher glucose toxicity. HbA1c has been used as a clinical marker of 
glycemic exposure and as a therapeutic marker of glycemic control in treatment of 
patients with diabetes mellitus. However, HbA1c serves as a time-averaged measure 
of glycemic exposure without any information regarding glycemic variability and 
fluctuations. Recent large randomized trials have demonstrated the lack of signifi-
cant reduction in cardiovascular events with intensive glycemic control using 
HbA1c as a therapeutic parameter of glucose control. In the treatment of patients 
with diabetes mellitus, attention should be paid to not only fasting plasma glucose 
and HbA1c levels but also postprandial hyperglycemia in order to protect the endo-
thelium from oxidative injury for the prevention of vascular complications in 
patients with diabetes mellitus.

4.3.2  Selective Insulin Resistance in Diabetes

In addition to its essential glucose and lipid metabolic actions, insulin has several 
important vascular actions including NO production in endothelial cells. Insulin 
stimulation of endothelial cells through binding to its cognate receptor on the endo-
thelial cell surface phosphorylates insulin receptor substrate (IRS), which stimu-
lates phosphoinositide 3-kinase (PI 3-kinase)/Akt pathway. Akt directly 
phosphorylates eNOS at Ser1177, resulting in activation of eNOS and increased NO 
production (Fig. 4.3). Insulin also stimulates the mitogen-activated protein kinase 
(MAPK)/extracellular signal-regulated kinase (ERK) pathway and downstream 
release of the vasoconstrictor ET-1 in endothelial cells, which is independent of the 
PI 3-kinase/Akt pathway (Fig.  4.3). Under the condition of insulin resistance in 
endothelial cells, insulin-induced activation of the PI 3-kinase/Akt pathway and the 
downstream phosphorylation of eNOS are selectively impaired due to the decreased 
endothelial IRS function, whereas the MAPK/ERK pathway is unaffected and pref-
erentially activated due to the compensatory hyperinsulinemia, resulting in 
decreased NO production and increased ET-1 secretion, a characteristic of endothe-
lial dysfunction. It has been demonstrated that the vasodilatory effect of insulin is 
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enhanced under the condition of ET-1 blockade in patients with type 2 diabetes but 
not in healthy control subjects [17]. Insulin resistance causes endothelial dysfunc-
tion through the selectively impaired PI 3-kinase/Akt pathway due to impaired IRS 
function and enhanced stimulation of the MAPK/ERK pathway due to compensa-
tory hyperinsulinemia in endothelial cells.

4.4  Insulin Resistance in Skeletal Muscle Associated 
with Endothelial Dysfunction

Skeletal muscle plays an important role in glucose homeostasis through insulin- 
induced glucose uptake. Insulin has to be delivered to the interstitium of skeletal 
muscle for stimulating glucose uptake by the skeletal muscle. Insulin itself acts in 
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Fig. 4.3 Distinct signaling pathways mediating insulin effects on nitric oxide (NO) and endothelin. 
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an NO-dependent fashion to increase interstitial insulin concentration by dilating 
terminal arterioles to increase the number of perfused capillaries and microvascular 
exchange surface area (microvascular recruitment), dilating larger resistance ves-
sels to increase total limb blood flow, and promoting trans-endothelial transport of 
insulin to the interstitium of skeletal muscle [18]. Therefore, endothelial dysfunc-
tion induced by oxidative stress and selective insulin resistance in endothelial cells 
causes impairment of vasodilation and insulin transport across the endothelium 
through reduced NO bioavailability, leading to insulin resistance in skeletal muscle 
due to a delayed increase in insulin concentration in the interstitium and a conse-
quent decrease in glucose uptake by skeletal muscle. Results of both animal and 
human studies support the association of insulin resistance with impaired vasodila-
tor action and impaired glucose uptake in skeletal muscle [19, 20]. In clinical stud-
ies, skeletal muscle blood flow response to insulin was shown to decrease in diabetic 
and obese subjects compared with that in lean subjects [19]. In in  vivo studies, 
eNOS knockout mice have been shown to exhibit insulin resistance through 
decreased muscle blood flow and glucose uptake by skeletal muscle [20]. Therefore, 
insulin resistance is further exacerbated through a vicious cycle of endothelial dys-
function induced by selective insulin resistance and reduced glucose uptake by skel-
etal muscle (Fig. 4.4).

4.5  Current Treatment Targeting Endothelial Dysfunction 
in Diabetes Mellitus

From a clinical perspective, early detection of endothelial dysfunction and early 
intervention for maintaining endothelial function in a healthy condition are impor-
tant for the prevention of future cardiovascular events in patients with cardiovascu-
lar risk factors. Therefore, in the management of patients with diabetes mellitus, it is 
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important to select an appropriate intervention that effectively improves endothelial 
function for the prevention of diabetic vascular complications.

Considering the associations of endothelial dysfunction with hyperglycemia, 
glucose fluctuations, and insulin resistance, lifestyle modifications and pharmaco-
logical therapies aiming at lowering glucose level without hypoglycemia, flattening 
glucose fluctuations, and improving insulin sensitivity may be beneficial for the 
restoration of endothelial function and prevention of cardiovascular events.

4.5.1  Insulin Therapy

Intensive glycemic control with insulin therapy effectively reduces microvascular 
complications and cardiovascular events in patients with type 1 diabetes [21]. 
For patients with type 1 diabetes, in whom insulin resistance does not predomi-
nate and a healthy energy balance is achieved, insulin therapy may be safe and 
beneficial to the endothelium because of the absence of selective insulin resis-
tance in the PI 3-kinase/Akt pathway, leading to increased production of NO in 
endothelial cells. However, the effect of insulin therapy on endothelial function 
in patients with type 2 diabetes is still controversial and may be dependent on 
the achieved metabolic control level [22]. It is possible that high-dose insulin 
therapy in obese or overweight diabetic patients with insulin resistance who are 
refractory to its glucose- lowering effect due to excess nutrient supply and positive 
energy balance may be harmful to the endothelium through an imbalance between 
impaired PI 3-kinase/Akt pathway and enhanced MAPK/ERK pathway activation 
caused by selective insulin resistance in endothelial cells, leading to endothelial 
dysfunction.

4.5.2  Antidiabetic Agents

An antidiabetic agent exerts its glucose-lowering effect by increasing pancreatic 
insulin secretion and/or ameliorating insulin sensitivity in peripheral tissues. 
Sulfonylureas, insulin secretagogues, could potentially have an effect similar to that 
of high-dose insulin therapy and could be harmful to endothelial function in obese 
or overweight diabetic patients with insulin resistance due to the selective insulin 
resistance in endothelial cells.

Considering the reciprocal relationship between insulin resistance and endo-
thelial dysfunction, antidiabetic agents that improve insulin sensitivity are antici-
pated to have beneficial effects on endothelial function through restoration of PI 
3-kinase/Akt signaling and downstream NO production. Thiazolidinediones, insu-
lin sensitizers, have been shown to improve endothelium-dependent vasodilation 
[23, 24]. In addition, thiazolidinediones have been demonstrated to increase the 
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expression and plasma level of adiponectin, which directly stimulates NO produc-
tion from endothelial cells through activation of the PI 3-kinase/Akt pathway in 
patients with insulin resistance or type 2 diabetes [25, 26]. Metformin, another 
insulin-sensitizing agent, has also been shown to improve endothelium-dependent 
vasodilation with significant association with improvement of insulin resistance 
assessed by the homeostasis model (HOMA-IR) in patients with type 2 diabetes 
[27]. Therefore, pharmacological therapies targeting insulin resistance may have 
beneficial effects on endothelial function through improving insulin sensitivity 
and increasing NO production in endothelial cells in diabetic patients with insulin 
resistance.

Antidiabetic agents that decrease the postprandial rise in blood glucose levels are 
also anticipated to have beneficial effects on endothelial function through decreased 
oxidative stress and a consequent increase in NO bioavailability. Glinides, dipepti-
dyl peptidase 4 (DPP-4) inhibitors, and α-glucosidase inhibitors are antidiabetic 
drugs that improve the control of postprandial glucose levels. These antidiabetic 
agents have been shown to improve postprandial endothelial function [28–31]. 
However, there are conflicting reports showing that α-glucosidase inhibitors, 
glinides, and DPP-4 inhibitors have no significant beneficial effects or even have 
adverse effects on endothelial function in patients with type 2 diabetes [28, 32, 33]. 
Although the precise reasons for the discrepancy of the results remain unknown, 
some explanations, including differences in the vascular beds assessed for endothe-
lial function, subject selection, and treatment period, have been postulated. As for 
glinides and DPP-4 inhibitors, there is a possibility that increased insulin secretion 
through their pharmacological actions could be harmful to endothelial function in 
obese or overweight diabetic patients due to the selective insulin resistance in endo-
thelial cells.

4.5.3  Other Treatment

In patients with type 2 diabetes, other cardiovascular risk factors such as hyperten-
sion and dyslipidemia are highly prevalent. Therefore, a multiple risk factor inter-
vention approach is important for the prevention of cardiovascular events in patients 
with type 2 diabetes. The Steno-2 study demonstrated that an intensified and tar-
geted multifactorial intervention including behavior modifications and polypharma-
cologic therapy aimed at controlling several modifiable risk factors reduced the risk 
of cardiovascular and microvascular events by about 50% compared with a conven-
tional strategy [34]. In the management of other risk factors in patients with type 2 
diabetes, it is also important to select an appropriate intervention that will be 
expected to improve endothelial function, including administration of antihyperten-
sive agents such as angiotensin-converting enzyme inhibitors and angiotensin II 
type I receptor blockers [35, 36], administration of statins [37], and lifestyle modi-
fications such as aerobic exercise and body weight reduction [38, 39].
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4.6  Conclusions

In patients with diabetes mellitus, endothelial dysfunction is the early feature of 
atherosclerosis and plays an important role in the development of this condition, 
leading to diabetic vascular complications. Oxidative stress induced by hyperglyce-
mia and glucose fluctuations causes endothelial dysfunction through inactivating 
NO by excess production of ROS. Selective insulin resistance in the PI 3-kinase/Akt 
pathway and impaired downstream NO production in endothelial cells may also 
contribute to endothelial dysfunction, whereas endothelial dysfunction might con-
tribute to insulin resistance. Insulin potentially regulates its own delivery to skeletal 
muscle in an NO-dependent fashion at multiple steps. Reduced NO production 
through oxidative stress and selective insulin resistance in endothelial cells causes 
insulin resistance in skeletal muscle due to a delayed increase in insulin concentra-
tion in the interstitium of skeletal muscle. It is clinically important to break out of 
the cycle of endothelial dysfunction and insulin resistance in obese or overweight 
diabetic patients for the prevention of cardiovascular events. In addition to lifestyle 
modifications such as aerobic exercise and body weight reduction, antidiabetic 
agents that improve insulin sensitivity are expected to ameliorate endothelial func-
tion. Although an intervention targeting the reduction of oxidative stress is theoreti-
cally attractive, clinical studies in which the effects of antioxidants on cardiovascular 
events in patients with diabetes mellitus were investigated have revealed disappoint-
ing outcomes. Further studies are needed to develop clinically safe and effective 
treatment strategies targeting oxidative stress for the prevention of cardiovascular 
events in patients with diabetes mellitus.
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Chapter 5
Diabetes and Vascular Calcification

Katsuhito Mori and Masaaki Inaba

Abstract Vascular calcification had been accepted as a passive, degenerative pro-
cess, but recent findings suggested that it is actively regulated like osteogenesis. 
In addition, vascular calcification is roughly classified into two types: intimal arte-
rial calcification (IAC) and medial arterial calcification (MAC). IAC is usually 
associated with atherosclerosis, whereas MAC is often associated with aging, dia-
betes, and chronic kidney disease. Although MAC does not directly cause stenotic 
or occlusive lesions, it may exacerbate arterial stiffness with significant hemody-
namic changes, resulting in cardiovascular mortality. Transdifferentiation of vas-
cular smooth muscle cells (VSMCs) and changes in extracellular matrix (ECM), 
which are mainly due to elastin degradation, are involved in the onset and progres-
sion of MAC. In particular, runt-related transcription factor 2 (Runx2) seems to 
play a critical role in the transformation of VSMCs from a vascular contractile 
phenotype into an osteoblast-like phenotype. The presence of diabetes accelerates 
both VSMC transdifferentiation through the upregulation of Runx2 and ECM 
changes by metalloproteinase- induced elastin degradation. Fetuin-A can act as 
not only an inducer of insulin resistance but also as an inhibitor of ectopic calcifi-
cation through the formation of calciprotein particles (CPPs). Recently, it has 
been hypothesized that overproduction of CPPs could cause vascular damage, 
including vascular calcification. Since fetuin-A is involved in both diabetes and 
vascular calcification, precise investigation of CPPs may give new insights in this 
field.
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5.1  Introduction

Diabetes mellitus is highly prevalent in the world and is, inarguably, one of the rep-
resentative diseases that cause vascular complications. Appropriate treatment of 
diabetes, especially if with concomitant cardiovascular disease, is a pressing issue 
in modern society. Historically, understanding the mechanism of atherosclerosis 
induced by diabetes was the main issue in this field. For example, the formation of 
occlusive lesions in an atherosclerotic plaque, such as in acute coronary syndrome 
(ACS), had been focused on. However, emerging evidence suggested that alteration 
of arterial stiffness, or arteriosclerosis, which is neither stenotic or thrombogenic, 
plays a critical role in cardiovascular mortality. Vascular calcification, especially in 
the media, has provided many clues to the significance of hemodynamic changes 
due to arteriosclerosis [1, 2].

5.2  Clinical Significance of Vascular Calcification

The presence of calcification seems to be a hallmark of the terminal state of a vas-
cular lesion, such as what happens in aging. Therefore, vascular calcification had 
been recognized for quite a while as a passive, degenerative process of hydroxyapa-
tite precipitation in the arterial wall. In addition, calcification of the aorta or arteries 
of the lower extremities has not been known to directly cause vascular occlusion or 
ischemia. Therefore, clinical doctors seldom minded such seemingly innocuous 
lesions, although some studies have shown a high prevalence of such calcifications 
on plain soft tissue radiographs in patients with diabetes or chronic kidney disease 
(CKD).

However, there have been several scenarios that triggered attention to vascular 
calcification. For example, the spread of percutaneous coronary intervention has 
been a breakthrough in the treatment of coronary artery disease (CAD). During its 
development, it was gradually realized that the existence of calcification disturbed 
dilatation and rotational atherectomy of target coronary lesions. Angiorrhaphy dur-
ing coronary artery bypass also becomes difficult in the presence of calcifications. 
Nowadays, vascular calcification has been an evitable matter to solve in intervention- 
resistant conditions. Recent technical advances have enabled detection and quanti-
fication of coronary artery calcification by multidetector coronary computed 
tomography. Moreover, calcification patterns on intravenous ultrasound have been 
reported to be associated with ACS.  In particular, a calcium burden pattern (i.e., 
spotty or granular microcalcification) was prone to rupture, whereas a homogenous 
pattern or sheetlike macrocalcification seemed to be resistant to plaque rupture [1, 
3]. Therefore, the diagnosis and treatment of CAD should not leave out vascular 
calcification.
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5.3  Types of Vascular Calcification

Vascular calcification roughly falls into two types: intimal arterial calcification 
(IAC) and medial arterial calcification (MAC) (Fig. 5.1) [1–3]. IAC is strongly asso-
ciated with atherosclerosis, which involves inflammatory cell infiltration and forma-
tion of a lipid-rich core in the arterial wall. It is exacerbated by classic cardiovascular 
risk factors, such as dyslipidemia. The presence of IAC usually represents advanced 
atherosclerosis. However, whether calcification in itself can promote or protect 
plaque rupture and subsequent formation of an occlusive lesion is still controversial. 
As described above, it may depend on the calcification pattern (spotty calcification 
vs. diffuse calcification) [1, 3].

On the other hand, MAC is more often detected in patients with diabetes and CKD, 
including those on hemodialysis. MAC occurs independent of atherosclerosis and IAC 
[1, 3, 4]. It is characterized by the deposition of hydroxyapatite crystals in the extracel-
lular matrix (ECM) of the medial interspace of arterial vascular smooth muscle cells 
(VSMCs) and usually does not contain inflammatory cells. The characteristic conver-
sion of VSMCs and the compositional changes in medial wall ECM seem to play 
crucial roles in the development of MAC, as discussed below. Clinically, progression 
of MAC could increase arterial stiffness and cause systolic hypertension with pressure 

Medial artery calcification (MAC)

Intima

Media

Adventitia

Intimal artery calcification (IAC)

Atherosclerotic calcified plaque

Intima

Media

Adventitia

Fig. 5.1 Types of vascular calcification. IAC is strongly associated with atherosclerosis, which 
involves inflammatory cell infiltration with lipid-rich core in the arterial wall. The presence of IAC 
is correlated with stenotic, thrombotic lesions with a risk of plaque rupture. MAC is often detected 
in patients with diabetes, independent of atherosclerosis. MAC influences arterial stiffness and 
leads to significant hemodynamic changes, although it does not directly cause occlusive lesions. 
IAC intima medial calcification, MAC medial arterial calcification
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afterload, left ventricular hypertrophy, and heart failure [5]. On the other hand, MAC 
reduces diastolic hypotension, resulting in a decrease in myocardial perfusion pressure 
and subsequent myocardial ischemia [5]. Therefore, MAC is associated with higher 
cardiovascular mortality through profound hemodynamic changes [3, 4].

5.3.1  Mechanism of Vascular Calcification

As mentioned above, MAC is commonly found in patients with diabetes, independent 
of atherosclerosis. Therefore, we focused on the mechanism of MAC, as follows. The 
necessity of VSMC transdifferentiation into osteoblast-like cells in the formation of 
MAC has gained broad acceptance. VSMCs gradually lose their original contrac-
tile phenotypes and alternatively express bone-related genes. Simultaneously, medial 
matrix proteins, such as elastin, undergo drastic changes and lead to altered arte-
rial elasticity, which subsequently provides a scaffold for precipitation of hydroxy-
apatites. Degradation of elastin by metalloproteinases is a prominent feature in the 
media. Transdifferentiation of VSMCs and ECM changes may interact during devel-
opment of MAC (Fig. 5.2), although the predominating mechanism is unknown [6].

5.3.2  Central Role of VSMC Transdifferentiation and ECM 
Alteration in MAC Formation

Bone morphogenetic protein-2 (BMP-2), which belongs to the transforming growth 
factor (TGF) superfamily, plays a major role in osteoblastic differentiation. Demer 
et  al. first demonstrated BMP-2 expression in calcified lesions in human arterial 

Ca P

VSMCs

Osteoblast-like VSMCs

Elastin

Degraded elastin

Calcification

Fig. 5.2 Mechanism of vascular calcification. Two factors may be critical for the onset and pro-
gression of MAC: (1) transdifferentiation of VSMCs into osteoblast-like cells and (2) changes in 
ECM, which are mainly due to elastin degradation by matrix metalloproteinase. Transdifferentiation 
of VSMCs and ECM changes may interact and accelerate MAC. MAC medial arterial calcification, 
VSMCs vascular smooth muscle cells, ECM extracellular matrix, Ca calcium, P phosphate
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walls and identified a clonal population of arterial cells with calcifying capability 
and osteoblastic features; these were named calcifying vascular cells (CVCs) [7]. 
These findings first shed light on the fact that vascular calcification shares similar 
pathways with osteogenesis. Another important milestone in the field of vascular 
calcification was discovered in the study of the phenotype of matrix Gla protein 
(MGP)-deficient mice [8]. These mice spontaneously showed extensive MAC, sug-
gesting the inhibitory role of MGP in vascular calcification, apart from 
atherosclerosis- based calcification. However, the critical question on the origin of 
cells with calcifying capability remains. One possibility is transdifferentiation of 
VSMCs, which are original components of the medial wall. Another is differentia-
tion from immature, multipotent mesenchymal progenitor cells that reside in the 
arterial wall or migrate from the circulation.

To answer this question, Giachelli et al. prepared MGP-deficient mice, SM22a- 
Cre recombinase transgenic mice, and Rosa26-LacZ Cre reporter transgenic mice 
[9]. After breeding, the VSMCs in these mice were genetically marked by 
LacZ. Using these mice, the authors clarified that VSMCs were the origin of the 
cells in the calcified media of MGP-deficient mice. Based on the additional observa-
tion that green fluorescent protein (GFP)-positive cells were rare in the arterial wall 
after engraftment of GFP-expressing bone marrow cells into MGP-deficient mice, 
they concluded that calcifying cells in the media were unlikely to be derived from 
multipotent progenitors. Of course, this theory is limited in the mechanism of 
MAC.  In the case of IAC formation, circulating cells may contribute to vascular 
calcification [1], but this will not be discussed in this manuscript.

The link between hyperphosphatemia and MAC, especially in end-stage renal 
disease (ESRD), has been predicted. Therefore, addition of inorganic phosphate 
into cultured SMC was tried in an in vitro model; in this experiment, phosphate 
calcification in VSMCs was confirmed by upregulation of bone-related genes, prob-
ably mediated by Pit-1, which is a sodium-dependent phosphate cotransporter [10].

In contrast to extracellular factors, such as BMP-2, MGP, and phosphate, runt- 
related transcription factor 2 (Runx2), or Cbfa1/Osf2, is an essential transcriptional 
factor in osteogenesis [11]. Runx2 expression in mesenchymal stem cells induces 
some osteogenesis-related genes, such as osteocalcin, osteopontin, and osterix. 
Although Runx2 is involved in the early stages of osteogenesis, its expression 
decreases in the late stage, which may be necessary for maturation of osteoblasts 
and maintenance of bone mass [11]. Fine regulation of Runx2 expression is required 
during osteogenesis. With regard to vascular calcification, Runx2 may be involved 
in repression of the primary VSMs phenotype, in addition to acceleration of the 
osteogenic phenotype. Tanaka et al. precisely investigated the function of Runx2 as 
a key regulator in transdifferentiation of VSMCs [12].

To maintain the contractile phenotype of VSMCs, a set of regulatory factors is 
necessary. Among these, serum response factor (SRF), which binds to CArG box 
[CC(AT)6GG] in the promoter regions of SMC-specific genes, is known to be a key 
transcriptional factor. In contrast to the ubiquitously expressed SRF, myocardin, 
which is a coactivator of SRF, is expressed in cardiac myocytes and VSMCs [13]. 
Therefore, disruption of myocardin affects SRF binding on CArG box and leads to 
the formation of a synthetic, proliferative phenotype of VSMC. Interestingly, Tanaka 
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et al. demonstrated that Runx2 could interfere with coactivation of SRF and myocar-
din, resulting in inactivation of SMC-specific genes, such as SM22α and SM-MHC 
(Fig. 5.3) [12]. Simultaneously, Runx2 could upregulate osteogenic genes, including 
alkaline phosphatase (ALP), osteopontin, and osterix, in VSMCs (Fig. 5.3) [12].

Similar to Runx2, Msx, which is another critical transcriptional factor in osteo-
genesis, is considered to be associated with vascular calcification. The Notch signal-
ing pathway is involved in the induction of Msx in VSMCs (Fig. 5.3). Notch ligands 
on the cell surface bind to Notch receptors on the adjacent VSMCs, and, subse-
quently, Notch intracellular domains (NICDs) are cleaved [11]. NICDs that are 
translocated into the nucleus bind to cognate DNA binding sites and interact with 
RBP-Jk, which is a major mediator of Notch signaling, resulting in the activation of 
target genes, including Msx (Fig. 5.3) [11]. Although the role of Notch in the pro-
motion or inhibition of osteogenesis is still controversial, Notch-induced Msx 
upregulation, at the least, stimulates vascular calcification independent of BMP-2 
[14]. In this case, cell–cell interaction between infiltrated macrophages, which 

OSE CArG

Osteogenesis-related
genes

SMC-specific
genes

Runx2

Runx2 SRF

myocardin

Notch receptor
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RBP-Jk RBP-Jk
Msx2 gene

Fig. 5.3 Intracellular pathway of VSMC transdifferentiation from a contractile phenotype to a 
synthetic, osteoblast-like phenotype. Runx2, an essential transcriptional factor in osteogenesis, 
plays a critical role in vascular calcification by promoting the osteogenic phenotype of VSMCs. At 
the same time, Runx2 disrupts myocardin and SRF interaction, which can maintain an intact vas-
cular phenotype of VSMCs. Therefore, Runx2 acts as both promoter of the osteogenic phenotype 
and repressor of the vascular phenotype of VSMCs. In addition, activation of Notch signaling 
accelerates the osteogenic phenotype of VSMCs through Msx2 gene upregulation. Runx2 runt-
related transcription factor 2, VSMCs vascular smooth muscle cells, SRF serum response factor, 
OSE osteocyte- specific element, NICDs Notch intracellular domains. Adapted and revised from 
[12, 14]
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express various Notch ligands, and VSMCs, which have Notch receptors, is specu-
lated to cause vascular calcification; however, the significance of macrophages in 
MAC formation is unknown.

5.3.3  VSMC Transdifferentiation in MAC Under 
Diabetic Conditions

The existence of diabetes is recognized as one of the major predisposing factors for 
the development of vascular calcification [1–3]. Although long-standing diabetes 
can lead to various metabolic disorders, a simple factor may be hyperglycemia. To 
test this hypothesis, VSMCs were incubated in normal (5 mM) and high-glucose 
(25 mM) conditions [15]. As expected, high glucose promoted SMC calcification, 
enhanced Runx2 and osteocalcin expressions, and increased ALP activity and 
BMP-2 secretion [15]. Addition of a protein kinase C (PKC) inhibitor inhibited the 
high-glucose condition-induced Runx2 and osteocalcin expressions, suggesting the 
involvement of PKC in hyperglycemia-induced vascular calcification [15]. On his-
topathologic examination, diabetic patients with ESRD showed a greater degree of 
MAC, with increased staining of osteopontin and ALP, compared with nondiabetic 
patients with ESRD [15].

Glucose in high levels nonenzymatically reacts with various proteins to subse-
quently form advanced glycation end products (AGEs), which can accelerate calci-
fication of VSMCs via increased Runx2 expression, ALP activation, and increased 
secretion of osteocalcin [16]. AGE-induced calcification appeared to be mediated 
by receptors for AGE (RAGE) because the addition of anti-RAGE blocking anti-
body inhibited calcium deposition in VSMCs [16]. Although RAGE, which is a 
pattern recognition receptor, has been initially identified with AGEs, other RAGE 
ligands, including S100, high mobility group box 1, and amyloid fibrils, have been 
identified as important inflammatory regulators. Therefore, under diabetic condi-
tions, RAGE had been speculated to affect vascular calcification independent of 
AGEs. RAGE activation suppressed SMC marker genes, such as SM22α and 
SM-MHC, through the reduction of myocardin [17]. At the same time, Notch–Msx- 
mediated osteogenic differentiation was promoted by RAGE activation, suggesting 
another role of the RAGE axis in osteogenic conversion of VSMCs [17].

5.3.4  ECM Changes in MAC Under Diabetic Conditions

High-glucose conditions could also accelerate MAC through elastin degradation by 
matrix metalloproteinases (MMPs). Compared to subjects without diabetes, patients 
with diabetes have upregulated MMPs in the arterial wall and higher plasma levels 
of MMPs. Therefore, diabetic conditions are predicted to enhance the degradation 
of elastic fibers. Elastin-derived peptides (EDPs), which are products of elastin 
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degradation, can be measured in the serum of diabetic patients. Interestingly, EDPs 
could induce VSMC expression of osteogenic genes, such as Runx2, osteocalcin, 
and ALP, possibly through the elastin–laminin receptor (ELR) [18]. Elastin fiber 
degradation is associated with concomitant degradation of TGFβ binding protein, 
resulting in the release of TGFβ and increase in the level of free TGFβ. This syner-
gistic effect of TGFβ and EDPs on the osteogenic phenotype of VSMCs had been 
confirmed [18]. Furthermore, under high-glucose conditions, EDPs and TGFβ have 
been shown to amplify the osteogenic phenotypes, possibly by activating ELR [19]. 
These findings suggest that a diabetic state, which causes considerable ECM 
changes, could promote MAC.

5.4  Fetuin-A and Calciprotein Particles in Diabetes 
and Vascular Calcification

Fetuin-A is also known as a circulating α2-Heremans–Schmid glycoprotein that is 
involved in insulin resistance, type 2 diabetes, and atherosclerosis [20, 21]. One of 
its prominent functions is the potent capability to inhibit ectopic calcification by 
forming colloidal, water-soluble mineral complexes, termed calciprotein particles 
(CPPs) or fetuin-A mineral complexes (Fig.  5.4). CPPs do not precipitate 

Ca P Fetuin-A

Physiological condition

Ectopic calcification

Pathological condition
Overt calcification stress

Formation of CPPs
(Prevention of ectopic calcification)

Primary CPPs
Spherical colloidal

Secondary CPPs
Spindle-shaped crystalline

Cytotoxic?
Pathogen?

Fig. 5.4 Fetuin-A and calciprotein particles. Fetuin-A forms CPPs to prevent calcification under 
stress. At the early phase, spherical colloidal CPPs (primary CPPs) are formed. Further calcifica-
tion stress, including hyperphosphatemia, promotes the transformation of primary CPPs into larger 
spindle-shaped secondary CPPs. CPPs calciprotein particles
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spontaneously and are thought to be cleared mainly by macrophages in the liver and 
spleen [22]. In fact, low fetuin-A levels have already been established to be associ-
ated with mortality in patients with ESRD, possibly through accelerated vascular 
calcification [20, 21]. Therefore, fetuin-A has been recognized to play a protective 
role against vascular calcification, especially in patients with CKD and ESRD.

However, the fate of overproduced CPPs under conditions of phosphate over-
load, such as ESRD, has not been considered in detail. Recently, serum CPPs levels 
have been reported to increase with CKD progression [23]. Moreover, CPPs were 
found to induce expression and secretion of pro-inflammatory cytokines from mac-
rophages [24]. Therefore, Kuro-o has hypothesized CPPs as endogenous “patho-
gens” even in subclinical hyperphosphatemia [25]. In the early phase of calcification 
stress, calcium phosphate crystals bind to fetuin-A to form colloidal nanoparticles 
(primary CPPs), which measure 50–100 nm in diameter (Fig. 5.4). To prevent fur-
ther crystal growth and precipitation, primary CPPs form a stable mineral core that 
is covered by a densely packed fetuin-A monolayer. These particles are termed as 
secondary CPPs, which are spindle-shaped and measure 100–200 nm in diameter 
(Fig. 5.4). It was hypothesized that CPPs, especially secondary CPPs, could trigger 
vascular damage, including VSMC transdifferentiation and vascular calcification 
[25, 26]. Since fetuin-A is involved in both diabetes and vascular calcification, pre-
cise investigation of CPPs may give new insights in this field. This hypothesis will 
have to be confirmed in future studies.
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Chapter 6
Diabetes and Adipocyte Dysfunction

Yohko Yoshida†, Ippei Shimizu†, and Tohru Minamino

Abstract The global burden of obesity/diabetes and comorbidities continues to 
rise in many societies. Obesity predisposes to the development of diabetes and 
increases the mortality rate, particularly deaths from cardiovascular disease. Chronic 
sterile inflammation develops in visceral white adipose tissue (WAT) upon meta-
bolic stress and promotes the production of pro-inflammatory adipokines and sys-
temic insulin resistance (hyperinsulinemia). Systemic insulin resistance develops 
with metabolically unhealthy obesity and diabetes and promotes pathologies in 
these disorders. Studies indicate that cellular senescence is critically involved in the 
development of sterile adipose inflammation in obesity. In vitro studies showed that 
senescent cells have bystander effects to promote aging in surrounding younger 
cells, and depletion of senescent cells by the genetic manipulation or senolytic 
agents led to the inhibition of age-related organ dysfunction in rodents. Brown adi-
pose tissue (BAT) is another type of fat initially identified and characterized as a 
tissue involved in thermogenesis. BAT is nowadays well accepted as an active meta-
bolic organ, which has a potential to contribute for the maintenance of systemic 
metabolic health. In humans and rodents, obesity linked with reduced BAT function 
and, recently, capillary rarefaction was shown to have causal role for the functional 
decline of this organ, which led to systemic metabolic disorders in murine obese 
model. Metabolically healthy obesity (MHO) is characterized with less visceral adi-
posity associated with nonsignificant metabolic phenotypes. MHO individuals are 
enriched in subcutaneous WAT, and this specific fat pad is known to include beige 
cells that share functional similarities with brown adipocytes. The activation of 
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beige cells contributes for systemic metabolic health in rodents, suggesting that in 
addition to classical brown adipocytes, targeting beige cells would become next- 
generation therapies for obesity and diabetes. Accumulating evidence indicates that 
maintenance of homeostasis in adipose tissues is critically important for systemic 
metabolic health.

Keywords Cellular senescence • Inflammation • Adipose tissue • Insulin 
resistance

6.1  Introduction

Obese and/or diabetic population is increasing and continues to be the top health-
care problems in many societies. Systemic metabolic dysfunction develops with 
unhealthy obesity and promotes pathologies in cardiovascular disorders. Several 
types of fats are known to distribute in our body. White adipose tissue is initially 
characterized as an organ involved in energy storage, and nowadays it is well appre-
ciated to be an active endocrinal organ involved in the secretion of biologically 
active molecules described as adipokines. Chronic sterile inflammation in visceral 
as well as subcutaneous fat develops under metabolic stress and has causal role for 
the development of systemic metabolic disorders. Brown adipose tissue is another 
type of fat known to have roles for systemic metabolic health. Brown adipocytes are 
enriched in mitochondria and consume huge amounts of energy by producing heat. 
For this reason, BAT was initially thought to be an organ involved in thermogenesis. 
Recently, studies indicate that BAT is an active metabolic organ involved in the 
regulation of systemic metabolisms in humans and rodents. It has become clear that 
several specific fat pads are involved in the maintenance of systemic metabolic 
homeostasis. In this chapter, we delineate the roles of white and brown adipose tis-
sues in obesity and diabetes.

6.2  The Pathological Role of Systemic Insulin Resistance 
in Cardiometabolic Disorders

Aging is characterized with a progressive regression of physiological function, 
leading to an increase in vulnerability and eventually to death. Insulin signaling is 
the most extensively studied signaling pathway involved in aging processes. It is 
well known that the mild suppression of this pathway would inhibit the progression 
of aging in diverse species. Systemic insulin resistance (hyperinsulinemia) develops 
with metabolically unhealthy obesity, diabetes, and/or heart failure, and studies sug-
gest that it promotes pathologies in these age-related disorders [1, 2]. In vascular 
cells, such as endothelial cells and vascular smooth muscle cells, insulin/insulin 
receptor(IR)/insulin receptor substrate(IRS)/phosphoinositide 3-kinase(PI3K)/Akt 
signaling activates endothelial nitric oxide synthase (eNOS), heme oxygenase-1 
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(HO-1), and vascular endothelial growth factor (VEGF) production and suppresses 
vascular cell adhesion molecule-1 (VCAM-1) expression. Thereby, this signaling 
pathway is well accepted to mediate anti-atherosclerotic responses. In contrast, 
insulin/IR/Son of sevenless (SOS)/growth factor receptor-bound protein (GRB)/
mitogen-activated protein kinase (MAPK) signaling upregulates the expression of 
plasminogen activator inhibitor-1 (PAI-1) and endothelin-1 (ET-1), and these mol-
ecules are well known to promote pro-atherosclerotic actions. In this context, insu-
lin signaling has bidirectional roles for the maintenance of vascular health. In 
obesity and diabetes, IR/IRS/PI3K/Akt signaling downregulates; conversely, IR/
SOS/GRB/MAPK signaling is enhanced in vascular cells. This is described as 
“selective insulin resistance,” and this pathological condition is known to promote 
pro-atherosclerotic responses by the activation of MAPK signaling that mediates 
vasoconstriction, proliferation, and migration of vascular cells, thereby promoting 
vascular remodeling [3].

Evidence suggests that systemic insulin resistance develops with heart failure. 
Systemic insulin resistance predicted the subsequent onset of heart failure indepen-
dently of established risk factors. Another study showed that patients who subse-
quently developed heart failure had higher level of proinsulin, the marker of insulin 
resistance. In a murine left ventricular (LV) pressure-overload model, heart failure 
induced systemic insulin resistance (hyperinsulinemia), and this promoted patholo-
gies by mediating the excessive activation of insulin signaling pathway that resulted 
in cardiac hypertrophy, tissue hypoxia, and systolic cardiac dysfunction. In the 
chronic phase of LV pressure overload, insulin resistance developed in the visceral 
fat and liver but was constitutively activated in cardiac tissue, possibly because car-
diomyocytes have a unique system to activate insulin signaling mediated by the 
mechanical stretch of these cells [4].

In addition to obese and diabetic conditions, several lines of evidence indicate 
that the inhibition of systemic insulin resistance, as well as the modulation of insu-
lin signaling, is critically important to suppress pathologies in heart failure. Among 
several oral diabetic drugs, sodium glucose cotransporter-2 (SGLT-2) inhibitor and 
biguanide, drugs that improve systemic insulin resistance, have evidence to inhibit 
cardiac events including heart failure [5, 6]. Nowadays it is well accepted that adi-
pose tissues are critically involved in systemic glucose metabolism and insulin sen-
sitivity, and these would be discussed in the following sections.

6.3  The Contribution of White Adipose Tissue in Systemic 
Metabolic Health

In addition to its initially identified roles for energy storage, white adipose tis-
sue is now well described as an active endocrine organ secreting various types of 
“adipokines.” Adiponectin is the best described anti-inflammatory and antidiabetic 
adipokine that contributes to enhance insulin sensitivity and promote oxidation of 
free fatty acids (FFA) in metabolic organs. Adiponectin contributes to the clearance 
of FFA, glucose, and triacylglycerol from the blood, and evidence suggests that it 
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contributes to suppress pathologies in several disease models. Leptin is a satiety hor-
mone secreted from adipocytes, and circulating leptin level tightly links with fat 
mass. Leptin has biological effects for central nervous system and suppresses hunger 
and reduces food intake. Obesity links with high leptin level; however, under obese 
condition, selective leptin resistance is known to develop in arcuate nucleus (ARC) of 
the hypothalamus, contributing to promote pathologies in obesity [7]. White adipose 
tissue is also known to secrete series of pro-inflammatory adipokines. Adipocytes 
including mature lipids are thought to make up 20–40% of total cell components in 
fat pad, occupying more than 90% of fat pad volume. In obesity, 1 g of adipose tissue 
includes approximately 2–5 million stromal vascular fraction cells, and around 65% 
of these cells are shown to be leukocytes. Among several leukocytes, macrophages 
are the extensively studied and characterized cells contributing for the development 
of non-sterile inflammation in adipose tissue [2]. There is a broad spectrum of mark-
ers for macrophages, and a simplified model favors to classify them into two types 
according to their roles for inflammation. M1 (classically activated) macrophages 
express cell surface marker such as CD11c and pro- inflammatory cytokines like 
tumor necrosis factor (TNF)-α and interleukin 6 (IL-6), thereby categorized into pro-
inflammatory macrophages. M2 (alternatively activated) macrophages express cell 
surface markers such as CD206 and CD301, and anti-inflammatory cytokines like 
IL-10, and characterized to be anti-inflammatory macrophages. M2 macrophages 
predominantly exist in adipose tissue of lean animals, and M1 macrophages become 
dominant under obese conditions. The balance between anti- and pro-inflammatory 
adipokine production is critically important to maintain metabolic homeostasis. An 
increase in circulating pro-inflammatory cytokines and FFA released from inflamed 
adipose tissue suppress insulin signaling pathways in key metabolic organs, includ-
ing skeletal muscles and the liver, and this results in systemic metabolic disorder 
and diabetes [8]. In addition to inflammatory macrophage infiltration, chronic sterile 
inflammation is characterized with the infiltration of other immune cells including 
neutrophils, B lymphocytes, mast cells, and effector memory T cells, associated with 
reduction in anti-inflammatory macrophages, eosinophils, and regulatory T cells. 
Macrophages and other immune cells generate a complex cell-cell interaction to 
modulate immune responses in adipose tissue, and they are elegantly reviewed by 
others [9, 10]. Accumulating evidence indicates that cellular senescence is critically 
involved in these processes leading to the development of systemic metabolic dys-
function, and these would be discussed next.

6.4  The Role of Cellular Senescence in White Adipose 
Tissue Dysfunction

In somatic cells, telomere attrition develops with cell division, and after reaching a 
critical threshold, DNA damage response becomes activated and induces cells to 
enter a state of irreversible growth arrest described as “replicative senescence” [11]. 
Oxidative stress, oncogenic activation, constitutive activation of mitogenic stimuli, 
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or inflammatory cytokines also induce cellular senescence, and this is described as 
“stress-induced premature senescence.” Cellular senescence is defined as a state of 
irreversible growth arrest accompanied by changes of both cell morphology and 
gene expression. Senescent cells secrete pro-inflammatory cytokines leading to tis-
sue remodeling, and this is described as senescence-associated secretory phenotype 
(SASP) [12]. It is well accepted that the p53/p21 and p16/Rb signaling pathways 
have central roles for regulating cellular senescence. The p53 protein has roles for 
broad range of biological processes including DNA repair, cellular senescence, 
apoptosis, cell metabolism, autophagy, and cell-cycle regulation [13–15]. It now 
became clear that p53-induced cellular senescence is critically involved in the pro-
gression of pathologies in age-related disorders such as heart failure, atherosclerotic 
diseases, and diabetes [1, 16–18]. In diabetic humans and mice, p53 level was sig-
nificantly increased in the visceral fat. This was associated with the elevation of 
senescence-associated β-galactosidase, a marker for cellular senescence, and pro-
duction of pro-inflammatory cytokines. Studies with transgenic mice models 
showed that adipose tissue-specific p53 depletion ameliorates adipose inflammation 
and systemic insulin resistance. In contrast, adipose tissue-specific p53 gain of 
function induced adipose inflammation and systemic insulin resistance under chow 
diet. Recently, p53 was reported to increase the expression of semaphorin3E, and 
this secreted-type protein was shown to have a chemoattractant activity for inflam-
matory macrophages that express plexinD1, the specific receptor for semapho-
rin3E.  The suppression of p53/semaphorin 3E/plexinD1 axis would become the 
next-generation therapy for diabetes [16].

The p53-induced cellular senescence was also shown to induce adipose inflam-
mation in visceral fat in murine heart failure models and has causal roles for reduc-
ing systolic cardiac function. Studies suggest that systemic insulin resistance links 
with heart failure in nondiabetic individuals; however, the underlying mechanisms 
and their pathological implications were not known for a while [19]. Murine left 
ventricular pressure-overload model showed that constitutive activation of adrener-
gic signaling would induce excessive lipolysis in visceral fat associated with high 
reactive oxygen species level. This pathological condition contributed to increase 
p53 in visceral fat and was causal for inducing adipose inflammation and systemic 
insulin resistance (hyperinsulinemia). Suppression of adipose p53 and systemic 
insulin resistance ameliorated cardiac dysfunction upon left ventricular pressure 
overload. These results suggested that the inhibition of systemic metabolic disor-
ders through the modulation of aging signaling in adipose tissue is crucial for the 
suppression of pathologies in heart failure [1].

Interestingly, senescent cells are known to damage their local environment. In 
vitro studies showed that exposure to senescent cells promotes cellular senescence 
in initially intact bystander fibroblasts via gap junction-mediated processes [20]. 
Murine genetic models suggested that the elimination of p16-positive senescent 
cells contributes to suppress age-related pathological changes in several organs 
including epididymal/inguinal WAT, cardiac tissue, and kidney [21]. Importantly, 
some pharmacological agents are recently shown to selectively kill senescent 
cells; thereby these compounds are described as “senolytic agents.” In one study, 
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ABT263, an inhibitor of the anti-apoptotic proteins, was shown to effectively 
deplete senescent bone marrow hematopoietic stem cells and senescent muscle 
cells, and this led to the rejuvenation of these cells in chronological aging model 
[22]. Another study demonstrated that the elimination of senescent cells in aged 
mice contributes to preserve adipogenesis and increase insulin sensitivity [23]. 
Taken together, these results indicate that the suppression of cellular senescence 
and/or elimination of senescent cells would become next-generation therapies for 
obesity and diabetes.

6.5  The Contribution of Brown Adipose Tissue in Systemic 
Metabolic Health

Several types of fats are known to distribute in our body in specific locations. 
Brown adipose tissue (BAT) exists at several locations such as interscapular, 
supraclavicular, para-aortic, pericardial, paravertebral, and suprarenal areas and is 
morphologically and functionally different from WAT. BAT is a highly vascular-
ized organ abundant in mitochondria, and initially it was characterized as a ther-
mogenic organ involved in heat production. Now it is well described as a 
metabolically active organ that has a potential to regulate systemic metabolism. 
Humans are believed to possess 50–80 g of active brown adipose tissue. Studies 
with healthy volunteers showed that chronic cold exposure (17 °C for 2 h daily for 
6 weeks) recruits BAT, and this led to the reduction in body fat mass [24]. Another 
study investigating obese humans showed that short-term cold acclimation also 
recruits BAT in this population [25]. BAT is reported to weigh approximately 5% 
of the whole-body weight in mice; however, when they get maximally activated, 
their contribution for triglyceride and glucose clearance is enormous. Mitochondria 
in brown adipocytes are enriched in uncoupling protein 1 (UCP-1), and this spe-
cific protein enables BAT to consume huge amounts of energy as heat by uncou-
pling respiratory chain in mitochondria. BAT was once thought to exist only in 
infants and small rodents and disappear in adults. The landmark study by Cypess 
et al. showed that adult humans also have functional BAT, and in addition to aging, 
obesity led to reduce their function [26]. The underlying mechanisms were not 
clearly defined for a while. Recently, metabolic stress was shown to promote the 
whitened phenotype of BAT, associated with functional decline of this organ, and 
this was causal for promoting systemic glucose intolerance. Vascular endothelial 
growth factor-A (VEGF-A) is an angiogenic molecule critically involved in the 
morphogenesis and maintenance of tissue homeostasis [27]. Metabolic stress led 
to the significant reduction of VEGF-A, thereby capillary rarefaction and tissue 
hypoxia developed in BAT.  Hypoxic condition in BAT promoted autophagic 
responses and excessive mitochondria clearance in BAT, and this led to the whit-
ened and dysfunctional phenotype of BAT. Genetic model of adipose tissue-spe-
cific Vegfa depletion led to capillary rarefaction, tissue hypoxia, and BAT whitening 
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and developed systemic metabolic disorder when fed chow diet. In this genetic 
model, Vegfa was also depleted in white adipose tissue; however, they showed 
mild phenotype compared with BAT possibly because BAT is more dependent on 
vasculature and oxygen to maintain high-energy consumption [28]. An important 
and unanswered question is whether positive regulatory mechanisms for VEGF-A 
exist in BAT under stressed condition. Under physiological condition, β-adrenergic 
receptor-protein kinase A (PKA) signaling positively regulates VEGF-A expres-
sion in BAT, and excessive fatty acid influx into brown adipocytes suppressed this 
by the downregulation of phospho-PKA level. Dietary obesity induces hypoxia in 
BAT, and this is associated with high expression level of hypoxia- inducible 
factor-1α (HIF-1α) in this tissue. HIF-1α is among the extensively studied angio-
genic molecules contributing to upregulate VEGF expression in several organs 
including cardiac tissue. Interestingly, in white and brown adipose tissues, studies 
suggest that HIF-1α do not promote angiogenesis. Genetic model of HIF-1α over-
expression induced fibrosis in WAT [29]. In BAT, activation of HIF-1α resulted in 
the induction of HIF-1α target genes involved in autophagy and fibrosis but did not 
increase VEGF-A. Studies indicate that the maintenance of capillary network for-
mation is important for preserving adipocyte function in BAT as well as WAT [28, 
30]. Further studies are needed to find systems contributing for the promotion of 
capillary network formation in adipose tissues under stressed conditions. We also 
note that the role of cellular senescence in BAT homeostasis remains as an open 
question to be explored. Considering their potential contributions for systemic 
metabolism, maintenance of BAT homeostasis continues to be an important topic 
to be studied.

6.6  Subcutaneous White Adipose Tissue and the Role 
of Beige Cells in Systemic Metabolic Health

The expansion of visceral fat associates with obesity-related cardiometabolic dis-
orders. In contrast, subcutaneous fats are thought to contribute more to systemic 
metabolic health than visceral fat [31]. Previous study showed that transplanting 
subcutaneous fat to visceral cavity would lead to reduced adiposity associated with 
systemic metabolic health [32]. Subcutaneous fat is enriched in mitochondrial 
brown fat uncoupling protein 1 (UCP-1)-positive and myogenic factor 5 (Myf-5)-
negative cells, described as beige cells. Beige and brown adipocytes share some 
functional similarities including high UCP-1 expression; therefore, both cells 
are well accepted to be highly energy-consuming. In the Myf-5-positive classi-
cal brown adipocytes, baseline UCP-1 expression is high; in contrast, this is low 
in beige adipocytes without stimulation. The activation of adrenergic signaling in 
beige cells contributes to increase UCP-1 expression in these cells similar to the 
level of brown adipocytes. Nowadays, it is well accepted that beige cells promote 
the browning of subcutaneous fat leading to the suppression of systemic metabolic 
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disorder [33, 34]. Several mechanisms including adrenergic signaling, fibroblast 
growth factor 21 (FGF21), irisin, cold stimulation, thiazolidinediones, and natri-
uretic peptide- mediated signaling are reported to promote beige cell differentia-
tion and activation. Recently, cold stimulus was shown to activate the eosinophils 
and type 2 cytokine signaling in alternatively activated macrophages. These syn-
ergistically promoted the development of functional beige cells in subcutaneous 
fat and contributed for an increase in systemic oxygen consumption and meta-
bolic health [35]. In dietary obese model, beige cell deletion resulted in increased 
susceptibility to weight gain, and this is associated with metabolically unhealthy 
phenotype [33]. In contrast, activation of beige cells was shown to suppress obe-
sity in mice [36]. Interestingly, selective depletion of classical brown adipocyte 
(Myf5Cre;Bmpr1aflox/flox) led to the induction of beige cells both in subcutaneous 
and epididymal WAT, and this contributed to restore thermogenesis and suppress 
systemic metabolic dysfunction [37]. This evidence indicates the existence of the 
complex compensatory network between classical brown adipocytes and beige 
cells. In humans, obesity led to a marked reduction in the incidence of brown/
beige adipose tissue [38, 39]. Beige adipocytes derived from lean individuals have 
higher expression profile for UCP-1 compared to those from obese individuals 
[40]. Further studies are needed to clearly define the contribution of beige cells in 
systemic metabolic health in humans, and studying the browning processes of fat 
continues to be interesting research topics.

Chronic sterile inflammation in subcutaneous fat also develops with obesity, and 
this is also reported to promote systemic metabolic dysfunction. Suppression of 
subcutaneous fat inflammation contributed for systemic metabolic health even 
when the visceral fats were inflamed [41]. An interesting report by Lakowa et al. 
showed that telomere attrition develops more significantly in subcutaneous fat com-
pared to visceral fat in humans, and this was due to shorter telomere length in stro-
mal vascular fraction rather than adipose rich fraction [42]. The role of cellular 
senescence in subcutaneous fat is yet to be defined; however, studies suggest that 
the maintenance of subcutaneous fat health is an important concept to combat obe-
sity and diabetes.

6.7  Fat Distribution Defines Metabolically Healthy 
and Unhealthy Obesity

Some obese individuals with high body mass index (BMI) show less visceral adi-
posity and mild metabolic phenotypes, and this condition is described as metaboli-
cally healthy obesity (MHO) or uncomplicated obesity. MHO condition fits for 
approximately 10–45% of adult obese populations, and it is prevalent among 
younger obese individuals and obese women. MHO individuals are generally 
thought not to develop systemic insulin resistance and do not match the criteria for 
metabolic syndrome [43]. Levels of circulating pro-inflammatory cytokines were 
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lower, and adiponectin levels were higher in MHO compared to metabolically 
unhealthy obesity (MUO) [44]. MHO individuals also demonstrate low fasting 
plasma glucose and insulin, low plasma triglyceride, and higher high-density lipo-
protein cholesterol [45]. MHO population shows lower risks for all-cause mortality 
and cardiovascular events compared to individuals with MUO [46]. Studies indicate 
that the distribution and quality of fat are among the critical factors contributing for 
this relative healthier condition. MHO associates with low visceral fat and high 
peripheral fat distribution compared to MUO. Systemic insulin resistance associates 
with smaller subcutaneous adipose tissue depots, indicating that inadequate lipid 
storage has pathological implications for metabolic health [47]. Adiponectin trans-
genic mice on an ob/ob background became obese under chow diet, but they were 
metabolically healthy [48]. Systemic insulin resistance is also known to develop in 
individuals with normal weight (BMI less than 25 kg/m2), and this is described as 
metabolically unhealthy normal weight (MUHNW). The prevalence of MUHNW is 
reported to be as high as 23.5% in one study [49]. This group has higher risks for 
metabolic/cardiovascular disorders compared to MHO subjects, and it is thought 
that central adiposity promotes pathologies in MUHNW individuals [50, 51]. 
Nowadays, it is generally accepted that MHO is a transient condition that shifts 
toward MUO that associates with cardiovascular events. Two-thirds of individuals 
with MHO developed metabolic syndrome during 10-year observation [52]. One 
report showed that MHO does not increase the risk for myocardial infarction but 
increase the risk of heart failure compared to metabolically healthy nonobese indi-
viduals [53]. Further studies are needed to generate criteria that can clearly define 
MHO, and whether this relatively healthier condition become therapeutic target 
remains an open question to be explored.

6.8  Drugs, Compound, or Treatment Targeting Fats 
to Combat Obesity and Diabetes

6.8.1  Brown Adipose Tissue

Anti-obesity drugs mediating their biological effects through the promotion of 
energy consumption have been developed and tested in clinical trials. Activation 
of adrenergic signaling would promote BAT function and may lead to weight loss; 
however, clinical trials targeting this signaling were discouraging. Activation of 
adrenergic signaling led to weight loss as expected; however, clinical usefulness 
of these compounds were diminished due to serious side effects mediated by non-
selective catecholamine signaling [54, 55]. Accumulating evidence indicates that 
noncanonical activation of BAT may become next-generation therapies for obesity 
and diabetes. Fibroblast growth factor 21 (FGF21) is predominantly secreted from 
the liver, and it binds to the FGF receptor/β-klotho complex in BAT, resulting in 
the uncoupled respiration associated with glucose oxidation [56]. In addition to 
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the activation of BAT, FGF21 promotes the browning of WAT depots in adults; 
however, bone loss is reported as potential side effects related with this molecule 
[57, 58]. Bile acids were shown to bind to G-protein-coupled bile acid receptor 
and upregulate BAT function through the induction of Ucp-1 gene expression and/
or modulation of glucagon-like peptide-1 (GLP1) signaling [59–61]. Heart-derived 
ANP and BNP bind to NP receptors (NPRs) on the surface of brown adipocytes. 
NPR-mediated signalings activate cGMP-dependent protein kinase and promote the 
expression of thermogenic genes [62]. BAT secretes bone morphogenetic protein-
 8b (BMP8b) that acts in an autocrine fashion to sensitize BAT to adrenergic stimula-
tion [63]. These results indicate that modulation of noncanonical pathways targeting 
BAT would become therapies for obesity and diabetes (reviewed in [10, 34, 64, 
65]). Therapeutic potential of sirtuin1 (SIRT1) is extensively studied. SIRT1 regu-
lates cellular energy homeostasis and mitochondrial biogenesis, and the activation 
of SIRT1 signaling is reported to extend life span in rodents. Resveratrol, a SIRT1 
inducer, was shown to increase mitochondrial size and mitochondrial DNA content 
in the BAT of dietary obese mice, and this led to the suppression of BAT whiten-
ing, associated with higher energy expenditure. These biological effects of SIRT1 
are thought to be mediated via SIRT1-peroxisome proliferator-activated receptor 
gamma coactivator 1-alpha (PGC1α) signaling. We also note that cold exposure, 
per se, may become therapy to combat obesity, as demonstrated in humans [24, 25].

6.8.2  White Adipose Tissue

Thiazolidinediones (TZDs) are antidiabetic drugs known to have beneficial bio-
logical effects through the activation of PPARγ signaling pathways. PPARγ is 
predominantly expressed in adipose tissue, and TZDs were shown to suppress 
inflammation and induce browning and energy expenditure in WAT, contribut-
ing to increase systemic insulin sensitivity. PPARγ is also reported to exist in 
monocytes, and TZDs are shown to promote alternative M2 polarization [66]. 
Unfortunately some issues related with side effects were raised with these com-
pounds, including fluid retention, and currently moods exist to refrain from using 
these drugs in clinical practice. However, considerations for PPARγ signaling 
pathways as therapies for diabetes are reviving recently. Findings from Choi et al. 
indicated that phosphorylation at Ser273 of PPARγ changes the pattern of gene 
expression driven by this protein. Cdk5 was the critical regulator to mediate this 
response, and Cdk5-induced Ser273 phosphorylation reduced adiponectin expres-
sion without affecting some other PPARγ target genes. Inhibition of this Cdk5-
mediated phosphorylation by a compound, SR1664, showed antidiabetic function 
in insulin-resistant mice, and importantly, this was mediated without the devel-
opment of fluid retention [67]. This evidence indicates that selective activation 
of specific PPARγ signaling is possible, which enables to generate drugs with 
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reduced side effects. Another paper showed that PPARγ ligands would induce the 
browning of inguinal white adipose tissue, and this was mediated by PRDM16, a 
transcriptional co-regulator known to promote the development of classical brown 
adipocytes [68].

TZDs contribute to increase the synthesis and secretion of adiponectin. 
Considering that biological effects of adiponectin are broadly beneficial, enhance-
ment of this molecule would be the promising approach to combat obesity. The 
half-life of adiponectin is very short; therefore, Iwabu et al. generated small mole-
cule activators of adiponectin receptors described as “AdipoRon” and tested their 
biological effects. AdipoRon reduced adipose inflammation, increased metabolism 
in skeletal muscle, and increased insulin sensitivity and glucose tolerance in genetic 
model of obesity. Importantly, AdipoRon was shown to extend the life span of these 
murine obese models fed under a high fat diet [69].

6.9  Conclusions

Studies suggest that WAT and BAT dysfunction develops upon metabolic stress 
and promotes pathologies in obesity and diabetes. The distribution of WAT is 
among the critical factors for metabolic phenotypes, and now it is well accepted 
that central adiposity is the determining factor for unhealthy obesity associated 
with high morbidity for cardiometabolic disorders. Chronic visceral fat inflamma-
tion and systemic metabolic disorders develop with unhealthy obesity, and it has 
become clear that the accumulation of senescent cells has causal roles for adipose 
inflammation and dysfunction. Inhibition of cellular senescence or elimination of 
senescent cells suppresses adipose dysfunction and contributes for systemic meta-
bolic health. BAT is morphologically and functionally distinct from WAT. BAT is 
involved in thermogenesis, consuming huge amounts of energy as heat, and nowa-
days it is well accepted as a metabolically active organ involved in the maintenance 
of systemic metabolic health. Chronological aging and obesity linked with func-
tional decline of this organ, and recently, metabolic stress-mediated hypoxic sig-
naling was shown to induce BAT dysfunction leading to the development of 
systemic metabolic disorder. The role of cellular senescence in BAT remains an 
unanswered topic to be studied. Evidence indicates that subcutaneous fats contrib-
ute more for metabolic health compared to visceral fat. One of the possible under-
lying mechanisms would be that subcutaneous fats are enriched in UCP-1-positive 
beige cells. Beige cells become metabolically active upon stimulations, like classi-
cal brown adipocytes, and suppress pathologies in obesity and diabetes. 
Accumulation of evidence indicates that the maintenance of adipose tissue homeo-
stasis is crucial for preserving systemic metabolic health. Therapies targeting white 
as well as brown adipose tissues would become next-generation therapies for obe-
sity and diabetes (Fig. 6.1).
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Chapter 7
Diabetes and Liver Disorders

Tsuguhito Ota

Abstract In the last decade, nonalcoholic fatty liver disease (NAFLD) has emerged 
as the most common cause of the chronic liver disease in the developed countries. 
The prevalence of NAFLD is as high as 90% in obese individuals, and up to 70% of 
patients with type 2 diabetes mellitus (T2DM) develop NAFLD. NAFLD is charac-
terized by a wide range of liver changes, from simple steatosis to nonalcoholic ste-
atohepatitis (NASH), cirrhosis, and hepatocellular carcinoma. The pathogenesis of 
NAFLD is complicated and involves lipid accumulation, insulin resistance, inflam-
mation, and fibrogenesis. During the progression of NAFLD, reactive oxygen spe-
cies (ROS) are activated and induce oxidative stress. Recent attempts at establishing 
effective NAFLD therapy have identified potential micronutrient antioxidants that 
may reduce the accumulation of ROS and finally ameliorate the disease. Overall, 
the clinical spectrum, pathophysiology, and therapeutic options of NAFLD share 
many things in common with T2DM and diabetes or aging-related complications. 
Therefore, this chapter is to highlight NAFLD as a common diabetes-associated 
liver disease from a diabetologist’s perspective. In particular, we present the molec-
ular mechanisms involved in the pathogenesis of NAFLD and introduce some nutra-
ceutical antioxidants that may be used to prevent or cure NAFLD.

Keywords Nonalcoholic fatty liver disease (NAFLD) • Nonalcoholic steato-
hepatitis (NASH) • Type 2 diabetes mellitus (T2DM) • Macrophage/Kupffer cell  
• Carotenoid

7.1  Introduction

In recent years, nonalcoholic fatty liver disease (NAFLD) has emerged as the most 
common cause of the chronic liver disease in the developed countries. The global 
epidemic of obesity and diabetes accounts for the alarming rise in NAFLD. NAFLD 
affects 20–30% of the general population and 70–80% of obese and diabetic 

T. Ota, M.D., Ph.D.  
Department of Cell Metabolism and Nutrition, Brain/Liver Interface Medicine Research 
Center, Kanazawa University, Kanazawa, Ishikawa 920-8640, Japan
e-mail: tota@staff.kanazawa-u.ac.jp

mailto:tota@staff.kanazawa-u.ac.jp


86

subjects [1]. Both NAFLD and type 2 diabetes mellitus (T2DM) share many simi-
larities in their risk factors, pathogenic mechanisms, and complications. T2DM is 
further complicated by NAFLD, while coexistence of T2DM accelerates the pro-
gression of NAFLD to nonalcoholic steatohepatitis (NASH) and cirrhosis. Insulin 
resistance is an underlying basis for the pathogenesis of T2DM and NAFLD. Indeed, 
NAFLD and insulin resistance coexist frequently in subjects with obesity and 
T2DM [1, 2]. As in T2DM, the most important preventive or therapeutic approach 
is lifestyle modifications targeted at weight reduction. Other treatment options 
include insulin sensitizers, antioxidant nutrients such as vitamin E, incretin mimet-
ics, lipid-lowering agents, and bariatric surgery. The clinical spectrum, pathophysi-
ology, and therapeutic options of NAFLD share many things in common with 
T2DM.  Therefore, this chapter is to highlight NAFLD as a common diabetes- 
associated chronic liver disease from a diabetologist’s perspective.

7.2  Pathogenesis of NAFLD

NAFLD is characterized by a wide histologic spectrum of liver damage, including, 
simple steatosis, NASH, hepatic fibrosis, and cirrhosis [1]. NASH, an advanced 
form of NAFLD, was originally used by Ludwig et al. [3] in 1980, to define histo-
logical features of the liver resembling alcoholic hepatitis in patients without a his-
tory of significant alcohol consumption. NASH is described as steatosis combined 
with inflammation and ballooning and has become the second leading hepatic dis-
ease resulting in liver transplantation in the US [4]. Approximately one third of 
adults in the US who have NAFLD also have NASH, and 30% of these individuals 
have the potential to progress to advanced cirrhosis, hepatocellular carcinoma, and 
liver-related mortality [1, 2].

The mainstream concept of NAFLD is the “multiple parallel hits” hypothesis [5], 
which developed from the two-hit theory proposed by Day et al. [6] in 1998. The 
two-hit theory states that a high-fat diet or diabetes-induced steatosis (the first hit) 
will make the liver more sensitive to other risk factors related to oxidative stress and 
induce severe lipid peroxidation (the second hit) [6]. In our previous studies, we 
found that insulin resistance promoted the progression of NASH from simple fatty 
liver [7] (Fig. 7.1). The overload of liver lipids and/or hyperinsulinemia-driven de 
novo lipogenesis enhances lipid peroxidation, which induces the production of reac-
tive oxygen species (ROS) and steatohepatitis (Fig. 7.1). Currently, this traditional 
view has been developed within a more complex “multiple parallel-hit hypothesis,” 
which comprises a wide spectrum of parallel hits (Fig. 7.2), including insulin resis-
tance, oxidative stress, genetic and epigenetic mechanisms, environmental ele-
ments, cytokines, and microbiota changes [5] (Fig. 7.2). The multiple parallel hits 
theory states that NAFLD is a more comprehensive effect of diverse factors than a 
simple effect of one or two factors, which may explain why NAFLD is also observed 
in lean or aged people [5].
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7.2.1  Obesity

Adipocytes, as important mediators of systemic lipid storage and adipokine release, 
gather the excessive fatty acids as TGs in tissues, which then influence processes 
including lipid metabolism, glucose regulation, and inflammation [8]. The free fatty 
acids (FFAs) obtained from TG lipolysis are the central source of fat in patients 
with NAFLD. These FFAs contribute to the development of insulin resistance as a 
common complication of NAFLD [9, 10]. The activity of lipolysis in visceral adi-
pose tissue is higher than that in subcutaneous adipose tissue, which causes patients 
with visceral fat accumulation-induced central obesity to be universally insulin 
resistant and more likely to develop NAFLD secondary to their increasing FFA 
content [11].

Normal liver

Insulin resistance

de novo lipogenesis

Hepatic lipids

Lipid peroxidation

Inflammation

ROS

Fibrosis

Stellate cell activation

MAPK, NF-κB activation

Fat accumulation

TG
TC FFA

Kupffer cell activation

M1 > M2

Fatty liver

NASH

Fig. 7.1 Hypothetic mechanism of nonalcoholic fatty liver disease/nonalcoholic steatohepatitis 
(NAFLD/NASH) progression. Excessive intake of calories and fat results in accumulation of tri-
glycerides, total cholesterol, and free fatty acids, inducing hepatic steatosis. The overload of liver 
lipids enhances lipid peroxidation, which induces the production of reactive oxygen species (ROS) 
and steatohepatitis. Hepatic inflammation activates the mitogen-activated protein kinase pathway 
and nuclear factor-κB, resulting in insulin resistance. Insulin resistance also promotes de novo 
lipogenesis, forcing the healthy liver to develop NASH. The inflammation also recruits Kupffer 
cells and polarizes M1 macrophages, activating hepatic stellate cells and finally leading to liver 
fibrosis. TG triglycerides, TC total cholesterol, FFA free fatty acids, MAPK mitogen-activated 
protein kinase, NF-κB nuclear factor-κB
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Adiponectin is an adipose-specific secretory adipokine that can induce FFA oxi-
dation and lipid transfer to inhibit FFA accumulation with its corresponding recep-
tor in the liver [11]. Adiponectin is a link between adipose tissue and whole-body 
glucose metabolism, which can affect hepatic insulin sensitivity [12]. 
Hypoadiponectinemia, a typical trait of NAFLD, suggests that adiponectin, as an 
antagonist of tumor necrosis factor α (TNF-α), has anti-lipogenic and anti- 
inflammatory effects that can protect the liver from damage by maintaining the bal-
ance between pro-inflammatory and anti-inflammatory cytokines in hepatocytes 
[13]. Furthermore, the serum adiponectin concentration coupled with the waist-to- 
hip ratio and AST/ALT ratio could serve as a novel tool with which to diagnose 
advanced fibrosis of NAFLD, suggesting that increasing adiponectin levels may be 
a new therapeutic method for inflammation and fibrosis in patients with NAFLD 
[14]. Interestingly, because adiponectin is secreted mostly by subcutaneous fat 
rather than visceral fat, hypoadiponectinemia may also help to explain why patients 
with central obesity more commonly develop insulin resistance among patients with 
NAFLD [11] (Table 7.1).

TG
FFA

Liver Fat

Adipose Tissue

Adipokines

ER stress
Oxidative Stress

Kupffer Cell

Hepatic Stellate Cell

PNPLA3

Insulin Resistance

Gut/Nutrient Signals

Trans Fatty Acid
Fructose
TLR Ligand

Leptin

TNF TNFR

Adiponectin AdipoR

IL-6 IL-6R

ObR

NAFLD/NASH

LPL
Fiaf

VLDL
Chylomicro

Intestine

Microbota

TLR5
TLR4

TLR4

IR

TLR5
TLR9

TLR9

TLR Ligand

Fig. 7.2 Multiple parallel-hit hypothesis of the progression of NAFLD/NASH. Overloading of 
lipids consisting primarily of triglycerides (TGs) and free fatty acids (FFAs) induces hepatic ste-
atosis. Adipokines, such as interleukin (IL)-6 and tumor necrosis factor (TNF)-α, produced by 
adipocytes lead to hepatocyte fat accumulation and liver inflammation. The microbiota decreases 
epithelial expression of fasting-induced adipocyte factor (Fiaf), which functions as a circulating 
lipoprotein lipase (LPL) inhibitor and, therefore, is an important regulator of peripheral fat storage. 
Gut-derived signals can be affected by ingested trans-fatty acids, fructose, or Toll-like receptor 
(TLR) ligands. Ingested FFAs and free cholesterol induce endoplasmic reticulum (ER) stress and 
oxidative stress, leading to hepatic inflammation and fibrogenesis. The presence of single nucleo-
tide polymorphisms (SNPs) in the patatin-like phospholipase 3 (PNPLA3) gene increases the risk 
for NAFLD and NASH development across ethnicities
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7.2.2  Diabetes to NAFLD

As a consequence of obesity and low adiponectin production induced by long-term 
oversupply of calories, hyperlipidemia and insulin resistance are frequently found 
in patients with NAFLD, considerably strengthening the association between this 
metabolic syndrome and diabetes. A few studies have found a strong link between 
insulin-dependent diabetes mellitus (also known as type 1 diabetes mellitus) and 
NASH in adolescents [15]. Many other studies have focused on the relationship 
between T2DM and NAFLD, which is complex and bidirectional [16]. A clinical 
study of general health examinations in Japan found that about 29% of middle-aged 
Japanese adults have NAFLD and that a substantial proportion of them also had 
metabolic syndrome [17]. With their impaired glucose metabolism and abnormally 
elevated TG concentration, patients with concurrent T2DM and NAFLD have a 
greater risk of progression to NASH [18, 19].

7.2.3  Diabetes to NAFLD

Likewise, NAFLD also increases the risk of developing T2DM. Using liver ultra-
sound technology and hepatic biopsy, a study in the US indicated that the incidence 
of diabetes is threefold higher in patients with NAFLD than in the general popula-
tion [20]. Hepatic steatosis causes redundant nonesterified fatty acid as an intrinsic 
defect and induces peripheral insulin resistance and endocrine overreaction, the 
typical features of T2DM [21]. Due to the precise relationship between NAFLD and 
diabetes, the most effective therapy for NAFLD appears to be the indirect method 
of improving abnormal hepatic lipid metabolism by ameliorating glucose dysregu-
lation and enhancing insulin sensitivity [16].

The prevalence of some other fatal diseases is also heightened in populations with 
these two complications. In patients with diabetes, for instance, the highest standard-
ized mortality ratio is associated with liver cirrhosis; hepatic cirrhosis also elevates 
the risk of death from cardiovascular disease in patients with diabetes [22]. More 

Table 7.1 Major adipokines involved in nonalcoholic fatty liver disease (NAFLD) pathogenesis

Adipokines Function

Adiponectin Anti-inflammatory, improve insulin sensitivity, prevent lipid accumulation, 
attenuate fibrosis, inhibit tumor necrosis factor (TNF-α) synthesis and/or release

Leptin Prevent lipid accumulation, amplify inflammation, induce fibrosis, increase 
TNF-α concentration

TNF-α Promote inflammation, induce lipid accumulation and insulin resistance, 
pro-fibrotic effect

Resistin Cause insulin resistance, reduce interleukin 6 (IL-6) secretion, participate in liver 
fibrogenesis

IL-6 Suppress oxidative stress and prevent mitochondrial dysfunction
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than 34% of patients with diabetes have NAFLD and that the combination of these 
two diseases enhances the risk of death from malignancy [23]. Frequently, NAFLD 
also increases the risk of developing microvascular diseases such as chronic kidney 
disease in patients with T2DM. The increased γ-glutamyltransferase concentrations 
caused by NAFLD may be associated with some severe subclinical renal disease and 
the risk of T2DM [24]. A recent study in Italy involving a large number of partici-
pants estimated that the prevalence of chronic kidney disease in diabetic patients 
with NAFLD is 60% higher than that in their counterparts without NAFLD [25].

7.2.4  Role of Immune Cells in the Development of NASH

Efforts have been made to understand the roles of immune cells, such as macro-
phages, natural killer cells, Th1/Th2 cells, and T regulatory cells (T regs), in the 
pathogenesis of NASH and their potential therapeutic relevance. Specifically, 
hepatic macrophages, which consist of resident Kupffer cells and recruited bone 
marrow-derived macrophages, are the major cells that produce inflammatory medi-
ators, such as tumor necrosis factor (TNF)-α and interleukin (IL)-1β, causing sys-
temic insulin resistance and, ultimately, NASH [26]. In tissues, macrophages mature 
and acquire specialized functional phenotypes upon activation by different stimuli. 
In general, classical M1 activation is stimulated by Toll-like receptor (TLR) ligands, 
such as lipopolysaccharide (LPS) and interferon-gamma (IFN-γ), while alternative 
M2 activation is stimulated by IL-4/IL-13 [27]. A network of signaling molecules, 
transcription factors, epigenetic mechanisms, and post-transcriptional regulators 
underlie the different forms of macrophage activation (Fig. 7.3).

Dysregulation and polarization of M1/M2 macrophages can lead to chronic 
inflammation, infection, cancer, obesity and its associated disorders, and NAFLD 
[21]. Recently, the protective effects of M2 macrophages/Kupffer cells were 
reported against alcoholic fatty liver disease and NAFLD by promoting M1 macro-
phage/Kupffer cell apoptosis [28]. Therefore, specific macrophage-targeted thera-
pies are now starting to appear in the clinical arena. In particular, the reorienting and 
reshaping of macrophage polarization is extremely important in macrophage thera-
peutic targeting [29]. In this chapter, we discuss the involvement of hepatic macro-
phages/Kupffer cells on the pathogenesis of NASH and the impact of carotenoids on 
NAFLD prevention and treatment.

7.2.5  Fibrosis

As a crucial response to chronic injury and macrophage activation, fibrosis indisput-
ably plays a key role during the progression of NAFLD to NASH [30]. In the course 
of hepatic fibrosis, the trans-differentiation of hepatic stellate cells (HSCs) into 
myofibroblasts (known as activated HSCs) produces extracellular matrix compo-
nents and causes extensive scarring with the formation of abundant dying necrotic 
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cells and debris [31, 32]. The Kupffer cells and recruited macrophages then guide 
phagocytosis of the dying necrotic cells and debris; this can induce the formation of 
TGF-β which also accelerates fibrosis [33, 34]. Furthermore, monocytes and mac-
rophages expressing chemokine receptors, including CCR2 and CCR5, are thought 
to be involved in the activation and migration of HSCs through TGF-β to promote 
liver fibrosis [35, 36].

7.3  Pharmacological Agents for NASH

In addition to the established treatment involving sustained weight loss by increased 
physical training and diet control, there is no consensus on the most effective phar-
macological therapies for NAFLD/NASH. One popular approach involves the use 
of components for secondary therapy of complications, such as hepatic fat accumu-
lation, insulin resistance, inflammation, and fibrosis. For example, pioglitazone and 
metformin, common treatments for T2DM, can enhance insulin sensitivity in 
patients with NAFLD/NASH; however, other histological features, such as fibrosis, 

IL-3IL-10 IL-4/13

KLF4 miRNA
miR-125-5p
miR-143-3p
miR-145-5p

...

miRNA
miR-127-3p
miR-155-5p
miR-181a

...

Notch

SOCS1

SOCS2

SOCS3
?

IRF-4

IRF-8

RBP-JIRF-5IRF-3
M1

TLR Ligands

p50 p65

NF-κB

STAT5

STAT1

STAT6

JMJD3

STAT3

M2

PPARγ

IFN-γIFN-β

PPARδ

Fig. 7.3 Mechanisms of macrophage polarization. The major pathways of macrophage polariza-
tion, which belong to the interferon regulatory factor (IRF)/signal transducer and activator of tran-
scription (STAT)/suppressor of cytokine signaling (SOCS) (IRF-STAT-SOCS) families, are 
outlined. Cross talk between SOCS/STAT and IRF components in M1 and M2 macrophage polar-
ization is indicated. PPARγ and PPARδ control distinct aspects of M2 macrophage activation and 
oxidative metabolism. KLF4 participates in the promotion of M2 macrophage functions by coop-
erating with STAT6. IL-4 also induces the M2-polarizing Jmjd3-IRF4 axis to inhibit IRF5- 
mediated M1 polarization. IL-10 promotes M2 polarization through the induction of p50 NF-κB 
homodimers and STAT3 activities. MicroRNAs (miRNAs) have also emerged as critical regulators 
of macrophage polarization
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are not significantly influenced [37, 38]. In the TONIC trial, both metformin and 
vitamin E did not lead to a sustained reduction in alanine aminotransferase (ALT) 
levels in children and adolescents with NAFLD. Although NASH resolution was 
greater in vitamin E-treated subjects, fibrosis was not improved [38]. In the PIVENS 
trial, pioglitazone improved steatosis and inflammation but led to significant weight 
gain. In contrast, compared with placebo, vitamin E improved liver enzyme levels 
and all histological features of NASH, except fibrosis [37].

7.4  Micronutrients and NAFLD/NASH

There is a clear need for additional therapies for NAFLD/NASH. Thus, most recom-
mendations encourage the consumption of micronutrients such as vitamin E, which 
have anti-oxidative and anti-inflammatory effects, to prevent and treat NAFLD [39, 
40]. So far, it remains unclear whether micronutrient antioxidant supplementation, 
particularly carotenoids, can be used to prevent and treat NAFLD/NASH.

7.4.1  Vitamin E

As a common antioxidant, vitamin E has been used as a therapeutic component for 
NAFLD by inhibiting ROS production during the development of steatohepatitis. 
One study showed that, compared with the control group, 43% of patients with 
NASH showed clinical improvement with significant reductions in their ALT and 
AST levels and lobular inflammation after treatment with vitamin E [37]. Similar 
effects were reported in a clinical study in which vitamin E ameliorated NASH by 
decreasing the ALT concentration and histological activity and promoted weight 
control [41]. More generally, vitamin E is often used with other therapeutic meth-
ods, such as comprehensive weight reduction programs, leading to weight loss and 
normalized serum enzyme concentrations in obese children with NASH [42]. A 
prospective, double-blind, randomized, placebo-controlled trial observed that 6 
months of combination treatment with vitamins E and C alleviated fibrosis in 
patients with NASH without improvement in the necroinflammatory activity or ALT 
concentration [43]. Nevertheless, some studies have shown that vitamin E is not 
superior to placebo in ameliorating NAFLD or, even worse, that daily supplementa-
tion of vitamin E may increase the risk of prostate cancer [38, 44].

T. Ota



93

7.4.2  β-Cryptoxanthin in Nutrients

β-Cryptoxanthin is a xanthophyll carotenoid specifically found in the Satsuma 
mandarin (Citrus unshiu Marc.). β-Cryptoxanthin is readily absorbed and rela-
tively abundant in human plasma, together with α-carotene, β-carotene, lyco-
pene, lutein, and zeaxanthin [45–47]. Similar to other carotenoids, β-cryptoxanthin 
has antioxidant activity [48, 49] and higher bioavailability than those of β-carotene 
in rodents [50]. Serum β-cryptoxanthin concentrations were found to be inversely 
associated with indices of oxidative DNA damage and lipid peroxidation [51]. 
Recent epidemiological studies showed that serum β-cryptoxanthin levels were 
inversely associated with insulin resistance risk and alcohol-induced increases in 
serum γ-glutamyltransferase levels in nondiabetic subjects and alcohol drinkers, 
respectively [45, 46]. In addition, β-cryptoxanthin suppressed LPS-induced 
osteoclast formation in co-cultures of bone marrow cells and osteoblasts and 
restored alveolar bone loss induced by LPS in mice [52]. Moreover, 
β-cryptoxanthin can accumulate in RAW264.7 monocyte cells and induce 
changes in the intracellular redox status, in turn regulating the immune function 
of macrophages [53].

In our previous study, we found that β-cryptoxanthin prevented the develop-
ment of NASH by attenuating fat accumulation, increases in Kupffer cell num-
bers, activation of stellate cells, and fibrosis in mouse models of 
lipotoxicity-induced NASH [54, 55]. Comprehensive gene expression studies 
have shown that β-cryptoxanthin is more effective in inhibiting the inflammatory 
gene expression changes that accompany NASH [54]. β-Cryptoxanthin down-
regulated the expression of genes associated with cell death, inflammatory 
responses, free radical scavenging, and infiltration and activation of macro-
phages, leukocytes, and T cells [54]. However, it showed little effect on the 
expression of genes related to the metabolism of cholesterol and other lipids 
[54]. Moreover, β-cryptoxanthin reversed pre-existing NASH in mice [55]. 
β-Cryptoxanthin inhibited lipid accumulation and peroxidation in the liver due to 
its strong anti-oxidative properties. Furthermore, β-cryptoxanthin reduced the 
accumulation of T cells and macrophages and regulated the M1/M2 status of 
macrophages/KCs in the liver without affecting the recruitment of monocytes 
from the bone marrow [55]. Additionally, β-cryptoxanthin directly decreased 
LPS-induced M1 activation and augmented IL-4-induced M2 macrophage acti-
vation in  vitro, suggesting macrophages may be directly targeted by 
β-cryptoxanthin (Fig. 7.4) [55].
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7.4.3  Astaxanthin in Nutrients

Astaxanthin is another xanthophyll carotenoid found in various microorganisms 
and marine animals, including salmon, crabs, and crustaceans [56]. Astaxanthin is 
well known for its strong antioxidant capacity [56]. It is 100–500-fold more effec-
tive than vitamin E at preventing lipid peroxidation. It has hepato-protective effects 
and can protect against inflammation, ulcers, cancer, neurodegeneration, diabetes, 
immune system attacks, and cardiovascular disease [56, 57]. Astaxanthin has been 
reported to inhibit carbon tetrachloride-induced lipid peroxidation and to increase 
glutathione (GSH) levels and superoxide dismutase (SOD) activity in rat liver [58]. 
Astaxanthin prevented diet-induced obesity and hepatic lipid accumulation in mice 
[59]. Moreover, astaxanthin prevented and reversed the activation of mouse primary 
HSCs and suppressed the upregulation of fibrogenic genes by blocking TGF-β/
Smad3 signaling [60, 61]. In addition, astaxanthin ameliorated insulin resistance by 
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protecting cells from oxidative stress [62]. Therefore, the use of astaxanthin as a 
nutritional supplement has increased significantly in recent years.

We compared the preventative and therapeutic effects of astaxanthin and vitamin 
E in a lipotoxic NASH mouse model [63]. We found that astaxanthin had significant 
preventative and therapeutic effects (Fig. 7.4). Astaxanthin attenuated insulin resis-
tance, hepatic lipid accumulation and peroxidation, stellate cell activation, and 
fibrosis, and it decreased the proportion of pro-inflammatory or M1-type macro-
phages/Kupffer cells in diet-induced NASH. In addition, astaxanthin ameliorated 
simple steatosis, the early stage of NAFLD, in both genetically and diet-induced 
obese mice. Finally, we demonstrated that astaxanthin has the potential to improve 
NASH in humans [63].

The different mechanisms of action of astaxanthin and vitamin E in NASH 
mouse models are intriguing, because both of these lipophilic antioxidants suppress 
hepatic lipid peroxidation to an equivalent extent. Collectively, these results suggest 
that astaxanthin is more effective at preventing and treating NASH than is vitamin 
E [63]. First, astaxanthin was superior to vitamin E at improving steatosis by sup-
pressing lipid accumulation. Second, astaxanthin reduced inflammation and insulin 
resistance more potently than did vitamin E. Of note, these anti-inflammatory and 
insulin-sensitizing effects were associated with attenuated MAPK (JNK/p38 
MAPK) signaling and NF-κB activation, decreased macrophage/Kupffer cell and T 
cell accumulation, and enhanced alternative M2 macrophage activation in the liver. 
Finally, astaxanthin prevented and reversed hepatic fibrosis to a greater extent than 
did vitamin E. Our in vitro study demonstrated that astaxanthin can act directly on 
hepatocytes by decreasing lipid accumulation, enhancing insulin signaling, and 
suppressing inflammatory signaling. Additionally, astaxanthin administration 
decreased M1 macrophage marker activation and increased M2 macrophage marker 
activation in RAW264.7 macrophages, indicating macrophages are also a direct tar-
get of astaxanthin [63]. Therefore, astaxanthin confers its beneficial effects by regu-
lating macrophage homeostasis and may be a potential candidate for the prevention 
or treatment of insulin resistance and NASH.
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Chapter 8
Diabetes and Alzheimer’s Disease

Shuko Takeda and Ryuichi Morishita

Abstract It is well documented that diabetes mellitus increases patients’ risk of 
developing cerebrovascular diseases and subsequent vascular dementia. Recent epi-
demiological studies have provided intriguing evidence that diabetes increases 
patients’ risk of developing Alzheimer’s disease, the most common cause of demen-
tia in the elderly population. This might be partly explained by vascular complica-
tions in patients with diabetes, which lead to neurodegeneration. The results of the 
Nun Study, a longitudinal study of aging Catholic sisters that examined the onset of 
Alzheimer’s disease, demonstrated the impact of cerebrovascular alterations on the 
progression of dementia. However, a growing body of research indicates that diabe-
tes directly affects the pathogenesis of Alzheimer’s disease via multiple mecha-
nisms. This chapter will discuss the current knowledge of (1) epidemiological 
studies supporting the interplay between diabetes and Alzheimer’s disease, (2) the 
role of insulin signaling in the central nervous system, (3) the pathophysiology of 
Alzheimer’s disease, and (4) the molecular mechanisms that link diabetes to 
Alzheimer’s disease in order to provide new therapeutic targets for Alzheimer’s 
disease.

Keywords Alzheimer’s disease • Aβ • Tau • Dementia • Brain insulin signaling

8.1  Epidemiology: Diabetes Is Associated with a High Risk 
of Alzheimer’s Disease

The incidence of dementia is increasing at an alarming rate, not only in the devel-
oped countries but also in countries with low and middle incomes [1]. More than 35 
million people worldwide are affected by dementia, with numbers expected to 
almost double every 20 years to 115.4 million in 2050 [1]. AD is the most common 
form of dementia, and it is estimated that currently more than 12 million individuals 
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around the world suffer from the devastating disease [2]. The global prevalence of 
DM also continues to be rising worldwide [3].

Interestingly, epidemiological studies have demonstrated that diabetic individu-
als have a higher risk of developing AD, independent of the risk for vascular demen-
tia [4, 5]. Ott et al., in a prospective population-based Rotterdam study, found that 
DM almost double the risk of AD. They reported that patients with DM treated with 
insulin were at highest risk. Another population-based study reported that hyperin-
sulinemia was highly associated with a risk of AD and decline in memory-related 
cognitive scores [6]. A clinicopathological study from Japan, Hisayama study, 
found a strong association between insulin resistance and a development of AD 
pathology (senile plaque), giving a direct evidence demonstrating that DM condi-
tions could affect fundamental mechanisms of AD [7]. These imply common cel-
lular and molecular mechanisms underlying AD and DM.

8.2  Pathophysiology of Alzheimer’s Disease

AD is the most common form of neurodegenerative dementia and is characterized 
by progressive cognitive and behavioral deficits. AD is characterized by a typical 
symmetric pattern of brain atrophy predominantly affecting the medial temporal 
lobes, including hippocampus, which is associated with typical memory deficit 
observed in AD.

Microscopically, AD is characterized by two main neuropathological features: 
senile plaques and neurofibrillary tangles. Amyloid plaque is the abnormal extracel-
lular accumulation and deposition of beta-amyloid (Aβ) in the brain. Aβ is a 38- to 
43-amino acid peptide produced by sequential cleavage of amyloid precursor pro-
tein (APP) by β- and γ-secretase in neurons [8]. Three genes with a missense muta-
tion that cause familial AD have been identified: APP, presenilin 1, and presenilin 2. 
All these mutations lead to abnormal accumulation of Aβ, suggesting the significant 
role of Aβ in AD pathogenesis. The so-called amyloid hypothesis, in which accumu-
lation of neurotoxic Aβ is the initial trigger of a cascade leading to neurodegenera-
tion, has been widely accepted by researchers and the main therapeutic target in 
drug development against AD [8].

Cerebral accumulation and aggregation of tau protein, as intracellular inclusions 
known as neurofibrillary tangles (NFTs), is another neuropathological hallmark of 
AD [9]. Tau is a member of microtubule-associated protein family, enriched in 
axons of neurons, that contributes to the assembly and stabilization of microtubules. 
Importantly, cognitive decline in patients of AD are most tightly linked with pro-
gression of NFTs in a hierarchical pattern, starting in the medial temporal lobes and 
marching throughout the brain during disease progression [10]. Pathological accu-
mulation of tau is believed to be more directly linked with a neuronal malfunction 
and cell death.

Considerable research efforts have been directed toward the development of 
therapeutic strategies to slow, or even stop, the progression of AD, focusing on Aβ 
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or tau pathology. However, promising therapies targeting Aβ such as γ-secretase 
inhibitors or immunotherapy tested in clinical trials have been disappointing so far. 
On the other hand, the therapeutic strategy is shifting to the prevention of AD by 
management of the risk factors, such as DM and hypertension. It is estimated that 
delaying the onset of AD by just a few years could substantially decrease the num-
ber of patients with AD over the next 50 years [2].

8.3  Insulin Signaling, Cognitive Function, 
and AD Pathogenesis

8.3.1  Brain Is Insulin-Insensitive?

The brain has been generally considered a so-called “insulin-insensitive” organ; 
however, it is becoming accepted that insulin plays physiological and pathophysio-
logical roles in the brain, including neuronal development, synapse formation, 
learning and memory, glucoregulatory function, and feeding behavior [11]. Although 
the origin of brain insulin remains largely unknown, the presence of high concentra-
tion of insulin in the brain has been reported in human and animal models [12], 
suggesting that insulin is produced locally in the brain or actively transported from 
peripheral source. Detection of insulin C-peptide and mRNA in the brain strongly 
suggest that brain has its own insulin-producing machinery. Furthermore, experi-
ments using primary neuron culture demonstrated neurons produce and release 
insulin in vitro [13]. Insulin has been shown to be able to cross the blood-brain bar-
rier (BBB) in animal models (Fig. 8.1). It is assumed that insulin crosses the BBB 
via specific transporter, which can be regulated by multiple conditions including 
AD and DM.

Insulin receptors (IRs) are known to be expressed in various regions of the cen-
tral nervous system. IR is a transmembrane receptor that mediates a cascade of 
signaling pathways regulating a variety of cellular events, including cell prolifera-
tion, protein synthesis, and glucose transport [14]. Notably, IRs are demonstrated in 
the hippocampus and cerebral cortex, which play a critical role in learning and 
memory formation [14]. Learning and memory are cognitive domains often impaired 
in patients with AD in the early stage.

Although the role and significance of IRs in the central nervous system remain 
largely unknown, IRs are reported to be involved in a variety of neuronal functions 
(Fig. 8.1). Phosphatidylinositol 3-kinase (PI3K) and extracellular signal-regulated 
kinase (ERK) are major downstream targets of IR signaling. Binding of insulin to 
IR initiates activation of Ras-ERK cascade, which is thought to play a role in syn-
aptic plasticity [15]. Activation of cAMP response element binding protein (CREB), 
a downstream target of ERK, induces structural changes associated with long-term 
memory formation [16]. Activated PI3K is known to promote GABAergic transmis-
sion that plays a vital role in learning and memory [17]. Significance of IR signaling 
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pathway in cognitive function has been demonstrated in animal models as well. 
Kleinridders et  al. reported age-related behavioral impairment in brain-specific 
knockout of IR mice [18], which was associated with altered dopamine turnover.

8.3.2  Insulin Signaling in Alzheimer’s Brain

Aβ itself has been shown to affect the insulin signaling pathway. Xie and coworkers 
reported that synthetic Aβ peptide could attenuate insulin binding and receptor auto-
phosphorylation, suggesting that Aβ is a direct competitive inhibitor of insulin bind-
ing and action [19]. Another report demonstrated that Aβ could induce insulin 
resistance in cultured cells via downregulation of IRs [20].

Postmortem analyses of brain tissues from patients with AD revealed a down-
regulated expression of insulin and insulin signaling pathway molecules, including 
IR, insulin-like growth factor (IGF)-1 receptor, IRS-1, and IRS-2 [21], indicating an 
attenuation of insulin signaling in the AD brain. Mammalian target of rapamycin 
(mTOR), which is downstream target of IR signaling, has been also implicated in 
the pathogenesis of AD [22].
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Blood
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Fig. 8.1 Insulin signaling and neuronal functions. Insulin and insulin receptors exist in the central 
nervous system. Insulin receptors are involved in a variety of neuronal functions, including synap-
tic plasticity, memory formation, and the regulation of neuronal transmitters. BBB blood-brain 
barrier
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8.4  Diabetes Affects Alzheimer’s Amyloid Pathology Via 
Multiple Mechanisms

Pathological accumulation and aggregation of Aβ, a major component of senile 
plaque, contribute to the AD pathogenesis. Aβ is a normal product of APP and pres-
ent in healthy brain. At physiological concentrations, Aβ exists as a soluble, non-
toxic form, mainly in the extracellular space of the brain. A physiological role of Aβ 
(and other APP-related products) is not yet well understood. In the AD brain, rise in 
Aβ levels leads to pathological aggregation and formation of senile plaques. The 
steady-state level of Aβ in the brain is determined by the balance between its pro-
duction and clearance [23]; increased production, decreased clearance, or both can 
lead to rise in Aβ concentration. Senile plaque, fibrillar form of Aβ, has been 
believed to cause neuronal dysfunction and cell death; however, recent studies high-
light the critical role of soluble, intermediate oligomers in AD pathogenesis [24]. 
Diabetic conditions have been reported to affect Aβ turnover and aggregation mech-
anisms (Fig. 8.2).

Alzheimer’s disease
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DM

Production of Aβ

Aggregation of Aβ

Fig. 8.2 Effect of diabetes on Alzheimer’s amyloid pathology via multiple mechanisms. DM 
increases the brain’s Aβ load via multiple mechanisms, which leads to toxic Aβ oligomer and 
senile plaque formation. APP amyloid precursor protein, BBB blood-brain barrier, DM diabetes 
mellitus
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8.4.1  Effect of DM of Aβ Synthesis

Cellular resistance for insulin/insulin-like growth factor-1 (IGF-1) represents one of 
the key molecular bases of DM. The role of insulin signaling in the APP processing 
and Aβ accumulation has been reported by independent research groups using ani-
mal models [21, 25]. Stohr et  al. generated a unique mouse model by crossing 
neuron- specific insulin receptor (IR) knockout mice with Alzheimer’s APP trans-
genic mice [25]. The crossed mice had significantly lower levels of Aβ in the brain, 
suggesting that neuronal IR signaling mediates APP processing and contribute to AD 
pathogenesis. Along the same line, Ho et al. demonstrated that diet-induced insulin 
resistance in Alzheimer’s APP transgenic mice promoted Aβ synthesis in the brain 
with increased γ-secretase activities [26]. They also reported a functional decline in 
IR-mediated signal transduction in the brains. Another group reported that insulin 
resistance, induced by excessive sucrose intake, increased cerebral Aβ peptide levels 
and exacerbated learning impairment in Alzheimer’s APP transgenic mice [27].

8.4.2  Effect of DM on Aβ Clearance from Brain

The clearance of Aβ from the brain is accomplished by multiple mechanisms, 
including proteolytic degradation, uptake by glial cells, and active transport via the 
blood-brain barrier (BBB). Dysregulation of these mechanisms can lead to increase 
in brain Aβ load.

Proteolytic degradation is a potent determinant of brain Aβ load. Neprilysin 
(NEP), angiotensin-converting enzyme (ACE), insulin-degrading enzyme (IDE), 
matrix metalloproteinases (MMPs), and endothelin-converting enzyme (ECE) have 
been implicated in the degradation of Aβ in the brain [28]. Hyperinsulinemia in DM 
condition is postulated to increase Aβ levels via insulin’s competition with Aβ for 
IDE [29]. This hypothesis is partly supported by genetic studies reporting that IDE 
gene variation is associated with a high risk of AD, as well as DM [29].

Enhancing Aβ clearance from the brain, via the BBB, into peripheral circulation 
is considered to be one of the therapeutic targets for AD. Exchange of Aβ through 
BBB is tightly regulated and free exchange is not allowed because of the presence 
of tight junctions between endothelial cells on the cerebrovascular wall. Active 
transport of Aβ through BBB is believed to be predominantly mediated by two mol-
ecules: low-density lipoprotein receptor related protein 1 (LRP) and the receptor for 
advanced end glycation products (RAGE) [30].

RAGE, implicated in the pathogenesis DM, is postulated to bind Aβ and medi-
ate influx of Aβ into brain from the peripheral circulation. Increased expression 
of RAGE on the BBB could enhance Aβ influx, leading to the accumulation and 
aggregation of Aβ in the brain. Takeda et al. generated a unique mouse model by 
crossing Alzheimer’s APP transgenic mice with ob/ob diabetic mice [31]. The 
 diabetic- Alzheimer mice showed increased expression of RAGE on the cerebrovas-
culature at an early age and severe cerebral amyloid angiopathy (CAA, deposition 
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of Aβ on cerebral blood vessels) at older age. This implies the role of cerebrovas-
cular RAGE and Aβ in the AD pathogenesis. Dysregulated expression/function of 
RAGE at the BBB might represent a molecular link between DM and AD.

8.5  Diabetes Affects Alzheimer’s Tau Pathology

Abnormal accumulation and aggregation of tau protein in the neurons represent one 
of the fundamental aspects of AD pathogenesis. Tau plays an important role in sta-
bilizing neuronal microtubules under normal physiological conditions. In patho-
logical condition, such as in the AD brain, tau undergoes a change toward a 
pathological conformation which leads to aggregation and fibrillization. 
Phosphorylation of tau is known to play a critical role in aggregation process and 
neuronal toxicity [32].

8.5.1  Insulin Resistance, GSK-3, and Tau Phosphorylation

Glycogen synthase kinase-3 (GSK-3) is a serine/threonine kinase with multiple 
physiological roles in the regulation of glycogen synthesis, cellular differentiation 
and proliferation, and apoptosis. Impaired insulin signaling with inactivation of Akt 
in diabetic condition leads to an activation of GSK-3, a key target for the develop-
ment of novel treatment for type 2 diabetes.

GSK-3β is known to be one of key regulators of tau phosphorylation. In diabetic 
condition, activated GSK-3β induces hyper-phosphorylation of tau, which could 
enhance NFT formation. Experimental study using rat model of obesity and diabe-
tes reported that obesity-induced peripheral insulin resistance was associated with 
central insulin resistance and tau hyper-phosphorylation [33] (Fig. 8.3). GSK-3 has 
been also shown to mediate APP processing, leading to increased Aβ synthesis [34]. 
Activation of GSK-3, in theory, induces abnormal accumulation of Aβ and develop-
ment of AD pathology. This is also one potential mechanism through which diabe-
tes accelerates progression of AD.

Importantly, GSK-3 expression is reported to be upregulated in the hippocampus of 
the brain and peripheral lymphocytes of patients with AD [34]. Dysregulation of 
GSK-3 activity may represent a common molecular mechanism between DM and AD.

8.5.2  Other Effects of Diabetes on Tau Pathology

Protein glycation plays a role in the pathogenesis of diabetic complications. 
Glycation happens even in the normal physiological conditions; however, excessive 
glycation due to prolonged hyperglycemia interferes with the protein’s normal 

8 Diabetes and Alzheimer’s Disease



108

function by disrupting molecular conformation. In line with Alzheimer’s tau pathol-
ogy, glycation of tau is reported to mediate NFT formation in AD brain [35].

Tau pathology is known to “spread” in a stereotypical pattern in AD brain during 
disease progression, likely by transsynaptic mechanism between neurons [10]. 
So-called “tau propagation” phenomenon has been getting attention among 
researchers lately since it may provide new therapeutic opportunities for AD. Effects 
of diabetic conditions on tau propagation remain largely unknown and need to be 
investigated in future studies.

8.6  Therapeutic Aspects of Diabetes-Alzheimer Interaction

An important question that remains to be answered is whether altered insulin signal-
ing in the brain is a cause or a consequence of neurodegeneration in AD. Lester 
et al. clearly demonstrated that multiple aspects of AD neuropathology, such as Aβ 
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Fig. 8.3 Effect of diabetes on Alzheimer’s tau pathology. Insulin resistance caused by DM induces 
the activation of GSK-3, which enhances the phosphorylation of the tau protein. Phosphorylation 
plays an important role in the aggregation of tau, leading to Alzheimer’s NFT formation. GSK-3 
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accumulation and tau hyper-phosphorylation, can be reproduced by selectively 
impairing insulin/IGF signaling using an intracerebral streptozotocin injection 
model in rodent [36]. This means that altered brain insulin signaling might be a 
causative event in the AD pathogenesis. Other reports, however, indicate that reduc-
tion in brain insulin signaling could be a compensatory response against AD pathol-
ogy [21, 37]. The causal relationship issue between altered insulin signaling and AD 
pathogenesis is critical when considering the therapeutic implications of modulat-
ing brain insulin signaling. Although further research is needed to reveal the role 
and significance of brain insulin signaling in AD pathogenesis, modulating the sig-
naling pathway could be a potentially promising strategy for AD treatment. In line 
with therapeutic potential, nasal insulin delivery has been widely investigated by 
researchers, and recent pilot studies have reported promising results in mild AD 
patients [38].

Takeda et al. reported the possibility that Alzheimer’s pathogenesis might exac-
erbate glucose intolerance in peripheral organs [31]. It has been becoming apparent 
that the central nervous system plays a role in the regulation of energy metabolism 
in peripheral organs. There may be a mutual interaction between DM and AD, 
which establish a vicious cycle (Fig. 8.4). Management of DM in patients with AD 
may halt the vicious cycle and prevent the progression of both diseases.
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Fig. 8.4 Interaction between diabetes and Alzheimer’s disease. Results from animal models sug-
gest an interaction between DM and AD, which establishes a vicious cycle. NFT neurofibrillary 
tangle
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Chapter 9
Diabetes and Cancers

Hiroshi Noto

Abstract A growing body of evidence from observational studies suggests that 
diabetes mellitus is associated with an increased risk of cancer. Meta-analyses have 
demonstrated that patients with diabetes have increased risks of total cancer and of 
site-specific cancers of the breast, endometrium, bladder, liver, colorectum, and 
pancreas. Insulin resistance with subsequent hyperinsulinemia is the most fre-
quently proposed hypothesis to explain this link although high-quality evidence 
investigating the association between glycemic control and cancer risk remains 
lacking. In addition to several facets of lifestyle including obesity, smoking, and 
lack of exercise, treatment for diabetes potentially affects the risk of cancer. For 
instance, metformin, an insulin sensitizer, reportedly may have an anticancer effect. 
In light of the exploding global epidemic of diabetes, even a modest increase in the 
cancer risk will translate into a substantial socioeconomic burden, which led to a 
joint committee being formed, enlisting experts from the Japan Diabetes Society 
and the Japanese Cancer Association to address this issue, along the lines of those 
from the American Diabetes Association and the American Cancer Society. The cur-
rent insights underscore the need for clinical attention and better-designed studies 
of the complex interactions between diabetes and cancer.

Keywords Diabetes • Cancer • Metformin • Insulin • Pioglitazone

9.1  Introduction

Emerging evidence from observational studies and meta-analyses of the data sug-
gest that diabetes mellitus is associated with an increased risk of cancer. Although 
the mechanisms are not fully elucidated, insulin resistance with secondary hyperin-
sulinemia is the favored hypothesis, as insulin might have a possible mitogenic 
effect via binding the insulin-like growth factor-1 receptor [1]. In addition, hyper-
glycemia itself may promote carcinogenesis by increasing oxidative stress [2–5].
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In light of the exploding global epidemic of diabetes, even a modest increase in 
the cancer risk will translate into a substantial social burden. The American Diabetes 
Association and the American Cancer Society recently published a consensus state-
ment which reviewed evidence concerning the association between diabetes and 
cancer incidence or prognosis, risk factors common to both diabetes and cancer, 
possible biologic links between diabetes and cancer risk, and whether diabetes treat-
ments influence risk of cancer or cancer prognosis [6]. Subsequently, the joint com-
mittee consisting of experts from the Japan Diabetes Society (JDS) and the Japanese 
Cancer Association (JCA) recently published a report [7] to address this issue.

9.2  Epidemiology

Several meta-analyses have demonstrated that diabetes is associated with increased 
risks of cancer mortality and cancer incidence including site-specific cancers of the 
liver, endometrium, pancreas, kidney, colorectum, bladder, and breast (Table 9.1). 
Exceptionally, the risk of prostate cancer in diabetes is significantly decreased. 
Evidence has been accumulating to suggest that diabetic patients have a higher risk of 
cancer death than nondiabetic people [8, 17] (Table 9.1). Furthermore, cancer patients 
with pre-existing diabetes have poorer short-term [18] and long-term [19] prognosis.

The same as in Western countries, the prevalence of diabetes is markedly increas-
ing in Asia. This trend is presumably attributable to the rapid Westernization of peo-
ple’s lifestyle, a trend that is likely shared by the majority of Asian populations [20]. 
While cardiovascular disease is the main cause of mortality in Western countries and 
subjects with diabetes have a high risk of such disease, cancer is emerging as a major 
cause of death in Asian countries [21, 22]. A meta-analysis [23] demonstrated that 

Table 9.1 Cancer risk in 
diabetes: meta-analysis

Site Risk ratio (95%CI)

Cancer incidence

  Overall [8]
   Men
  Women

1.14 (1.06–1.23)
1.18 (1.08–1.28)

  Liver [9] 2.50 (1.93–3.24)
  Endometrium [10] 2.10 (1.75–2.53)
  Pancreas [11] 1.82 (1.66–1.89)
  Kidney [12] 1.42 (1.06–1.91)
  Colorectum [13] 1.30 (1.20–1.40)
  Bladder [14] 1.24 (1.08–1.42)
  Breast [15] 1.20 (1.12–1.28)
  Prostate [16] 0.84 (0.76–0.93)
Cancer mortality

  Overall [8]
   Men
  Women

1.10 (0.98–1.23)
1.24 (1.11–1.40)
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the risk ratio (RR) of all-cancer mortality was significantly higher than nondiabetic 
people (RR, 1.32 [CI, 1.20–1.45] for Asians; RR, 1.16 [CI, 1.01–1.34] for non-
Asians). Diabetes was also associated with an increased RR of incidence across 
all cancer types (RR, 1.23 [CI, 1.09–1.39] for Asians; RR, 1.15 [CI, 0.94–1.43] for 
non-Asians). The RR of incident cancer for Asian men was significantly higher than 
for non-Asian men (p = 0.021) (Table 9.2). Epidemiological data in Japan provides 
evidence to demonstrate that diabetes is associated with increased risk for overall 
(RR, 1.10 [CI, 1.04–1.17]) [8], liver (RR, 1.97 [CI, 1.65–2.36]), pancreatic (RR, 
1.85 [CI, 1.46–2.34]), and colorectal cancers (RR, 1.40 [CI, 1.19–1.64]) [7].

9.3  Mechanism

9.3.1  Hyperinsulinemia

Type 2 diabetes is characterized by insulin resistance and compensatory hyperinsu-
linemia, and people with type 2 diabetes are typically obese and lead sedentary 
lives, both of which also contribute to their hyperinsulinemia. Multiple and complex 
mechanisms involving these factors are proposed to explain the link between diabe-
tes and cancer. First, insulin may bind and activate its structurally related insulin- 
like growth factor-1 (IGF-1) receptor, which is the most frequently proposed 
mechanism to explain the clearly increased risk of cancer in diabetic patients [1, 
24]. Secondly, hyperinsulinemia may increase cancer risk by unregulated insulin 
receptor signaling, leading to proliferative and anti-apoptotic effects [25]. Finally, 
the mitogenic activity of insulin might be enhanced at the cellular level by post- 
receptor molecular mechanisms including insulin residence time on the receptor 
and the intracellular upregulation of the insulin mitogenic pathway [26]. In humans, 
patients with type 1 diabetes, who are insulin deficient and receive insulin replace-
ment, have a lower risk of cancer than subjects with type 2 diabetes [27], although 
the evidence of the risk in patients with type 1 diabetes as compared with that in the 
general population remains inconclusive.

These speculations, however, need to be interpreted with caution since they are 
derived from retrospective observational studies and may not necessarily demon-
strate causality because of possible biases and confounders, such as coexisting obe-
sity and age [28]. In fact, some of the more recent studies demonstrated no or 

Risk ratio (95%CI)
Cancer incidence Cancer mortality

Men
  Asians
  Non-Asians

1.24 (1.12–1.38)
1.05 (0.96–1.25)

1.27 (1.22–1.33)
1.13 (0.99–1.29)

Women
  Asians
  Non-Asians

1.23 (1.07–1.42)
1.16 (1.09–1.23)

1.45 (1.05–1.99)
1.29 [1.11–1.49)

Table 9.2 Comparative 
cancer risk in diabetes: 
meta-analysis [23]

9 Diabetes and Cancers



116

minimal increments in cancer risk [29], and the data from insulin-treated patients 
with type 2 diabetes are not supporting this hypothesis [30].

Of note, diabetes reportedly protects against the development of prostate cancer 
which is testosterone dependent. Testosterone levels have been shown to be partially 
influenced by insulin resistance, and testosterone deficiency is common in men with 
diabetes because they have low levels of sex hormone-binding globulin. Thus this 
effect of diabetes on prostate cancer may have contributed to the attenuation of the 
increase in cancer risk in men [17]. However, those meta-analyses [16, 31] were 
mainly based on data for Caucasian men, and the reported risks for Asian men have 
been either significantly elevated in Taiwan [32, 33] or nonsignificant in Japan [34] 
and Korea [3], which points to the possibility that the effect of diabetes on prostate 
cancer may not be universal probably due to genetic/cultural/socioeconomic factors.

9.3.2  Hyperglycemia

Hyperglycemia has been shown to promote cancer development and cancer metas-
tasis in type 2 diabetes [35]. Indeed, this forms the basis for 18F-fluorodeoxyglucose- 
positron emission tomography of cancers, which detects tissues with high rates of 
glucose uptake. In addition, hyperglycemia itself may promote carcinogenesis by 
generating oxidative stress [2, 36], which is frequently elevated in a variety of cells 
in diabetes. The increase in oxidative stress would lead to damages to DNA, the 
initial step in carcinogenesis [5].

Community-based prospective surveys have documented associations between 
plasma glucose levels and the risk of cancer [2, 3, 37]. The results of our study [23] 
support this hypothesis, because the results showed that the risk of both cancer inci-
dence and mortality is also generally higher among Japanese [17] and Korean [3] 
subjects with diabetes, who have been deemed to be insulinopenic [20, 38]. 
However, these results are not consistent among the observational studies, and pub-
lished reports on high-quality epidemiological studies are scarce [39]. On the other 
hand, a meta-analysis of large randomized-controlled trials (RCTs) of intensified 
glycemic control did not support the hypothesis that hyperglycemia is causally 
linked to increased cancer risk [40], although no high-quality RCT has been under-
taken to estimate cancer risk associated with glycemic control [39].

Given the paucity of high-quality evidence at present, well-designed RCTs and 
observational studies are required to explore this issue further [39].

9.3.3  Potential Confounders

Observational analyses should be interpreted with caution. A recent review sug-
gested only a minority of associations between type 2 diabetes and risk of develop-
ing cancer or death from cancer have robust supporting evidence without hints of 
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bias [41]. Potential risk factors to cancer and diabetes in common need to be 
addressed as potential confounders because it remains to be clarified whether the 
association between diabetes and the risk of cancer is mainly because of shared risk 
factors (Table 9.3) or whether diabetes itself increases cancer risk. For example, 
coexisting obesity and a sedentary lifestyle, which induce hyperinsulinemia, may 
be the true causes, and diabetes may merely be an innocent bystander. A meta-
analysis revealed that obesity is associated with increased risks for pancreas cancer, 
thyroid cancer, non-Hodgkin’s lymphoma, leukemia, and myeloma [42], whereas 
bariatric surgery resulted in 60% reduction in cancer mortality over the course of 7 
years [43]. Exercise is suggestively associated with overall cancer, colon cancer, 
hepatocellular cancer, pancreas cancer, and gastric cancer [44]. The other possible 
confounding factors include age, sex, diet, alcoholic intake, smoking, cirrhosis, 
hepatitis C viral infection [45], and the indication of insulin therapy. Secondly, an 
alternative explanation is that diabetic subjects might receive medical care more 
frequently and have more opportunities for cancer detection than nondiabetic sub-
jects. The third is that diabetes might develop as a consequence of cancer, since 
cancers generally cause insulin resistance and subsequent hyperglycemia by pro-
ducing cytokines, such as tumor necrosis-α [46]. The fourth is that the previous 
studies might have left room for confounding by treatment indication: differences 
between the treatment of cancer according to whether or not they had diabetes may 
have contributed to the increased mortality of the subjects. Diabetic subjects often 
have other diabetes- related comorbidities that may influence the treatment deci-
sions and prognosis. For example, diabetes may be accompanied by a higher risk of 
infection, and the diagnosis of cancer may result in less stringent glucose 
management.

9.4  Antidiabetic Drugs and Cancers

Current evidence regarding the cancer risk of any particular antidiabetic agents is 
limited to determine the casual relation between them not only secondary to their 
inadequate adjustment for confounding factors and therapeutic indications but also 
because of not accounting for dosage and duration of medications and their short 
periods of follow-up.

Table 9.3 Shared risk factors 
of diabetes and cancer

Age
Sex
Genetic factors
Obesity
Diets
Lack of exercise
Smoking
Alcohol intake
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9.4.1  Metformin

Metformin is an insulin sensitizer that is the drug of first choice in the management 
of type 2 diabetes [47], given its safety profile and lower cost. Our recent meta- 
analysis including observational studies and RCTs showed that metformin usage is 
associated with a lower risk of cancer incidence and mortality in diabetes [48] 
(Table 9.4), and similar effects have been seen across different regions in the world 
[33, 49–54], although bias could not be entirely eliminated.

Metformin activates activating adenosine 5′-monophosphate-activated protein 
kinase (AMPK) through LKB-1, a tumor suppressor protein kinase. AMPK, mam-
malian target of rapamycin (mTOR), and insulin-signaling pathway represent three 
interrelated components of a complex mechanism controlling cell responses to 
nutrient availability. AMPK inhibits protein synthesis and gluconeogenesis during 
cellular stress and inhibits mTOR, a downstream effector of growth factor signal-
ing, which is frequently activated in cancer cells. Metformin also induces cell cycle 
arrest and apoptosis and reduces growth factor signaling. To support the hypothesis 
of these direct effects, metformin potentiated the effect of neoadjuvant chemo-
therapy in early-stage breast cancer [55], decreased the risk of colorectal cancer in 
a small RCT involving nondiabetic subjects [56], and was reportedly associated 
with a decreased cancer risk, while another insulin sensitizer, thiazolidinediones, 
was not [57].

Our research [48] revealed that metformin use is associated with reduced mor-
tality and incidence of cancer at any site, supporting the generalizability of the 
proposed anticancer mechanisms. On the other hand, the magnitude of the risk 
reduction varies among site-specific cancers. This variance may result from differ-
ences in carcinogenesis at certain sites. For instance, elevated levels of insulin and 
glucose may exert an important influence in the development or growth of epithe-
lial malignant tumors of the colon [58–60], pancreas [61, 62], and breast [63]. An 
animal study suggested that metformin prevented smoking-related lung cancer in 
mice, probably by inducing some hormone from the liver [64]. The fact that one 
preliminary study suggested a promising effect of metformin on pathologic com-
plete responses to neoadjuvant chemotherapy in diabetic patients with breast cancer 
[55] may point to the possibility that metformin simply augmented the efficacy 
of chemotherapy for breast cancer [65, 66]. There are more recent meta-analyses 

Table 9.4 Metformin and 
cancer risk in diabetes: 
meta-analysis [48]

Site Risk ratio (95%CI)

Cancer incidence

  Overall 0.67 (0.53–0.85)
  Liver 0.20 (0.07–0.88)
  Lung 0.67 (0.45–0.99)
  Colorectum 0.68 (0.53–0.88)
Cancer mortality

  Overall 0.66 (0.49–0.88)
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supporting this potential benefit of metformin [67–70], and several prospective clin-
ical trials to evaluate its safety and efficacy are currently ongoing.

9.4.2  Pioglitazone

Pioglitazone is an insulin sensitizer that activates PPAR-γ. Recent reports including 
meta-analyses have suggested that it might significantly increase the risk of bladder 
cancer in a exposure/dose-response pattern [54, 57, 71–78], while its effect on total 
cancer or cancers at other sites might be neutral [79]. The carcinogenic effect was 
also seen in an animal study [80] although the mechanism is not clarified yet. 
Though recent evidence did not show an elevated risk of bladder cancer, it now hints 
increased risks of prostate cancer and pancreatic cancer [81]. The oncogenic safety 
of pioglitazone is still inconclusive. It is currently out of market in some countries 
because of this potential harm, and it is prudent to follow its warning label.

9.4.3  Insulin, Sulfonylureas, and Glinides

As discussed earlier, insulin treatment might theoretically increase the risk of can-
cer. In fact, several reports initially suggested that insulin glargine usage might be 
associated with an elevated risk of cancer [82–85]. However, these observational 
studies were subject to considerable biases: retrospective studies only demonstrate 
an association and not necessarily causality; it is very difficult to adjust all possible 
confounders in observational studies; the effects of treatment by indication and 
informative censoring cannot be excluded. On the other hand, the oncogenic effect 
of hyperinsulinemia might be offset by the cancer-protective effect through robust 
amelioration of hyperglycemia. RCTs and more recent cohort studies have not indi-
cated significant associations of insulin with cancer risk [86–88], and the causality 
is now practically negated.

Sulfonylureas and glinides induce hyperinsulinemia, and there is a concern of 
increased cancer risks. However, the estimate in a meta-analysis of the cancer risk 
of sulfonylureas is neutral [89]. Data for glinides are limited and further investiga-
tions are needed to evaluate their oncogenic safety.

9.4.4  α-Glucosidase Inhibitors

Data on the cancer risk associated with α-glucosidase inhibitors are sparse and 
highly biased. Cancer risk associated with α-glucosidase inhibitors is still inconclu-
sive [52, 72, 90, 91].

9 Diabetes and Cancers
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9.4.5  Glucagon-Like Peptide (GLP)-1 Analogues and 
Dipeptidyl Peptidase (DPP-4) Inhibitors

The risks of pancreas cancer and thyroid cancer were reportedly elevated among 
exenatide, a GLP-1 analogue, users [92]. An increased risk of thyroid C-cell cancer 
was seen in rodent studies. The risk of pancreas cancer was possibly increased with 
a DPP-4 inhibitor [92]. Although a meta-analysis suggested an oncogenic safety of 
DPP-4 inhibitors [93], the included studies were of short follow-up periods, and the 
long-term effect remains elusive. More recent RCTs have not demonstrated a sig-
nificant risk of cancer [94, 95].

9.4.6  Sodium Glucose Co-transporter (SGLT) 2 Inhibitors

No apparent association has been reported between cancer incidence and these 
novel agents. However, long-term data on the oncogenic risk/safety remain lacking 
at present.

9.5  Recommendations on Diabetes and Cancer 
for Physicians and Healthcare Providers

On the basis of the exploding global epidemic of diabetes, even a modest increase 
in the cancer risk will translate into a substantial socioeconomic burden, which led 
to a joint committee being formed, enlisting experts from the Japan Diabetes Society 
and the Japanese Cancer Association to make the following recommendations [7], 
along the lines of those from the American Diabetes Association and the American 
Cancer Society [6].

• Generally, it is reported that diabetes (mainly type 2 diabetes) is associated with 
an increased risk of colorectal, liver, pancreatic, breast, endometrial, and bladder 
cancers, while it is also associated with a decreased risk of prostate cancer. To 
focus attention on cancer risks in Japanese diabetic patients, at present, diabetes 
appears to be associated with an increased risk of colorectal, liver, and pancreatic 
cancers in these patients. Available reports suggest no increased risk of other 
cancers associated with diabetes or offer conflicting views.

• Diabetes may be associated with cancer partly because there are common risk 
factors, such as aging, obesity, and inappropriate diet/exercise.

• Hyperinsulinemia, hyperglycemia, and inflammation are suggested as potential 
mechanisms through which diabetes contributes to an increased risk of cancer in 
affected patients.

H. Noto
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• Healthy diet, exercise, body weight control, smoking cessation, and alcohol 
moderation should be encouraged to reduce the risk for diabetes and cancer.

• Given that inappropriate diets, lack of exercise, smoking, and excessive alcohol 
drinking represent risk factors for cancer morbidity, diet/exercise therapy, smok-
ing cessation, and alcohol moderation may lead to a decreased risk of cancer in 
diabetic patients.

• Diabetic patients are encouraged to undergo evidence-based cancer screening as 
required depending on their sex and age (Table 9.5). Diabetic patients are encour-
aged to undergo screening for liver cancer if they are hepatitis virus positive.

• Given the insufficient evidence available for determining whether or not a par-
ticular antidiabetic drug may be associated with cancer risk, in selecting drug 
therapy, priority should be given to maximizing the benefits of the drug(s) being 
used to achieve favorable glycemic control in individual patients, following the 
labeling.

9.6  Future Directions

The review in this chapter underscores the need for diabetes prevention and for 
investigation of effective cancer prevention, screening policies, and implementation 
of diabetes treatment with potentially protective effects against cancer. More atten-
tion should be directed to elucidating the association between diabetes and cancer, 
which is pivotal for making timely, rational, and informed decisions, not only in the 
areas of public health and economy but also in clinical practice.

For the time being, patients with diabetes should be strongly encouraged by their 
healthcare professionals to undergo appropriate cancer screenings as recommended 
for all people in their age and sex, and cancer risk should not be a major factor in 
choosing between available diabetes therapies for the average patient [6, 7].

Table 9.5 Evidence-based cancer screening [96]

Screening for Candidates
Screening 
frequency Screening procedure

Gastric cancer Men/women, 40 years 
of age or older

Once a year History taking, stomach x-ray

Uterine cancer Women, 20 years of 
age or older

Once every 
2 years

History taking, inspection, cervical 
cytology, internal examination

Lung cancer Men/women, 40 years 
of age or older

Once a year History taking, chest x-ray, sputum 
cytology

Breast cancer Women, 40 years of 
age or older

Once every 
2 years

History taking, inspection, palpation, 
breast x-ray (mammography)

Colorectal 
cancer

Men/women, 40 years 
of age or older

Once a year History taking, stool testing for 
occult blood
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Chapter 10
Diabetes and Osteoporosis

Ippei Kanazawa and Toshitsugu Sugimoto

Abstract Accumulating evidence has shown that the risk of osteoporotic fracture 
is increased in patients with diabetes mellitus independently of bone mineral den-
sity. Thus, diabetes-related bone disease is now recognized as one of diabetic com-
plications. Collagen cross-links of advanced glycation end products (AGEs), 
dysfunction of osteoblasts with low bone turnover, as well as abnormal microstruc-
ture of trabecular and cortical bone are involved in bone fragility in diabetes melli-
tus. Circulating levels of AGEs and homocysteine are increased in patients with 
diabetes, and AGEs and homocysteine directly inhibited the differentiation of osteo-
blasts. In addition, these induce the apoptosis and regulate expression levels of 
sclerostin and RANKL in osteocytes, which play important roles of bone remodel-
ing. Moreover, several antidiabetic drugs affect bone metabolism and fracture risk. 
Therefore, the underlying mechanism of diabetes-related bone fragility is very com-
plex and not still fully understood. In this review, we described effects of diabetes 
on bone metabolism and the risk of fracture based on the recent evidence.

Keywords Diabetes-related bone disease • Osteoporosis • Fracture • Bone forma-
tion • Advanced glycation end products

10.1  Introduction

Diabetes mellitus is known to cause various complications such as neuropathy, reti-
nopathy, nephropathy, and atherosclerosis, resulting in the deterioration of quality 
of life and life prognosis. Accumulating evidence has shown that the risk of osteo-
porotic fractures, such as hip and vertebral fractures, is significantly increased in not 
only type 1 diabetes mellitus (T1DM) but also type 2 (T2DM). Vestergaard reported 
a meta-analysis [1] showing that patients with T1DM had slightly decreased bone 
mineral density (BMD) at the lumbar and hip (z-score −0.22 and −0.37, 
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respectively) and that T2DM patients had higher BMD at the lumbar and hip 
(z-score +0.41 and +0.27, respectively). Based on these BMD values, the estimated 
fracture risks were 1.42-fold in T1DM and 0.77-fold in T2DM, respectively. 
However, the risks of hip fracture compared to nondiabetes controls were 6.94-fold 
in T1DM and 1.4-fold in T2DM, respectively. Another meta-analysis also showed 
that hip fracture risks of T1DM and T2DM patients were increased to 6.3-fold and 
1.7-fold, respectively, compared to nondiabetes controls [2]. Furthermore, we previ-
ously demonstrated that the presence of T2DM was an independent risk factor for 
prevalent vertebral fractures in Japanese men and women (odds ratio, 4.7 for men 
and 1.9 for women) after adjusting for age, body mass index, and lumbar BMD [3]. 
In addition, we tested usefulness of calcaneal quantitative ultrasound (QUS), which 
is thought to be able to evaluate bone quality of microarchitecture. However, QUS 
was also not associated with the risk of vertebral fracture in patients with T2DM [4]. 
These findings suggest that BMD and QUS may not reflect bone fragility in T1DM 
and T2DM and that measurements of BMD and QUS may lead to underestimate the 
actual risk of fracture. Therefore, bone mass reduction-independent fracture risk 
exists in diabetic patients, and impaired bone quality may be a major cause of 
diabetes- related bone fragility. Estimation of bone mass and microarchitecture by 
BMD and QUS is not useful in diabetic patients.

10.1.1  Increased Collagen Cross-Links of Advanced Glycation 
End Products in Diabetes

Advanced glycation end products (AGEs) are generated by sequential nonenzymatic 
chemical glycoxidation of protein amino groups. AGEs accumulate in various tissues 
including bone, kidney, brain, and coronary artery atherosclerotic plaques with aging. 
AGEs have a pivotal role in the development of complications in patients with diabe-
tes, because hyperglycemia and oxidative stress accelerate AGE formation. Among 
AGEs, pentosidine is a well-characterized compound and is considered a good pre-
dictor for the development of micro- and macro-vascular complications in diabetic 
patients. Previous studies have shown that serum pentosidine levels in patients with 
diabetes were significantly higher than those in healthy subjects. Saito et al. previ-
ously reported that spontaneous diabetic rats displayed significant increases in pento-
sidine cross-links in bone, which was linked to impaired mechanical properties 
despite normal bone mass [5]. These findings clearly support the pathophysiology of 
bone fragility with normal BMD, which is seen in diabetic patients.

Because previous studies have shown that circulating pentosidine levels are sig-
nificantly correlated with content of pentosidine in cortical bone, serum and urine 
pentosidine levels could be used as a surrogate marker for its content in bone as well 
as bone strength. Indeed, our previous study showed that elevated serum pentosi-
dine levels were significantly associated with prevalent vertebral fracture in post-
menopausal women with T2DM [6]. Schwartz et al. also reported an observational 
cohort study showing that higher urine pentosidine was associated with increased 
clinical fracture incidence in elderly patients with T2DM, but not in those without 
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it [7]. In addition, a recent clinical study using bone biopsy in patients with T1DM 
showed that pentosidine content in trabecular was significantly and positively asso-
ciated with HbA1c levels and increased in T1DM patients with fracture [8]. 
Therefore, accumulation of pentosidine cross-links in bone may be a major cause of 
impaired bone quality in patients with diabetes.

10.1.2  Dysfunction of Osteoblasts and Osteocytes in Diabetes

Bone tissue is constantly renewed by a balance between osteoblastic bone forma-
tion and osteoclastic bone resorption. Several clinical studies and meta-analyses 
have revealed that bone formation markers, especially serum osteocalcin, which is 
a marker of bone formation and produced by mature osteoblasts, were significantly 
decreased in patients with diabetes compared to nondiabetic subjects [9]. We and 
others previously demonstrated that serum osteocalcin levels were significantly 
increased after intensive glycemic control in T2DM, while bone specific alkaline 
phosphatase (BAP), which is a marker of early stage of differentiated osteoblasts, 
was significantly decreased [10]. Moreover, the ratio of osteocalcin/BAP was sig-
nificantly associated with prevalent vertebral fracture in T2DM patients [11]. These 
findings suggest that derangement of osteoblast maturation may be involved in the 
risk of fracture in diabetic patients. On the other hand, osteocytes account for 
90–95% of bone cells, and recent studies have shown that osteocytes play multi-
functional roles in orchestrating bone remodeling by regulating both osteoblast and 
osteoclast functions. Sclerostin is specifically expressed in osteocytes and inhibits 
osteoblastic function and bone formation by antagonizing canonical Wnt signaling 
pathway. We previously showed that elevated serum sclerostin levels were associ-
ated with an increased risk of vertebral fractures in T2DM patients independently of 
BMD and bone turnover [12], suggesting that dysfunction of osteocytes also may 
contribute to the bone fragility in diabetes. In contrast, there are inconsistent results 
about bone resorption markers. Several studies showed that they are higher in 
patients with diabetes than those in nondiabetic subjects, while a meta-analysis 
demonstrated that C-terminal cross-linked telopeptide (CTX) was significantly 
lower in diabetic patients [9]. It is thus considered that bone resorption may be rela-
tively elevated in patients with diabetes compared to decreased bone formation.

AGEs have a physiological function and act through their receptors. Because 
receptor for AGEs (RAGE) is expressed in osteoblasts and osteocytes, there is a pos-
sibility that AGEs directly affect bone formation and bone remodeling. Our in vitro 
studies have shown that the combination of high glucose and AGEs inhibited the 
mineralization of osteoblastic cell line, MC3T3-E1 [13], and that AGEs inhibited the 
osteoblastic differentiation or mineralization of mouse stromal ST2 cells and human 
mesenchymal stem cells by decreasing osterix expression, increasing transforming 
growth factor (TGF)-β expression, and suppressing endoplasmic reticulum stress 
proteins [14, 15] (Fig. 10.1). Moreover, high glucose and AGEs significantly increased 
the expression of sclerostin in osteocyte-like MLO-Y4 cells [16]. In contrast, AGEs 
decreased the expression of receptor activator of nuclear factor κB ligand (RANKL) 
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in the cells. Furthermore, AGEs induced apoptosis of osteoblasts and osteocytes. 
Taken together, AGEs directly inhibit osteoblastic differentiation and bone formation 
and indirectly by increasing sclerostin expression in osteocytes as well as contribute 
to low turnover of bone remodeling by decreasing RANKL expression.

Homocysteine (Hcy) is a sulfur-containing amino acid formed by the demethyl-
ation of methionine, and high plasma Hcy levels are often caused by aging, lifestyle- 
related diseases such as diabetes, as well as vitamin B12 and folate insufficiency. 
Hcy has been shown to be an independent risk factor for cardiovascular disease, 
and several studies have previously shown that hyperhomocysteinemia increases 
the risk of osteoporotic fracture independently of BMD, suggesting that the dete-
rioration of bone quality may be a dominant cause of Hcy-induced bone fragility. 
Li et al. previously showed that plasma Hcy levels were significantly increased in 
patients with T2DM than those in nondiabetes subjects and that higher plasma Hcy 
levels were associated with the incidence of vertebral fractures and hip fractures 
in patients with T2DM [17]. Although the mechanism underlying Hcy-related bone 
fragility in diabetes is still unclear, there are several studies including ours on effects 
of Hcy on osteoblastic function and collagen cross-links [18, 19]. Diet-induced 
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Fig. 10.1 Direct effects of advanced glycation end products (AGEs) on osteoblasts. Receptor for 
AGEs (RAGE) is expressed in osteoblast, and AGEs act as physiological molecules. AGEs induce 
apoptosis and suppress cell growth of osteoblasts. AGEs inhibit the differentiation and mineraliza-
tion of osteoblasts through ER stress and TGFβ expression, resulting in decreased bone formation
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hyperhomocysteinemia decreased bone quality in  vivo, and Hcy directly affected 
osteoblastic lineage cells such as bone marrow stromal cells and osteoblasts. It 
has been shown that Hcy induces the apoptosis of osteoblastic cells by increasing 
oxidative stress. In addition, Hcy suppresses the expression of the collagen cross-
linker lysyl oxidase and increases the accumulation of extracellular pentosidine in 
osteoblasts. These findings suggest that Hcy may impair viability and function of 
osteoblasts as well as deteriorate bone stiffness by inhibiting formation of enzymatic 
collagen cross-links and increasing nonenzymatic pentosidine cross-links in bone 
matrix (Fig. 10.2). Moreover, we previously showed that Hcy increased oxidative 
stress and induced apoptosis of osteocytes by increasing NADPH oxidase 1 (Nox1) 
and Nox2 expressions although detail of the mechanism is still unclear [20]. Thus, the 
dysfunction of osteocytes by Hcy may be involved in the bone fragility in diabetes.

Insulin action is important for osteoblastic differentiation, collagen synthesis, 
and bone formation. Osteoblast-specific insulin receptor gene knockout mice dis-
played a remarkable reduction in bone volume due to decreased bone formation and 
deficient numbers of osteoblasts [21]. Blocking insulin signaling suppresses osteo-
blastic proliferation, induces its apoptosis, and inhibits the differentiation and min-
eralization of osteoblasts by decreasing a Runx2 inhibitor, Twist2. These results are 
supported by the clinical finding that patients with T1DM have lower BMD and an 
increased risk of fragility fracture and can develop early-onset osteoporosis as well 
as poor bone healing and regeneration after injury. Insulin-like growth factor (IGF)-I 
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Fig. 10.2 Effects of homocysteine (Hcy) on osteoblasts. Hcy increases intracellular oxidative stress in 
osteoblasts and induces apoptosis. Hcy suppresses the expression of lysyl oxidase, which is the most 
important enzyme for collagen cross-links, and increases the extracellular pentosidine accumulation
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is also known to have an anabolic effect on bone. IGF-I is expressed in osteoblasts 
and promotes osteoblastic differentiation and bone remodeling by autocrine and 
paracrine pathways in the microenvironment. Circulating IGF-I is mainly produced 
in the liver via regulation by growth hormone and diet and acts in an endocrine man-
ner on bone as well. Significant reduction in bone mass and deficient mineralization 
were observed in osteoblast-specific knockout mice of IGF-I receptor, and liver-
specific IGF-I gene-null mice showed a marked reduction in bone volume, perios-
teal circumference, and medial lateral width [22]. Moreover, several laboratory 
studies have shown that the stimulatory actions of IGF-I on osteoblasts are blunted 
by high glucose or AGEs and that high glucose significantly impairs the prolifera-
tive and functional responses of osteoblastic cells to IGF-I. AGEs also significantly 
decreased IGF-I secretion in osteoblasts. Thus, high glucose concentrations or 
AGEs may cause the resistance of osteoblasts to IGF-I actions in local environment. 
Therefore, IGF-I signaling is important for maintaining bone mass and strength in 
diabetic patients, and decreased IGF-I levels may be involved in the diabetes-related 
bone fragility. Indeed, we have previously shown that serum IGF-I level was posi-
tively associated with serum osteocalcin levels and inversely with the number of 
prevalent vertebral fractures in postmenopausal women with T2DM [23].

10.1.3  Abnormal Microstructure of Bone

Previous clinical studies using high-resolution peripheral quantitative computed 
tomography (HR-pQCT) have shown that cortical porosity is associated with the 
independent risk of fracture in T2DM patients. Burghardt et al. showed that T2DM 
patients had 10% higher trabecular volumetric BMD and higher trabecular thick-
ness in the tibia compared to nondiabetic subjects, whereas cortical porosity in the 
distal radius was significantly 50% higher in T2DM than controls [24]. Furthermore, 
pore volume of the tibia showed similar trend, but not significant. In addition, 
HR-pQCT images of the distal radius and tibia showed that T2DM patients with 
fracture had severe intracortical porosity as well as extremely dense trabecular bone 
in the peripheral region adjacent to the cortex. Recently, several studies demon-
strated consistent results. Therefore, increased cortical porosity may be involved in 
the fragility fracture in T2DM. However, the underlying mechanism is unknown. 
Osteocytes exist in the cortex, and it is considered that apoptosis of osteocytes may 
lead to increased pore volume of cortical bone. As described above, AGEs and Hcy 
induce the apoptosis of osteocytes. Thus, further studies are necessary to examine 
the association of AGEs and Hcy levels with cortical porosity.

Trabecular bone score (TBS) is a texture parameter that quantifies local variation 
in the gray level distribution of dual-energy X-ray absorptiometry images. Although 
TBS is not a direct physical measurement of bone microarchitecture, it is associated 
with bone microarchitecture of trabecular and stiffness of vertebra independently of 
BMD. Because of no need of further invasive examinations, TBS attracts widespread 
attention to physicians. Several studies showed that TBS was significantly decreased 
in patient with T2DM, while BMD was increased [25]. Thus, abnormal distribution 
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of trabecular may be involved in the increased risk of fracture in diabetes. HbA1c 
levels and insulin resistance were reported to be associated with TBS; however, the 
mechanism of low TBS with high BMD is still unknown. A few clinical studies 
recently showed the usefulness of TBS to access the risk of fracture in patients with 
diabetes. Further longitudinal studies are needed to use TBS in clinical settings.

Taken all together, collagen cross-links of AGEs, dysfunction of osteoblasts with 
low bone turnover, and abnormal microstructure of trabecular and cortical bone are 
involved in bone fragility in diabetes mellitus (Fig. 10.3).

10.2  The Risk of Fall

Fragility fracture occurs after low-energy trauma such as falls and bumps, which 
wouldn’t hurt a person with healthy bones, in patients with osteoporosis. It has 
been shown that diabetic patients have increased risk of falls. Thus, the increased 
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Fig. 10.3 Pathophysiology of diabetes-related bone fragility. Chronic hyperglycemia and 
increased oxidative stress by diabetes promote collagen cross-links of advanced glycation end 
products (AGEs). Hyperglycemia, AGEs, and Hcy inhibit osteoblastic differentiation and matura-
tion and induce apoptosis of osteoblasts and osteocytes, resulting in dysfunction of osteoblast and 
osteocyte. Diabetes increases cortical porosity and abnormal trabecular distribution. These path-
ways contribute to the deterioration of bone quality and fragility fracture
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risk of fracture is caused by not only weakened stiffness of bone itself but also 
high incidence of falls. It is suggested that loss of body weight, diabetic neu-
ropathy, autonomic neuropathy, diabetic retinopathy with visual disturbance, 
renal dysfunction, insulin use, and hypoglycemia, etc. are associated with the 
increased risk of fall. Sarcopenia is one of diabetic complications (please see 
Chap. 11), and the presence of sarcopenia is also an important risk factor for 
the risk of fall. Like the dysfunction of osteoblasts, insulin and IGF-I action and 
pentosidine accumulation are associated with loss of muscle mass. Insulin and 
IGF-I are well known to have anabolic effects on muscle mass. Indeed, we pre-
viously showed that parameters of residual insulin secretion and serum IGF-I 
levels, but not HbA1c, are significantly and positively associated with skeletal 
muscle mass index in T2DM even after adjustment for age, duration of diabetes, 
renal function, and HbA1c [26, 27]. In addition, our in vitro studies have shown 
that AGEs directly inhibit myogenesis of myoblastic cells [28]. Previous lots of 
studies have revealed that vitamin D insufficiency and deficiency are associated 
with the increased risk of fall and muscle mass reduction, and supplementation 
of vitamin D decreases the incidence of fall. We previously reported that active 
vitamin D and eldecalcitol, which is an analogue of active vitamin D and is an 
available drug for the treatment of osteoporosis, enhanced myogenesis of myo-
blastic cells and protected against AGE-induced inhibition of myogenesis [28]. 
Since diabetic patients frequently have vitamin D insufficiency and deficiency, 
vitamin D status is very important for diabetes-related bone fragility regarding 
strength of bone and muscle.

Osteoporosis and sarcopenia are aging-related diseases associated with the dete-
rioration of muscle and bone strength, resulting in frailty in elderly people. 
Sarcopenia and osteoporosis are traditionally viewed as separate entities that 
increase in prevalence with aging. However, accumulating evidence indicates that 
some pathological conditions such as accumulated AGEs and decreased IGF-I are 
involved in both diseases as described above. Recent studies have shown an interac-
tion between muscle and bone tissues that has been recognized as the muscle-bone 
axis. Previous studies have shown that muscle tissue secretes various hormones 
called myokines and that bone also secretes various hormones such as osteocalcin. 
We have previously shown that osteoglycin (OGN) is an important factor linking 
muscle to bone. OGN is a small leucine-rich proteoglycan and initially isolated 
from bovine bone as an inducer of matrix mineralization. Our in vitro studies dem-
onstrated that OGN suppressed the early stage of osteoblastogenesis, but enhanced 
the differentiation and mineralization of late-stage osteoblasts [29]. Also, we found 
that AGE treatment inhibited the expression of OGN in myoblasts and that active 
vitamin D recovered the AGE-induced suppression of OGN and sequentially inhib-
ited osteoblastic differentiation [28].

Therefore, there are several common factors affecting bone and muscle as well 
as their interaction (Fig. 10.4). Especially, AGEs are important aggravating factors 
for the increased risk of fracture due to diabetes-related bone fragility and muscle 
weakness (Fig. 10.5).
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Fig. 10.4 Muscle function is involved in diabetes-related bone disease. Several common factors 
such as insulin, insulin-like growth factor (IGF)-I, AGEs, and vitamin D affect bone and muscle 
tissue. Muscle and bone are associated with each other through myokines and osteokines
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Fig. 10.5 Multifacet effects of advanced glycation end products (AGEs) on bone metabolism. AGEs 
induce apoptosis of osteoblasts and inhibit osteoblastic differentiation. AGEs induce apoptosis of 
osteocytes, enhance the expression of sclerostin, and decrease the expression of receptor activator of 
nuclear factor κB ligand (RANKL) in osteocytes, leading to inhibiting differentiation of osteoblasts 
and osteoclasts as well as decreasing bone turnover and remodeling. AGEs inhibit the differentiation 
of myoblasts and suppress the expression of myokines, resulting in suppression of osteoblastic dif-
ferentiation. Production of AGE cross-links in bone matrix is promoted by diabetic condition
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10.3  Treatments for Diabetes-Related Bone Fragility

A prospective population-based cohort study, the Rotterdam study, previously 
showed that HbA1c levels are associated with the incidence of fracture in T2DM 
patients [30]. Cox proportional hazard regression models adjusted for age, sex, 
height, and weight indicated that patients with inadequately controlled diabetes 
(HbA1c ≥  7.5%) had 47–62% higher fracture risk than control subjects without 
diabetes (hazard ratio 1.47) and adequately controlled diabetes (HbA1c <7.5%, haz-
ard ratio 1.62). Other groups also reported that poor controlled diabetes is associ-
ated with the increased risk of fracture although cutoff point is different from the 
Rotterdam study. Therefore, controlling blood glucose below 7.5% seems to be 
required for diabetes-related bone disease.

We and others previously reported that intensive glycemic control for 1–2 months 
significantly increased serum osteocalcin levels, while BAP was decreased [10], 
suggesting that lowering blood glucose can improve impaired osteoblastic matura-
tion and reduce the risk of fracture in diabetes. However, of surprise, the action to 
control cardiovascular risk in diabetes (ACCORD) randomized trial revealed that 
intensive therapy targeting HbA1c < 6.0% did not affect 2-year percent change in 
BMD or the incidence of fracture (nonspine, hip, ankle, foot, proximal humerus, 
and distal forearm) or fall compared to standard therapy targeting HbA1c < 7.5% 
[31]. Several studies have shown that some antidiabetic drugs affect bone metabo-
lism and fracture risk. Among them, insulin treatment and thiazolidines are known 
to be associated with the risk of fracture. Several studies including ours demon-
strated that patients treated with insulin had higher risk of fracture [32]. In the 
ACCORD trial, many participants of intensive therapy received insulin treatment 
and had body weight gain and increased risk of hypoglycemia, which may affect 
bone metabolism and fracture risk. Therefore, approach of glycemic control should 
be considered, and further intervention trials are necessary to find out how we 
should treat diabetic patients with long-term diabetic duration in terms of reduction 
of fracture risk. On the other hand, peroxisome proliferator-activated receptor γ 
(PPARγ) is known to be a negative regulator of osteoblastogenesis. Activation of 
PPARγ inhibits the commitment of multipotential mesenchymal stem cells to osteo-
blastic lineage and induces adipogenesis. Indeed, several studies and meta-analyses 
have shown that treatment with thiazolidines decreases BMD and increases the risk 
of fracture in elderly women, but not men [32–34]. Treatment with sodium glucose 
cotransporter 2 (SGLT2) inhibitors is concerned to increase the risk of fracture 
because SGLT2 inhibitors increase calcium excretion along with glucose excretion 
in urine and induce loss of body weight, both of which may have negative impacts 
on bone. Although further studies are mandatory, we should take care of bone health 
when SGLT2 inhibitors are used. In contrast, several studies showed that incretin, 
especially glucose-dependent insulinotropic polypeptide (GIP), and dipeptidyl pep-
tidase- 4 (DPP-4) inhibitors as well as metformin may have favorable effects on 
bone. We previously demonstrated that serum DPP-4 levels were associated with 
the risk of multiple vertebral fractures in T2DM [35], and a meta-analysis showed 
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that patients treated with DPP-4 inhibitors had lower incidence of fracture com-
pared to other treatments [36]. Metformin is reported to enhance the differentiation 
of osteoblasts in vitro [37] and increase bone mass in vivo [38]. Several epidemio-
logical studies showed that metformin treatment is associated with low risk of frac-
ture. However, we don’t have strong evidence about the effects of DPP-4 inhibitors 
and metformin on the risk of fracture in diabetic patients thus far.

10.4  Summary

In summary, it has been shown that the risk of fracture is significantly increased in 
both T1DM and T2DM. Thus, diabetes-related bone disease is one of important 
diabetic complications. Recent studies elucidate the mechanism of diabetes- related 
bone fragility, collagen cross-links of AGEs, dysfunction of osteoblasts with low 
bone turnover, and abnormal microstructure of trabecular and cortical bone. Also, 
sarcopenia associated with the risk of fall is important for protecting diabetic 
patients from osteoporotic fractures. In both T1DM and T2DM, BMD is not neces-
sarily a good marker for the bone fragility and that BMD measurement seems to be 
less useful in diabetic patients. It is therefore an urgent task to seek suitable surro-
gate markers for diabetes-related bone disease, for example, HR-pQCT, TBS, and 
pentosidine levels in serum and urine. Because of no evidence that treatments for 
diabetes can improve diabetes-related bone fragility and reduce the risk of fracture, 
the use of anti osteoporotic drugs should be positively considered for diabetic 
patients with the increased risk of fracture such as presence of fracture, low BMD 
including osteopenia, poor glycemic control, long duration of diabetes, treatments 
with insulin and thiazolidines, and sarcopenia.

Disclosure Summary The authors have nothing to disclose.
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Chapter 11
Diabetes and Sarcopenia

Masaki Mogi and Masatsugu Horiuchi

Abstract Diabetes induces muscle atrophy partly caused by an imbalance in con-
tractile protein synthesis and degradation, hyperglycemia, bone marrow microenvi-
ronmental defects, and other changes. Muscle atrophy induces functional disability 
and promotes reduced physical activity. Muscle atrophy also enhances insulin resis-
tance and impairs glucose metabolism. Moreover, sarcopenic obesity has been 
introduced as a syndrome in older subjects with reduced muscle mass and a change 
in fat distribution. Fat infiltration into muscle is associated with lower muscle 
strength and leg performance capacity. Furthermore, impairment of mitochondrial 
function may underlie the development and progression of both sarcopenia and dia-
betes. Such a vicious cycle of muscle atrophy and diabetes would worsen the quality 
of life of diabetic patients. Therefore, an interventional approach such as appropri-
ate medication and exercise to break the bad relationship is needed.

Keywords Diabetes • Sarcopenia • Sarcopenic obesity • Insulin resistance  
• Mitochondria

11.1  Introduction

The number of elderly with diabetes is increasing unexpectedly. Aging is associated 
with increased fat mass and reduced muscle mass or strength, even in those with 
stable body weight. Such poor muscle quality is called “sarcopenia,” and the copres-
ence of sarcopenia and obesity is called “sarcopenic obesity,” which was first 
described by Baumgartner et al. [1]. Aging is associated with an inactive lifestyle, 
which induces muscle atrophy from less exercise. Skeletal muscle atrophy has been 
linked to the development of insulin resistance and impaired glucose metabolism. 
On the other hand, type 2 diabetes mellitus (T2DM) induces muscle atrophy caused 
by an imbalance in contractile protein synthesis and degradation. T2DM and insulin 
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resistance increase cardiovascular problems via vascular dysfunction and result in 
acceleration of aging. Muscle atrophy also leads to functional disability, which 
impairs physical activity and increases body weight, resulting in enhancement of 
muscle atrophy. For these reasons, the elderly with diabetes falls into the vicious 
cycles shown in Fig. 11.1. Sinclair et al. reviewed the relationship between diabetes 
and frailty [2]. T2DM accelerates the aging process and could provide an early 
pathophysiologic environment for frailty. Sarcopenia can be caused by several fac-
tors, such as genetic heritability, nutritional status, physical activity, insulin resis-
tance, and proinflammatory cytokines [3, 4]. Thus, the close relationship between 
T2DM and sarcopenia may be induced by a common factor such as inflammation, 
malnutrition, physical inactivity, or insulin resistance (Fig. 11.2). Therefore, a pre-
ventive approach to muscle atrophy in older diabetic patients is very important to 
maintain their healthy lifestyle.

11.2  Sarcopenia with Diabetes

Buford et  al. demonstrated accelerating factors for behaviors and diseases in 
sarcopenia (Fig.  11.3) [5]. Progression of sarcopenia is 30% faster in T2DM 
compared with age-matched nondiabetic subjects [6]. T2DM is one of the 
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Fig. 11.1 Vicious cycles in elderly with T2DM. T2DM type 2 diabetes mellitus
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strongest factors accelerating sarcopenia. Moreover, the prevalence of sarcope-
nia is higher in patients with T2DM than in nondiabetic subjects [7]. Interestingly, 
middle-aged and elderly women with diabetes exhibit a higher prevalence of 
sarcopenia than those without diabetes, while this difference was not significant 
in middle-aged men. Therefore, T2DM is an important predictor of sarcopenia, 
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Fig. 11.2 Combined effects of aging and T2DM on frailty (modified from ref. [2]). T2DM type 2 
diabetes mellitus
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particularly in women [7]. On the other hand, Batsis et  al. reported that the 
prevalence of sarcopenic obesity was 18.1% in women and 42.9% in men [8]. 
However, older women with sarcopenia have a higher all-cause mortality risk 
independent of obesity than older men, while sarcopenic obesity in women is not 
associated with mortality after adjusting for mobility limitations. For men, the 
risk of death with sarcopenia and sarcopenic obesity is not significant [8]. 
Although gender differences in sarcopenia in T2DM patients are not well known, 
there may be a sex-specific effect on sarcopenia. On the other hand, sarcopenia 
and central adiposity are associated with higher cardiovascular mortality and 
all-cause mortality [9]. Moreover, sarcopenia is associated with premature mor-
tality in community-dwelling older adults [10]. Older adults with sarcopenic 
obesity have more adverse mid-life cardiometabolic risks, particularly diabetes 
10 years earlier [11]. Therefore, prevention of sarcopenia is a valuable approach 
not only to improve quality of life in T2DM patients but also to reduce risks for 
all-cause mortality. However, the most important problem in clinical practice 
and research in sarcopenic obesity is the lack of a definition of sarcopenic obe-
sity. Most studies are cross-sectional and present many different diagnostic cri-
teria for sarcopenic obesity. Moreover, sarcopenic obesity is not the same as 
“sarcopenia with T2DM.” Thus, more clinical research about the effect of sarco-
penia in T2DM patients on cardiovascular disease and all-cause mortality is 
necessary.

11.3  Muscle Quality and Insulin Resistance

Hyperglycemia induces muscle protein loss through caspase 3- or 8-induced acti-
vation of double-stranded RNA-dependent protein kinase (PKR), leading to phos-
phorylation of eukaryotic initiation factor 2α (eIF2α) and depression of protein 
synthesis, together with PKR-mediated reactive oxygen species production, through 
p38 mitogen-activated protein kinase (MAPK) and increased protein degradation, 
as shown in Fig.  11.4 [12]. On the other hand, diabetes leads to multiple bone 
marrow microenvironmental defects, such as small vessel disease, nerve terminal 
pauperization, and impaired stem cell mobilization [13]. Fujimaki et al. reviewed 
the effect of diabetes on satellite cell activation and differentiation into myotubes 
[14]. T2DM promotes various impairment of satellite cell function such as prolif-
eration and differentiation, possibly by an increase in oxidative stress; however, the 
molecular mechanisms of impairment of satellite cell function in diabetes are not 
well known.

Muscle quality deteriorates with aging, with loss of muscle mass and an increase 
in muscle atrophy, ectopic fat deposition, and intramuscular fibrosis (Fig.  11.5). 
Muscle atrophy and the development of insulin resistance have also been attributed 
to a decline in mitochondrial content and/or impairment of skeletal muscle mito-
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chondrial function [15, 16]. Therefore, impairment of mitochondrial functioning 
may underlie the development and progression of both sarcopenia and 
T2DM. Mitochondrial dysfunction and the release of mitochondrial reactive oxy-
gen species are considered a key factor in the development of muscle disuse atrophy 
[17]. One week of bed rest substantially reduces skeletal muscle mass and lowers 
whole-body insulin sensitivity [16]. Such an increase in insulin resistance is accom-
panied by a decline in muscle oxidative capacity, without alteration in skeletal mus-
cle lipid content or saturation level, markers of oxidative stress, or capillary density. 
Exercise improves mitochondrial function by activating mitochondrial biogenesis 
and mitophagy [18]. On the other hand, muscle disuse atrophy is not accompanied 
by satellite cell content [19] and is not attenuated by dietary protein supplementa-
tion [20]. Therefore, exercise and prevention of short-term muscle disuse may be a 
better preventive approach in T2DM patients via maintenance of mitochondrial 
health.
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p38MAPK p38MAPKp
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eIF2αp
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Fig. 11.4 Possible mechanism of muscle atrophy induced by hyperglycemia (modified from ref. 
[12]). PKR double-stranded RNA-dependent protein kinase, eIF2α eukaryotic initiation factor 2α, 
p38MAPK p38 mitogen-activated protein kinase, PLA2 phospholipase A2, ROS reactive oxygen 
species, NF-κB nuclear factor-κB, UPP ubiquitin proteasome pathway. Circled p means phos-
phorylated proteins
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11.4  Ectopic Fat Deposition

Aging is associated with progressive loss of subcutaneous fat and accumulation of 
visceral fat and ectopic fat deposition in the muscle (myosteatosis), liver, bone mar-
row, and elsewhere [21]. Goodpaster et  al. reported that intermuscular fat was 
greater in subjects with T2DM than in subjects with normal glucose tolerance, 
despite similar amounts of subcutaneous thigh fat [22]. Fat infiltration into muscle 
is associated with lower muscle strength and leg performance capacity [23]. 
Moreover, Reinders et al. recently reported that an increase in muscle lean area, 
muscle quality, and strength was associated with lower mortality risk for men and 
women; on the other hand, an increase in intermuscular adipose tissue and intra-
muscular adipose tissue was associated with higher mortality risk for men [24]. 
Chest computed tomography demonstrated that skeletal muscle density in the bra-
chialis muscle of KKAy is close to the density of fat (Fig. 11.6), indicating that the 
skeletal muscle is infiltrated with fat. Myosteatosis factors are not yet well defined; 
however, disuse, altered leptin signaling, sex steroid deficiency, and glucocorticoid 
treatment are reported to increase intramuscular fat [25]. We assessed muscle 
regeneration using a muscle injury model in obese diabetic mice [26]. Male wild-
type mice (C57BL6) and obese-T2DM mice (KKAy) underwent intramuscular 
injection of cardiotoxin (CTX) into the tibia. Histological analysis of injured 
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Fig. 11.5 Muscle quality and T2DM. Muscle quality deteriorates with aging, with loss of muscle 
mass and increase in muscle atrophy, ectopic fat deposition, and intramuscular fibrosis
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muscle 2 weeks after CTX injection showed significantly impaired muscle regen-
eration with replacement by fat deposition in KKAy. Ectopic fat was considered to 
be derived from fibro-adipocyte progenitors (FAP) evaluated by immunohisto-
chemical staining, suggesting that diabetes enhanced sarcopenic obesity possibly 
due to abnormal FAP differentiation (Fig. 11.7). Therefore, one possible factor in 
myosteatosis is anomalous FAP differentiation under a diabetic condition. 
Prevention of intramuscular fat deposition with consideration of muscle degenera-
tion is one of the critical targets to prevent sarcopenic obesity, focusing on abnor-
mal FAP differentiation.

C57BL6 Obese-Diabetic Mouse
(KKAy)

Fig. 11.6 Chest computed tomographic images of C57BL6 and KKAy (obese diabetic mouse)
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Fig. 11.7 Schematic comparison of muscle repair after muscle damage with and without diabetes 
(with reference to ref. [26]). FAP fibro-adipocyte progenitor
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11.5  Epi-memory in the Skeletal Muscle

Early exposure to hyperglycemia predisposes individuals to the development of dia-
betic complications. Such a phenomenon is called “metabolic memory” or the “leg-
acy effect.” It is reported that skeletal muscle is also programmable and can 
remember early-life metabolic stimuli, affecting its function in adult life. Jacobsen 
et  al. reported that only 5 days of high-fat feeding introduced widespread DNA 
methylation changes affecting 6508 of 14,475 genes [27]. Sharples et al. reviewed 
the role of epi-memory in the skeletal muscle [28] and reported that skeletal muscle 
cells have increased susceptibility to impaired differentiation after encountering 
TNF-α inflammatory stress in later proliferative life if the cells have experienced 
earlier, acute TNF-α stress [29]. Although the relation between diabetes and skeletal 
muscle is not well known, skeletal muscle memory with epigenetic modification is 
anticipated to be the next generation of targeted therapy to improve metabolic 
disorder- induced muscle dysfunction.

11.6  Therapeutic Approaches

To prevent muscle atrophy, different therapeutic approaches have been tried such as 
dietary supplementation; compounds with anabolic activity; anti-inflammatory 
drugs, modulating the energetic crisis of the skeletal muscle; muscle-wasting inhibi-
tors; and exercise training [30]. Cetrone reviewed the effect of antidiabetic drugs on 
sarcopenia associated with T2DM [31]. Insulin therapy stimulated protein anabo-
lism in younger but not older patients, who are in an insulin-resistant state charac-
terizing the aging process, and failed to prevent atrophy [30]. In overweight/obese 
older men undergoing weight loss, pioglitazone increased visceral fat loss but did 
not improve skeletal muscle loss [32]. More marked muscle atrophy was found in 
glibenclamide-treated subjects [33]. However, no reports of atrophy were found in 
subjects receiving other sulfonylureas and glinides. There are no reports on the 
in vivo effects of metformin on skeletal muscle atrophy in humans and animals [31]. 
Very recently, a dipeptidyl peptidase-4 inhibitor was reported to improve exercise 
capacity and mitochondrial biogenesis in mice with heart failure by improvement of 
skeletal muscle abnormalities via activation of glucagon-like peptide-1 receptor sig-
naling [34]. No evidence of direct muscle effects of sodium glucose co-transporter 
inhibitors has been found, to date.

On the other hand, exercise has been especially expected to break the vicious 
cycle of muscle atrophy in T2DM patients. Endurance exercise training stimulates 
modifying factors such as p38MAPK, AMP-activated protein kinase, and sirtuin 3 
to activate specific transcriptional regulators such as peroxisome proliferator- 
activated receptor-gamma coactivator-1α (PGC-1α), resulting in an increase in 
mitochondrial volume and biogenesis [15]. Interestingly, Sharples et al. indicated 
that acute and chronic exercise stimuli can cause epigenetic modifications in skeletal 
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muscle. Moreover, an exercise stimulus in the parents can be remembered by the 
offspring [28]. Although many beneficial effects of exercise have been reported, 
further clinical investigation is required to determine how to improve sarcopenia in 
T2DM patients by therapeutic exercise.

In conclusion, diabetes-induced sarcopenia impairs quality of life in T2DM 
patients with a vicious cycle of muscle atrophy with less activity and insulin resis-
tance, resulting in poorer control of glucose metabolism.
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Chapter 12
Diabetes and Frailty

Mitsutaka Yakabe and Sumito Ogawa

Abstract Frailty is an age-related condition characterized by a decline in the 
reserve capacity of multiple physiological systems, which leads to geriatric syn-
dromes, disability, and mortality. Frailty is often observed among diabetic patients. 
In the clinical practice for frail diabetic elderly, glycemic control should be person-
alized in order to minimize the risk of severe hypoglycemia and hyperglycemia. 
Other interventions for frailty with diabetes include nutrition, exercise, and avoid-
ing polypharmacy.

Keywords Frailty • Fatigue • Falls • Geriatric syndrome

12.1  Introduction

Worldwide population aging is accelerating, and the most problematic expression of 
population aging is the clinical condition of frailty. Frailty develops as a consequence 
of age-related decline in multiple physiological systems, which results in a vulnera-
bility to sudden health status changes triggered by relatively minor stressor events [1].

In this chapter, we describe the relationship between frailty and diabetes and the 
management of frailty with diabetes.

12.2  Definition of Frailty

Frailty is a dynamic, age-related condition characterized by a decline in the reserve 
capacity of multiple physiological systems [1]. When exposed to an apparently 
small stress, such as a new drug, minor illness, or minor surgery, a healthy elderly 
can almost entirely recover in a relatively short time. In a frail elderly, however, 
resistance to stressors is decreased. Therefore, the stress results in a striking and 
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disproportionate change in health state—i.e., from independent to dependent, 
mobile to immobile, postural stability to proneness to falling, or lucid to delirious—
and the person’s functional ability might not recover to the previous level even after 
the stress was removed.

Frailty is supposed to be one of geriatric syndromes. It leads to increased risk of 
adverse health outcomes, such as low mobility, falls, functional decline, hospitaliza-
tion, and death. The world is aging rapidly, and the number of frail elderly will lead 
to increased cost of healthcare and social security [2].

12.3  Clinical Presentations of Frailty

12.3.1  Fatigue

In older adults, fatigue is common and associated with functional deficits and sur-
vival. A simple question whether the patient “feels tired most of the time” could 
identify older adults with a higher risk of mortality [3].

12.3.2  Falls

Balance and gait impairment are major features of frailty and are important risk fac-
tors for falls. Spontaneous falls occur in severe frailty and are typically repeated, 
associated with fear of further falls that makes the patient less mobile [1].

12.3.3  Delirium

Delirium is characterized by the rapid onset of fluctuating confusion and impaired 
awareness. Delirium is related to reduced integrity of brain function and is indepen-
dently associated with adverse outcomes [1].

12.3.4  Others

Frail elderly are susceptible to unintended weight loss, frequent infections, and fluc-
tuating disability [1].
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12.4  Pathophysiology of Frailty

Many organ systems have redundant capacity. A gradual decrease in physiological 
reserve occurs with aging. However, this decrease is accelerated in frailty and 
homeostatic mechanisms start to fail. Aging promotes cumulative decline in several 
physiological systems, the subsequent depletion of homeostatic reserve, and vulner-
ability to disproportionate changes in health status after minor stressor events. These 
complex aging mechanisms are determined by underlying genetic, epigenetic, and 
environmental factors [1].

In a cross-sectional study of 1002 women, abnormality in three or more systems 
among six different physiological systems (hematological, inflammatory, hormonal, 
adiposity, neuromuscular, and micronutrient) was a strong predictor of frailty. The 
brain, endocrine system, immune system, and skeletal muscle are intrinsically 
interrelated and are the organ systems that are best studied in the development of 
frailty [1].

12.4.1  The Frail Brain

Aging is associated with structural and physiological changes in the brain. In 
particular, the hippocampus could be affected by changes in synaptic function, 
protein transport, and mitochondrial function, which is involved in the patho-
physiology of cognitive decline and Alzheimer’s dementia. The aging brain is 
also characterized by structural and functional changes to microglial cells, which 
are activated by brain injury and local and systemic inflammation and become 
primed to small stimuli with aging, potentially causing damage and neuronal 
death [1].

12.4.2  The Frail Endocrine System

The brain and endocrine system are linked intrinsically through the hypothalamo- 
pituitary axis, which controls metabolism and energy use through the signaling 
action of hormones. During aging, production of three major circulating hormones 
decreases—(1) insulin-like growth factor-1 (IGF-1) and growth hormone, (2) sex 
hormones (estrogen and estradiol), and (3) adrenocortical hormones [1]. These 
could also be involved in the development of frailty.

12 Diabetes and Frailty



156

12.4.3  The Frail Immune System

The aging immune system is characterized by a reduction in stem cells, changes in 
T-lymphocyte production, blunting of the B-cell-controlled antibody response, and 
reduced phagocytic activity of neutrophils, macrophages, and natural killer cells. 
This senescent immune system might function adequately in the quiescent state but 
might fail to respond appropriately to the stress of acute inflammation. Evidence 
suggests that chronic low-grade inflammation has a major role in the pathophysiol-
ogy of frailty. Several inflammatory cytokines have been associated with frailty: 
interleukin-6 (IL-6), C-reactive protein (CRP), tumor necrosis factor-α (TNFα), and 
C-X-C motif chemokine ligand-10 (CXCL10) [1].

12.4.4  The Frail Skeletal Muscle (Sarcopenia)

Sarcopenia is a debilitating condition characterized by progressive loss of muscle 
mass, strength, and function. It is common in elderly and results in frailty, disability, 
and high mortality [4]. Sarcopenia is supposed to be an aspect of physical frailty. 
Fried et al. proposed the cycle of frailty, in which sarcopenia was one of the main 
potential causes of frailty [5]. In this cycle, sarcopenia and five components of 
frailty—weight loss, exhaustion, weakness, slowness, and low physical activity—
are closely related and create a vicious circle (Fig. 12.1) [6].

For details about sarcopenia, see Chap. 11 (“Diabetes and Sarcopenia”).

Weight loss

Sarcopenia

Exhaustion

Weakness

Impaired balanceImmobilization

Falls and injuriesDependency

Disability

Slowness

Low metabolic
rateLow physical

activity

Low energy
expenditure

Chronic
undernutrition

Fig. 12.1 The cycle of frailty (Adapted from Xue GL et al. [6])
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12.5  Diagnostic Criteria of Frailty

Frailty is considered potentially reversible. Therefore, early detection of frailty and 
proper interventions are important. However, its assessment still lacks gold stan-
dard. Instruments for assessing frailty can be divided into two categories: the physi-
cal phenotype models and the multi-domain models.

An example of the physical phenotype models commonly used is Fried’s criteria 
[5]. Fried et al. determined frailty by five physical components: (1) unintentional 
weight loss, (2) exhaustion, (3) weakness, (4) slowness, and (5) low physical activ-
ity. Persons are diagnosed as pre-frail when one or two of the five components are 
present, and they are diagnosed as frail when three or more are present. Based on 
Fried’s criteria, the Women’s Health and Aging Studies (WHAS) and Cardiovascular 
Health Study (CHS) also present frailty-defining criteria [7] (Table 12.1).

The multi-domain models are based on a broader concept of frailty and include 
the decline in the medical, psychological, cognitive, functional, and social domains. 

Table 12.1 Proposed diagnostic criteria of frailty

Components Fried’s criteria CHS WHAS

Weight loss Unintentional 
loss of ≥4.5 kg in 
the past year

Baseline:
Lost >10 pounds 
unintentionally in last year
Follow-up:
(weight in previous year-
current weight)/(weight in 
previous year) ≥0.05 and the 
loss was unintentional

Baseline:
Either of:
1.  (weight at age 

60—weight at exam)/
(weight at age 60) ≥0.1

2. BMI at exam <18.5
Follow-up:
Either of :
1. BMI at exam <18.5
2.  (weight in previous 

year-current weight)/
(weight in previous 
year) ≥0.05 and the 
loss was unintentional

Exhaustion Poor endurance 
and energy, 
self-reported 
from the Center 
for Epidemiologic 
Studies 
Depression Scale

Self-report of either of:
1.  Felt that everything I did 

was an effort in the last 
week

2.  Could not get going in the 
last week

Self-report of any of:
1.  Low usual energy 

level1 (≤3, range 0–10)
2.  Felt unusually tired in 

last 2 months
3.  Felt unusually weak 

in the past 2 months
Low physical 

activity
Lowest quintile 
of kilocalories of 
physical activity 
during the past 
week, measured 
by the Minnesota 
Leisure Activity 
Scale

Women: Kcal < 270 on activity 
scale (18 items)
Men: Kcal < 383 on activity 
scale
(18 items)

Women: Kcal < 90 on 
activity scale (6 items)
Men: Kcal <128 on 
activity scale (6 items)

(continued)

12 Diabetes and Frailty



158

Table 12.1 (continued)

Components Fried’s criteria CHS WHAS

Slowness Walking speed 
under the lowest 
quintile adjusted 
for sex and height

Walking 15 feet (4.57 m) at 
usual pace
Women:
Time ≥7 s for height ≤159 cm
Time ≥6 s for height > 159 cm
Men:
Time ≥7 s for height ≤173 cm
Time ≥6 s for height > 173 cm

Walking 4 m at usual 
pace
Women:
Speed ≤4.57/7 m/s for 
height ≤159 cm
Speed ≤4.57/6 m/s for 
height > 159 cm
Men:
Speed ≤4.57/7 m/s for 
height ≤173 cm
Speed ≤4.57/6 m/s for 
height > 173 cm

Weakness Handgrip strength 
in the lowest 20% 
quintile adjusted 
for sex and body 
mass index

Grip strength
Women:
≤17 kg for BMI ≤23
≤17.3 kg for BMI 23.1–26
≤ 18 kg for BMI 26.1–29
≤21 kg for BMI >29
Men:
≤29 kg for BMI ≤24
≤30 kg for BMI 24.1–26
≤30 kg for BMI 26.1–

Grip strength: Same as 
in CHS

Adapted from Fried et al. [5] and Xue QL et al. [7]

One of the tools is the Kihon Checklist (KCL), which was established in Japan 
(Table 12.2) [8]. This score closely correlated with validated assessments of physi-
cal functions, nutritional state, cognitive function, depressive mood, and the number 
of frailty phenotypes defined by the CHS criteria. At a cutoff KCL score of 7/8, the 
sensitivity and specificity for estimating frailty were 89.5% and 80.7%, respec-
tively. At a cutoff of 3/4 for pre-frail status, those for estimating pre-frail status were 
70.3% and 78.3%, respectively.

12.6  The Relationship Between Type 2 Diabetes and Frailty

Diabetes has been associated with an increased risk of developing physical disabil-
ity in elderly. Several studies have shown that diabetic patients aged 65 or over were 
more likely to be frail than nondiabetic elderly. These studies also reported that frail 
patients with diabetes had a higher mortality than non-frail patients, and the pres-
ence of frailty was an independent risk factor for mortality [9]. Diabetes mellitus is 
an independent fall risk factor among elderly nursing home residents [10]. Chronic 
conditions such as visual disturbances, diabetic complications, comorbidities, and 
depression could affect patients with diabetes and contribute to frailty.
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One study shows that frailty was associated with increased risk of incident type 
2 diabetes in community-dwelling nondiabetic elderly [11]. Frail elderly are sup-
posed to have higher oxidative stress, higher levels of proinflammatory cytokines, 
increased deoxyribonucleic acid damage, and shorter telomere length. These might 
play a role in the pathogenesis of type 2 diabetes.

As addressed in 13.5, psychological states such as depression are important 
aspects of frailty. One study reports that diabetic old men have a higher risk of 
depression than nondiabetic men and, interestingly, that the association of diabetes 
duration and the risk of depression is “J shaped” [12].

Table 12.2 The Kihon checklist [8]

Question Score

 1. Do you go out by bus or train by yourself? ◻0. YES ◻1. NO
 2. Do you go shopping to buy daily necessities by yourself? ◻0. YES ◻1. NO
 3. Do you manage your own deposits and savings at the bank? ◻0. YES ◻1. NO
 4. Do you sometimes visit your friends? ◻0. YES ◻1. NO
 5. Do you turn to your family or friends for advice? ◻0. YES ◻1. NO
 6.  Do you normally climb stairs without using handrail or wall for 

support?
◻0. YES ◻1. NO

 7. Do you normally stand up from a chair without any aids? ◻0. YES ◻1. NO
 8. Do you normally walk continuously for 15 min? ◻0. YES ◻1. NO
 9. Have you experienced a fall in the past year? ◻1. YES ◻0. NO
10. Do you have a fear of falling while walking? ◻1. YES ◻0. NO
11. Have you lost 2 kg or more in the past 6 months? ◻1. YES ◻0. NO
12.  Height, cm; weight, kg. If BMI (body mass index) is less than 18.5, 

this item is scored
◻1. YES ◻0. NO

13.  Do you have any difficulties eating tough foods compared to 6 
months ago?

◻1. YES ◻0. NO

14. Have you choked on your tea or soup recently? ◻1. YES ◻0. NO
15. Do you often experience having a dry mouth? ◻1. YES ◻0. NO
16. Do you go out at least once a week? ◻0. YES ◻1. NO
17. Do you go out less frequently compared to last year? ◻1. YES ◻0. NO
18. Do your family or your friends point out your memory loss?
    e.g., “You ask the same question over and over again”

◻1. YES ◻0. NO

19. Do you make a call by looking up phone numbers? ◻0. YES ◻1. NO
20. Do you find yourself not knowing today’s date? ◻1. YES ◻0. NO
21.  In the last 2 weeks, have you felt a lack of fulfillment in your daily 

life?
◻1. YES ◻0. NO

22.  In the last 2 weeks, have you felt a lack of joy when doing the things 
you used to enjoy?

◻1. YES ◻0. NO

23.  In the last 2 weeks, have you felt difficulty in doing what you could 
do easily before?

◻1. YES ◻0. NO

24. In the last 2 weeks, have you felt helpless? ◻1. YES ◻0. NO
25. In the last 2 weeks, have you felt tired without a reason? ◻1. YES ◻0. NO

Total score /25
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One mechanism that diabetes causes frailty might be that diabetes exacerbates 
inflammation. In a systematic review and meta-analysis of the relationship between 
inflammation and frailty, both frail and pre-frail elderly had significantly higher 
serum level of interleukin-6 and C-reactive protein (CRP) compared with non-frail 
elderly. Frailty and pre-frailty were also associated with elevated white blood cell 
and fibrinogen levels [13]. Another mechanism might be that sarcopenia and frailty 
may share the similar pathway for multiple pathologic processes in elderly. 
Sarcopenia may be an intermediate step in the development of frailty in patients 
with diabetes. For details about the relationship between frailty and sarcopenia, see 
Chap. 11 (“Diabetes and Sarcopenia”).

12.7  Management of Frailty with Type 2 Diabetes

12.7.1  The Goal of Glycemic Control

There is no definite guideline for type 2 diabetes in frail elderly. Very tight glucose 
control may often be not desirable. An HbA1c less than 7% can increase the likeli-
hood of hypoglycemia [14]. Fall risk markedly increased when HbA1c was 7% or 
below, regardless of frailty status [15].

In 2012, the American Diabetes Association (ADA) and the American Geriatrics 
Society (AGS) recommended a team approach to treat older patients with diabetes, 
including individualized treatment plans and education to patients and their caregiv-
ers. The goal of treatment is to establish acceptable glycemic control and minimize 
the risk of acute complications such as hypoglycemia and serious hyperglycemia 
[16]. Blood pressure and lipid control are also described. They are shown in 
Table 12.3.

According to the International Diabetes Federation, an HbA1c target of 7.0–
8.0% is suitable for functionally independent older people with a reasonable life 
expectancy, and a target of ≤8.5% is appropriate for frail older people and those 
with dementia and a life expectancy of less than 10 years [17].

The DCPNS/PATH guidelines recommend that HbA1c should be maintained at 
or above 8% rather than below a specific level because lower HbA1c levels are 
associated with increased hypoglycemic events without accruing meaningful bene-
fit for frail elderly [18]. The Italian Association of Medical Diabetologists has 
developed a guideline, in which six algorithms are proposed, and HbA1c <9.0% is 
recommended for elderly frail patients with mild/moderate hyperglycemia [19].

In 2016, the Japan Diabetes Society and the Japan Geriatrics Society announced 
a guideline for glycemic control in diabetes of the elderly (Table 12.4). Characteristics 
of the guideline are that it sets goals depending on the patients’ physical and cogni-
tive status. They say that the goals could be set flexibly.

These guidelines might be useful, but setting personalized goals independent of 
these guidelines could be acceptable.
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12.7.2  Medications

Elderly tend to have many morbidities and take many medicines. Polypharmacy is 
supposed to be a major cause of frailty in older persons. Prescriptions for frail 
elderly should be minimal. STOPP and START (Screening Tool of Older Persons’ 
Potentially Inappropriate Prescriptions and Screening Tool to Alert Doctors to the 
Right Treatment) are screening tools that identify potentially inappropriate pre-
scribing in older adults [20]. For example, anticholinergic medicines can cause cog-
nitive decline and frailty. Overtreatment of blood pressure results in hypotension 
and falls. Clinicians who prescribe elderly patients should understand the effect of 
aging on physiology and pharmacokinetics, balance risks versus benefits, and listen 
to patient and caregiver concerns.

Treatment based on DPP-4 (dipeptidyl peptidase-4) inhibitors might be benefi-
cial for frail elderly [21]. They ensure high rates of adequate glycemic control, are 
associated with a low risk of hypoglycemia, appear to have a neutral effect on body 
weight, and can potentially improve quality of life.

Sodium glucose co-transporter 2 (SGLT2) inhibitors have been developed and 
used in the treatment of type 2 diabetes. Effects of SGLT2 inhibitors on elderly 
people have not been well studied. According to a study about efficacy and safety of 
canagliflozin in individuals aged 75 or over, beneficial effects were observed, but 
overall incidence of adverse effects was higher in participants aged 75 or over than 
in those younger than 75 [22]. SGLT2 inhibitors could be a cause of weight loss. It 
should be recognized that frailty might not be a desirable indication for SGLT2 
inhibitors.

One study shows that statin treatment was significantly associated with reduced 
3-year mortality independently of age and multidimensional impairment in 
community- dwelling frail older patients with DM [23].

Table 12.4 The guideline by the Japan Diabetes Society and the Japan Geriatrics Society for 
glycemic control in diabetes of the elderly

Physical and cognitive status of 
patients

<Category 1>
Normal 
cognitive 
function and 
normal ADL

<Category 2>
“Mild cognitive 
impairment to 
mild dementia”
or
“lower IADL but 
normal BADL”

<Category 3>
“Moderate to severe 
dementia”
or
“lower BADL”
or
“many comorbidities 
or multiple organ 
dysfunction”

Medication* with high 
risk of causing 
hypoglycemia used?

No <7.0% <7.0% <8.0%
Yes 6.5–7.4% 

(65–74 y.o.)
7.0–7.9% (over 
75 y.o.)

7.0–7.9% 7.5–8.4%

*Insulin, sulfonylurea, or glinide

M. Yakabe and S. Ogawa
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12.7.3  Nutrition and Weight Control

In general, diabetic patients should perform calorie restriction and control their 
weight in an appropriate range (e.g., BMI 18.5–25.0). However, this might not nec-
essarily be applicable to frail elderly patients. Many older people do not consume 
sufficient amounts of dietary intake and protein. The current recommended dietary 
allowance (RDA) of dietary protein is 0.8 g/kg/day, but higher amount of protein 
might be needed for frail elderly. Caloric supplements between meals could increase 
weight and improve nutritional status. A review of guidelines recommends that 
elderly diabetic patients may have regular diets instead of diabetic diets, especially 
if they are in nursing homes [24].

Unintended weight loss and appetite loss are not rare in the elderly. Weight loss 
has been shown to be associated with accelerated mortality in older persons. It also 
leads to loss of muscle and bone, increasing frailty, falls, and hip fractures. When 
weight loss is observed in a frail elderly patient, there are various possible reasons, 
for example, internal diseases (such as cancers and infections), mental disorders 
(such as depression), medications, dysphagia, dental problems, eating problems, 
and social problems. Treatable causes of weight loss should not be overlooked.

12.7.4  Exercise

Resistance exercise involves muscles working hard against an applied force or 
weight such as in weight lifting. Aerobic exercise improves cardiovascular fitness 
and endurance capacity. Both exercises have been shown to prevent the decline in 
muscle mass and strength with age [9]. One resistance exercise training session per 
week could improve muscle strength.

12.7.5  Sarcopenia

Morley et  al. suggested that the management of frailty in patients with diabetes 
initially should focus on the prevention of sarcopenia [25]. Until now, no pharma-
cologic agent has been proven to be as efficacious as nutrition plus exercise in order 
to prevent or treat sarcopenia, so this approach is the key strategy. For details, see 
Chap. 11 (“Diabetes and Sarcopenia”).

12.7.6  Treatable Causes of Fatigue

Treatable causes of fatigue should be considered: they include vitamin B12 defi-
ciency, hypoadrenalism, hypothyroidism, anemia, sleep apnea, hypotension, syn-
cope, and depression. Treatment of sleep apnea in diabetic individuals results in 
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lower blood pressure, better glycemic control, and an improvement in quality 
adjusted life years. Depression is more common in diabetic individuals, and psy-
chological and pharmacological interventions positively affect depression and 
improve glycemic control. Diabetes is commonly associated with autonomic neu-
ropathy, which leads to orthostatic hypotension, arrhythmias, and syncope.

12.8  Type 1 Diabetes and Frailty

Few studies have described the management of frailty with type 1 diabetes. Older 
adults with type 1 diabetes are a heterogeneous group. With long-duration diabetes, 
hypoglycemia is common, regardless of HbA1c level [26]. Individualized treat-
ment plans using more complex insulin regimens and lower glycemic goals with 
frequent SMBG are recommended in healthy older adults. For frail elderly, how-
ever, it may be difficult to follow complex insulin regimens due to problems with 
cognition, mobility, vision, hearing, and depression. Guidelines for older individu-
als with type 1 diabetes are lacking, so the treatment could be based on the princi-
ples by the ADA and AGS [16]. The treatment regimens should be modified with 
the goal of minimizing hypoglycemia and severe hyperglycemia and maximizing 
quality of life [26].

12.9  Conclusions

Frailty is a serious problem in the era of world population aging. Especially in dia-
betic patients who are inclined to have comorbidities, early identification of frailty 
and proper interventions for frailty are important. Clinicians who examine diabetic 
elderly patients should be attentive to frailty and its complications, and personalized 
approach should be performed. Many clinical questions about frailty and diabetes 
remain unsolved. Further research is needed and more evidence should be 
established.
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Chapter 13
Diabetes and LOH Syndrome

Hisamitsu Ide, Mayuko Kanayama, and Shigeo Horie

Abstract Age-related declines in androgen levels lead to impaired organ function 
known as late-onset hypogonadism (LOH). Various diseases are considered to be 
involved in the emergence of LOH, among which are diabetes, metabolic syndrome, 
arteriosclerosis, hypertension, and hyperlipidemia. Testosterone increases insulin 
sensitivity in muscle through functional mitochondria in muscle tissue, while low-
ered testosterone conversely leads to reduced glucose uptake in muscle. Diabetes 
mellitus (DM) and LOH are deeply interrelated diseases requiring further clinical 
research results in areas including diagnosis and treatment.

13.1  Testosterone Production and Function

Male hormones (androgens) are comprised of testicular testosterone, dihydrotestos-
terone (DHT), dehydroepiandrosterone (DHEA, originating in the adrenal glands), 
and DHEA-sulfate (DHEA-S), among other components. When the hypothalamus 
synthesizes gonadotropin-releasing hormones (GnRH), the anterior pituitary gland 
is stimulated and secretes gonadotrophic hormones luteinizing hormone (LH) and 
follicle-stimulating hormone (FSH). LH stimulates the testicular Leydig cells, pro-
moting testosterone production (Fig. 13.1). FSH works together with testosterone to 
facilitate spermatogenesis by acting on Sertoli cells in the seminiferous tubules. In 
adults, testosterone is required to maintain muscle mass and strength while decreas-
ing visceral fat, supporting hemopoiesis, and stimulating libido [1]. Testosterone is 
involved in higher brain functions such as concentration and risk determination [2]. 
Decreased testosterone leads to deteriorated insulin sensitivity and an increased risk 
of metabolic syndrome and diabetes (Fig. 13.2) [3]. Additional negative impacts 
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include worsening sexual and cognitive functions, mood disorder, increased vis-
ceral fat, decreased muscle mass, anemia, and reduced bone density, producing a 
considerable decline in QOL for men [4].

13.2  Action Mechanism of Testosterone Target Cells

Testosterone binds with SHBG (sex hormone-binding globulin), albumin, and other 
factors in the blood, with free testosterone (considered as the biologically active 
component) comprising approximately 2% of the aggregate (Fig. 13.1). 5α-Reductase 
functions to convert testosterone into active DHT in target tissues. Similarly, DHEA 
is believed to convert into testosterone and DHT. An androgen receptor (AR) for 
testosterone and DHT is a nuclear receptor which functions as a transcription factor 
when it binds with testosterone and DHT and participates in a variety of biological 
activities [5] (Fig. 13.1).

13.3  Testosterone Conversion Over Time

GnRH is secreted from the hypothalamus at the onset of puberty, stimulating testos-
terone production as LH and FSH are increasingly secreted from the anterior pitu-
itary (Fig. 13.1). The peptide kisspeptin and the GPR54 receptor play major roles in 
GnRH secretion during puberty, as clarified by studies using knockout mice [6]. 
Many questions remain, however, such as how kisspeptin secretion increases during 
puberty. Testosterone levels continue to increase until the age of 20 or thereabouts, 
after which it begins to show a slow decline. Factors such as the age-related decrease 
in Leydig cells (responsible for testosterone production) and lessened GnRH secre-
tion are responsible for a drop in testosterone levels, which fall 2–5% by age 40 and 
30–70% by age 70 [7].

13.4  Testosterone and LOH

Age-related decreases in testosterone levels result in a disease known as late-onset 
hypogonadism syndrome (LOH). Diagnosis of hypogonadism is made when testoster-
one levels hit an approximate 300–350 ng/dL cutoff point. When 325 ng/dL is speci-
fied as the cutoff point, the percentage of men diagnosed as hypogonadism in their 50s, 
60s, 70s, and 80s is reported to be 12%, 20%, 30%, and 50%, respectively [8]. Another 
report suggests that 38.7% of men aged 45 and above are diagnosed as hypogonadism 
when the cutoff point is specified as 300 ng/dL [9]. Analysis shows that when total 
serum testosterone levels drop to a threshold of 230–320 ng/dL as a result of LOH, 
likely symptoms include a decline in morning erections and libido as well as erectile 
dysfunction (ED) [10]. Therefore, concurrent emergence of these three symptoms 
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strongly indicates the presence of LOH. Decreasing testosterone in aging males results 
in depression, sexual dysfunction, decreased cognitive function, osteoporosis, an 
increase in visceral fat, a decline in both insulin sensitivity and high-density lipopro-
tein (HDL) cholesterol, and an increase in both total cholesterol and low-density lipo-
protein (LDL) cholesterol, all of which are risk factors for metabolic syndrome, 
eventually causing cardiovascular disease, diabetes, and respiratory illness [11–14].

13.5  Diagnosing LOH

While exact diagnostic criteria for LOH are yet to be defined, a reduced libido, an ED, 
and a decreased erection frequency are essential components in identifying the syn-
drome [10]. Differential diagnoses include mental disorders such as depression and 
psychosomatic illness. Since many LOH outpatients receive antidepressant medica-
tion, questionnaires aimed at diagnosing depression are used in outpatient screening. 
The psychiatric consultant is made immediately when a mental disorder such as 
depression deteriorates in patients harboring suicidal thoughts. Diseases such as meta-
bolic syndrome, arteriosclerosis, diabetes, hypertension, and hyperlipidemia are also 
considered to be detrimental to LOH. Metabolic syndromes, which are identified by 
the concurrent appearance of obesity and two or more additional symptoms from 
among hyperglycemia, hypertension, and hyperlipidemia, further increase the risk of 
diabetes and cardiovascular disease. Moreover, as much as 65% of diabetic patients 
who died from cardiovascular disorder caused by hyperinsulinemia or obesity accom-
panied a decline in testosterone [15].Therefore, low testosterone in turn can be used as 
a predictive index of heart disease and diabetes in men of middle age and above [16].

We should measure both testosterone and free testosterone by blood tests. As 
testosterone level fluctuates during the day, blood should be collected during the 
morning hours between 7 and 11 am. Since antidepressants such as sulpiride may 
lower testosterone levels, it is essential to ascertain whether or not the patient is tak-
ing such medication. Measurements of LH and FSH are useful in helping differenti-
ate primary and secondary hypogonadism. If LH and FSH show low values, 
prolactin measurement and MRI testing may be considered to help evaluate the 
pituitary gland. When deemed necessary, measurements of the following hormones 
should be taken: adrenal cortisol that fluctuates with stress and androgens DHEA 
and DHEA-S that are produced in the adrenal glands and may influence on LOH.

13.6  Treating LOH

The history of testosterone replacement therapy dates back to the nineteenth cen-
tury. During the past decade, testosterone prescriptions in the United States have 
increased fourfold, growing 25–30% annually and its costs reaching 1.6 billion 
dollars by 2011 [17]. Pharmaceutical preparations of testosterone come in both 
injectable and ointment form. Chorionic gonadotrophin (hCG) is another type of 
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testosterone replacement therapy [18]. Recently, 859 hypogonadism patients were 
reported to have participated in replacement therapy using testosterone gel in a 
multi-institutional study (Testim Registry in the United States, TriUS). The topical 
gel was prescribed over a 12-month period, elevating testosterone and free testoster-
one levels, improving sexual function, and alleviating depression [19, 20].

Side effects of frequent or protracted dosages of testosterone replacement therapy 
include, among others, polycythemia and acne. Participants of the Testosterone in 
Older Men (TOM) trial, particularly those of advanced age, are reported to experi-
ence an increase in cardiovascular disease as a result of testosterone replacement 
therapy [21]. Retrospective analysis of patients undergoing cardioangiography 
reportedly showed that those receiving testosterone replacement therapy had a statis-
tically significant higher rate of cardiovascular disorder [22]. It was presumed that 
the larger volume of topical gel used in the TOM trial (compared to other studies) 
was one cause of increased cardiovascular disorders noted in this trial [17]. 
Meanwhile, recent meta-analyses show no added cardiovascular risk for patients tak-
ing forms of testosterone other than oral administrations [23]. Surely, dosage amounts 
and intervals should be optimized according to each patient’s age and symptoms. 
Detailed medical diagnoses and management tools in the future may enable further 
adjustment of testosterone dosages based on individual patient’s symptoms.

13.7  LOH and DM

A number of studies demonstrate relationships between testosterone levels and 
DM. Lower testosterone levels are associated with DM in men [24]. In addition, 
studies showed a consistent relationship between decreased level of SHBG, specific 
polymorphisms in SHBG gene, and risk of DM [25]. In androgen receptor disrupted 
mouse with impaired testosterone activity, male-specific obesity is observed as evi-
denced by an increase in subcutaneous and visceral adipose tissue and abnormal 
insulin resistance and glucose tolerance [26, 27]. Human epidemiological studies 
show that testosterone functions as an anti-obesity agent and inversely correlates 
with body weight and BMI. Accordingly, when body weight and BMI decrease, 
testosterone levels increase. It has been reported that total fat decreases in most 
clinical studies using testosterone replacement therapy [28].

In terms of blood sugar levels, a statistical analysis of age, BMI, abdominal girth, 
HDL cholesterol, and triglycerides in a lateral study of 2470 older men showed that 
a decrease in blood testosterone levels was an independent factor associated with 
insulin resistance [22]. Metabolic syndrome is identified by the concurrent pres-
ence of visceral fat accumulation and at least two additional symptoms from among 
hyperglycemia, hypertension, and dyslipidemia. In recent years, growing attention 
has focused on the increased risk of atherosclerotic disease—namely, cardiovascu-
lar disease—diagnosed by the concurrent presence of the four metabolic factors of 
obesity, hyperglycemia, hypertension, and dyslipidemia. Approximately 9.4 million 
Japanese men aged 40–74 suffer from cardiovascular disease, with another 10.2 
million having latent symptoms, totaling 19.6 million individuals presumed to be 
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affected. One in every two men is strongly suspected of experiencing or possessing 
latent symptoms of metabolic syndrome. Lateral [3], longitudinal [29], and meta- 
analysis [30] studies of testosterone and metabolic syndrome reported decreased 
levels of blood testosterone in patients with metabolic syndrome. In Japanese men 
of middle age and above, total testosterone levels decrease with an increase in meta-
bolic factors (Fig. 13.3). Moreover, there is a close relationship between a decrease 
in total testosterone levels and metabolic factors in this population. As testosterone 
levels decrease, BMI, abdominal girth (Fig. 13.4a), blood pressure (Fig. 13.4b), 
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and triglycerides increase, HDL cholesterol decreases (Fig.  13.4c), and fasting 
plasma glucose (Fig. 13.4d) along with HbA1c increases. Testosterone and meta-
bolic  syndrome are inextricably linked, since a decrease in blood testosterone level 
appeared to elevate the risk of metabolic syndrome (Fig. 13.5) [31]. Accordingly, 
LOH patients are considered to have a high risk of metabolic syndrome.

40

50

60

70

80

60

80

100

120

HDL Cholesterol (mg/dl) Fasting Plasma Glucose (mg/dl)

Total Testosterone (ng/ml)

c d

< 
4.

0

4.
0-

4.
8

4.
9-

5.
6

5.
7-

6.
7

> 
6.

7

< 
4.

0

4.
0-

4.
8

4.
9-

5.
6

5.
7-

6.
7

> 
6.

7

Total Testosterone (ng/ml)

Fig. 13.4 (continued)

0.5

0.4

0.3

0.2P
ro

b
ab

ili
ty

0.1

0.0

0.0 2.5 5.0

Total testosterone (ng/ml)

7.5 10.0 12.5

Fig. 13.5 Risk of metabolic syndrome and testosterone level

13 Diabetes and LOH Syndrome



174

13.8  Other Diseases Associated with LOH

Cardiovascular disease has a gender specificity attributed to estrogen, but in recent 
years, the male hormone has been suggested to play a role in the disease progres-
sion. Epidemiological studies in humans show that low testosterone levels are asso-
ciated with the increased incidence rate of coronary artery disease [32]. Testosterone 
levels are associated with coronary artery disease in Japanese men of middle age 
and above and are shown to correlate with the recovery process as well [33].

ED is an impediment to sexual function arising from patients’ physical condi-
tion, reaction to stress, and partner interrelationships. It is often correlated with 
diabetes, low testosterone, metabolic syndrome, and cardiovascular disease and 
greatly impairs patients’ QOL [34].

Tumor-bearing patients with low testosterone are often characterized by a high 
frequency of weight loss, hypoalbuminemia, muscle loss, inflammation, pain, and 
opioid use, as well as by anxiety and depression [35]. Furthermore, low testosterone 
levels are reported to be associated with malignancy in patients with prostate cancer, 
which proliferates dependently with testosterone level. A data analysis of 235 pros-
tate cancer patients who underwent prostate biopsies showed that, compared to 
those with Gleason scores under 7, patients with Gleason scores of 7 or higher 
(high-grade prostate cancer) had lower serum testosterone levels [36].

13.9  The Efficacy of Testosterone Replacement 
Therapy on DM

Numerous reports point to the beneficial effects of testosterone replacement ther-
apy on metabolic factors. Many focus on the anti-obesity effects such as reduction 
of fat volume. Moreover, in terms of glucose metabolism, a 1-year administration 
of testosterone replacement therapy is shown to improve fasting plasma glucose 
and insulin sensitivity [37]. Recently, there are many reports that a 5-year admin-
istration of testosterone replacement therapy in males with low testosterone hyper-
lipidemia can gradually improve factors including body weight, fasting glucose, 
HbA1c, systolic/diastolic blood pressure, total cholesterol, and LDL cholesterol 
[38]. In fact, 20 hypogonadal men with metabolic syndrome were treated with 
testosterone replacement for 5 years and compared with 20 matched controls with-
out the treatment [39]. From year one, body weight and abdominal girth decreased, 
and HbA1c and systolic/diastolic blood pressure improved significantly in the 
intervention group. Thus, researchers hope for the possibility of improvements in 
metabolic syndrome in LOH patients by administrating testosterone replacement 
therapy.
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Chapter 14
Diabetes and Female Sterility/Infertility

Kuniaki Ota, Hiroaki Ohta, and Sho-ichi Yamagishi

Abstract AGEs (advanced glycation end products) are pro-inflammatory mole-
cules that trigger a state of intracellular oxidative stress and inflammation after 
binding to their cell membrane receptors, such as RAGE.  The activation of the 
AGE-RAGE axis has been well known to play a role in type 2 diabetes mellitus 
(T2DM), obesity, metabolic syndrome (MetS), cardiovascular disease (CVD), 
aging, inflammation, and neurodegenerative disorders. AGEs might contribute to 
the etiology of polycystic ovary syndrome and infertility. This article explains for 
the relationship between the AGE-RAGE system and infertility as well as ovarian 
reserve in women of reproductive age.

Keywords Advanced glycation end products • Receptor for AGE • Polycystic ovarian 
syndrome • In vitro fertilization • Anti-Müllerian hormone

14.1  AGE-RAGE and Insulin Resistance

Polycystic ovarian syndrome (PCOS), while clinically heterogeneous, commonly 
exhibits hyperandrogenism and ovulatory dysfunction and is associated with obe-
sity, insulin resistance, and subfertility [1, 2]. Overall, insulin resistance and the 
compensatory hyperinsulinemia affects some 65–70% of women with PCOS [3, 4], 
with 70–80% of obese (BMI >30) and 20–25% of lean (BMI <25) women exhibit-
ing these characteristics. Part of the insulin resistance appears to be independent of 
obesity and related specifically to PCOS, with abnormalities of cellular mechanisms 
of insulin action and insulin receptor function having been documented [5, 6].
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Other criteria that can be used include those from the National Institutes of 
Health (NIH) and the Androgen Excess Society (AES) [7]. PCOS has estimated 
prevalence of over 10% in women of childbearing age. Besides being associated 
with infertility, PCOS is also associated with a higher incidence of type 2 diabetes 
mellitus (T2DM) such as the status of insulin resistance.

On the other hand, AGEs have been proposed to be among the main intermediar-
ies of several diseases such as type 2 diabetes mellitus (T2DM), obesity, metabolic 
syndrome (MetS), cardiovascular disease (CVD), aging, inflammation, and neuro-
degenerative disorders [8–10]. Along with the appreciation of these problems, there 
has been recognition that AGEs have a wider range of actions, including in 
reproduction.

Insulin resistant women with PCOS without hyperglycemia have elevated serum 
AGE levels and increased RAGE expression in their circulating monocytes [11]. 
Additionally, serum AGE levels are positively correlated with testosterone level, 
free androgen index, insulin, HOMA, and waist-to-hip ratio in women with PCOS 
without hyperglycemia [12]. Another study has shown that increased serum AGE 
level is a distinct finding in non-insulin resistant lean women with PCOS suggesting 
that serum AGEs are elevated in PCOS independently of the presence of insulin 
resistance [11].

Recent studies have demonstrated that RAGE- and AGE-modified proteins are 
expressed in human ovarian tissue [10, 13]. In ovarian tissue samples, women with 
PCOS have increased AGEs and RAGE expression in theca and granulosa cell lay-
ers compared with normal women [9]. Additionally, a differential qualitative distri-
bution of AGE and RAGE subunit was observed in women with PCOS compared 
with healthy controls, where a more pronounced staining density of both AGE and 
RAGE was observed in the granulosa cell layer of PCOS ovaries [9].

The ovaries of women with PCOS have alterations in enzymes responsible for 
collagen synthesis [14]. Lysyl oxidase enzyme is one of the key enzymes in the 
ovary responsible for collagen and elastin cross-linking in the organization of ECM 
during follicular development [15]. A study has shown that the deposition of excess 
collagen in PCO tissue may, in part, be due to AGE-mediated stimulation of lysyl 
oxidase activity [16]. These results indicate that AGE signaling could regulate ovar-
ian follicular ECM organization in PCOS. Other data demonstrated that AGEs could 
reduce the activity of some “good” detoxifying enzymes (such as glyoxalase-I) in 
the ovary of PCOS rats [17].

The AGE system has been shown to play a role in ovarian aging and reproduction 
[10, 13]. The accumulation of AGEs in the human ovary may account for a number 
of age-related features of ovarian dysfunction reflected by oxidative stress, such as 
impaired vascularization with its subsequent hypoxia and reduced intake of nutri-
ents by granulosa cells [10, 18]. Prolonged exposure to AGEs, which are character-
ized by a long half-life, during reproductive life may cause subtle oxidative damage 
to follicles inside the ovary [19]. These alterations in the ovarian microenvironment 
may adversely impact granulosa cell metabolism, the assembly of antioxidant 
defense, and the development of adequate perifollicular vascularization, thus endan-
gering follicular health and maturation. Markers of ovarian reserve, such as AMH, 
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reflect ovarian aging. Studies pertaining to the effect of AGEs on ovarian aging have 
been reported [13, 16]; however, no studies to date have examined the relationship 
between the follicular AGE system and ovarian reserve measures, specifically gran-
ulosa cell AMH synthesis and release.

Because AGEs are elevated in the serum of women with PCOS, Christakou et al. 
[20] investigated whether oral contraceptives (OCPs) or metformin affect serum 
AGEs levels in women with PCOS. They randomized women with PCOS (n = 109) 
to receive either OCP or metformin (850 mg twice daily) for 6 months and deter-
mined serum AGE levels at baseline and after 3 and 6 months of treatment. Their 
results indicated that serum AGE levels were significantly reduced in all groups at 
6 months of treatment compared with baseline, but the percentage reduction was 
significantly greater in the metformin group compared with the OCP group. 
Although they showed that metformin may be superior to OCP in reducing serum 
AGE levels, this does not necessarily mean that metformin is better than OCP in 
alleviating the cardiovascular risk associated with PCOS. Whether metformin low-
ers cardiovascular risks in PCOS women via the AGE-RAGE system remains to be 
determined.

14.2  AGE-RAGE and In Vitro Fertilization

Some researchers have already reported a relationship between the AGE-RAGE 
system and infertility included in in vitro fertilization (IVF) [13, 21, 22]. One of 
researchers measured the levels of toxic AGE (TAGE), pentosidine, and CML in 
blood and follicular fluid of 157 patients undergoing IVF [22]. They analyzed the 
association between these levels and assisted reproduction technology (ART) out-
comes and pre-ART clinical factors. Their results elucidated that the accumulation 
of TAGE, pentosidine, and CML in the follicular fluid and TAGE in serum nega-
tively correlated (P  <  0.05) with follicular growth, fertilization, and embryonic 
development. Lower concentrations of pentosidine in the follicular fluid and TAGE 
in the serum were the most significant predictors for achievement of ongoing preg-
nancy, acting independently of conventional determinants, such as age and Day 3 
FSH level. Additionally, elevation of serum TAGE >7.24 U/ml appeared to indicate 
ovarian dysfunction causing diminished fertility, even at a young age (<40 years 
old) or with normal FSH during menses (below 10 IU/l). These data explain that 
there is a clinical evidence for an important role of AGE accumulation in ovarian 
dysfunction and poorer outcome in women with elevated AGEs and undergoing 
IVF [22].

Another study evaluated sRAGE, as decoy receptor, levels in serum, and follicu-
lar fluid of 33 women under IVF program [21]. The control group of serum samples 
was collected from 35 healthy females. Their results indicated that sRAGE levels of 
follicular fluid were several times higher than serum levels (P < 0.001). Additionally, 
it was found that serum levels of sRAGE in women after controlled ovarian hyper-
stimulation (COH) were significantly lower than in controls (P = 0.045). They also 
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found a significant negative correlation between serum sRAGE levels and the num-
ber of stimulated follicles (r = 20.71, P = 0.01) and retrieved oocytes (r = 20.54, 
P = 0.048). Women in that study who conceived following IVF showed significantly 
higher sRAGE levels in the follicular fluid compared with women who did not con-
ceive (P  =  0.031). A similar study evaluated follicular fluid and plasma sRAGE 
levels in 28 participants who underwent IVF and found a positive correlation 
between follicular fluid and plasma sRAGE levels and a borderline positive correla-
tion between follicular fluid sRAGE and the number of collected oocytes (r = 0.25; 
P = 0.05). These data speculate that the decoy sRAGE, via binding circulating and 
follicular fluid AGEs, might be able to serve as a useful biological marker of the 
follicular environment [13].

14.3  AGE-RAGE and Anti-Müllerian Hormone

Anti-Müllerian hormone (AMH) is a very sensitive indicator of the ovarian follicu-
lar content. AMH is produced by granulosa cells of preantral and small antral folli-
cles, and its main physiological role seems to be the inhibition of the initial follicular 
recruitment from the primordial to the antral pool [23]. It has been extensively stud-
ied in assisted reproductive therapy processes. It is now well established that AMH 
is the more accurate marker of the ovarian reserve [24].

One researcher showed that there was a positive correlation between follicular 
fluid sRAGE and follicular fluid AMH protein levels (r = 0.5, P = 0.008) while, 
in contrast, RT-PCR results showed no correlation between follicular fluid 
sRAGE and AMH or AMHR-II mRNA levels, suggesting that sRAGE has an 
effect on AMH release rather than AMH synthesis in granulosa cells. The poten-
tial accumulation of AGEs in the ovary may account for compromised efficiency 
of vascularization and for activation of oxidative stress response through interac-
tion with cellular RAGE [18]. Similar to sRAGE, follicular fluid AMH reflects 
ovarian health and constitutes a useful biological marker of the follicular envi-
ronment [25]. Within follicles, AMH is expressed exclusively by granulosa cells 
with mitotic activity [25, 26] presumably because it interacts with mitogenic 
growth factors during follicle development. Therefore, a positive relationship 
between intrafollicular AMH and sRAGE concentrations suggests that AGEs 
play a role in the inhibition of cellular proliferation or a role in enhancing granu-
losa cell apoptosis. It is unclear whether the AMH system has a role in the mecha-
nistic effect of sRAGE on the number of oocytes retrieved. It is well known that 
AMH release inhibits, in paracrine fashion, the depletion of the oocyte pool by 
slowing down growth followed by atresia of follicles containing the oocytes [27]. 
Thus, clearly a favorable interrelationship exists between sRAGE and AMH in 
the follicular environment. Altogether, the AGE-RAGE system could represent a 
potential therapeutic target in women with a diagnosis of diminished ovarian 
reserve undergoing ART.
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14.4  AGE-RAGE and Recurrent Pregnancy Miscarriage

It is estimated that 20–30% of pregnant women may experience one or more spon-
taneous pregnancy losses [28]. Recurrent pregnancy losses (RPL) are often defined 
as three or more consecutive pregnancy losses prior to 20 weeks’ gestation [28], and 
more than 500,000 women per year have experienced recurrent pregnancy losses in 
the United States [29].

The outcomes for approximately half the patients remain unexplained with cur-
rent medical practice patterns, and they are classified as idiopathic or unexplained 
RPL [30]. Therefore, identifying new biomarkers for RPL is urgently needed for the 
proper diagnosis and management of RPL.

We investigated whether sRAGE is increased in women with PRL and which 
anthropometric, metabolic, and inflammatory variables are independently correlated 
with sRAGE in women with idiopathic RPL [31]. We measured the levels of AGE-
RAGE, anthropometric, metabolic, and inflammatory immune markers as AGE-
RAGE related factor in blood of 63 women with RPL.  Levels of sRAGE were 
statistically significantly higher in RPL patients than in control patients 
(1528.9 ± 704.5 vs. 1149.9 ± 447.4 pg/mL). In the multivariate analysis, the levels of 
insulin, plasminogen activator inhibitor-1, the resistance index of the uterine radial 
artery, and the ratio of tumor necrosis factor-a/interleukin-10 producing T helper 
cells were statistically significantly associated with the serum sRAGE level. We con-
cluded that elevated levels of serum sRAGE are associated with RPL. The soluble 
receptor for advanced glycation end products might contribute to RPL by reducing 
uterine blood flow and subsequently causing ischemia in the fetus via inflammatory 
and thrombotic reactions. Furthermore, our data suggest that sRAGE may be a novel 
biomarker of RPL and that RAGE might be a therapeutic target for this devastating 
disorder.
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Chapter 15
Diabetes and Periodontitis

Takanori Shinjo and Fusanori Nishimura

Abstract Periodontal disease is known as the sixth complication of diabetes. 
Recently, many clinical and epidemiologic reports have shown that local periodontal 
inflammation induces systemic micro-inflammation, contributing to insulin resistance 
and increasing the risk of cardiovascular diseases. We have used in vitro and in vivo 
studies to address the amplification mechanism of periodontal inflammation from the 
viewpoint of adipocyte–macrophage interaction. Our studies suggest that inflamma-
tory cytokines, such as tumor necrosis factor-alpha (TNFα), are secreted from mono-
cytes and macrophages that are stimulated by periodontal pathogen-derived Toll-like 
receptor ligands, such as lipopolysaccharides (LPS). TNFα then activates both adipo-
cytes and infiltrated macrophages, thereby amplifying micro-inflammation through 
the synergistic production of inflammatory cytokines, including interleukin-6 and 
monocyte chemoattractant protein-1. Additionally, the expression of chemokine (C-C 
motif) ligand 19 (CCL19), involved in homing of dendritic cells, was found to be 
markedly upregulated in adipocytes co-cultured with LPS-stimulated macrophages. 
In vivo studies suggest that CCR7-CCL19 signaling possibly plays a critical role in 
adipose tissue metabolism through infiltration of immune cells, such as dendritic 
cells. Furthermore, the Hiroshima study, a clinical intervention study on diabetic 
patients receiving periodontal treatment, clearly showed that periodontal treatment 
combined with local oral antibiotic administration could improve glycated hemoglo-
bin levels in subjects with a high-sensitivity C-reactive protein level > 500 ng/ml and 
a body mass index of approximately 25 kg/m2. A series of our studies suggests that 
periodontal treatment could improve glycemic control in diabetic patients with mild 
obesity.
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15.1  Periodontal Disease: Local and Systemic Aspects

Periodontal disease is a localized oral infectious and inflammatory disease caused by 
gram-negative obligate anaerobes. It is divided into gingivitis and periodontitis. The 
pathology in the former is inflammation of the gingiva; in the latter, the inflammation 
has progressed from the gingiva to the periodontal tissues, such as alveolar bone, 
resulting in destruction. Based on the age of onset and the degree of progression, 
periodontitis is roughly categorized into two types: aggressive and chronic periodon-
titis. Aggressive periodontitis is characterized by young onset (teenage years to the 
thirties) and rapid destruction of the periodontal tissues. However, aggressive peri-
odontitis is a rare disorder; its incidence rate is estimated to be only 0.05–0.1%. On 
the other hand, most patients suffer from chronic periodontitis, which used to be 
called “adult periodontitis.” This is characterized by indolent progression in patients 
over 35 years of age. The morbidity rate of chronic periodontitis increases with age. 
In Japan, 86.7% of 45–49-year-olds suffer from chronic periodontitis [1], and chronic 
periodontitis is the most frequent cause of tooth loss in patients over 40 years old [2]. 
Immunoreaction to periodontal pathogens results in production of inflammatory 
cytokines such as interleukin (IL)-1, IL-6, and tumor necrosis factor-alpha (TNFα), 
thereby leading to progression of periodontal disease with tissue destruction. 
Furthermore, these bioactive substances (periodontal pathogens and their products) 
have been shown to induce micro-inflammation throughout the body in cases of 
advanced periodontitis [3]. This has brought periodontal disease into the spotlight.

15.2  Relationship Between Diabetes and Periodontal Disease

15.2.1  Periodontal Disease in Diabetic Patients

Periodontal disease has been reported as the sixth complication of diabetes mellitus, 
in addition to microvascular disease and macroangiopathy [4]. Many factors, such 
as increased rates of specific bacteria requiring glucose, neutrophilic dysfunction, 
inhibition of collagen synthesis, adipokines, and advanced glycation end products 
(AGEs), are reported to be associated with the higher susceptibility to periodontal 
disease in diabetic patients [5].

A meta-analysis showed that periodontal disease was significantly exacerbated in 
patients with both type 1 and 2 diabetes (T1DM and T2DM) [6]. Some cohort stud-
ies on T1DM showed that progression of periodontal disease was aggravated in 
patients with poor glycemic control [7–9]. In terms of T2DM, a large-scale epide-
miologic study conducted among Pima Indians, a population with an extremely high 
rate of diabetes-related morbidity, indicated that the incidence of periodontal dis-
ease in the diabetic group was approximately 2.6-fold higher than that of the nondia-
betic group aged older than 15 years [10]. Further, a study using data from the third 
National Health and Nutrition Examination Survey (NHANES III) database 
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 investigated the association between glycemic control and severity of periodontal 
disease. In this report, the odds ratios of severe periodontal disease in the T2DM 
groups with a glycated hemoglobin (HbA1c) level ≥ 9.0% (NGSP) and <9.0%, rela-
tive to the nondiabetic group, were 2.90 and 1.56, respectively [11]. These studies 
suggest that both T1DM and T2DM are exacerbating factors for periodontal 
disease.

15.2.2  Diabetes in Patients with Periodontal Disease

Many cohort studies have shown that periodontal disease affects the onset of diabe-
tes and glycemic control. Studies analyzing data from NHANES indicated that the 
prevalence of diabetes in patients with periodontal disease was twofold higher than 
that in patients without periodontal disease [12, 13]. Additionally, a cohort study 
surveying health in Pomerania, Germany, over a 15-year period reported that, in the 
fifth year, HbA1c in nondiabetic patients with severe periodontitis at baseline tended 
to be elevated in comparison with patients without periodontitis [14]. Furthermore, 
a cohort study in Hisayama town showed that the prevalence of periodontal disease 
was significantly higher among patients who had developed glucose intolerance 
during the 10-year follow-up period than among patients who had not [15].

15.3  Effect of Periodontal Inflammation on the Whole Body

15.3.1  Periodontitis as Factor Promoting Atherosclerosis

The progression of atherosclerosis and onset of ischemic heart disease are largely 
associated with classical risk factors such as obesity, hyperglycemia, hyperinsu-
linemia, hypertriglyceridemia, hyper-LDL-cholesterolemia, and hypo-HDL- 
cholesterolemia [16]. However, these factors alone do not provide sufficient cause; 
hence, micro-inflammation is being evaluated as another factor. For example, minor 
elevations in C-reactive protein (CRP) within the normal limit, known as high- 
sensitivity CRP (hsCRP), have been shown to increase the risk of future onset of or 
mortality related to coronary heart disease (CHD) two- to threefold in people free 
from systemic problems [17, 18]. These reports suggest that micro-inflammation is 
a factor promoting atherosclerosis, as increases in hsCRP reflect the presence of 
micro-inflammation.

It is known that hsCRP increases in patients with severe periodontal disease and 
decreases with administration of periodontal treatment [19], supporting the view 
that severe periodontal disease induces systemic micro-inflammation. Periodontitis- 
induced increases in CRP are reported to match the CRP levels associated with a 
twofold increase in the risk of CHD onset or mortality in the Japanese population 
[17, 19] (Fig.15.1). Research conducted in Japan and abroad has reported the risk of 
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CHD to be 1.5–2-fold higher in patients with periodontitis than in controls [17, 20]. 
Therefore, increases in hsCRP as a result of periodontal disease are reasonably con-
sistent with the epidemiologic data. Even though the extent of inflammation in peri-
odontitis is not as much as that in acute rheumatism or extreme obesity with a body 
mass index (BMI) >30 kg/m2, periodontal disease-induced micro-inflammation is 
considered to affect persistent atherosclerosis.

15.3.2  Periodontitis as an Insulin Resistance-Inducing Factor

As micro-inflammation is demonstrated to induce insulin resistance in diabetic 
patients, periodontal disease, a systemic micro-inflammation-inducing disease, is 
considered to adversely affect insulin resistance. We have reported that short-term, 
intensive, antimicrobial periodontal disease treatment improved insulin resistance 
in T2DM patients with periodontitis [21]. We also found that this treatment 
decreased blood concentrations of TNFα, a representative inflammatory cytokine 
that contributes to insulin resistance, and lowered HbA1c in accordance with 
improvements in insulin sensitivity [19]. These reports support the view that severe 
periodontal disease contributes to inducing systemic micro-inflammation, exacer-
bating insulin resistance.
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Fig. 15.1 Periodontal treatment-induced decrease in CRP and relative risk of ischemic heart dis-
ease (IHD). Our data, indicating that hsCRP was increased by periodontitis and decreased by 
periodontal treatment [19], is collated with data investigating the correlation between CRP levels 
at baseline and relative risk of IHD in the Hiroshima study [15]. The data is reproduced with per-
mission from American Academy of Periodontology, and image is reprinted from Biology of Anti- 
Aging (Medical Review Co., Ltd)
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15.4  Amplification Mechanism of Periodontal Inflammation: 
Investigations Based on Adipocyte–Macrophage 
Interaction Theory

15.4.1  Effect of Periodontal Inflammation on Interaction 
Between Adipocytes and Macrophages

As mentioned above, chronic periodontal disease induces systemic micro- inflammation. 
On the other hand, obesity is one of the most common diseases inducing systemic 
micro-inflammation. In contrast to many obese Westerners who show severe adiposity 
phenotypes, most obese Asians, including the Japanese, show mild phenotypes. 
Moreover, many Asian patients with T2DM do not fall into the obesity category (BMI 
>25 kg/m2). However, patients with a BMI of approximately 25 kg/m2 are known to be 
most susceptible to increases in hsCRP induced by periodontal disease [22].

Why are these patients susceptible to increases in hsCRP? Visceral adipose tissue 
is considered as a key to understanding this subject. Many studies have clarified that 
mature adipose tissue produces large amounts of adipokines; these play an impor-
tant role in the pathogenesis of the metabolic syndrome [23, 24]. A recent report 
indicated that adipokine production from mature adipose tissue was enhanced by 
interaction between infiltrated macrophages and adipocytes (adipocyte–macrophage 
interaction theory) (Fig. 15.2) [25]. In addition, both macrophages and adipocytes 
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Fig. 15.2 Amplification of the inflammatory reaction mediated by the interaction between adipo-
cytes and macrophages. Adipocytes activated through TLR-4 signal produce MCP-1 and IL-6: 
MCP-1 is considered to induce further infiltration of macrophages into adipose tissue. IL-6 is 
considered to enter the liver via portal vein, where it promotes CRP production. The image is 
reprinted from Biology of Anti-Aging
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are reported to express Toll-like receptor (TLR)-2 and TLR-4 on their plasma mem-
branes; free fatty acid released through lipolysis in mature adipocytes acts as ligands 
for these receptors [25].

Meanwhile, we evaluated the hypothesis that peripheral monocyte-derived mac-
rophages activated by periodontal pathogens infiltrated into adipose tissue, thereby 
amplifying local periodontal inflammation through macrophage–adipocyte inter-
action, because periodontal disease is caused by gram-negative obligate anaerobe- 
induced infection. First, we confirmed adipokine production from adipocytes 
co-cultured with LPS-stimulated macrophages in  vitro. We found that IL-6 and 
monocyte chemoattractant protein-1 (MCP-1) production from co-cultured adipo-
cytes increased more than 100-fold in comparison with single-cultured adipocytes 
[25]. As IL-6 is known to be a representative cytokine inducing CRP production 
from hepatocytes, adipose tissue-derived IL-6 was suggested to be involved in 
CRP production through inflow into the liver via the portal vein. On the other hand, 
MCP-1 was considered to promote further monocyte/macrophage migration 
toward adipose tissue [25].

15.4.2  Global Analysis for Differentially Expressed Gene 
Clusters in Adipocytes Co-cultured with LPS- 
Stimulated Macrophages

Because under co-culture of adipocytes and macrophages, adipokine production 
was found to markedly increase when both cells were stimulated with TLR ligands 
such as LPS, we attempted to analyze gene clusters differentially expressed in the 
presence of LPS, using a DNA microarray. We confirmed remarkable changes in the 
genes involved in insulin resistance and increase in cardiovascular risk [24]. For 
example, glucose transporter 4 expression was markedly downregulated while a 
suppressor of cytokine signaling, known as inhibitory factor of insulin signaling, 
was upregulated, indicating promotion of insulin resistance. On the other hand, 
expression of plasminogen activator inhibitor-1 and serum amyloid A (SAA) was 
shown to increase, suggesting these adipokines are involved in the facilitation of 
atherosclerosis. Furthermore, expression of MCP-1 and regulated on activation, 
normal T cell expressed and secreted (RANTES) were also upregulated. With regard 
to LPS signaling-related genes, the expression of TLR-2, TLR-4, CD14, and LPS- 
binding protein (LBP) in adipocytes was found to increase markedly.

Then, we determined whether these results in  vitro were reflected in in  vivo 
using ob/ob and high-fat diet (HFD)-fed mice. In brief, these mice were injected 
with LPS via a tail vein, and the dynamics of SAA, LBP, and RANTES in the blood 
were observed. We found that blood concentrations of SAA, LBP, and RANTES in 
these mice increased significantly 1 day after LPS injection, compared with controls 
[26]. Together, these studies suggest that induction of inflammation in mature adi-
pose tissue promotes the infiltration of monocytes and macrophages into adipose 
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tissue and a possibility that inflammatory responses induced by gram-negative bac-
teria are excessively induced by increased levels of LBP in obesity. In addition, 
mature adipose tissue was clarified to be an important source of cytokines and 
adipokines.

15.4.3  Influence of Amplified Micro-inflammation Through 
Adipose Tissue on Migration of Dendritic Cells

Moreover, like RANTES, we found that the expression of chemokine (C-C motif) 
ligand 19 (CCL19), involved in homing of dendritic cells (DCs), was markedly 
upregulated in adipocytes co-cultured with LPS-stimulated macrophages. While 
adipocytes in single culture secreted little CCL19, secretion of CCL19 was increased 
in adipocytes co-cultured with macrophages. In addition, we confirmed that CCL19 
production increased remarkably in an LPS-injected obese model mouse [27]. We 
investigated the role of CCL19 in obesity and insulin resistance using mice lacking 
C-C chemokine receptor type 7 (CCR7), a receptor for CCL19. In this study, CCR7- 
deficient (CCR7KO) and wild type (WT) mice were fed with a normal diet (ND) 
and HFD for 16 weeks. The HFD-fed CCR7KO mice gained body weight at the 
same rate as the ND-fed mice, despite same food intake as other groups. Subsequently, 
by means of the intraperitoneal glucose tolerance test and insulin tolerance test, we 
confirmed that CCR7KO mice maintained normal glucose tolerance. In addition, 
HFD-fed WT mice were observed to gain weight in adipose tissue and the liver, and 
induction of adipocyte enlargement and advanced liver steatosis were observed. 
This was not observed in HFD-fed CCR7KO mice, in whom adipose tissue was not 
infiltrated by inflammatory cells and levels of gene expression of inflammatory 
cytokines were the same as those in ND-fed mice. We also found that CD11c- 
positive cells were observed in HFD-fed WT mice but not in HFD-fed CCR7KO 
mice, suggesting the possibility that DCs infiltration triggered obesity and subse-
quent inflammation in adipose tissue, as CD11c is a marker for mature DCs.

CCL19 is known to be involved not only in homing mature DCs to the lymph 
nodes but also in migration of neutrophils and lymphocytes [28]. However, we con-
firmed that gene expression of neutrophil and lymphocyte markers was slightly 
raised while CD11b and CD11c expression was highly upregulated in inflamed adi-
pose tissue, indicating that CCL19-mediated infiltrated cells consisted mainly of 
DCs. These results suggest that CCL19-CCR7 signaling plays an important role in 
induction of inflammation and insulin resistance in adipose tissue. The physiologic 
significance of high CCL19 expression in obese adipose tissue remains unclear, but 
high CCL19 expression in adipose tissue conceivably contributes to the pseudo- 
homing of mature DCs into adipose tissue.

Next, we investigated avoidant mechanisms of obesity in HFD-fed CCR7KO 
mice; two possibilities were suggested. One was involvement of adiponectin, known 
to promote energy expenditure through increase of AMP kinase activity. The blood 
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adiponectin level was found to increase significantly in HFD-fed CCR7KO mice, 
suggesting that adiponectin increased energy expenditure. The other possibility was 
that thermogenesis resulted in transduction from intake energy to thermal energy. 
We attempted a cold exposure test to evaluate thermogenesis in each group follow-
ing a cold challenge by measuring rectal temperature. CCR7KO mice were shown 
to maintain rectal temperature, indicating promotion of thermogenesis. Future stud-
ies are needed to quantitatively and qualitatively assess the involvement of adipose 
tissue in thermogenesis.

In conclusion, our studies suggest that people with inflammation in adipose tis-
sue are prone to developing obesity due to the influence of energy expenditure. 
Conversely, obesity-promoting mechanisms might be activated in obese patients. 
We believe that it is important to elucidate the mechanism of weight control in terms 
of inflammation for future study.

15.5  Suggestions from Clinical Intervention Studies

15.5.1  The Hiroshima Study

As mentioned above, severe periodontal disease induces systemic micro- 
inflammation although it is a local oral infection. Recently, the findings of many 
worldwide reports that periodontal treatment improves inflammation and decreases 
HbA1c in patients with T2DM were supported and summarized by meta-analysis 
and systematic review. Thereafter, both practice guidelines of the Japan Diabetes 
Society and the Japanese Society of Periodontology recommended that diabetic 
patients should receive periodontal treatment from the viewpoint that periodontal 
treatment may improve HbA1c levels [29, 30].

Then, a detailed investigation was needed to answer questions about what kind 
of periodontal treatment should be given to diabetic patients to improve glycemic 
control and at what degree of periodontal disease should such treatment be initi-
ated. So we conducted an intervention study called the Hiroshima study [15]. In 
this study, T2DM patients with periodontal disease were divided into two groups: a 
high hsCRP (>500 ng/ml) and low hsCRP (<500 ng/ml) group. Each group was 
subdivided into two groups: one received conventional nonsurgical periodontal 
treatment combined with local antibiotic administration (corresponding to group A 
with high hsCRP and group C with low hsCRP); the other group received nonsurgi-
cal periodontal treatment only (corresponding to group B with high hsCRP and 
group D with low hsCRP). Patients who refused periodontal treatment were set as 
controls and divided into two groups: group E with high hsCRP and group F with 
low hsCRP (Fig. 15.3). Based on a report from the Hisayama study investigating 
correlations between CRP at baseline and risk of myocardial infarction (MI), 
hsCRP >500 ng/ml, the threshold for a twofold increased risk of MI, was used to 
define high hsCRP.
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While groups A and B (with high hsCRP at baseline) showed decreases in CRP 
and HbA1c levels after receiving periodontal treatment in a simple before-and-after 
comparison, the HbA1c levels in groups receiving periodontal treatment combined 
with local antibiotic administration were only confirmed to significantly improve in 
multiple group comparison. Interestingly, no change in HbA1c levels was observed 
in groups with low baseline hsCRP; regardless of the presence or absence of antibi-
otic administration, systemic inflammation was not induced even in those patients 
with severe periodontal disease. Neither CRP nor HbA1c levels were shown to 
change in groups that did not receive periodontal treatment (Table 15.1). Logistic 
regression analysis showed that periodontal treatment combined with local antibi-
otic administration as a starting point for intervention was found to influence HbA1c 
improvement most significantly. Namely, it was likely that the periodontal treatment 
in T2DM contributed to reducing systemic inflammation.

Then, despite their severity of periodontal disease is similar, what is the differ-
ence between subjects with high hsCRP and low hsCRP? Interestingly, the statisti-
cally significant difference between both was ascertained in only BMI; the high 
hsCRP group had a higher BMI than the low hsCRP group. Of note, there was a 
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Fig. 15.3 Overview of the Hiroshima study investigating the effect of periodontal treatment on 
improvement of glycemic control in patients with T2DM. The image is reprinted from Trailblazing 
Studies of Intestinal and Oral Microflora in Systemic Diseases (CMC Publishing Co., Ltd)
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slight but significant difference in BMI between both groups: the BMI in the high 
hsCRP subjects was approximately 25 kg/m2 while that in low hsCRP subjects was 
approximately 23  kg/m2. It was unlikely that subjects with a high hsCRP and 
increased BMI had more muscle mass than those with low hsCRP, as both groups 
suffered from T2DM. Therefore, subjects with high hsCRP were considered to have 
more mature adipose tissue.

Subjects with hsCRP >500 ng/ml were divided into two groups: patients received 
conventional nonsurgical periodontal treatment with (A) or without (B) local antibi-
otic administration. Subjects with hsCRP ≤500 ng/ml were divided into two groups: 
patients received conventional nonsurgical periodontal treatment with (C) or with-
out (D) local antibiotic administration. Untreated subjects were also divided into 
two groups: patients with hsCRP >500 ng/ml (E) and ≤500 ng/ml (F) at baseline. 
The table is summarized from [22].

15.5.2  Reports from the Journal of the American Medical 
Association

A report entitled “The effect of nonsurgical periodontal therapy on hemoglobin A1c 
levels in persons with type 2 diabetes and chronic periodontitis: a randomized clini-
cal trial” was published in the Journal of the American Medical Association (JAMA) 
at the end of 2013 [31]. This report stated that even though many clinical studies had 
reported that periodontal treatment may improve HbA1c levels in T2DM patients, 
evidence that chronic periodontitis was on the causal pathway of diabetes was 
observational, limited, and inconsistent.

Table 15.1 Summary of results in Hiroshima study

Age
Sex 
(M:F)

BMI 
(kg/m2)

hsCRP (ng/ml) HbA1c (%)
Initial Follow-up Initial Follow-up

A 
(N = 42)

66.79
(9.71)

(29:13) 25.11
(3.11)

1946.24
(2188.34)

552.0
(343.05)**

7.40
(1.17)

6.91
(0.86)**

B 
(N = 33)

67.18
(9.28)

(10:23) 23.61
(3.09)

1826.52
(1904.15)

907.82
(863.19)**

7.43
(1.17)

7.13
(0.96)*

C 
(N = 38)

65.82
(9.67)

(17:21) 23.78
(2.98)

237.24
(121.42)

271.71
(162.34)

6.92
(1.39)

6.89
(1.49)

D 
(N = 47)

66.21
(10.10)

(28:19) 23.15
(3.36)

226.09
(113.12)

384.43
(366.02)*

7.00
(0.97)

6.93
(0.88)

E 
(N = 62)

62.71
(13.62)

(37.25) 25.24
(4.00)

2231.02
(1909.77)

2140.31
(2164.37)

7.17
(0.99)

7.1
(1.01)

F 
(N = 56)

62.80
(10.50)

(27:29) 23.21
(2.79)

250.93
(125.04)

305.64
(196.69)

6.79
(0.93)

6.82
(0.95)

Statistical analyses for the differences between hsCRP and HbA1c values before and after peri-
odontal treatment, and between 1 month and 3 months in the control group were performed by 
Wilcoxon’s rank test. Data is expressed as mean standard deviation
*P < 0.05
**P < 0.001

T. Shinjo and F. Nishimura



195

Briefly, outpatient medical and dental clinics and communities of five academic 
medical centers in the United States participated in this randomized clinical trial. 
Participants were men and women with T2DM, aged ≥35 years, with no changes 
made to their diabetes medication(s) within the last 3 months and with an HbA1c 
level 7.0–8.9% at screening, who had ≥16 teeth and who had not received periodon-
tal treatment in the preceding 6 months (total n = 514). Participants were divided 
into two groups: the treated group received nonsurgical periodontal therapy includ-
ing scaling and root planning (SRP), oral hygiene instructions, chlorhexidine mouth 
washing, and supportive periodontal therapy (SPT) after 3 and 6 months, while the 
non-treated group did not. Changes in HbA1c in both groups were observed between 
baseline (just before periodontal treatment) and after 3 and 6 months. Surprisingly, 
this paper concluded that “Nonsurgical periodontal therapy did not improve glyce-
mic control in patients with type 2 diabetes and moderate to advanced chronic peri-
odontitis,” exploding the conventional consensus. Specifically, HbA1c levels in the 
non-treated group were shown to increase by 0.11 ± 1.0%, and, instead of decreas-
ing, the HbA1c levels in the treated group increased by 0.17 ± 1.0%. The authors 
concluded no significant difference between the groups [31].

15.5.3  Rebuttal Paper Against the Report of JAMA

A rebuttal paper was published against this JAMA paper in the Journal of Evidence- 
Based Dental Practice the next year. In this rebuttal paper, the authors described 
three major concerns with the JAMA paper [32]. The first concern was that no sig-
nificant effect of periodontal treatment would be expected because baseline HbA1c 
levels were already close to the goal for good glycemic control. In general, the 
HbA1c goal is set at <7% in most patients; however, it is sometimes set at <8% in 
certain patients. In the JAMA paper, at baseline the average HbA1c in the treated 
group was 7.84% and that in untreated group was 7.77%. Besides, HbA1c in 60.3% 
of the treated group and 63.8% of the untreated group was <8%, indicating that the 
rest (~40%) of the subjects had an HbA1c >8%. Regardless of periodontal treat-
ment, the effect size of improvement of glycemic control of any intervention 
depends on the HbA1c at baseline, that is, it is easy to imagine that the higher the 
HbA1c at baseline, the larger the potential improvement shown, and vice versa.

The second concern was that the effect of periodontal treatment was not accu-
rately demonstrated because the treatment failed to reach the accepted standard 
of care. In principle, whether periodontal treatment was successful or not was 
objectively evaluated by measuring clinical parameters such as pocket probing 
depth (PPD), bleeding on probing, plaque score, and clinical attachment gain. In 
the JAMA paper, at the end of the study, each subject in the treated group still had 
on average 20.1% of sites with PPD ≥4 mm, and half of those (10.2% of sites) 
were ≥5 mm; 41.6% of all sites bled on probing, a relatively high rate. In terms 
of plaque score (a parameter of remaining dental plaque causing periodontitis), 
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the average score was observed to change from 86.7% at baseline to only 72.1%, 
suggesting unsuccessful improvement. These parameters meant that most of the 
periodontal treatment provided in this study was inadequate. It is clear that inad-
equate periodontal treatment could not result in adequate improvement in HbA1c.

The third concern was that pronounced obesity would mask any decrease in 
inflammatory response caused by successful periodontal treatment. The mean 
BMI of the treated group was extremely high: 34.7 ± 7.5 kg/m2. Previously, a 
study in the United States called the Atherosclerosis Risk Communities (ARIC) 
showed that while hsCRP in patients with a BMI of 20–29 kg/m2 was associated 
with a twofold increase in severe periodontitis compared with control, the differ-
ence in hsCRP between both was gradually reduced in accordance with increases 
in BMI; finally, no difference was shown in patients whose BMI was ≥35 kg/m2 
[33]. In addition, the Periodontitis and Vascular Events (PAVE) multicenter clini-
cal study reported that obese patients maintained a systemic inflammatory state 
after receiving periodontal treatment [34]. Furthermore, the aforementioned 
Hiroshima study clearly showed improvements in HbA1c following periodontal 
treatment in subjects with mild obesity. Taken together, the authors stated that in 
the JAMA paper, although no effect of periodontal therapy on the reduction of the 
systemic inflammatory burden was reported, it was possible that most of the sub-
jects were resistant to the elimination of periodontal disease-related systemic 
inflammation due to the overwhelming influence of their obesity-related systemic 
inflammatory load.

15.6  Summary

Periodontal disease is thought to amplify inflammation through mature adipose 
tissue and to induce systemic micro-inflammation, thereby contributing to insulin 
resistance, resulting in exacerbation of diabetes (Fig.  15.4). Although many 
aspects of the mechanism remain unclear, there is no doubt that mechanism under-
lying the effects of periodontal disease on the whole body will be elucidated in 
more detail.

Moreover, from the results of many clinical studies including those aforemen-
tioned, it is likely that reducing obesity is important to allow sufficient improvement 
of glycemic control from the provision of periodontal treatment. In particular, 
patients with mild obesity are likely to gain glycemic control benefits from peri-
odontal treatment. In the future, multicenter clinical studies targeting various obese 
and diabetic patients, supported with good-quality periodontal treatment in accor-
dance with guidelines, are necessary to elucidate further the evidence for the effects 
of periodontal treatment on diabetic therapy.
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Chapter 16
Diabetes and Advanced Glycation  
End Products

Sho-ichi Yamagishi

Abstract The reaction of sugars, such as glucose and glyceraldehyde, with amino 
groups of proteins and lipids is enhanced under hyperglycemic conditions. As a 
result, the formation and accumulation of senescent macroprotein derivatives called 
advanced glycation end products (AGEs) have been known to progress in diabetes. 
Modification of proteins by AGEs alters their tertiary structure and physiological 
function, thereby causing multiple organ damage in diabetes. Further, engagement 
of the cell surface receptor RAGE with AGEs evokes oxidative stress and inflamma-
tory reactions in a variety of tissues, being involved in the development and progres-
sion of numerous diabetes-associated disorders, including cardiovascular disease, 
osteoporosis, Alzheimer’s disease, and cancer growth and metastasis. In this chap-
ter, I briefly review the pathophysiological role of AGEs and their receptor RAGE 
system in diabetes- and aging-related complications, especially focusing on cardio-
vascular disease and osteoporosis.

Keywords AGEs • Aging • Diabetes • RAGE

16.1  Introduction

According to the recent report of Diabetes Atlas, about 415 million people world-
wide had diabetes in 2015 [1]. The prevalence of diabetes is estimated to be 9%, and 
one person dies from diabetes every 6 s all over the world [1]. The global figure of 
people with diabetes is projected to increase to 642 million in 2040. Now, diabetes 
is a major health burden. Although cardiovascular disease (CVD) is the leading 
cause of death in diabetes, other aging-associated disorders, such as osteoporosis, 
Alzheimer’s disease, and various kinds of cancers, are highly prevalent in patients 
with both type 1 and type 2 diabetes [2–7]. As a result, average life span is 
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significantly reduced in diabetic patients compared with non-diabetic individuals; 
Emerging Risk Factors Collaboration revealed that 40-year-old diabetic patients 
without known CVD at the time of enrollment died 6.3 years younger than non- 
diabetic subjects [8–11].

Large clinical trials have substantiated the concept of “metabolic memory” in the 
increased risk of vascular complications and death in type 1 and type 2 diabetic 
patients [12–14]. This means that cumulative diabetic exposure is mainly involved 
in the pathogenesis of diabetes-associated complications. There is a growing body 
of evidence that advanced glycation end products (AGEs) play a role in CVD, 
osteoporosis, Alzheimer’s disease, and cancer growth and metastasis as well [2–7]. 
Moreover, the unique biochemical nature and mode of actions of AGEs may provide 
the mechanistic basis to understand why former diabetic exposure has contributed 
to current progression of vascular complications and increased mortality in patients 
with diabetes [12–14]. In this chapter, I briefly review the pathophysiological role 
of AGEs and their receptor RAGE system in diabetes- and aging-related complica-
tions, especially focusing on cardiovascular disease and osteoporosis.

16.2  AGEs

A nonenzymatic reaction between sugars, such as glucose, fructose, and glyceralde-
hyde, and the amino groups of proteins, lipids, and nucleic acids is enhanced under 
diabetic conditions to form reversible Schiff bases and then Amadori products [15–22]. 
These early glycation products undergo rearrangement, dehydration, condensation, 
and other complex reactions to become irreversibly cross-linked, heterogeneous mac-
roprotein derivatives called AGEs [15–22]. The abovementioned process of nonenzy-
matic glycation is also known as Maillard reaction because L.C. Maillard, a French 
chemist, discovered a century ago that brown fluorescent products were generated 
when amino acids were heated with reducing sugars [15–22]. Since then, food chem-
ists have long studied this process as a source of flavor, color, and texture changes in 
cooked or stored foods. But, in the late 1970s, it was realized that this process could 
also occur in human body [23, 24].

The formation and accumulation of AGEs in various tissues and organs have 
been known to progress at a physiological normal aging and at an extremely accel-
erated rate under hyperglycemic and/or oxidative stress conditions [15–24]. 
Modification of proteins by AGEs alters their tertiary structure and physiological 
function, thereby causing multiple organ damage in diabetes [2–7, 15–24]. 
Furthermore, engagement of the cell surface receptor RAGE with AGEs evokes 
oxidative stress and inflammatory reactions in a variety of tissues, being involved in 
the development and progression of numerous diabetes-associated disorders, includ-
ing cardiovascular disease, osteoporosis, Alzheimer’s disease, and cancer growth 
and metastasis [2–7, 25–32]. AGEs are slowly degraded and remain for a long time 
in diabetic vessels and tissues even after achieving good glycemic control [33, 34]. 
In addition, AGEs have been shown to upregulate RAGE expression and induce 
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sustained activation of nuclear factor-κB [25–32]. Therefore, the AGE-RAGE- 
induced oxidative stress generation further potentiates the formation and accumula-
tion of AGEs and subsequent RAGE overexpression, making a positive feedback 
loop between AGEs and RAGE-downstream pathways. These observations suggest 
that activation of the AGE-RAGE axis may play a crucial role in the phenomenon of 
“metabolic memory” (Fig. 16.1).

16.3  AGEs and CVD

AGEs evoke oxidative stress generation and subsequently elicit inflammatory and 
thrombotic reactions in endothelial cells (ECs) through the interaction of RAGE via 
activation of NADPH oxidase [35, 36]. AGE-induced, nuclear factor-κB-dependent 
transcriptional gene expression of chemokines and growth factors, such as mono-
cyte chemoattractant protein-1 and platelet-derived growth factor-B, contributes to 
vascular inflammation and smooth muscle cell proliferation and migration, thereby 
promoting the progression of atherosclerosis [37, 38].

AGE-RAGE interaction not only reduces the production of nitric oxide (NO) by 
ECs but also inactivates NO to generate peroxynitrite, a highly toxic product of NO 
with superoxide anion [39, 40]. Moreover, AGEs increase asymmetric dimethyl-
arginine (ADMA), an endogenous inhibitor of NO synthase by various types of 
cells, including ECs [41–44]. The generation of ADMA is stimulated, whereas its 
degradation is suppressed by the AGE-RAGE axis [41–44]. Since NO is recog-
nized as an endogenous atheroprotective factor by exerting anti-inflammatory, 
antiproliferative, and antithrombotic effects on ECs, activation of the AGE-RAGE 
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system may  contribute to endothelial dysfunction, an initial step of atherosclerosis 
[41–44]. Indeed, we have recently found that plasma ADMA levels are positively 
associated with serum AGE levels and inversely correlated with endothelial func-
tion determined by flow-mediated vasodilatation in end-stage renal disease patients 
due to diabetic nephropathy [44]. The ratio of AGEs to soluble RAGE is correlated 
with impaired endothelial function in non-diabetic individuals as well [45]. 
Furthermore, we have demonstrated that circulating AGE levels are independently 
associated with vascular inflammation evaluated by [(18)F]fluorodeoxyglucose 
positron emission tomography, which are correlated with endothelial dysfunction 
in high-risk patients for CVD, thus suggesting that vascular inflammation evoked 
by AGEs may also be involved in impairment of endothelial function in these 
patients [46–48]. AGE- RAGE axis also inhibits adhesion, spreading, proliferation, 
and migration of endothelial progenitor cells [49, 50]. Since serum AGE levels are 
inversely associated with number and migratory activity of endothelial progenitor 
cells [51], AGEs could also impair EC repair.

Atherothrombosis, characterized by atherosclerotic lesion disruption with super-
imposed thrombus formation, is thought to be the major cause of acute coronary syn-
drome [52, 53]. AGE-RAGE interaction inhibits prostacyclin production in ECs, 
whereas it evokes platelet activation and aggregation, stimulates procoagulant activity, 
and stabilizes arterial thrombi by suppressing the fibrinolytic activity [54–61]. Plaque 
neovascularization promoted by AGE-RAGE axis may also cause plaque rupture and 
intraplaque hemorrhage, which could lead to acute coronary syndrome [62–65]. 
Circulating AGE levels are associated with thrombogenic markers such as plasmino-
gen activator inhibitor-1 and fibrinogen in a general population as well [66, 67].

We have found that AGEs decrease gene expression levels of adenosine 
triphosphate- binding membrane cassette transporter A1 and G1 in THP-1 macro-
phages and subsequently suppress cholesterol efflux from THP-1 macrophages to 
apolipoprotein AI and HDL-cholesterol, respectively [68]. The findings suggest that 
the AGE-RAGE axis may impair reverse cholesterol transport and promote foam 
cell formation within the atherosclerotic lesions in diabetes [68, 69].

Administration of a recombinant soluble form of RAGE consisting of the extra-
cellular ligand-binding domain has been shown not only to suppress the develop-
ment of atherosclerosis but also to stabilize established atherosclerosis in diabetic 
apolipoprotein E-null mice [70, 71]. The treatment with soluble RAGE resulted in 
decreased atherosclerotic lesion area in apolipoprotein E-deficient db/db mice, a 
murine model of type 2 diabetes [72]. Diabetic RAGE(-/-)/apolipoprotein E (apoE)
(-/-) mice also exhibited significantly reduced atherosclerotic plaque area, which 
was associated with attenuation of leukocyte recruitment, decreased expression of 
pro-inflammatory mediators, reduced oxidative stress, and AGE accumulation [73].

We have recently found that DNA aptamer that can bind with high affinity and 
specificity to AGEs (AGE-aptamer) inhibits neointima formation after balloon 
angioplasty in association with the reduced expression of AGEs, RAGE, and an 
oxidative stress marker, 8-hydroxy-2′-deoxyguanosine in balloon-injured arteries 
[74]. Compared with control aptamer, AGE-aptamer significantly suppresses 
smooth muscle cell proliferation, macrophage infiltration, and platelet-derived 
growth factor-BB expression in balloon-injured carotid arteries as well [74].

S.-i. Yamagishi



205

It should be noted that cross-linked modification of extracellular matrix proteins 
by AGE increases vascular and myocardial stiffness and impairs structural integrity 
and physiological function of multiple organ systems, thus being involved in arterial 
stiffness, arterial fibrillation, isolated systolic hypertension, and diastolic heart fail-
ure [3, 4]. The role of AGE-RAGE axis in CVD is summarized in Fig. 16.2.

16.4  AGEs and Osteoporosis

The risk of osteoporosis-related bone fractures is elevated in both type 1 and type 2 
diabetic patients [75–78]. Although bone mineral density (BMD) is decreased in 
patients with type 1 diabetes, it cannot entirely explain the increased risk of osteo-
porotic bone fractures in these patients. Furthermore, BMD is increased rather than 
reduced in type 2 diabetes [78–81]. These observations suggest that bone quality 
and microstructure are also impaired in diabetes, making the relative risk of bone 
fracture much higher than that calculated based on BMD. Moreover, the Rotterdam 
study showed that risk of bone fracture was higher only in already established and 
treated type 2 diabetic patients but not subjects in newly diagnosed diabetes com-
pared with non-diabetic individuals [82]. Therefore, cumulative diabetic exposure 
may also be involved in osteoporosis-related bone fractures in diabetes.

AGE-RAGE axis induces apoptotic cell death of osteoblasts via oxidative stress 
generation [83, 84]. Furthermore, AGE-modified type 1 collagen decreases adhe-
sion of osteoblasts and inhibits its proliferation and spreading through intracellular 
reactive oxygen species production [85]. Since AGE modification of collagen in the 
bone matrix is accelerated under diabetes, it may play a role in reduced BMD in 
diabetes [86, 87]. Although there is some controversy about the pathological role of 
AGEs in osteoclast function, AGEs or RAGE-downstream pathway have been 
reported to activate osteoclasts or promote osteoclastogenesis, enhancing bone 

Diabetes and Aging

Increased formation and accumulation of AGEs
Cross-linked modification of extracellular matrix proteins

RAGE–mediated oxidative stress

Thrombosis
platelet activation

Vascular
inflammaion

Endothelial
dysfunction

Foam cell
formation

Cardiovascular disease and death

Impaired
endothelial
cell repair

Vascular
stiffness

Diastolic
heart failure

Fig. 16.2 Role of AGE-RAGE axis in CVD

16 Diabetes and Advanced Glycation End Products



206

resorptive activity, which may also lead to decreased BMD and reduced bone bio-
mechanical strength in diabetes [88–90].

In vitro glycation of human tibial cancellous bone cores increases the microdam-
age and reduces the fracture resistance [91]. AGE-modified collagen impairs lysyl 
oxidase-dependent physiological collagen cross-links by osteoblast cells, which 
could stimulate bone collagen degradation [92, 93]. Moreover, decreased bone 
mechanical properties are associated with AGE accumulation levels in the bone col-
lagen of diabetic rats [94]. Trabecular AGE levels in human vertebrae are also 
inversely correlated with whole bone strength [95]. These observations suggest that 
mechanical integrity of the collagen network in the bone might deteriorate with 
diabetes and/or age due to enhanced accumulation of bone AGEs, being involved in 
osteoporosis in these subjects [96].

Serum levels of pentosidine, one of the well-characterized AGEs, are signifi-
cantly increased in postmenopausal type 2 diabetic women with vertebral fractures 
compared with those without fractures and associated with the presence of vertebral 
fractures, which is totally independent of BMD [97]. Schwartz et al. reported that 
elevation in urinary pentosidine levels was independently correlated with increased 
clinical fracture incidence as well as vertebral fracture prevalence in elderly patients 
with type 2 diabetes [98].

16.5  AGEs and Aging

A lifelong restriction of AGE-rich diet reduces oxidative stress generation and AGE 
accumulation as well as RAGE expression, resulting in extension of life span in 
mice [99]. Furthermore, oral intake of AGE-containing foods has been shown to 
determine the biological effects of calorie-restricted diet, such as oxidant stress gen-
eration, risk of age-related diseases, and mortality in mice [100]. These findings 
suggest that restriction of AGE-rich diet may be a novel therapeutic target for slow-
ing the aging process and achieving a successful life.

The Baltimore Longitudinal Study of Aging showed that serum carboxymethyl-
lysine (CML), one of the dominant AGEs contained in foods, was independently 
associated with progression of renal dysfunction in community-dwelling adults 
[101]. Furthermore, high circulating CML levels were reported to predict cardiovas-
cular disease mortality among older community-dwelling women [102]. In non- 
diabetic adults aged 65 and older residing in Tuscany, Italy, those with plasma CML 
in the highest tertile had greater all cause and CVD as well [103]. Dietary AGEs 
may be a modifiable risk factor for diabetes- and aging-related complications.

16.6  Conclusions

Accumulation of AGEs via endogenous and exogenous pathway and resultant acti-
vation of RAGE downstream signaling may play a role in the pathogenesis of vari-
ous diabetes- and aging-related disorders. Inhibition of the AGE formation, 
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reduction of intake of AGE-rich diet, and blockade of the AGE-RAGE-induced oxi-
dative stress system may be a novel target for antiaging medicine.
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