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1 Introduction

Age is a major risk factor for type 2 diabetes mellitus (T2DM), similarly to what is
known about the etiology of most chronic diseases. Indeed, before the recent “epi-
demic” of childhood and adolescent obesity, T2DM was called “adult onset diabe-
tes.” The importance of chronological age as a risk factor for T2DM is only one of
many links between diabetes and aging. The genetic and environmental control of
the biological process of aging is intertwined with the development and conse-
quences of T2DM in a highly complex network of interactions that are probably
unique to diabetes.

Symptoms and diagnosis of T2DM reflect failure of insulin-secreting pancreatic
B cells on the background of progressive increase in insulin resistance in target tis-
sues. Insulin resistance commonly accompanies aging, although it is not clear
whether insulin resistance is primarily a cause or a consequence of aging and
whether it represents a protective/compensatory response to hyperinsulinemia [9].
While controversy persists about the role of aging in insulin resistance, and vice
versa, it is widely accepted that maintaining insulin sensitivity through physical
activity or pharmacological agents can prevent/delay the development of T2DM in
high-risk young and older adults [84].

There is considerable evidence that insulin and homologous hormones in inver-
tebrate species are intricately involved in the control of aging and lifespan [62, 124].
In experimental organisms ranging from yeast to mice, reducing (but not eliminat-
ing) insulin/insulin-like growth factor (IGF) signaling by genetic or dietary means
can lead to slower aging, reduced susceptibility to age-related disease and signifi-
cant, often remarkably large, extension of longevity. The increase in longevity can
be quite impressive — more than twofold increase in C. elegans and more than 1.5-
fold increase in mice. Importantly, a role of insulin/IGF signaling in the control of
aging and longevity also applies to primates, including humans [106, 133]. The
beneficial effects of reduced insulin/IGF signaling on longevity could be viewed as
the first paradox in the relationship between insulin and aging. A severe reduction
of the capacity to produce insulin leads to diabetes, a serious, life-threatening dis-
ease. In contrast, chronic hypoinsulinemia induced by calorie restriction or muta-
tions related to growth hormone (GH) signaling are associated, most likely causally,
with delayed aging and long, healthy life.

The complex interplay between insulin action, diabetes and aging does not end
here. Progression of T2DM, with its practically unavoidable deterioration of glu-
cose homeostasis, is associated with the emergence of functional deficits and patho-
logical alterations that typically accompany aging [35]. Indeed, many diabetologists
view accelerated aging as a result of T2DM (as well as type 1 diabetes) and believe
that patients with T2DM are physiologically older than their chronological age.
This difference may be as great as 10 years or, for new patients, approximately 1
year for each year since the diagnosis of their disease. This relationship between
T2DM and aging at times has been emphasized by the simple but powerful state-
ment that “diabetes is accelerated aging” [DeFronzo, RA, personal communica-
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tion]. Although a disease (diabetes) cannot be equated with a physiological process
(aging), it is indeed striking that some of their consequences are very similar.
Regarding accelerated aging as one of the consequences of diabetes is consistent
with many clinical and epidemiological findings. It is also important to remember
that diabetes disturbs insulin secretion and its intracellular actions, which are medi-
ated by signaling pathways known to be involved in the control of aging.

In terms of broader relationships between aging and disease as embodied in the
concept of geroscience and explored throughout this volume, the suggestion that
diabetes may lead to accelerated aging is extremely important. It provides a mecha-
nistic explanation of why diabetes, similarly to chronological age, increases the risk
for cardiovascular disease, cancer, frailty and dementia. Uncovering cause:effect
relationships between insulin signaling, aging and diabetes is greatly complicated
by the fact that circulating insulin concentration and insulin sensitivity are mutually
dependent and both are altered in pre-diabetic conditions such as glucose intoler-
ance and the metabolic syndrome, and in patients with T2DM. Although chronic
insulin exposure promotes insulin resistance by well-known mechanisms, insulin
resistance coexists with insulin deficiency in T2DM; meanwhile long-lived mice
with GH-related mutations and offspring of exceptionally long-lived people exhibit
reductions in both insulin levels and insulin resistance [8, 133]. These relationships
are further complicated by differential alterations in insulin sensitivity and various
steps of insulin signaling in different organs of the same individual [19], as well as
by the emerging evidence that insulin resistance can be either detrimental or protec-
tive [10]. Is this another paradox related to diabetes?

Discussion of the interplay between aging and diabetes would not be complete
without a reference to obesity. Aging is associated with progressive changes in the
distribution and secretory activity of adipose tissue, as well as adipogenesis and
adipocyte senescence, and most often also with a gradual, often very striking
increase in adiposity [125]. Obesity is one of the important features of metabolic
syndrome and a key risk factor for T2DM. It is also independently associated with
an increased risk of cancer and cardiovascular disease, thus resembling the effects
of both aging and diabetes. In turn, regulation of lipid metabolism, food intake and
adiposity are disturbed in T2DM.

2 Studies in Experimental Animals Link Glucose
Homeostasis and Insulin Signaling with Healthy Aging
and Longevity

2.1 Animals with Reduced Longevity

Much of the evidence for causal links between glucose homeostasis and aging is
derived from mice with genetic or dietary interventions that alter insulin signaling.
In this species, obesity induced either by mutations or high-fat diet (HFD) leads to



358 N. Musi and A. Bartke

a reduced lifespan, as well as insulin resistance, diabetes and functional deficits
resembling those that normally occur during aging [95, 96, 121]. Mice with morbid
obesity due to hereditary deficiency of leptin or leptin receptors provide a particu-
larly striking example of these associations [67, 89, 102]. Animals heterozygous for
the lethal yellow (AY) mutation at the agouti locus (often referred to as “agouti
mice”) are obese, hyperinsulinemic and hyperglycemic and more likely to develop
cancer, an aging-related disease [134].

Interestingly, some genetic interventions allow dissociating abnormal glucose
homeostasis and accelerated aging from obesity. Transgenic mice overexpressing
growth hormone (GH) have reduced adiposity (percent of body fat) during most of
their adult life [103], are insulin resistant and hyperinsulinemic, live much shorter
than their genetically normal siblings, and exhibit numerous characteristics resem-
bling aging that develop at an inappropriately early chronological age [6]. Pertinent
to the subject of this chapter, these “giant mice” are more susceptible to age-related
diseases including kidney inflammatory disease, glomerulosclerosis and cancer
[129]. Moreover, blood pressure is elevated in these insulin-resistant transgenic
mice [78].

2.2 Animals with Extended Longevity

Causal relationships between insulin signaling, glucose homeostasis, age-associated
disease and longevity are strongly supported by studies in mice in which somato-
tropic signaling is suppressed by spontaneous mutations or targeted gene disrup-
tions. Remarkable extension of average and maximal longevity of mice of both
sexes lacking GH or GH receptors is associated with enhanced insulin sensitivity,
reduced or “low-normal” levels of blood glucose, and resistance to the detrimental
impact of high-fat diet on insulin signaling [8, 22, 90]. These characteristics,
together with reduced blood pressure [57], could be described as a phenotype oppo-
site to metabolic syndrome or “prediabetes.” Importantly, these animals exhibit
numerous features of delayed aging, including improved maintenance of cognitive,
immune and neuromuscular function, collagen properties and glucose homeostasis
at the age when these parameters exhibit decline in their normal (wild type) siblings
[8, 22]. Incidence of cancer and various pathological changes associated with aging
are delayed and/or reduced in these insulin-sensitive, long-lived mutants [73, 74].
Our hypothesis that improved insulin signaling/action is one of the key mecha-
nisms responsible for extension of longevity in GH-related mutants was supported
by experiments exposing these animals to calorie restriction (CR) throughout most
of their post-natal lives. In most strains of mice, CR increases insulin sensitivity,
slows aging and extends longevity. In Ames dwarf mice, which lack GH, CR led to
a further increase in insulin sensitivity and further extension of their already remark-
ably long lifespan [7]. In contrast, in GH-resistant GHRKO (a.k.a. “Laron dwarf”)
mice, CR did not further increase insulin action (Fig. 1), had no effect on longevity
in males and caused a small increase in maximal (but not average) longevity in
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Fig. 1 Phosphorylation of Aktl and Akt2 in response to acute insulin stimulation in the skeletal
muscle of long-lived growth hormone receptor deleted (GHRKO; KO) and normal (V) male mice
fed ad libitum (AL) or subjected to chronic 30 % calorie restriction (CR). Results indicate that
GHRKO mice are more insulin sensitive than N (control animals). CR produces the expected
increase in insulin sensitivity of N mice but no further increase in the GHRKO mutants. Importantly,
this CR regimen extends longevity in N but not in GHRKO males [19]

females [18]. Additional evidence for a cause:effect relationship between insulin
signaling and aging was obtained in a recent study in which experimental suppres-
sion of insulin sensitivity in long-lived GHRKO mice attenuated phenotypic mark-
ers of delayed aging [4]. In contrast to these observations, mice with deletion of
insulin receptor substrate 1 (IRS1 —/-) and transgenic mice overexpressing klotho
are long-lived in spite of enhanced rather than reduced insulin resistance [86, 116].
It was suggested that insulin resistance may act to reduce the strength of the insulin
signals [86] or protect target organs from excessive insulin exposure [9]. Similarly,
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fat tissue-specific insulin receptor knockout (FIRKO) mice are long-lived in spite of
insulin resistance of adipocytes and perhaps also macrophages [16], and rapamycin
treatment extends longevity in mice even though it can reduce insulin sensitivity
[68]. However, rapamycin’s effects on insulin signaling depend on the dose and
duration of treatment [49]. From the data available to date, it is possible to conclude
that a combination of reduced insulin levels and enhanced insulin sensitivity might
emerge as one of the key mechanisms leading to delayed and healthy aging in mice
with GH-related mutations as well as in various species of animals subjected to CR.

3 Role of Adiposity

Interestingly, studies in long-lived mutant mice allowed dissociation of the effects of
insulin signaling on aging from the effects of obesity. In contrast to animals sub-
jected to CR, long-lived GH-related mutants have increased rather than reduced adi-
posity [13]. Examination of the adipose tissue expression of pro- and anti-inflammatory
cytokines and their circulating levels along with the effects of surgical removal of
most of the intra-abdominal (visceral) fat in these animals provided evidence sug-
gesting that insulin resistance is not determined by the amount of adipose tissue but
by its secretory profile [94]. Long-lived mice with GH-related mutations have unex-
pectedly increased levels of adiponectin and reduced expression of IL-6 and TNFa
in spite of their increased adiposity [91, 94]. It is well documented that in addition to
its anti-inflammatory and anti-atherogenic effects, adiponectin increases insulin sen-
sitivity [12, 127, 137]. It is possible that increased adiponectin levels, together with
reduced levels of pro-inflammatory cytokines and suppressed mechanistic target of
rapamycin (mTOR) signaling, provide a likely explanation for increased insulin sen-
sitivity in corpulent or obese GH-deficient and GH-resistant mice.

4 Pathophysiology and Natural History of Type 2 Diabetes

In young and middle-aged individuals, T2DM occurs as a consequence of two
pathophysiologic alterations, insulin resistance and p-cell failure. Both genetic and
environmental factors (obesity, physical inactivity) contribute to the development of
insulin resistance. Resistance to the actions of insulin in skeletal muscle, liver, and
adipose tissue appears early in the natural history of the disease. In muscle, insulin
resistance is manifested as decreased insulin-mediated glucose disposal; in the liver
it is manifested as impaired suppression of hepatic glucose output; and in adipose
tissue insulin resistance manifests as increased lipolysis rates, resulting in increased
plasma free fatty acid concentration that further impairs insulin action in muscle and
liver (i.e. lipotoxicity). During the early stages of insulin resistance, f-cells can
compensate by augmenting insulin secretion to maintain normal glucose tolerance.
However, in subjects destined to develop diabetes (~10-20 % of all insulin-resistant
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individuals), the p-cells eventually will fail, leading to the onset of overt diabetes.
The resultant hyperglycemia causes a further decline in insulin sensitivity (i.e. glu-
cotoxicity), but it is the progressive p-cell failure that determines the rate of disease
progression [44].

5 Aging as a Risk Factor for Type 2 Diabetes

Substantial evidence has demonstrated that increasing age is associated with
impaired glucose homeostasis [2, 43, 107]. The Baltimore Longitudinal Study of
Aging showed a progressive decline in glucose tolerance from the third through the
ninth decade of life [118]. During an oral glucose tolerance test, the mean fasting
plasma glucose increased ~1 mg/dl per decade, and the 2 h glucose increased ~5
mg/dl per decade. This decline in glucose tolerance was also evident in the National
Health and Nutrition Examination Survey (NHANES) III, which showed that the
percentage of physician-diagnosed diabetes (fasting glucose >126 mg/dl) is 3.9 %
in subjects aged 4049 years, whereas prevalence increases to 13.2 % in subjects
>75 years of age [66]. The percentage of subjects with undiagnosed diabetes also
increases from 7.1 to 14.1 % within these age groups. Approximately 50-60 % of
subjects aged >65 have diabetes or impaired glucose tolerance (IGT), and ~25-50
% (depending upon the population) of subjects with IGT will ultimately convert to
type 2 diabetes [47], Other than chronological age, the factors responsible for such
high prevalence of IGT and T2DM in the aging population are not clear. However,
age-dependent decreases in (i) insulin sensitivity and (ii) B cell function are thought
to play important roles in the deterioration of glucose homeostasis that occurs with
advancing age.

5.1 Molecular Basis for Peripheral Insulin Resistance

As mentioned above, insulin resistance is characteristic of peripheral tissues (i.e.
muscle, adipose) from obese and T2DM subjects [43]. The first step in the insulin
signaling transduction pathway is binding of insulin to the o subunits of the insulin
receptor in the cell surface. The activated insulin receptor then tyrosine phosphory-
lates and activates downstream insulin receptor substrate (IRS) proteins, such as
IRS-1 (IRS-1). Tyrosine phosphorylation of IRS-1 leads to its association with the
P85 subunit of phosphatidylinositol 3-kinase (PI-3 kinase) [132]. Activation of PI-3
kinase leads to the phosphorylation/activation of a series of enzymes and proteins,
such as phosphoinositide-dependent kinase (PDK)-1, protein kinase C (PKC) A/C,
Akt, and the RabGAP protein AS160 [50, 142, 143]. The phosphorylation/activation
of these signaling intermediaries results in the translocation of GLUT4 glucose trans-
porters to the cell membrane and the uptake of glucose [50, 142, 143]. A wide array
of abnormalities distinguish insulin-resistant muscle from normal muscle, including
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decreased insulin receptor tyrosine kinase activity, decreased IRS-1-associated tyro-
sine phosphorylation, and decreased insulin-stimulated PI 3-kinase activation [28,
41, 145]. Other defects reported in insulin-resistant muscle include decreases in insu-
lin-stimulated PKC activity [50], and AS160 phosphorylation [80]. Insulin-mediated
GLUT4 translocation also is reduced in insulin resistant subjects [54], due in part to
impairments in insulin signaling described above. These molecular abnormalities are
strongly correlated with decreased insulin-stimulated glucose disposal in muscle [41,
145]. Some of these cellular processes will be further discussed in Sect. 5.2

Insulin-stimulated glucose transport in muscles from nondiabetic rodents
decreases with age [58, 61]. The majority of reports that have examined the effect
of age on insulin sensitivity in humans also have demonstrated reduced insulin sen-
sitivity [48]. Some studies have reported that decreased insulin sensitivity with
aging is not apparent when results are expressed by lean body mass. However, when
glucose disposal is measured using the hyperinsulinemic euglycemic clamp tech-
nique over a range of insulin doses, the plasma insulin concentration required to
achieve half-maximal glucose disposal is considerably lower in younger compared
with older subjects (shift to the right) [112]. This decrease in insulin-stimulated
glucose disposal is evident whether glucose disposal rates are plotted per kg of
whole body weight or lean body mass. Other dose-response studies using the eug-
lycemic clamp also have shown impaired insulin sensitivity in older subjects [51,
105]. Petersen et al. demonstrated that, in response to physiologic hyperinsulinemia
(20 mU/kg.min insulin clamp), older subjects have a ~40 % reduction in peripheral
glucose disposal compared to younger subjects who were matched for body mass
index (BMI) and lean body mass [105]. Importantly, the impairment in insulin sen-
sitivity in older subjects was still evident when glucose disposal was expressed per
lean mass [77]. In addition, peripheral insulin resistance in aging has been demon-
strated using other techniques, such as forearm glucose uptake and the frequently
sampled intravenous glucose tolerance test (minimal model) [32]. Studies in rodents
and human subjects from various groups also have shown that skeletal muscle from
aging animals has defects in the insulin transduction pathway as described above
[55, 75, 85, 87].

The underlying pathogenic mechanism responsible for the reduction in insulin
action that occurs with aging is unclear. Probable factors contributing to age-
associated insulin resistance include adiposity/lipotoxicity, inflammation, and mito-
chondrial dysfunction. These are discussed below and illustrated in Fig. 2.

5.2  Role of Adiposity/Lipotoxicity on Insulin Resistance

Approximately 30-40 % of older U.S. adults are obese (CDC/NHANES). The high
prevalence of obesity in this population is multifactorial, including decreased physi-
cal activity, lower oxidative capacity, and muscle wasting. Obesity is associated
with impaired glucose metabolism, although the mechanism by which excess adi-
pose tissue alters glucose homeostasis is unclear. Plasma concentration of free fatty
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Fig. 2 Model of pathogenesis of muscle insulin resistance with aging. During aging, there is a
pro-inflammatory state evidenced by increased expression and activity of mediators such as NFkB
and MAP-kinases, caused by elevated levels of inflammatory stimuli, including plasma free fatty
acids and endotoxin (which signal via TLR4), intracellular lipids (e.g. ceramides, diacylglycerol),
cytokines (e.g. TNFa) and ROS. Decreases in mitochondrial function also contribute by promoting
accumulation of intracellular lipids and increased ROS production. The activation of NFkB and
MAP-kinases impair insulin action at the Akt and IRS levels, which eventually result in decreased
insulin-mediated glucose disposal

acids (FFA) is commonly elevated in older subjects, and several lines of evidence
implicate a deleterious effect of elevated plasma FFA level on muscle insulin sensi-
tivity. For example, an experimental elevation of FFA induces muscle insulin resis-
tance in normal glucose-tolerant subjects [17], whereas a reduction in plasma FFA
concentrations rapidly ameliorates insulin resistance in insulin-resistant individuals
[113]. In addition to the circulation, a variety of approaches has confirmed the exis-
tence of increased lipid content in insulin-resistant skeletal muscle [5, 60, 128].
Triglycerides account for most intramyocellular lipids. While triglycerides proba-
bly do not impair insulin action per se, metabolites of triglycerides/FFA, particu-
larly diacylglycerol and ceramides, have been shown to have a deleterious effect on
insulin action [63, 141]. The cause for the accumulation of intracellular lipids in
insulin-resistant muscle is unknown, although one possibility is a reduction in mito-
chondrial oxidative capacity [105], which appears as a major hallmark of aging (see
below). This elevation in intramyocellular lipids is thought to initiate a reverberat-
ing negative feedback cycle by decreasing insulin signaling and aggravating the
insulin resistance that is already present. Specifically, these intracellular lipid
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metabolites activate kinases, such as inhibitor kB kinase, protein kinase C, and c-jun
N-terminal kinase (JNK), which in turn serine phosphorylate IRS-1, resulting in
decreased activation of PI-3 kinase [1, 26, 76].

Numerous studies have examined whether intracellular lipid content varies with
normal age. A study in rats found elevated intramyocellular lipid content in aging
animals [126]. In humans, studies employing magnetic resonance spectroscopy
(MRS) have shown that older subjects also have higher intracellular lipid levels in
muscle and liver than younger individuals, and that intramyocellular lipid content
correlates closely with peripheral insulin resistance [40, 105]. As in the case for
insulin-resistant muscle, the molecular basis for the age-dependent accumulation of
intramyocellular fat is also yet to be determined; however, it likely results from an
imbalance between the rate of uptake of fatty acids and fat oxidation. Indeed, stud-
ies performed in older, nondiabetic subjects have demonstrated that aging is associ-
ated with a reduction in basal fat oxidation rates [27, 122].

5.3 Role of Decreased Mitochondrial Function

As mentioned above, aging is accompanied by alterations in various parameters of
mitochondrial function and structure. In the context of metabolic diseases such as
obesity and type 2 diabetes, particularly relevant are mitochondrial alterations
described in skeletal muscle, which is a key tissue responsible for substrate (glu-
cose, FFA) uptake and oxidation. Mitochondrial alterations described in aging mus-
cle include reductions in mitochondrial number, ATP production, and respiration,
abnormal structure, and, in some cases, elevated reactive oxygen species generation
[reviewed in [79].

The cause for the reduction in mitochondrial function observed with aging is not
clear. According to the free radical and mitochondrial theories of aging the decreases
in mitochondrial function are the result of cumulative oxidative damage to mito-
chondrial molecules (mtDNA, proteins, and lipids) [65, 97]. Consistent with this
theory, studies performed in human muscle have shown that aging is associated with
oxidative damage to mtDNA and proteins [reviewed in 79]. Some [130], albeit not
all [55], studies also have found increased lipid peroxidation in muscle from older
subjects. Concerning the age-related reductions in oxidative capacity, various stud-
ies [88, 100, 110] have reported that aging is accompanied by a reduction in the
activity of the energy-sensing enzyme AMP-activated protein kinase (AMPK).
AMPK works as a fuel gauge, being activated robustly by energy-consuming stim-
uli such as muscle contraction, hypoxia, and ischemia [70, 135]. Upon stimulation,
AMPK functions to restore cellular ATP by modifying diverse metabolic and cel-
lular pathways, including increased fat oxidation and glucose transport. AMPK pro-
motes fat oxidation in tissues by phosphorylating and inactivating acetyl CoA
carboxylase (ACC), resulting in decreased synthesis of malonyl-CoA, an inhibitor
of carnitine palmitoyltransferase I (CPT-1). The reduction in malonyl CoA relieves
the inhibition of CPT-1 and promotes CPT-1 mediated transport of fatty acids into



Diabetes and Aging 365

the mitochondria for oxidation. Because the end result of AMPK activation is an
increase in fat oxidation, decreases in AMPK activity, as seen with aging, could lead
to an excessive accumulation of intramyocelular lipids, which in turn would impair
insulin action/sensitivity. Other key regulators of mitochondrial biogenesis and oxi-
dative capacity reported to be altered with aging are the transcriptional coactivator
peroxisome proliferator-activated receptor y coactivator (PGC)-1a and the NAD-
dependent deacetylase sirtuin-1. PGC-1a controls mitochondrial biogenesis and
cellular metabolism by regulating the expression of numerous proteins involved in
the Krebs cycle, oxidative phosphorylation, and mtDNA replication/transcription
[64]. AMPK increases PGC-1a gene expression, and sirtuin-1 enhances PGC-1a
activity through deacetylation on lysine residues. Similar to AMPK, the expression
of both PGC-1a [55] and sirtuin-1 [31] are reduced in aging tissues, suggesting that
a coordinated downregulation of the AMPK-PGC-1a-sirtuin 1 axis may play a role
in the reductions of mitochondrial number, oxidative capacity, and cellular meta-
bolic functions that occur with aging.

While, in general there is agreement with the notion that aging is associated with
alterations in mitochondrial number, structure, and function, it is debated whether
primary mitochondrial abnormalities (independent of aging) are sufficient to induce
insulin resistance [59, 72]. Conflicting results about the role of mitochondrial dys-
function on the pathogenesis of insulin resistance, obesity, and type diabetes are due
in part to differences in animal species, tissues, and human populations studied, and
in the conditions and methods employed to assess mitochondrial function [79, 104].
Despite the ongoing debate, it is probable that increasing mitochondrial oxidative
capacity via lifestyle interventions (i.e. physical activity) or pharmacological agents
would result in improved metabolic outcomes during aging.

5.4 Role of Inflammation

Aging may be considered a state of low-grade “sterile” inflammation that could play
arole in the high prevalence of glucose metabolism abnormalities in older subjects
[24, 30, 37]. Increased low-grade inflammatory activity in older subjects could
either cause age-related diseases or be a marker of diseases that occur with aging.
Bruunsgaard et al. determined that low-grade increases in the levels of pro-
inflammatory cytokines in older subjects were independent of the presence of medi-
cal disorders [23], although medical disorders can exacerbate this phenomenon.
The source for the elevated cytokine levels with aging is not clear. Cytokine lev-
els in the circulation reflect production from many tissues including inflammatory
cells (monocytes/macrophages, T cells, etc.), senescent cells and adipose tissue. In
the young, approximately 25 % of IL-6 is derived from fat tissue [98], and adipo-
cytes can secrete TNFa in addition to IL-6. Aging is associated with increases in
abdominal fat mass and visceral obesity is associated with increased circulating
levels of these cytokines [42, 52, 81]. There is some evidence suggesting that
omental fat produces more cytokines than subcutaneous fat tissue [52], and this may
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explain why visceral obesity has a greater detrimental effect on insulin sensitivity
[53]. The production of cytokines by adipose tissue can also be modulated by the
interaction between adipocytes and macrophages within the adipose tissue [82].
The number of macrophages in adipose tissue directly correlates with adiposity
[131, 136] and insulin resistance [46], and adipose tissue expansion correlates with
the accumulation of macrophages and the proinflammatory phenotype [20, 92].
Another potential source of inflammation with aging is the accumulation of senes-
cent preadipocytes [125]. Senescent cells typically have a pro-inflammatory secre-
tory profile, termed the senescence-associated secretory phenotype (SASP), that
may propagate the inflammatory adipose tissue microenvironment as well as pro-
mote inflammation throughout the whole body.

In addition to cytokines produced by adipose tissue and inflammatory cells,
another potential source of inflammation during aging is the microbiome and its
products. Studies in flies [109], rodents [21] and humans [56] have shown that aging
is accompanied by alterations in intestinal microbiota composition and intestinal
barrier integrity. In line with these findings, our group recently showed that older
subjects have increased plasma concentration of endotoxin (a marker of altered bar-
rier integrity) in association with insulin resistance, sarcopenia, and increased
inflammatory signaling (toll like-receptor 4, NFkB, MAPK) in muscle [56]. Thus,
it is possible that endotoxin, and other yet unidentified microbial products, could be
involved in the inflammatory state and consequent metabolic alterations of aging.

A potential mechanism linking aging, inflammation, and metabolic disease is
immune sensing through the NLRP3 inflammasome [140]. The NLRP3 inflamma-
some is a multiprotein cytoplasmic complex composed of NLRP3, the adaptor mol-
ecule ASC, and the cysteine protease caspase-1. Stimulation of the inflammasome
by pathogen-associated molecular patterns (PAMPs) leads to the activation of cas-
pase-1, which cleaves the pro-forms of the cytokines IL-1f, IL-18 and IL-33 to their
active and secreted forms. A role of the inflammasome in aging-related inflamma-
tion and associated pathologies is suggested by findings that NLRP3 ablation pro-
tects against glucose intolerance, bone loss, and thymic involution in aged mice
[140].

6 Aging, Diabetes and Insulin Signaling in the Brain

The well-documented association of diabetes with chronic age-related disease and
geriatric conditions [35] includes increased risk of cognitive impairment, dementia,
brain atrophy and Alzheimer’s disease [35, 38, 99]. Potential mechanisms of these
associations include several well-recognized hallmarks of aging, including increased
accumulation of advanced glycation end-products (AGEs), oxidative stress, inflam-
mation, defective proteostasis and metabolic abnormalities, as well as altered insu-
lin signaling within the brain [38, 83].

Insulin receptors, as well as various proteins involved in the intra-cellular trans-
mission of insulin signals, are expressed in various brain regions [83]. However, the
role of insulin in the control of glucose metabolism in the central nervous system has
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been questioned. The controversy surrounding this issue is likely related to the fact
that, in healthy subjects, glucose uptake by the brain is already maximally stimulated
by normal insulin levels and therefore does not respond to further insulin stimulation
[71]. In the context of Alzheimer’s disease, some investigators refer to the brain insu-
lin resistance as “type III diabetes” [34, 123]. Recent studies in obese patients suggest
that iron overload in the brain may be caused by local insulin resistance and could
represent yet another potential mechanism of the detrimental influence of diabetes on
cognitive performance [15] and risk for Alzheimer’s and Parkinson’s disease [115].

Complex relationships between brain function and obesity, insulin resistance,
diabetes and its complications also involve the role of hypothalamic function in the
control of peripheral metabolism and aging. High-fat diet and obesity promote
hypothalamic inflammation and insulin resistance [96, 111], and the hypothalamus
controls multiple facets of peripheral metabolism [11, 14, 101]. Insulin signaling
within the hypothalamus influences hepatic gluconeogenesis [25], lipogenesis and
lipolysis in the adipose tissue [117], as well as circulating levels of branch chain
amino acids, which are known to be elevated in T2DM [119]. Recent elegant studies
in the Cai laboratory [144] linked hypothalamic inflammation with the control of
aging. Interestingly, ongoing studies in our laboratory [69, Bartke unpublished]
indicate that expression of IL-1p and other pro-inflammatory cytokines is reduced
in the hypothalamus of long-lived mutant mice. Further studies will be necessary to
elucidate the role of hypothalamic inflammation and insulin resistance in the devel-
opment of whole-body metabolic abnormalities that lead to diabetes.

More work will also be needed to identify mechanisms responsible for the
increased risk of cognitive decline and Alzheimer’s disease in patients with diabetes.
Epidemiological studies provide evidence that the risk of dementia in diabetic patients
is reduced by treatment with metformin [33]. Metformin and related drugs have also
been shown to reduce the risk of cancer and to extend longevity of experimental ani-
mals [3, 93]. These findings imply that drugs of this class can slow down and/or delay
the aging process. The apparent “anti-aging” action of metformin could have contrib-
uted to its beneficial effects on cognition in diabetes patients. However, regardless of
the mechanisms involved, evidence for cognitive benefits of diabetes treatment
strengthens the suggestion for etiological links between diabetes and dementia. These
findings also generate interest in the exciting possibility that diabetes drugs could be
useful for prevention and/or treatment of Alzheimer’s disease [139]. Consistent with
this notion, animal studies and early clinical trials suggest that intranasal administra-
tion of insulin in order to overcome insulin resistance and enhanced brain metabolism
leads to reductions in f amyoloid and tauopathy, as well as improvements in brain
function and cognition in Alzheimer’s disease [36, 108, 138].

7 Prevention of Diabetes Versus Anti-aging Interventions

The prevalence of pre-diabetes (IGT) among older adults is increasing [29]. Because
life expectancy is also increasing, the number of older individuals with diabetes
and/or at risk of developing its complications (blindness, kidney failure,
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amputations, neuropathic pain, cardiovascular disease, etc.) will be substantial.
Therefore, strategies for diabetes prevention are urgently needed. Since physical
inactivity and obesity are common in older subjects, lifestyle interventions are a
logical diabetes preventative strategy. In addition, exercise improves mitochondrial
and vascular function, which are reduced/impaired with aging [55, 114, 120].
Physical activity is effective in improving insulin action in older subjects [55]. In
line with these findings, the Diabetes Prevention Program (DPP) clinical trial, con-
ducted in pre-diabetic (IGT) subjects showed that lifestyle intervention proved
exceptionally effective in preventing diabetes in older individuals [39].

Pharmacological interventions with insulin-sensitizing agents also have been
evaluated for diabetes prevention in older subjects. In parallel to lifestyle changes,
the DPP also tested the effect of metformin on diabetes prevention. In contrast to
lifestyle modification, metformin seemed to be less effective in preventing conver-
sion to diabetes in older subjects versus middle-aged individuals [39]. Our group
conducted a multi-center diabetes prevention trial in pre-diabetic subjects using pio-
glitazone [45], a potent insulin-sensitizer. Pioglitazone was highly effective in pre-
venting diabetes conversion (72 % overall reduction), and it was as effective in older
(mean age=66 years) as in middle-aged (mean age=46 years) individuals in
improving insulin sensitivity and in preventing diabetes (Espinoza S, Tripathy D,
Defronzo RA, Musi N, unpublished, 2015).

Since the glucose metabolism alterations seen in older subjects may be caused by
“primary” aging-mediated cellular changes (mitochondrial dysfunction, oxidative
damage, cellular senescence, inflammation), another strategy for diabetes preven-
tion is to target the aging process instead of “secondary” metabolic/endocrine per-
turbations (P cell dysfunction, insulin resistance). This approach would have the
added benefit of potentially preventing other aging-related diseases such as cardio-
vascular disease, cancer, neurodegeneration and arthritis at the same time. This is in
fact the central tenet of the Geroscience Hypothesis, which is awaiting experimental
testing. The apparent beneficial effects of metformin and physical activity on many
of these diseases, exemplifies the possibility of preventing/treating them through
modifying basic mechanisms of aging. As research in aging biology advances and
novel molecular targets are identified, trials using agents that modify these targets
should be conducted for the testing of interventions to prevent diabetes and other
diseases of aging in the elderly.

8 Closing Remarks

Aging is accompanied by various changes in metabolic processes at the cellular,
tissue and whole body levels, including decreases in oxidative capacity, intracellular
lipid accumulation, insulin resistance, and p cell dysfunction. These metabolic
changes contribute to the higher prevalence of obesity and T2DM that are important
causes of disability and death in older people. A better understanding of the molecu-
lar basis for the age-induced metabolic alterations will help design strategies to



Diabetes and Aging 369

preserve metabolic homeostasis and prevent these diseases that affect millions of
people around the world.
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