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Introduction 

Homeostasis and Metabolism

Homeostasis refers to the body’s ability to physiologically 
regulate its inner milieu and ensure its stability in response 
to fluctuations in the outside environment. There is a close 
relationship between homeostasis and metabolism. An optimal 
metabolic efficiency is maintained by the negative feedback loops 
by which homeostasis operates, and in event of any disruption 
in homeostasis, metabolism will be negatively affected. The 
inability to maintain homeostasis leads homeostatic imbalance,  

 
resulting in various disorders and disease states including 
diabetes.

Metabolic Alterations with Aging

The aging is can be defined as the accumulation of 
alterations over time at cellular, tissue and organ level in an 
organism. At the cellular level such changes entail cessation of 
DNA replication and cell division; the cells become senescent 
and undergo apoptosis. Further, the aging cells are characterized 
by alterations in the rate and accuracy of protein synthesis as 
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compared to young ones [1]. The aging also affects carbohydrate 
homeostasis by altering pancreatic β cell function, β cell mass, 
insulin secretion and insulin sensitivity, and predisposes for 
insulin resistance (IR), impaired glucose tolerance and diabetes. 

Aging is an important risk factor for metabolic disorders 
including obesity, impaired glucose tolerance, and type 2 diabetes 
mellitus (T2DM). The prevalence of T2DM increases with age 
and peaks at 60-74 and diabetes and its complications are a 
major cause of morbidity and mortality world-wide [2]. About 
one third of the elderly have diabetes and three quarters have 
diabetes or prediabetes. The diabetes in itself increases the risk 
for multiple other age-related diseases such as atherosclerosis, 
cardiovascular disease (CVD), stroke, Alzheimer disease (AD), 
Parkinson’s disease and cancer [3]. The salient features of T2DM 
with aging are peripheral insulin resistance and impaired insulin 
secretion from β cells [4]. The aging predisposes to diabetes and 
impaired glucose tolerance through effects on insulin secretion 
and insulin action. 

Physiology of Insulin Secretion and Aging

Insulin is the major hormone for regulating glucose 
homeostasis. It binds to its receptors located on various tissues 
including muscle, liver, and adipose tissue and initiates signalling 
effects. The metabolic effects resulting from insulin signalling 
include regulation of glucose homeostasis through a decrease 
in hepatic glucose output (via decreased gluconeogenesis and 
glycogenolysis) and increase in glucose uptake primarily into 
striated muscle and adipose tissue, and increase in lipid synthesis 
and attenuation of release of free fatty acid from triglycerides 
from adipose tissue. Insulin secretion from β cells is a complex 
process and involves the integration of various stimuli, such 
as nutrients mainly glucose and amino acid, hormones and 
neurotransmitters [5].

Aging and Glucose Metabolism

Insulin Secretion and IR

Figure 1: Impact of Aging on Insulin Secretion.

With age, there is decreased insulin secretion following 
stimulus (Figure 1), disorderly insulin release, decreased 
insulin pulse amplitudes, and decreased response to glucose 
oscillations as well as alterations in insulin clearance [6]. Many 
factors lead to decreased insulin secretion with age and include 
the age-associated loss of Sirt1-mediated GSIS, decreased β-cell 

sensitivity to circulating incretins, age-associated decrease in 
mitochondrial function, as well as increased oxidative stress 
[7,8]. Insulin resistance results when normal circulating 
concentrations of the hormone are insufficient to regulate the 
glucose metabolic processes appropriately.

The insulin secretory defects are superimposed on an 
increased insulin demand because of increased insulin 
resistance with age results in impaired glucose homeostasis, 
glucose intolerance and diabetes. Further, aging is associated 
with a decline of insulin action, which contributes to the high 
prevalence of impaired glucose tolerance and T2DM among the 
elderly.  

Glucose Transporters in β Cells

The initiation of the glucose transport is the first step 
that links glucose metabolism to insulin release in the β cell. 
GLUT2 is the main transporter, but GLUT1 and GLUT3 are also 
important. The glucose transporters expressed in β cells ensure 
a bidirectional flux of glucose and other dietary sugars, such 
as fructose and galactose. The GLUT2 is essential for glucose-
stimulated insulin secretion (GSIS) and deficiency of GLUT2 
causes hyperglycemia [9]. The loss of pancreatic β-cell GLUT2 
expression is, thus, associated with hyperglycemia and impaired 
GSIS [10]. The age-associated decrease in GLUT2 expression 
has been documented in aged rodent models [11]. The human 
β cells, as compared to rodents β cells, express all three glucose 
transporters, GLUT1, 2, and 3, and the levels of GLUT1 and 
GLUT3 are also important apart from GLUT2 in in humans [12].

Aging and β-Cell Glucose Oxidation

After transport into the β cells, glucose undergoes oxidation, 
initiated by its phosphorylation by glucokinase (GCK), a 
hexokinase, and generates ATP in cytosol and mitochondria via 
the tricarboxylic acid (TCA) cycle, resulting in build-up in the 
ATP which is required for insulin secretion. The metabolism of 
glucose in β cells from T2DM patients exhibit lower ATP content 
and a blunted GSIS, and appear to be responsible for β cell 
dysfunction [13]. 

GCK mRNA level has shown to be decreased in diabetic 
compared to the normal rats and the gene expression for GCK 
is significantly increased with age in healthy rats, suggesting 
a potential mechanism by which β cells attempt to overcome 
age-associated glucose intolerance and insulin resistance 
[14]. The pancreatic islet has about 40-70 times the activity 
of mitochondrial glycerol-phosphate dehydrogenase (GPDH) 
compared to other tissues. The decrease in GDPH activity leads 
to decrease in glycolysis and GSIS. This has been supported by 
animal studies, older rats showing approximately 50% reduction 
in the GDPH activity in islets compared with young rats [15]. 

Aging and Calcium and Potassium Channels

The increased ATP/ADP ratio following glucose oxidation 
reduces the whole cell K+ permeability, leads to cell membrane 
depolarization and extracellular Ca2+ influx into the β cell. 
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Following Ca2+ influx, there occurs elevation of cytosolic free Ca2+ 

concentration which initiates the insulin exocytosis. The animal 
studies suggest that the decreased insulin secretory response 
to glucose in aged rats is due, at least in part, to inadequate 
inhibition of K+ efflux and diminished net Ca2+ uptake [16].

Effects of Age on Insulin Granule Exocytosis

The final step of insulin secretion is the exocytosis of 
insulin granules. Insulin is stored in large dense core vesicles 
(LDCVs), also called insulin granule, and released by exocytosis, 
a multistage process involving vesicle trafficking, docking, 
and eventually fusion with the plasma membrane. Calcium 
constitutes the major stimulus for exocytosis and regulates 
several steps in exocytosis, such as the size of vesicle pools, the 
fusion event, and the size of the fusion pore, and may act on 
distinct protein targets. Since the net uptake of Ca2+ is decreased 
with age, it is reasonable to speculate that insulin granule 
exocytosis is also inhibited by age. 

Aging and β-Cell Mass and Visceral Fat

The β-cell mass Turnover

The islets β-cell mass is regulated by the balance of cell 
proliferation and apoptosis. The β-cell mass normally grows well 
into adulthood to provide increased insulin secretion to match 
the greater insulin requirements with growth. The β-cell mass 
has also been shown to expand in adult rodents during pregnancy. 
Thereafter, the rate of β-cell proliferation gradually declines with 
aging (Figure 2). In addition, the young mice respond to high-
fat diet by increasing β-cell mass by proliferation to maintain 
normal blood glucose levels. The older mice, in contrast, do not 
display increase in β-cell mass or β-cell proliferation in response 
to high-fat diet and become diabetic. Further, various aspects of 
β-cell mass and function decline with age, thus contributing to 
the age-associated defects in insulin secretion. This defect when 
superimposed on an increased demand for insulin, contributes to 
impaired glucose homeostasis, glucose intolerance and diabetes. 

Figure 2: Impact of aging on β-cell Mass and VF.

In fact, the age correlates with a decreased proliferative 
activity and an enhanced sensitivity to glucose-induced β-cell 
apoptosis [17]. There is an increased β-cell apoptosis in diabetic 
patients, varying from 3-10 folds, as compared to nondiabetic 
individuals [18]. The high glucose level induces apoptosis in β 

cells through inducing the expression of Fas and activation of 
caspase 8 and 3 [19]. Simultaneously, there is age-associated 
decrease in activities of various antioxidant enzymes and an 
increased oxidative stress which contributes to increased β cells 
apoptosis. Reers et al, on the other hand, have reported that 
the relative β-cell volume in human pancreatic islets remains 
constant with aging and β-cell apoptosis does not impact 
significantly, but the β-cell replication decreases with age [20]. 

Amylin or islet amyloid polypeptide (IAPP) is also co-
secreted along with insulin from β cells. Amylin suppresses the 
glucagon secretion and helps to regulate glucose homeostasis. In 
insulin-resistant states, the increased secretion of insulin results 
in hypersecretion of amylin. With age there is an increased 
deposition of amylin in the islets of diabetic patients, which 
aggregates into amyloid plaques that induce β-cell apoptosis 
leading to reduced islet volume and β-cell mass [21].  

The islet neogenesis is the differentiation of progenitor 
cell or trans-differentiation of pancreatic non-β cells to β 
cells. Neogenesis of islets occurs during normal embryonic 
development and early postnatal life leading to β-cell mass 
expansion. In addition, β cell neogenesis has been shown to occur 
in the adults during periods of increased insulin demand such 
as pregnancy and obesity. The potential for β-cell replication 
declines significantly with age, but the rate of islet neogenesis 
(expressed as percentage of insulin positive duct cells) does not 
appear to be affected by aging in humans.

Visceral Fat, Aging and Insulin Action

The visceral fat (VF) located in and around the abdominal 
viscera, and excess VF has been related to various pathological 
states including metabolic syndrome and CVD, IR and T2DM 
[22]. The VF has been related to aging, and as determinant of 
insulin action [23]. The adiposity with aging appears to be an 
important association [24]. In fact, the VF increases throughout 
the lifespan in men and women of all ages and race, independent 
of increases in body weight [25]. Various factors contribute to 
the increased VF seen with aging such as physiologic decline 
in GH/IGF-1 axis, decrease in sex steroids as well as sedentary 
life style. The removal of VF prevents the progressive decline in 
insulin action and improves or delays the onset of diabetes [26]. 
Calorie restriction (CR) extends life span and retards age-related 
chronic diseases in a variety of species, including Saccharomyces, 
C elegans, Drosophila, rodents and rhesus monkeys [27]. Various 
studies have shown that the reduction in fat mass, specifically 
VF, may be one of the possible underlying mechanisms of the 
antiaging effect of CR [28]. 

The adipose tissue is an active metabolic-endocrine organ 
[29]. The obesity is a low-grade inflammatory condition and 
has been related to adverse metabolic outcome [30]. Further, 
the adiposity increases with age and increased VF induces 
inflammatory state, which increases the risk of IR, glucose 
intolerance, T2DM, CVD, and hypertension, and accelerates 
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the process of aging. IR and/or insulin deficiency lead to two 
metabolic alterations, namely, increased rate of lipolysis in 
adipose tissue which increases circulating FFA levels and 
exacerbates IR, and activation of hepatic gluconeogenesis in 
spite of high plasma glucose levels. The elevated plasma FFA 
exacerbates IR [31]. The elevated levels of FFA decrease glucose 
uptake and glycogen synthesis in human, and inhibit PI3 kinase 
activity in skeletal muscle by impairment of insulin signalling. 
In animal models, the circulating FFA levels are significant 
higher in older rats as compared to younger ones. The high 
FFA levels, thus, may be the unifying mechanism that accounts 
for the insulin resistance in obesity and T2DM, and with aging 
[32].  The increased VF and high circulating FFA both contribute 
to impaired insulin action and various defects in β-cell mass/
function.

The Concept Central Insulin Resistance

The recent studies suggest that IR exists in CNS and 
central insulin action plays an important role in regulating 
somatic glucose metabolism [33].  The hypothalamic insulin 
signaling is an important determinant of the response to 
insulin in the management of uncontrolled diabetes [34]. 
Interestingly, evidence from recent research documents a link 
between diabetes and AD, a neurodegenerative disorder and 
the commonest form of dementia [35]. Further, the patients 
with T2DM have increased prevalence of AD by 2-3 folds, and 
insulin levels and insulin activity in the central nervous system 
are reduced in AD [36]. This is endorsed by various studies in 
human subjects showing that administration of insulin improves 
memory in AD patients [37].  

This brings an interesting concept that aging is associated 
with central insulin resistance [38]. In this context, it has been 
shown that the protein levels of elements in the insulin signalling 
pathway such as IRs and SRC homology adaptor protein (SHC) 
do not vary significantly in the forebrain cortex and cerebellum 
of older and young rats [39]. Thus, the aging-associated increase 
in central and peripheral insulin resistance could contribute to 
both diabetes and AD. 

Aging and Whole Body Glucose Homeostasis

Impaired Glucose Tolerance

The risk for impaired glucose tolerance and diabetes 
increase with age. There are various factors which play role in 
somatic glucose homeostasis. Leptin, a hormone secreted from 
adipose tissue, plays a key role in energy intake and expenditure. 
Deficiency of leptin and its receptor leads to severe obesity, IR, 
and diabetes in rodents and humans. Resistant to the effects 
of leptin, termed leptin resistance, is seen in obesity. Leptin 
resistance is also associated with aging [40]. The endoplasmic 
reticulum (ER) stress plays a role in the pathogenesis of diabetes 
by contributing to both pancreatic β-cell dysfunction and 
peripheral insulin resistance [41]. 

Whole body glucose homeostasis is a complex balance of 
glucose production and utilization by different tissues. Food 
intake and hepatic glucose production (HGP) are the two 
sources of glucose production, while skeletal muscle contributes 
to the majority of the glucose uptake and utilization. HGP 
plays crucial roles in glucose homeostasis, both in the fasting 
and postprandial states. The hepatic glucose production does 
not increase with age, when adjusted for lean body mass [42]. 
Furthermore, hepatic glucose output has not been shown to be 
increased in elderly patients with T2DM. Thus, hepatic insulin 
resistance does not seem play a significant role in decreased 
glucose tolerance of elderly people. 

Risk Factors for Glucose Homeostasis

The aging-associated sedentary life style and diminished 
physical activity are important factors for age-related changes 
of glucose homeostasis. Research has shown that healthy elderly 
with greater degrees of physical fitness have better glucose 
tolerance and lower level of insulin resistance than less active 
old people. The skeletal muscles are the major source of glucose 
utilization. Glucose is transported into the myocytes by glucose 
transporters, GLUT4 being the major glucose transporter in 
skeletal muscle for insulin-stimulated glucose uptake. The 
muscle GLUT4 protein level is not altered in obesity and T2DM, 
but its expression levels decline with age [43]. The changes 
in body composition due to decreased lean body mass and 
contractile strength with age contribute to the reduction in 
insulin stimulated glucose uptake.

Finally, the lifestyle modalities, calorie restriction (CR) 
and calorie restriction with adequate nutrition (CRAN) appear 
to work through reduction in adipose cell mass specifically 
VF, oxidative stress and by activating sirtuins, a family of 
nicotinamide adenine dinucleotide- (NAD-) dependent protein 
deacetylases [44]. Interestingly, over expression of sirtuins 
or treatment with activators of sirtuins, such as resveratrol 
protects against metabolic decline with aging, increases insulin 
sensitivity and insulin secretion, improves quality of life and 
longevity. 
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