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1. Introduction 

The prevalence of obesity has increased dramatically over the past decade (1) along with 
several health risks it encompasses, including non-insulin dependent type 2 diabetes, 
cardiovascular disease, fatty liver, dyslipidemia, and some types of cancer (2). The economic 
costs of caring for patients with obesity and diabetic complications are enormously high (3). 
There are important sex differences in the prevalence of these metabolic diseases. 
Premenopausal women have much less metabolic disorders than men; however, the 
prevalence of obesity and diabetes increases dramatically in postmenopausal women (4). 
Sex steroid hormone estrogen may be protective against the metabolic syndrome and may 
contribute to the maintenance of insulin sensitivity, and its deficiency leads to development 
of type 2 diabetes and insulin resistance. This has resulted in the use of estrogen hormone 
replacement therapy for the treatment of insulin resistance in postmenopausal women (5) 
and in men with congenital aromatase deficiency (6). Thus, estrogen has enormous potential 
as a therapeutic agent for use in the prevention or treatment of type 2 diabetes with glucose 
intolerance and insulin resistance. 

1.1. Sex differences in genetic polymorphisms on the development of diabetes 

The development and etiology of obesity and related diseases such as type 2 diabetes stems 
from a conflict between genes which allowed our ancestors to survive extended periods of 
famine and physiological responses to caloric excess and sedentary lifestyle of the modern 
world. Some studies have evaluated potential genetic components and reported sex 
differences in the effects of certain polymorphisms of several enzymes and genes on the 
development and etiology of diabetes. Several examples are listed below. 

First example is protein tyrosine phosphatase, an enzyme involving signal transduction of T 
cell and insulin receptors. The activity of this enzyme, affected by certain genotypes, is 
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related to age of onset of type 1 diabetes in a sex-specific manner (7). Specifically, genotypes 
associated with medium to high enzyme activity are correlated with younger age of onset in 
females but not in males, whereas low activity genotypes do not display sex differences. 
Second example is peroxisome proliferator-activated receptor y2 (PPARy2), whose 
polymorphism is correlated with increased insulin sensitivity and reduced risk for type 2 
diabetes. Interestingly, in males, a more efficient shift from lipid oxidation in the basal state 
to carbohydrate oxidation during insulin stimulation has been observed in lean, glucose 
tolerant males with the polymorphism compared to wild-type males; whereas this 
difference has not been observed in females (8). Therefore, the PPARy2 polymorphism 
protects individuals from insulin insensitivity by promoting better suppression of lipid 
oxidation leading to more glucose disposal in males but not females. Another example is the 
3’ untranslated region of the PPP1R3A gene, a gene involved in glycogen synthase activity 
and associated with development of type 2 diabetes (9). Males homozygous for the 
polymorphism of PPP1R3A gene are significantly younger at diagnosis than female carriers 
(10). Additionally, a polymorphism in the promoter region of uncoupling protein (UCP)-2, a 
mitochondrial inner membrane protein, may be involved in obesity and development of 
type 2 diabetes (11). In a study of 100 obese subjects, the genotype that causes increased 
transcription of UCP-2 mRNA is more prevalent in diabetic women than in nondiabetic 
women. However no difference in distribution of this genotype is detected in men (12). To 
summarize, sex differences in genetic polymorphisms exist in the development and etiology 
of diabetes.  

1.2. Sex differences in physiologic mechanism on the development of diabetes 

Obesity has been recognized as a major and an independent diabetes risk factor. The 
increase in type 2 diabetes is closely associated with the epidemic of obesity. Body 
composition is very closely associated with glucose tolerance and insulin sensitivity (13). 
Development of adverse metabolic complications has been attributed to increased body fat, 
not just body weight, and the fat distributed particularly in the abdominal visceral 
compartment, a source of bioactive mediators that directly contribute to insulin resistance 
(14). To be more specific, intra-abdominal visceral adipose tissue carries a stronger risk for 
the development of metabolic disorders, such as glucose intolerance and insulin resistance 
related type 2 diabetes, than subcutaneous adipose tissue. Therefore, risk for diabetes 
incidence is particularly high in individuals with large amounts of abdominal visceral fat.  

Sex differences in the regional fat distribution exist. Males and females differ in terms of 
how and where they store body fat. In humans, premenopausal women usually have more 
subcutaneous fat, whereas men have more intra-abdominal visceral fat. Consequently, 
obesity-related metabolic disorders are much lower in premenopausal women than men 
(15). In addition, estrogens are responsible for body weight homeostasis in women. The 
prevalence of obesity is particularly high among middle-aged women. Symptoms of the 
metabolic syndrome, including increased visceral obesity and shifts in body fat distribution, 
as well as glucose intolerance and insulin resistance begin appearing in many women 
experiencing menopause and developing estrogen deficiency (16). Even in women who do 
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not gain weight after menopause, fat shifts from a subcutaneous location into the abdomen. 
Women are at an increased risk to develop visceral obesity due to the loss of endogenous 
ovarian hormone production. The increased visceral obesity in menopausal women can be 
altered by exogenous hormone replacement therapy (17, 18). Researches using animal 
models have provided important insights into the pathogenesis of human diseases and new 
therapeutic approaches. Peripheral metabolic signals and hormones are not only involved in 
regulating adiposity and body fat distribution, but also involved in regulating glucose 
metabolism and glucose tolerance. In experimental rodent models, reductions in circulating 
estrogens, which occurs following removal of ovaries (i.e., ovariectomy), results in increased 
body adiposity. Such increase in body adiposity can be ameliorated by exogenous 17β –
estradiol administration (19).  

In addition, sex hormones are directly involved in the regulation of glucose tolerance (20, 
21). In a prospective study that included over 500 women and men who did not have 
diabetes upon study entry, development of diabetes was associated with low levels of total 
testosterone in men and high levels of bioavailable testosterone in women (22). Therefore, 
differences in the regulation of glucose tolerance may be under the influence of sex 
hormones indirectly through their influence of body fat content and distribution or directly 
through their influence in the glucose metabolism and insulin signaling.  

This chapter discusses the sex differences in regulation of glucose homeostasis, focusing on 
the roles of female sex hormone estrogens as determinants mediating body adiposity levels 
and body fat distribution as well as glucose metabolism and insulin sensitivity. We will use 
the term “sex difference” instead of “gender difference” throughout this chapter. The term 
“sex” refers to differences between males and females that result from the chromosomal 
complement and the effects of hormones; whereas the term “gender” refers to an 
individual’s identity as a man or a woman, and the cultural and behavioral expectations 
associated with being a man or a woman. With regard to the regulation of glucose 
homeostasis and energy metabolism, little is known about gender differences, thus this 
chapter focuses primarily on sex differences. 

2. Sex differences in body adiposity and fat distribution 

The prevalence of obesity is higher in women than in men in many areas around the world 
(www.iaso.org). In addition there is a sex difference in body fat distribution. These sex 
differences in obesity incidence and fat distribution can be explained in part by the influence 
of gonadal steroids, as well as behavioral, socio-cultural and genetic factors. Several factors 
may play important roles to drive greater propensity for excess body fat in females than in 
males. It has been suggested that evolutionary pressures predispose females to store excess 
fat for reproduction and lactation. In contrast, evolutionary pressures predispose males to 
burn stored fuels in gathering and hunting. Adipose tissue plays a major role in the 
regulation of glucose homeostasis and insulin sensitivity, thus total body adiposity is closely 
associated with insulin sensitivity. Increased body fat is a risk factor for developing type 2 
diabetes mellitus. A line of research has focused on behavioral and social differences 
between men and women that relate to eating or activity behaviors. Sex differences in body 
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composition and insulin sensitivity are evident in humans throughout the lifespan. 
Pregnancy and menopause also have physiological and behavioral consequences on 
appetite and weight regulation that confer elevated obesity risk in many women. There is a 
sex difference in the regional fat distribution. Men and premenopausal women differ in their 
fat distribution. Females have “gynoid” or female-pattern fat distribution with more 
subcutaneous fat, whereas males have “android” or male-pattern body fat distribution with 
more abdominal visceral fat (15). Fat deposition in the subcutaneous depot is important for 
females during lactation. Despite the higher level of body fat, obesity-related metabolic 
disorders, such as type 2 diabetes, are much lower in premenopausal women and female 
animals than males. The role of estrogen in mediating body fat distribution and glucose 
homeostasis will be discussed in this chapter. 

2.1. Difference between subcutaneous and abdominal adipose tissues 

Body fat distribution is a more appropriate indicator than total adiposity for metabolic 
disorders, as obesity is not only a condition characterized by homogenous distribution of 
adipose tissue, but that the regional distribution of adipose tissue is more important in 
understanding the relationship between obesity and various metabolic diseases. Adipose 
tissue, which is distributed in the abdominal viscera, carries a greater risk for glucose 
intolerance and insulin resistance than adipose tissue subcutaneously. Specifically, 
abdominal adipose tissues contribute to the development of insulin resistance, glucose 
intolerance, hypertension, dyslipidemia, and atherosclerosis (23). Metabolites and secretions 
of visceral adipose tissue drain through the hepatic portal system, partially at least, to the 
liver. Insulin effect is lower and catecholamine effect is higher in visceral than subcutaneous 
adipose tissue. Specifically,  visceral fat have higher rates of catecholamine-induced lipolysis 
(24, 25), express higher numbers of beta-1, -2 and -3 adrenergic receptors and are more 
sensitive to catecholamine-induced lipolysis  (26, 27), and are less responsive to the cAMP-
lowering effects of alpha-adrenergic agonists (28). In addition, visceral fat cells express 
higher levels of glucocorticoid receptor (29, 30) and have greater glucocorticoid response 
with lipoprotein lipase activation (31), produce more angiotensinogen (32, 33), and secrete 
more interleukin-6 and plasminogen activator inhibitor-1 (34) than subcutaneous adipose 
tissue. Accumulation of intra-abdominal/visceral adipose tissue carries a much greater risk 
for metabolic disorders than does adipose tissue distributed subcutaneously (35-37). In 
contrast, subcutaneous fat distribution is poorly correlated with risks for these metabolic 
disorders (23). Therefore, the elevated health risks in diabetes associated with obesity 
depend on the localization of the adipose tissue in the body, as the distribution of fat is more 
directly associated with glucose tolerance and insulin sensitivity than the total body 
adiposity. Consequently, there is a sex-based difference in the prevalence and incidence of 
metabolic complications associated with obesity. Males have an increased incidence of 
obesity-related metabolic diseases than females aged 12 to 18 years (38, 39). In 
premenopausal women, there is a lower incidence of metabolic disorders associated with 
obesity (38). The prevalence of the metabolic syndrome increases with age, and the 
prevalence of the metabolic syndrome is similar in middle-aged men and women (40). 
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There are noted functional differences between subcutaneous and abdominal adipose 
tissues. Subcutaneous tissue is poorly innervated compared to the abdominal adipose tissue 
(35). Consequently, subcutaneous adipose tissue takes up free fatty acids and stores the 
excess calories more readily than abdominal adipose tissue in both males and females. 
Lipoprotein lipase (LPL) is the major enzyme involved in the fatty acid uptake and is the 
key regulator of fat accumulation in adipose tissues. Estrogens decrease adipose tissue LPL 
activity (41-43), and thus males have a higher level of LPL activity and thus fat accumulation 
than females with higher levels of estrogens. The lipolytic pathway involves the breakdown of 
energy stored in the form of triglycerides and is initiated when the energy supply from the 
metabolic fuels is depleted. The lipolytic activity of the abdominal fat is higher compared to 
the lipolytic activity of the subcutaneous fat in premenopausal women; a phenomenon not 
observed in post-menopausal women lacking endogenous estrogen (24, 44, 45).  

Recent evidence suggests that great subcutaneous fat accumulation may be protective 
against development of metabolic disorders. First, epidemiological studies indicate 
association of a high waist-to-hip ratio, instead of a large waist circumference alone, with 
the incidence of type 2 diabetes and other metabolic diseases (46-48). Indeed, a larger hip 
circumference has been shown to be protective against metabolic risk in multiple ethnic 
groups, independent of waist circumference or abdominal fat accumulation(49). Second, 
several animal studies reported that mice with transplantation of subcutaneous fat from the 
inguinal region of male donors into the intra-abdominal compartment of male recipient 
mice resulted in significantly protective effects on adiposity, insulin sensitivity and glucose 
tolerance (50-53). Since protective effect of a large hip circumference with regard to 
cardiovascular disease morbidity and mortality is significant in women but not in men (54), 
it would be expected that transplanting female subcutaneous adipose tissue might have 
greater protective effects.  

2.2. Sex hormone estrogens and estrogen receptors regulate adiposity 

Obesity development is accelerated after menopause in women; factors such as loss of 
estrogens, the ageing process and changes in lifestyle may all be contributors (Shi & Clegg 
2009, Barton 2010). The effect of menopause is supported by animal models showing that a 
reduction in circulating estrogen levels following ovariectomy results in increased body 
adiposity (55). Body fat increases in several conditions associated with estrogen deficiency 
such as ovariectomy, polycystic ovary syndrome (PCOS), and the lack of a functional 
aromatase gene; all can be corrected and reversed by exogenous administration of 17β-
estradiol, the active form of estrogens (56-61).  

The classical nuclear estrogen receptors (ER) include estrogen receptor alpha (ERα) and 
estrogen receptor beta (ERβ).Genomic activation of ERs results from estrogens binding to 
estrogen response elements (EREs) in promoter regions of target genes (62, 63). Increased 
visceral adiposity is associated with the XbaI polymorphism of the human ERα gene when 
guanidine is substituted for adenine in exon one (64). Additionally, pre-menopausal women 
with increased of visceral adiposity, indicated by higher waist-hip ratios, have the XbaI 
polymorphism compared to the control cohort of women with the normal genotype (64). 
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Interestingly such polymorphism does not affect adiposity in postmenopausal women or in 
men(64). ERα gene expression in subcutaneous adipose tissue is reduced in obese pre-
menopausal women, but increases after weight reduction (65). Furthermore several ERα 
single nucleotide polymorphisms have been associated with obesity phenotypes in women 
and men (64, 66, 67). Thus, polymorphisms of the human ERα gene may impair estrogen 
signaling and lead to increased visceral adiposity and its attendant health risks. In humans, 
polymorphisms in the ERβ gene have been associated with lower BMI although other 
investigators found no correlations (68, 69). 

Utilizing targeted deletions in the ERα gene or both ERα and ERβ genes of male and female 
mice indicate increase in adiposity (70, 71). ERβ inhibits food intake and reduces body 
weight through effects in the central nervous system in rats (72). In addition, one study 
investigated the effect of estrogens on adipose tissue development using ERα knockout 
mice. Loss of estrogen following ovariectomy in ERα knockout mice resulted in decreased 
body fat and adipocyte size, which was reversed by 17β-estradiol treatment (73), suggesting 
that regulation of body adiposity is mediated by an ER other than ERα, possibly by ERβ. In 
contrast, mice lacking both ERα and ERβ develop obesity but increased adiposity is not 
observed in ERβ-knockout mice (71), questioning a role for ERβ and suggesting that the 
obesity-promoting effect of estrogen deficiency is mediated specifically through ERα. These 
findings support a substantial physiological role for ERα in mediating the effects of 
estrogens in the control of body adiposity. Replacement of 17β-estradiol prevents 
ovariectomized wild-type mice from developing obesity, such protective effects are not 
observed in ovariectomized ERα deficient mice (74). Therefore, estrogens, together with its 
ERα, play important roles to regulate total adiposity. 

To summarize, the metabolic effects of estrogens appear to be largely mediated by ERα 
whereas the role of ERβ and possible cross-talk with other ERs is currently unclear. Indeed, 
ERβ inhibits ERα-mediated gene expression in certain cell types and often opposes the 
action of ERα (75), an interaction that might be also important for the regulation of body fat. 
Finally, it should be noted that compensatory developmental changes in both animal models 
and humans may alter hormone responsiveness in ways that are different from the inherent 
biology in healthy individuals or wild-type animals respectively.  

2.3. Sex hormone estrogens regulate fat distribution 

Because there are differential effects on health risk between subcutaneous and abdominal 
adipose tissues, it is important to understand mechanisms that determine not only total fat 
accumulation but also where fat is accumulated, and how fat distribution is regulated in 
males and females. Recent research using molecular approaches and animal models has 
provided greater understanding of the role of sex hormones and other molecules on fat 
partitioning. 

The question of sex differences in fat distribution have been examined using animal models. 
Several animal species, including pigs and rodents, show sex-specific differences in fat 
distribution, with males having more abdominal fat and less subcutaneous fat than females. 
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Ovarian hormone estrogen appears to be a key regulator in mediating the sex-specific 
adipose tissue distribution pattern. Estrogens promote the accumulation of subcutaneous fat 
(76). In contrast, abdominal fat varies inversely with levels of estrogens (77). During the 
peri-menopausal period, depletion of ovarian follicles leads to a steady decline in 17β-
estradiol production in post-menopausal women (78). Loss of estrogens with menopause is 
associated with an increase in abdominal fat accrual (36). Indeed, changes in body fat mass 
are positively correlated with serum 17β-estradiol concentration in post-menopausal women 
(79-81), although this association varies with time from the onset of menopause and may 
take up to 6 years to develop (81). In premenopausal women, there is a lower incidence of 
metabolic disorders associated with obesity. However, after menopause when there is a very 
low level of estrogen in the circulation, an increased risk of obesity-related metabolic 
disorders is reported (38). Therefore ovarian hormones might play a vital role in protecting 
the body against metabolic diseases via the sex-based differences seen in adipose tissue 
deposition.  

The sexual dimorphism in adipose tissue distribution may partially explain the greater risk 
for the metabolic syndrome in men compared with premenopausal women. Estrogens are 
known to regulate body fat distribution in animals and humans. As being discussed earlier 
in this chapter, females tend to accumulate more fat in their subcutaneous depots whereas 
males tend to accumulate more fat in their visceral depots (82). Additionally, after the loss of 
endogenous estrogens as a result of menopause, a shift towards visceral adiposity occurs, 
which is sensitive to estrogen therapy (55).  

Studies in ovariectomized rodent models have elucidated possible mechanisms by which 
changes in estrogen levels may impact fat distribution. Ovariectomized female rats gain fat, 
specifically visceral fat with a loss of subcutaneous fat (19, 83). Additionally peripheral or 
central administration of 17β-estradiol to OVX rats changes their body fat distribution to 
mirror that of intact females with normal estrous cycles. administration of exogenous 
estradiol reverses this increased visceral fat distribution pattern (19). Furthermore, altering 
the sex hormone milieu in males with exogenous 17β-estradiol administration to male rats 
decreases visceral fat and increases subcutaneous fat relative to males not given estrogen 
(19). An important implication from these findings is that estrogens are critical determinates 
of body fat distribution. Estrogen may influence fat distribution centrally by modulating 
leptin responsiveness, as leptin not only influences total body fat in rodents but also favors 
loss of visceral fat via Stat3 signaling in the hypothalamus (84). Female mice are more 
responsive than male mice to the effects of centrally administered leptin to decrease food 
intake and body weight and to increase c-fos and Stat3 expression in the arcuate nucleus 
(85). In addition, research has shown that both male and female aromatase-knockout mice, 
which are estrogen-deficient and have elevated testosterone, accumulate more abdominal 
adipose tissue with increased adipocyte size in the gonadal and intra-renal fat depots (57). 
Male aromatase-knockout mice also develop fatty liver, as do aromatase-deficient men, and 
this is reversible with estradiol treatment (86). 

Sex hormones play important roles in adipose tissue lipolysis and fat uptake. Sex differences 
exist for regulation of lipolysis by alpha-2 adrenergic receptor(87). Estrogen treatment 
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increases lipolysis in abdominal fat cells in mice(88). Lactation and menopausal status also 
impact the lipolytic responsiveness and lipoprotein lipase activity of fat cells. Higher 
adipose tissue lipoprotein lipase activity (promoting fat storage) occurs in subcutaneous 
femoral adipocytes compared with abdominal adipocytes in premenopausal women but not 
in postmenopausal, estrogen-deficient women(89). Additionally lipolysis increases in 
subcutaneous femoral fat during lactation but not in abdominal fat(89). Furthermore, 
estrogen treatment in postmenopausal women restores the lipoprotein lipase activity of the 
femoral adipocytes and attenuates lipolytic response in subcutaneous adipocytes but not in 
abdominal adipocytes (90). Subcutaneous gluteal adipocytes from premenopausal women 
are more sensitive to the antilipolytic effects of insulin than abdominal adipocytes (91). 

Testosterone, male androgens also impact body fat distribution. Testosterone deficiency 
aggravates the development of obesity and hyperinsulinemia, which in turn will suppress 
testicular androgen synthesis even further and result in a vicious cycle (92). In ‘andropause’ 
men, gradual decline in circulating androgens with aging is accompanied by increased total 
and abdominal fat (93). Administration of aromatizable androgens such as testosterone (94, 
95), but not nonaromatizable dihydrotestostone (94), reduces total and abdominal fat in 
older men. In contrast, androgen administration to ovariectomized female mice significantly 
increases body adiposity and abdominal fat (96). Such obesity development is associated 
with reduced fatty acid oxidation, indicated by decreased phosphorylation of adenosine 
monophosphate (AMP)-activated protein kinase and acetyl-CoA carboxylase in abdominal 
visceral fat (96). In humans, women with higher circulating androgen levels (97) or 
exogenous androgen administration (98, 99) increase abdominal fat. These findings raise 
significant clinical concern about the use of testosterone as a hormone replacement therapy 
in postmenopausal women.  

In summary, sex differences in body fat distribution appear to be largely a result of 
differences in sex hormones between men and women. Estrogens reduce visceral fat in men 
and women, an effect that is likely mediated by both central and peripheral mechanisms. In 
contrast, opposite effects of androgens on fat distribution in men and women are seen, with 
aromatizable androgens decreasing visceral fat in men but increasing it in women. 

2.4. Estrogen receptors regulate fat distribution 

Gonadal hormones, including estrogen, progesterone and androgen, have their receptors 
expressed in the visceral and the subcutaneous adipose tissue depots (100). Subcutaneous 
adipose tissues have higher concentrations of estrogen receptors and progesterone receptors 
than androgen receptors in females, and estrogens down-regulates AR expression in 
subcutaneous fat (101). In contrast, visceral adipose tissue has higher concentrations of 
androgen receptors (102, 103). In visceral adipose tissue, there is an increase in the 
expression of androgen receptors in males relative to estrogen receptors. The development 
of knockout animals has provided a powerful tool to examine the role of individual 
receptors for estrogen, progesterone and androgen in the regulation of adipose tissue. 
Adipose tissue-specific androgen receptor knockout mice have increased intra-adipose 
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tissue estradiol levels, which precedes increased subcutaneous obesity and hyperleptinemia 
(104). Additionally, androgens can be converted to estrogens through activation of the 
aromatase enzyme. Aromatase knockout mice have elevated testosterone and accumulate 
more abdominal adipose tissue with increased adipocyte size in the visceral fat depot. 
Hence, in adipose tissue, there is a counteracting effect between estrogen and androgen, 
which may lead to differences in fat distribution.  

Estradiol regulates body fat distribution either directly at the level of the adipocyte or 
through augmenting the efficacy of the adiposity signals in the CNS. Subcutaneous and 
abdominal adipose tissues express both ERα and ERβ, but ERα is predominantly expressed 
in abdominal adipose tissue (105) and ERβ are higher in subcutaneous adipose tissue (106). 
ERα gene polymorphisms predict abdominal obesity in women, but not in men, suggesting 
a possible sexual dimorphism in the ERα effects (64). Female and male mice lacking ERα 
develop central obesity with increases in abdominal adipose tissue, which is reflected by 
increased adipocyte number and size (70). ERα is ubiquitously expressed in rodent brains, 
but the physiologically relevant sites of ERα in the regulation of food intake and energy 
expenditure have not been identified. ERα is expressed in the ventrolateral portion of the 
VMN, the ARC, the medial preoptic area (MPOA), and the paraventricular nuclei (PVN) 
(107-109). ERβ is found in the same hypothalamic nuclei as ERα, but ERβ expression is 
significantly reduced relative to ERα. Site-specific knock-down of ERα in bilateral 
ventromedial nucleus of the hypothalamus in mice using siRNA result in increased 
adiposity, no change in food intake, and suppression of energy expenditure, increased 
visceral adiposity, and decreased leptin sensitivity, implicating ventromedial hypothalamic 
ERα in energy homeostasis (110).  

Both short-term and long-term castration in males resulted in increased insulin sensitivity and 
increased lipogenesis in both abdominal and subcutaneous adipose tissues, an event that is 
independent of changes in the fat pad weights (102). Thus, in contrast to the preferential effect 
of estrogen in females on the abdominal adipocytes, testosterone exerts an inhibitory effect on 
lipogenesis and insulin sensitivity in both abdominal and subcutaneous adipocytes. 

3. Sex difference in glucose metabolism 

Glucose challenge test is important in terms of understanding the pathophysiology of 
individuals at risk of progressing to type 2 diabetes. As recommended by the World Health 
Organization, the standardized, 75-g oral glucose tolerance test is used for diagnosis of 
impaired fasting glucose and impaired glucose tolerance. Plasma glucose at fasting and 2 
hours after oral glucose tolerance test are measured to indicate glucose tolerance in 
individuals. Fasting glucose is the glucose concentration after an overnight fast and mostly 
reflects endogenous glucose production, whereas glucose level 2 hours after oral glucose 
tolerance test, i.e. post-load hyperglycemia, reflects the acute increase in blood glucose after 
a glucose challenge. 

Several epidemiological investigations from European countries (111-113), Australia (114-
116), Asian countries (117), and Mauritius (118) report that men have higher fasting plasma 
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glucose levels and plasma glucose levels during the early course of the oral glucose tests 
than women, indicating that the prevalence of impaired fasting glycaemia is higher in men 
than in women; and  women have higher plasma glucose levels 2 hours after oral glucose 
tolerance tests than men, suggesting that the prevalence of impaired glucose tolerance is 
higher in women than in men. The pre-diabetic condition of impaired fasting glycaemia is 
characterized by hepatic insulin resistance, elevated hepatic glucose production and beta 
cell dysfunction.  

3.1. Sex difference in glucose tolerance  

Men and women are given the same amount of glucose during a standard oral glucose 
tolerance test. In all ethnic groups throughout the world, women are on average shorter by 
approximately 15 cm and thus have smaller body sizes than men (119). Additionally, 
women generally have less absolute amount of fat-free muscle mass than men, which is the 
major metabolically active tissue involved in glucose uptake, and thus women are less able 
to metabolize the fixed amount of glucose (111, 115, 118). The higher prevalence of impaired 
glucose tolerance in women may be an artifact caused by the fact that individuals of 
different body sizes and lean muscle masses receive the same amount of glucose during 
glucose challenge test. This notion is supported by the observation that the increments of 
glucose, insulin and the incretin hormones glucagon-like peptide-1 and glucose-dependent 
insulinotropic polypeptide after an glucose challenge test are significantly higher in women 
than in men (120), indicating that the same amount of glucose represents a larger stimulus in 
women than in men when seen in relation to their body sizes. 

Further analysis using anthropometric measures (e.g., weights, heights and waist-hip 
circumferences) indicated that the differences in plasma glucose levels 2 hours after oral 
glucose tolerance tests, but not  fasting plasma glucose levels, could be explained by 
differences in body size and/or body composition between men and women (113, 115, 118, 
121). Consequently, women are more commonly diagnosed with diabetes on the basis of 
glucose level 2-hour post glucose tolerance test compared with fasting plasma glucose levels 
(112, 115).The risk of gestational diabetes is also higher in shorter compared with taller 
women (122). Women do not have higher glucose levels following glucose test than men 
when differences in height and high-waist circumference (113) or absolute amount of fat-
free mass (121) are taken into account. This notion is supported by the observation that there 
is a higher risk of developing type 2 diabetes in men than in women with impaired glucose 
tolerance (123), suggesting that women with impaired glucose tolerance may be healthier 
than their male counterparts. In summary, sex difference in glucose tolerance without taking 
into account of body size is probably not related to sex-specific differences in the physiology 
of glucose regulation. 

3.2. Sex difference in fasting plasma glucose 

In contrast to the sex difference in glucose tolerance, sex difference in fasting plasma glucose 
levels is not related to differences in anthropometry and could not be explained by 
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differences in body size and/or body composition between men and women. Indeed, higher 
fasting plasma glucose in men compared with women reflects differences in insulin 
sensitivity and pancreatic β cell function between men and women (113), suggesting that the 
sex difference in fasting plasma glucose has a true physiological basis.  

During fasting females have decreased liver enzymes, lower creatinine and uric acid 
concentrations with a trend toward reduced triglycerides, but higher HDL cholesterol and 
body fat mass, which are generally seen as gender-related differences because of the direct 
effects by sex hormones (124, 125). There is an association between elevated FFA and 
increased endogenous glucose production (126). Interestingly, females displayed lower 
fasting endogenous glucose production than males, despite higher fasting plasma FFA 
concentrations (116). Study using laboratory rodent models indicate that there is no direct 
effect by FFA on hepatic glucose production in isolated perfused rat liver (127).  

The possible physiological mechanism that is responsible for the higher fasting plasma 
glucose levels observed in men compared with women could be related to large waist 
circumference in men (128), suggesting that sex differences in body fat distribution 
contribute to the sex difference in fasting plasma glucose levels. Indeed, high waist 
circumference and hip circumference are associated with impaired glucose tolerance in both 
men and women (113), suggesting that obesity contributes and is related to disturbances of 
glucose metabolism. Visceral component of abdominal fat is strongly associated with insulin 
resistance (129). Abdominal adipose tissue has a reduced ability to metabolize the glucose 
load of a glucose challenge test (102). Homeostasis model assessment of insulin resistance 
(HOMA-IR), predominantly reflecting hepatic insulin resistance, is lower in men than in 
women in general (113). Homeostasis model assessment of β cell function (HOMA-β) is also 
slightly lower in men than in women.  

In summary, sex differences in fasting plasma glucose levels are caused by underlying 
physiological differences in both insulin sensitivity and β cell function.  

3.3. Sex difference in glucose absorption 

Sex difference in carbohydrate metabolism may contribute to sex-specific glucose 
regulation. A glucose infusion at fasting and during hyperinsulinemia is used to measure 
whole-body insulin sensitivity and endogenous glucose production using hyperinsulinemic 
clamp technique. Healthy glucose-tolerant women have slower glucose absorption rates and 
slower liquid emptying from the stomach (130), and thus longer gut glucose half-life 
compared with glucose-tolerant men(116).Furthermore, there is an association between 
glucose absorption velocity and body size, with body tallness having strong influence on the 
glucose absorption velocity. This notion is supported by a recent study showing that, for 
both sexes, although people with different heights have similar fasting glucose levels, those 
in the shortest height quartile do have significantly higher 2 h glucose levels following oral 
glucose tolerance test compared with those in the tallest height quartile (115). As it is 
mentioned earlier in this section, women are on average shorter by approximately 15 cm 
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than men (119). Consequently, women generally have lower glucose absorption rates and 
have higher plasma glucose levels 2 hours after oral glucose tolerance test than men (115).  

Glucose absorption rates are higher in males in the initial phase and elevate in females in the 
end of the of the oral glucose tolerance tests three hours after oral glucose intake (116). The 
best-suited value to describe of glucose absorption velocity is glucose half-life in the gut. In 
all participants, glucose half-life is negatively related to body height and fat-free mass (116, 
131), thus glucose half-life is prolonged in females in comparison with males. When 
adjusted for total fat-free body mass, females with similar gut absorption as males are 
slightly more insulin sensitive than males(116). The alterations of plasma glucose 
concentrations during glucose tolerance test in females and males are not only due to 
different glucose clearance rates but also due to  different absorption rates from the 
gastrointestinal tract between sexes (116), which could serve to explain higher glucose 
concentrations at the end of the glucose challenge test in females. Additionally, postprandial 
insulin secretion affects glucose disappearance rate and glucose concentrations. One study 
has reported that females have greater peripheral insulin release and thus higher 
concentration during the first hour of oral glucose tolerance test (132). A separate study has 
reported that insulin secretion is comparable between young males and females following a 
high-carbohydrate mixed meal (133). Therefore, these available data from previous human 
studies suggest that the disturbance in insulin secretion does not contribute to the higher 
postprandial glucose concentrations in women. This notion is supported by animal studies 
using rodents, which have reported no sex associated difference in glucose-stimulated 
insulin secretion (134).  

To summarize, sex difference in glucose absorption and concomitant effect of insulin 
release, but not insulin-induced glucose uptake or glucose metabolism, contributes to the 
higher prevalence of glucose intolerance in females diagnosed from oral glucose tolerance 
tests as observed in several epidemiological studies worldwide. 

4. Sex differences in insulin sensitivity 

Glucose homeostasis is maintained in a narrow range via glucose output by the liver and 
glucose uptake by tissues. Insulin, secreted by the pancreatic β cells in response to increased 
circulating levels of glucose, is the major anabolic hormone whose action is essential for 
maintenance of glucose homeostasis. Insulin regulates glucose homeostasis by reducing 
hepatic glucose production via decreased gluconeogenesis (de novo glucose synthesis) and 
glycogenolysis (glycogen breakdown), and increasing the rate of glucose uptake, primarily 
into skeletal muscle and adipose tissue (135). Insulin's actions are brought about by 
intracellular events following the binding of insulin to insulin receptor and the activation of 
its tyrosine kinase, which phosphorylates tyrosine residues of target proteins such as insulin 
receptor substrates (136). The phosphatidylinositol 3-kinase (PI3K)/Akt signaling cascade is 
activated by the IRS proteins to trigger the stimulation of glucose uptake (135). Insulin 
resistance, defined as a state of decreased responsiveness of target tissues to insulin, plays a 
major role in the development of type 2 diabetes. Increased plasma free fatty acid 
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concentrations due to high-fat diet feeding are typically associated with many insulin-
resistant states (135).Abnormalities in fatty acid metabolism result in inappropriate 
accumulation of lipids in myocytes and hepatocytes, thus impairing their function and 
leading to insulin resistance (135). 

4.1. Female human and animals are more insulin sensitive 

There is evidence indicating that insulin sensitivity differs between males and females (137). 
Premenopausal women have better glucose tolerance and insulin sensitivity compared with 
men in general. Despite having lower fat mass, the prevalence of diabetes and early 
abnormalities of glucose metabolism is three times higher in men than in women (138). 
Moreover, women have decreased susceptibility to fatty acid–induced peripheral insulin 
resistance (124, 139, 140). Female humans and rodents are more insulin-sensitive than their 
male counterparts.  

In many different laboratory rodent models of glucose intolerance, insulin resistance, and 
diabetes, the different insulin sensitivity of female versus male mice can be detected by 
glucose tolerance tests and insulin tolerance tests. When various strains of mice are 
subjected to glucose tolerance tests, female mice have lower glucose levels than male mice at 
different time point throughout the tests (141-143). Additionally, female mice show a  
greater fall in blood glucose in response to insulin as compared with male mice during 
insulin tolerance tests (141-143). These data from our lab suggest that female animals are 
more insulin sensitive than males. Furthermore, female rodents are less prone to diet-
induced insulin resistance, and many genetically induced forms of insulin resistance have a 
milder phenotype in females compared with males (141, 142, 144, 145).  

4.2. Female fat cells are more insulin sensitive 

Adipocytes in different fat depots appear to have a distinct impact in insulin sensitivity. As 
it is mentioned previously in this chapter, accumulation of visceral fat, but not subcutaneous 
fat, is linked to the development of metabolic complications. Fat accumulation in different 
depots is sexually dimorphic, i.e., men accumulate more visceral fat, whereas women 
accumulate more subcutaneous fat and have a higher percentage of body fat compared with 
men. These sex-related differences in insulin sensitivity and adipose tissue development and 
function could be attributable in part to actions of estrogen and testosterone. For example, 
decreases in estrogen and increases in testosterone levels that occur during menopause are 
associated with loss of subcutaneous and gain of visceral fat and increase in insulin 
resistance (146).  

Female adipocytes have increased insulin sensitivity compared with male adipocytes, which 
is particularly true for abdominal adipocytes (102, 147). A recent study analyzed insulin 
sensitivity and glucose metabolism of adipocytes from abdominal and subcutaneous 
adipose tissue from normal, castrated, or steroid-implanted mice (102). The authors reported 
that both abdominal and subcutaneous adipocytes of females have greater lipogenic rates 
than those from males. Additionally, female abdominal adipocytes are more insulin 
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sensitive than subcutaneous adipocytes and more insulin-sensitive than male adipocytes 
from either depot, with female abdominal adipocytes showing a robust increase in insulin-
induced lipogenesis and insulin signaling, including downstream targets Akt and 
extracellular signal–related kinase phosphorylation, when stimulated by low physiological 
concentrations of insulin. In contrast, male adipocytes show activation only at much higher 
insulin concentrations (102). Furthermore, adipocytes from females have higher mRNA and 
protein levels of several genes involved in glucose and lipid metabolism, including glucose 
transporters and key lipogenic enzymes fatty acid synthase and acetyl CoA carboxylase 
(102), suggesting that the sex difference in insulin sensitivity at adipocyte level is 
attributable at least partially to increased glucose transporters and lipogenic enzyme levels. 
In summary, sex-specific differences in insulin action in adipocytes may contribute to the 
sexual dimorphism of insulin resistance.  

Despite a higher lipogenic rates female adipocytes are smaller than male adipocytes, 
especially those from the abdominal adipose depot. This is because adipocytes of females 
also has a higher lipolytic capacity than those of males (148, 149), suggesting a higher 
metabolic turnover of female abdominal adipocytes leading to decreased fat accumulation 
in visceral depots in females compared with males. As a result, in humans, females have 
higher serum levels of free fatty acid than males (124, 139) but appear to be protected 
against insulin resistance induced by elevated free fatty acid (139).  

Sex steroids are known to play a role in the regulation of adipose tissue development and 
function as well as whole body insulin sensitivity (146). These sex differences in insulin 
sensitivity in adipose tissue are regulated by physiological levels of sex steroids. Adipocytes 
of castrated male mice have increased insulin sensitivity and increased lipogenic rates, 
whereas adipocytes of ovariectomized females have lowered insulin sensitivity and reduced 
lipogenic capacity (102). The increased sensitivity to insulin and lipogenesis observed in 
adipocytes from females may account for their lower level of insulin resistance and diabetes 
risk despite similar or higher fat content than in male mice (102), indicating a positive role of 
estrogen in insulin sensitivity and lipogenesis in females. Therefore, gonadal hormones 
estrogen and testosterone contribute to the sexual dimorphism of lipogenesis and insulin 
sensitivity, lipogenic capacity of adipocytes.  

4.3. Estrogens regulate insulin sensitivity  

Gonadal hormones play critical roles in the regulation of glucose metabolism and 
maintenance of insulin sensitivity. Disturbances and changes in the relationship between 
estrogens and androgen metabolism seem to adversely affect fat metabolism and insulin 
sensitivity independent of sex (see below). Deficiency of estrogen leads to development of 
insulin resistance. Animals and humans lacking endogenous estrogen synthesis exhibit 
insulin resistance, which can be treated by estrogen supplementation (57, 61, 150). In 
humans, postmenopausal women with deficiency in endogenous estrogen have increased 
risk of insulin resistance and developing type 2 diabetes (4), while hormone replacement 
therapy or treatment with estradiol, the major bioactive form of estrogen, improves insulin 
sensitivity and lowers blood glucose levels (151, 152) and reduce incidence of diabetes (153, 
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154). Insulin resistance in a man with a homozygous inactivating mutation of the aromatase 
gene has been reported (60, 155). Estrogen deficiency also contributes to the development of 
insulin resistance and type 2 diabetes in rodent models (Louet et al 2004). Ovariectomized 
rodents with low level of endogenous estrogen have elevated basal glucose levels and 
impaired glucose tolerance (Bailey et al 1980). Aromatase knockout mice with a genetic 
impairment in endogenous estrogen synthesis exhibit decreased glucose tolerance and 
insulin resistance (Jones et al 2000; Takeda et al 2003).  

The mechanism of regulation of estrogens on insulin sensitivity is not clear. Estrogens may 
increase hepatic insulin sensitivity by decreasing gluconeogenesis and glycogenolysis and 
increasing insulin release in islets of Langerhans (156). Estrogens also prevent β-cell 
apoptosis (157). Additionally, estrogens reduce pro-inflammatory adipokines and their 
signaling and therefore decrease inflammation (158, 159). Changes in the level of sex 
steroids had variable effects on levels of circulating adipokines, as ovariectomized females 
have lower level of adiponectin and females implanted with estradiol have higher 
adiponectin levels (102). It is increasingly evident that chronic activation of pro-
inflammatory pathways may be at least partly responsible for obesity-induced insulin 
resistance and diabetes (25, 160). ERs are expressed in monocytes and macrophages, and 
estrogens activate these cells (161, 162). Female rats and mice are relatively protected from 
high-fat diet induced obesity, insulin resistance and inflammatory responses (141-143, 163-
165). Recent studies have shown that 17β -estradiol may play a role in reducing the 
inflammatory response in adipose, cardiovascular, and neural systems (146). Suppression of 
pro-inflammatory responses with estrogens may represent a promising strategy to combat 
obesity and associated metabolic disorders. Furthermore estrogens may improve insulin 
action (166). Therefore, the greater amount of abdominal visceral adipose tissue in 
conjunction with lower endogenous estrogen levels found in men may be related to the 
higher insulin resistance when compared with pre-menopausal women.  

4.4. Estrogen receptor regulates insulin sensitivity  

Estrogen’s action is via its classic nuclear receptors and non-classic membrane receptors (63, 
167-172).Both ERα and ERβ are expressed in the liver, muscle, and adipose tissue, as well as 
in several key regions of the hypothalamus of the central nervous system that have been 
linked to the control of peripheral glucose homeostasis. In particular, recent evidence points 
to neurons in the arcuate nucleus as critical regulators of glucose homeostasis (173). ER 
subtype-specific ligands have been used to clarify the specific roles of ERα and ERβ, such as 
the selective ERα ligand propyl pyrazoletriol (PPT) and the selective ERβagonist (2,3-bis(4-
hydroxyphenyl)-propionitrile (DPN). PPT has similar effects as estradiol, including increase 
of uterine weight, and prevention of increased body weight following ovariectomy (174). In 
addition, estrogen acts through other extranuclear pathways after ligands bind to the ERα or 
ERβ associated to the plasma membrane, as well as to ERs located at the plasma membrane, 
in the cytosol, or in the mitochondria (167, 171, 175) to regulate energy balance and glucose 
homeostasis (167). Estrogen may trigger its actions after binding to membrane ERs, such as 
GPR30 (176, 177), binding to receptors for other ligands, or binding to ion channels (167, 178, 
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179). The membrane ERs are characterized by a completely different pharmacological profile 
when compared to nuclear ERα and ERβ. They do not bind the antiestrogen ICI182,780 (167). 
These extranuclear actions of estrogen are the rapid activation of signaling cascades resulting 
in the activation of transcription factors and therefore in the regulation of gene expression.  

Both animal and human studies suggest that ERα may play a critical role to regulate glucose 
tolerance and insulin sensitivity (see below). Impaired insulin sensitivity, glucose 
intolerance, and hyperinsulinemia in a man with a mutation of ERα and thus lacking 
functional ERα has been reported (180). Estrogen-dependent effects on glucose homeostasis 
through both ERα and ERβ, whereas glucose tolerance is normal in ERβ-knockout mice (70, 
73, 181, 182). Additionally, ERα deficiency increases fasting insulin levels, impairs glucose 
tolerance, and results in skeletal muscle insulin resistance (182), suggesting that ERα may 
have a direct anti-diabetic role. Insulin sensitivity is preserved in mice lacking ERβ although 
these animals become obese following a high-fat diet (183). In addition, ERβ acts as an 
inhibitor of peroxisome proliferators-activated receptor gamma activity, a major inhibitory 
regulator of glucose and lipid metabolism (183). Therefore, previous studies argue in favor 
of an estrogen-dependent regulation of glucose tolerance and insulin sensitivity by ERα. 

Several mechanisms of metabolic function of ERs involved in the regulation of estrogen-
mediated insulin sensitivity have been suggested by animal studies.  

First, estrogen’s action helps to sustain insulin production. In the absence of ERα, 17β-estradiol 
only partially protects pancreatic β-cells from apoptosis in diabetic male and female mice 
(157), suggesting that this effect is at least in part ERα dependent. A recent study from the 
same group of investigators has demonstrated that estradiol stimulates islet insulin synthesis 
in an ERα independent manner, through interactions between non-classic extranuclear / 
membrane ERα and the tyrosine kinase Src, which activates ERK1/2 MAPK (184).  

Second, estrogen’s action facilitates insulin release. Glucose- and arginine-stimulated insulin 
release in pancreatic islets is similar in mice lacking either ERα or ERβ when compared with 
control animals (181).17β-estradiol does not increase insulin levels in isolated islets from 
ERαknockout animals compared to controls or to ERβ-knockout mice (156).  

Third, estrogen’s action regulates insulin sensitivity in liver and muscle. The development of 
ERα and ERβ knockout mice (185) has demonstrated the participation of these receptors in 
the regulation of many processes related to glucose metabolism, including insulin sensitivity 
in the liver and muscle. Impaired insulin sensitivity and glucose tolerance as determined by 
the hyperinsulinemic clamp technique in ERα deficient animals is attributed to either 
inadequate suppression of hepatic glucose production by insulin or impaired insulin action 
in skeletal muscle (181, 182).Furthermore, insulin-stimulated glucose uptake in skeletal 
muscle, mediated by the glucose transporter isoform GLUT4, is suppressed in the absence of 
ERα (181), however GLUT4 expression is not affected in mice lacking ERβ (186).  

Fourth, estrogen’s action mediates inflammation associated with insulin resistance. In both 
healthy and diabetic mice lacking ERβ, 17β-estradiol reduces inflammatory nitric oxide 
synthase expression in the aorta. This inhibitory effect is absent in ERα knockout animals 



 
Sex Differences in Obesity-Related Glucose Intolerance and Insulin Resistance 53 

(187), indicating that the protective effects of estrogens on inflammatory responses in the 
vessel wall are mediated by ERα (187). In addition, adiponectin, an adipokine associated 
with suppression of insulin resistance and inflammation, is decreased in the absence of ERα 
whereas plasminogen activator inhibitor-1, a surrogate marker of systemic inflammation is 
increased (182). Increased inflammation-associated changes following streptozotocin-
induced injury of pancreatic islets have been described in ERα-deficient mice (Le May et al. 
2006). Moreover, enhanced inflammatory signaling and impaired fatty acid oxidation are 
found in the skeletal muscle of ERα-knockout mice (182), further indicating an ERα 
dependent regulation in inflammation which affects insulin resistance. In vitro studies have 
demonstrated 17β -estradiol-activated ERα decreases the number of pro-inflammatory 
cytokines (161). The anti-inflammatory properties of 17β-estradiol can be partially explained 
by the ability of ERs to act as transcriptional repressors by inhibiting the activity of nuclear 
factor kappa B (NFκB) through protein–protein interactions between agonist-bound ERs and 
activated NFκB subunits (188-190). Estrogens' inhibitory effect on NFκB function is not fully 
understood and may be target selective (189, 191). The PI3K pathway is also implicated in 
the anti-inflammatory effects of estrogens. For example, 17β-estradiol blocks LPS-induced 
NFκB nuclear translocation in macrophages, an effect that involves the activation of PI3K 
(188). Similarly, estradiol-17β decreases vascular leukocyte accumulation after an ischemia–
reperfusion injury, and these effects are blocked by PI3K inhibitors (192) 

In summary, previous studies not only support that estrogens and their cellular targets are 
important for the maintenance of glucose homeostasis, but also indicate an important role of 
ERα in the regulation of insulin sensitivity.  

5. Conclusion 

Sex differences and the role of gonadal hormones in modulating insulin sensitivity and 
glucose tolerance are of increasing interest and importance because of the increasing 
prevalence of type 2 diabetes mellitus and the metabolic abnormalities. Body composition is 
closely associated with insulin sensitivity, and increased body fat, particularly in the visceral 
compartment, is a risk factor for developing type 2 diabetes mellitus. Sex differences in body 
composition and/or insulin sensitivity are evident in humans and many non-human animal 
models. 

Gonadal hormones estrogens and androgens are important, sex-independent regulators of 
body weight, body fat distribution, glucose metabolism and insulin resistance. When 
women enter menopause, they have a dramatically increased risk for developing obesity, 
type 2 diabetes and the metabolic syndrome. Although conventional hormone replacement 
therapy might beneficially to affect adiposity and to reduce diabetes risk, its previous use in 
women is associated with adverse effects including an increased risk for breast cancer and 
heart disease (i.e. thromboembolism). This increased risk may partly due to non-selective 
activation of ERs, which are ubiquitously expressed in the human body, especially in 
peripheral tissues, and due to complex intracellular events coupled to ERs genomic and 
non-genomic actions.  



 
Glucose Tolerance 54 

Future basic science investigations should therefore lead to a better understanding of the 
molecular mechanisms whereby different ERs regulate body weight, body fat, and insulin 
sensitivity in both females and males. Important gaps in the research need to be identified. 
In particular, potential interactions and cross-talk between ERα and G-protein-coupled 
estrogen receptor, which seem to mediate most beneficial effects, critical brain sites where 
ERs regulate glucose homeostasis, and intracellular signaling pathways that are required for 
estrogens' actions, need to be identified. Consequently only the ERs involved in energy 
homeostasis and glucose metabolism will be targeted. This identification would help to 
define novel pharmacological targets selectively associated with fat metabolism and glucose 
homeostasis and help to develop estrogen-like drugs that only initiate intracellular events 
that produce metabolically beneficial actions without deleterious side effects. Such an 
approach would also imply a therapeutic potential in men bypassing the unwanted effects 
of estrogens. 

Author details 

Haifei Shi and Shiva Priya Dharshan Senthil Kumar 
Cellular, Molecular and Structural Biology, Miami University, Oxford, Ohio, USA 

6. References 
[1] James WPT 2008 The epidemiology of obesity: the size of the problem. J Intern Med 

263:336-352 
[2] Cummings DE, Schwartz MW 2003 Genetics and Pathophysiology of Human Obesity. 

Annual Review of Medicine 54:453-471 
[3] Alberti K, Zimmet P, Shaw J 2005 IDF epidemiology task force consensus group: the 

metabolic syndrome - a worldwide definition. Lancet 366:1059 - 1062 
[4] Ford ES 2005 Prevalence of the metabolic syndrome defined by the International 

Diabetes Federation among adults in the U.S. Diabetes Care 28:2745-2749 
[5] Salpeter SR, Walsh JM, Ormiston TM, Greyber E, Buckley NS, Salpeter EE 2006 Meta-

analysis: effect of hormone-replacement therapy on components of the metabolic 
syndrome in postmenopausal women. Diabetes Obes Metab 8:538-554 

[6] Rochira V, Madeo B, Zirilli L, Caffagni G, Maffei L, Carani C 2007 Oestradiol 
replacement treatment and glucose homeostasis in two men with congenital aromatase 
deficiency: evidence for a role of oestradiol and sex steroids imbalance on insulin 
sensitivity in men. Diabetic Medicine 24:1491-1495 

[7] Bottini N, Meloni GF, Borgiani P, Giorgini A, Buzzetti R, Pozzilli P, Lucarelli P, Gloria-
Bottini F 2002 Genotypes of cytosolic low-molecular-weight protein-tyrosine-
phosphatase correlate with age at onset of type 1 diabetes in a sex-specific manner. 
Metabolism 51:419-422 

[8] Thamer C, Haap M, Volk A, Maerker E, Becker R, Bachmann O, Machicao F, Häring 
HU, Stumvoll M 2002 Evidence for Greater Oxidative Substrate Flexibility in Male 
Carriers of the Pro 12 Ala Polymorphism in PPARγ2. Horm Metab Res 34:132,136 



 
Sex Differences in Obesity-Related Glucose Intolerance and Insulin Resistance 55 

[9] Delibegovic M, Armstrong CG, Dobbie L, Watt PW, Smith AJH, Cohen PTW 2003 
Disruption of the striated muscle glycogen targeting subunit PPP1R3A of protein 
phosphatase 1 leads to increased weight gain, fat deposition, and development of 
insulin resistance. Diabetes 52:596-604 

[10] Doney A, Fischer B, Cecil J, Cohen P, Boyle D, Leese G, Morris A, Palmer C 2003 Male 
preponderance in early diagnosed type 2 diabetes is associated with the ARE 
insertion/deletion polymorphism in the PPP1R3A locus. BMC Genet 4:11 

[11] Wang H, Chu WS, Lu T, Hasstedt SJ, Kern PA, Elbein SC 2004 Uncoupling protein-2 
polymorphisms in type 2 diabetes, obesity, and insulin secretion. Am J Physiol 
Endocrinol Metab 286:E1-E7 

[12] D’Adamo M, Perego L, Cardellini M, Marini MA, Frontoni S, Andreozzi F, Sciacqua A, 
Lauro D, Sbraccia P, Federici M, Paganelli M, Pontiroli AE, Lauro R, Perticone F, Folli F, 
Sesti G 2004 The −866A/A Genotype in the Promoter of the Human Uncoupling Protein 
2 Gene Is Associated With Insulin Resistance and Increased Risk of Type 2 Diabetes. 
Diabetes 53:1905-1910 

[13] Björntorp P 1991 Metabolic implications of body fat distribution. Diabetes Care 14:1132-
1143 

[14] Xu H, Barnes GT, Yang Q, Tan G, Yang D, Chou CJ, Sole J, Nichols A, Ross JS, Tartaglia 
LA, Chen H 2003 Chronic inflammation in fat plays a crucial role in the development of 
obesity-related insulin resistance. J Clin Invest 112:1821-1830 

[15] Shi H, Seeley RJ, Clegg DJ 2009 Sexual differences in the control of energy homeostasis. 
Front Neuroendocrinol 30:396-404 

[16] Pokrywka GS 2007 Diagnosis and Treatment of Metabolic Syndrome in Menopausal 
Women. Menopause Management 16:16-25  

[17] Ryan AS, Nicklas BJ, Berman DM 2002 Hormone replacement therapy, insulin 
sensitivity, and abdominal obesity in postmenopausal women. Diabetes Care 25:127-133 

[18] Samaras K, Hayward CS, Sullivan D, Kelly RP, Campbell LV 1999 Effects of 
postmenopausal hormone replacement therapy on central abdominal fat, glycemic 
control, lipid metabolism, and vascular factors in type 2 diabetes: a prospective study. 
Diabetes Care 22:1401-1407 

[19] Clegg DJ, Brown LM, Woods SC, Benoit SC 2006 Gonadal hormones determine 
sensitivity to central leptin and insulin. Diabetes 55:978-987 

[20] Livingstone C, Collison M 2002 Sex steroids and insulin resistance. Clin Sci (Lond) 
102:151-166 

[21] Bruns CM, Kemnitz JW 2004 Sex hormones, insulin sensitivity, and diabetes mellitus. 
ILAR J 45:160-169 

[22] Oh J-Y, Barrett-Connor E, Wedick NM, Wingard DL 2002 Endogenous Sex Hormones 
and the Development of Type 2 Diabetes in Older Men and Women: the Rancho 
Bernardo Study. Diabetes Care 25:55-60 

[23] Björntorp P 1992 Abdominal obesity and the metabolic syndrome. Ann Med 24:465-468 
[24] Rebuffé-Scrive M, Andersson B, Olbe L, Björntorp P 1989 Metabolism of adipose tissue 

in intraabdominal depots of nonobese men and women. Metabolism 38:453-458 
[25] Kahn BB, Flier JS 2000 Obesity and insulin resistance. The Journal of Clinical 

Investigation 106:473-481 



 
Glucose Tolerance 56 

[26] Hellmer J, Marcus C, Sonnenfeld T, Arner P 1992 Mechanisms for differences in 
lipolysis between human subcutaneous and omental fat cells. J Clin Endocrinol Metab 
75:15-20 

[27] Arner P, Hellström L, Wahrenberg H, Brönnegård M 1990 Beta-adrenoceptor 
expression in human fat cells from different regions. J Clin Invest 86:1595-1600 

[28] Vikman HL, Savola JM, Raasmaja A, Ohisalo JJ 1996 Alpha 2A-adrenergic regulation of 
cyclic AMP accumulation and lipolysis in human omental and subcutaneous 
adipocytes. Int J Obes Relat Metab Disord 20:185-189 

[29] Rebuffé-Scrive M, Brönnegard M, Nilsson A, Eldh J, Gustafsson J-A, Björntorp P 1990 
Steroid hormone receptors in human adipose tissues. J Clin Endocrinol Metab 71:1215-
1219 

[30] Lundholm K, Rebuffe-Scrive M, Bjc-Rntorp P 1985 Glucocorticoid hormone binding to 
human adipose tissue. Eur J Clin Invest 15:267-271 

[31] Fried SK, Russell CD, Grauso NL, Brolin RE 1993 Lipoprotein lipase regulation by 
insulin and glucocorticoid in subcutaneous and omental adipose tissues of obese 
women and men. J Clin Invest 92:2191-2198 

[32] Karlsson C, Lindell K, Ottosson M, Sjöström L, Carlsson B, Carlsson LMS 1998 Human 
adipose tissue expresses angiotensinogen and enzymes required for its conversion to 
angiotensin II. J Clin Endocrinol Metab 83:3925-3929 

[33] Dusserre E, Moulin P, Vidal H 2000 Differences in mRNA expression of the proteins 
secreted by the adipocytes in human subcutaneous and visceral adipose tissues. 
Biochim Biophys Acta 1500:88-96 

[34] Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, Ferrante AW 2003 Obesity 
is associated with macrophage accumulation in adipose tissue. The Journal of Clinical 
Investigation 112:1796-1808 

[35] Wajchenberg BL 2000 Subcutaneous and visceral adipose tissue: Their relation to the 
metabolic syndrome. Endocr Rev 21:697-738 

[36] Lee CG, Carr MC, Murdoch SJ, Mitchell E, Woods NF, Wener MH, Chandler WL, 
Boyko EJ, Brunzell JD 2009 Adipokines, Inflammation, and Visceral Adiposity across 
the Menopausal Transition: A Prospective Study. J Clin Endocrinol Metab 94:1104-1110 

[37] Björntorp P 1997 Body fat distribution, insulin resistance, and metabolic diseases. 
Nutrition 13:795-803 

[38] Ford ES, Li C, Zhao G, Pearson WS, Mokdad AH 2008 Prevalence of the metabolic 
syndrome among U.S. adolescents using the definition from the International Diabetes 
Federation. Diabetes Care 31:587-589 

[39] O'Dea JA 2008 Gender, ethnicity, culture and social class influences on childhood 
obesity among Australian schoolchildren: implications for treatment, prevention and 
community education. Health Soc Care Community 16:282-290 

[40] Villegas R, Perry IJ, Creagh D, Hinchion R, O’Halloran D 2003 Prevalence of the 
metabolic syndrome in middle-aged men and women. Diabetes Care 26:3198-3199 

[41] Dark J, Wade GN, Zucker I 1984 Ovarian modulation of lipoprotein lipase activity in 
white adipose tissue of ground squirrels. Physiol Behav 32:75-78 

[42] Gray JM, Greenwood MR 1983 Uterine and adipose lipoprotein lipase activity in 
hormone-treated and pregnant rats. Am J Physiol 245:E132-E137 



 
Sex Differences in Obesity-Related Glucose Intolerance and Insulin Resistance 57 

[43] Ramirez I 1981 Estradiol-induced changes in lipoprotein lipase, eating, and body 
weight in rats. Am J Physiol 240:E533-E538 

[44] Llado I, Rodriguez-Cuenca S, Pujol E, Monjo M, Estrany ME, Roca P, Palou A 2002 
Gender effects on adrenergic receptor expression and lipolysis in white adipose tissue 
of rats. Obesity 10:296-305 

[45] Rebuffé-Scrive M, Enk L, Crona N, Lönnroth P, Abrahamsson L, Smith U, Björntorp P 
1985 Fat cell metabolism in different regions in women. Effect of menstrual cycle, 
pregnancy, and lactation. J Clin Invest 75:1973-1976 

[46] Canoy D, Boekholdt SM, Wareham N, Luben R, Welch A, Bingham S, Buchan I, Day N, 
Khaw K-T 2007 Body fat distribution and risk of coronary heart disease in men and 
women in the European Prospective Investigation Into Cancer and Nutrition in Norfolk 
cohort: : a population-based prospective study. Circulation 116:2933-2943 

[47] Yusuf S, Hawken S, Ôunpuu S, Bautista L, Franzosi MG, Commerford P, Lang CC, 
Rumboldt Z, Onen CL, Lisheng L, Tanomsup S, Wangai Jr P, Razak F, Sharma AM, 
Anand SS 2005 Obesity and the risk of myocardial infarction in 27 000 participants from 
52 countries: a case-control study. The Lancet 366:1640-1649 

[48] Snijder MB, Dekker JM, Visser M, Bouter LM, Stehouwer CD, Kostense PJ, Yudkin JS, 
Heine RJ, Nijpels G, Seidell JC 2003 Associations of hip and thigh circumferences 
independent of waist circumference with the incidence of type 2 diabetes: the Hoorn 
Study. Am J Clin Nutr 77:1192-1197 

[49] Snijder MB, Zimmet PZ, Visser M, Dekker JM, Seidell JC, Shaw JE 2004 Independent 
association of hip circumference with metabolic profile in different ethnic groups. 
Obesity 12:1370-1374 

[50] Foster M, Shi H, Softic S, Kohli R, Seeley R, Woods S 2011 Transplantation of non-
visceral fat to the visceral cavity improves glucose tolerance in mice: investigation of 
hepatic lipids and insulin sensitivity. Diabetologia 54:2890-2899 

[51] Foster MT, Shi H, Seeley RJ, Woods SC 2010 Transplantation or removal of intra-
abdominal adipose tissue prevents age-induced glucose insensitivity. Physiol Behav 
101:282-288 

[52] Hocking S, Chisholm D, James D 2008 Studies of regional adipose transplantation 
reveal a unique and beneficial interaction between subcutaneous adipose tissue and the 
intra-abdominal compartment. Diabetologia 51:900-902 

[53] Tran TT, Yamamoto Y, Gesta S, Kahn CR 2008 Beneficial effects of subcutaneous fat 
transplantation on metabolism. Cell Metabolism 7:410-420 

[54] Heitmann BL, Frederiksen P, Lissner L 2004 Hip circumference and cardiovascular 
morbidity and mortality in men and women. Obesity 12:482-487 

[55] Shi H, Clegg DJ 2009 Sex differences in the regulation of body weight. Physiol Behav 
97:199-204 

[56] Asarian L, Geary N 1999 Cyclic estradiol treatment phasically potentiates endogenous 
cholecystokinin's satiating action in ovariectomized rats. Peptides 20:445-450 

[57] Jones MEE, Thorburn AW, Britt KL, Hewitt KN, Wreford NG, Proietto J, Oz OK, Leury 
BJ, Robertson KM, Yao S, Simpson ER 2000 Aromatase-deficient (ArKO) mice have a 
phenotype of increased adiposity. Proc Natl Acad Sci U S A 97:12735-12740 

[58] Gambineri A, Pelusi C, Vicennati V, Pagotto U, Pasquali R 2002 Obesity and the 
polycystic ovary syndrome. Int J Obes Relat Metab Disord 26:883-896 



 
Glucose Tolerance 58 

[59] Misso ML, Murata Y, Boon WC, Jones MEE, Britt KL, Simpson ER 2003 Cellular and 
molecular characterization of the adipose phenotype of the aromatase-deficient mouse. 
Endocrinology 144:1474-1480 

[60] Maffei L, Rochira V, Zirilli L, Antunez P, Aranda C, Fabre B, Simone ML, Pignatti E, 
Simpson ER, Houssami S, Clyne CD, Carani C 2007 A novel compound heterozygous 
mutation of the aromatase gene in an adult man: reinforced evidence on the 
relationship between congenital oestrogen deficiency, adiposity and the metabolic 
syndrome. Clin Endocrinol (Oxf) 67:218-224 

[61] Takeda K, Toda K, Saibara T, Nakagawa M, Saika K, Onishi T, Sugiura T, Shizuta Y 
2003 Progressive development of insulin resistance phenotype in male mice with 
complete aromatase (CYP19) deficiency. J Endocrinol 176:237-246 

[62] Razandi M, Pedram A, Greene GL, Levin ER 1999 Cell membrane and nuclear estrogen 
receptors (ERs) originate from a single transcript: studies of ERα and ERβ expressed in 
Chinese hamster ovary cells. Mol Endocrinol 13:307-319 

[63] Pappas T, Gametchu B, Watson C 1995 Membrane estrogen receptors identified by 
multiple antibody labeling and impeded-ligand binding. FASEB J 9:404-410 

[64] Okura T, Koda M, Ando F, Niino N, Ohta S, Shimokata H 2003 Association of 
polymorphisms in the estrogen receptor [alpha] gene with body fat distribution. Int J 
Obes Relat Metab Disord 27:1020-1027 

[65] Nilsson M, Dahlman I, Ryden M, Nordstrom EA, Gustafsson JA, Arner P, Dahlman-
Wright K 2007 Oestrogen receptor alpha gene expression levels are reduced in obese 
compared to normal weight females. Int J Obes 31:900-907 

[66] Deng H-W, Li J, Li J-L, Dowd R, Davies KM, Johnson M, Gong G, Deng H, Recker RR 
2000 Association of estrogen receptor-alpha genotypes with body mass index in normal 
healthy postmenopausal Caucasian women. J Clin Endocrinol Metab 85:2748-2751 

[67] Fox CS, Yang Q, Cupples LA, Guo C-Y, Atwood LD, Murabito JM, Levy D, Mendelsohn 
ME, Housman DE, Shearman AM 2005 Sex-specific association between estrogen 
receptor-alpha gene variation and measures of adiposity: the Framingham Heart Study. 
J Clini Endocrinol Metab 90:6257-6262 

[68] Goulart AC, Zee RYL, Rexrode KM 2009 Association of estrogen receptor 2 gene 
polymorphisms with obesity in women (obesity and estrogen receptor 2 gene). 
Maturitas 62:179-183 

[69] Saltiki K, Mantzou E, Doukas C, Kanakakis I, Zotos P, Lazaros L, Georgiou I, Alevizaki 
M 2009 Estrogen receptor beta gene variants may be associated with more favorable 
metabolic profile in postmenopausal women undergoing coronary angiography. Exp 
Clin Endocrinol Diabetes 117:610-615 

[70] Heine PA, Taylor JA, Iwamoto GA, Lubahn DB, Cooke PS 2000 Increased adipose tissue 
in male and female estrogen receptor-α knockout mice. Proc Natl Acad Sci U S A 
97:12729-12734 

[71] Ohlsson C, Hellberg N, Parini P, Vidal O, Bohlooly M, Rudling M, Lindberg MK, 
Warner M, Angelin B, Gustafsson J-Å 2000 Obesity and disturbed lipoprotein profile in 
estrogen receptor-α-deficient male mice. Biochem Biophys Res Commun 278:640-645 

[72] Liang YQ, Akishita M, Kim S, Ako J, Hashimoto M, Iijima K, Ohike Y, Watanabe T, 
Sudoh N, Toba K, Yoshizumi M, Ouchi Y 2002 Estrogen receptor beta is involved in the 
anorectic action of estrogen. Int J Obes Relat Metab Disord 26:1103-1109 



 
Sex Differences in Obesity-Related Glucose Intolerance and Insulin Resistance 59 

[73] Naaz A, Zakroczymski M, Heine P, Taylor J, Saunders P, Lubahn D, Cooke PS 2002 
Effect of ovariectomy on adipose tissue of mice in the absence of estrogen receptor 
alpha (ERα): a potential role for estrogen receptor beta (ERβ). Horm Metab Res 
34:758,763 

[74] Geary N, Asarian L, Korach KS, Pfaff DW, Ogawa S 2001 Deficits in E2-dependent 
control of feeding, weight gain, and cholecystokinin satiation in ER-α null mice. 
Endocrinology 142:4751-4757 

[75] Matthews J, Gustafsson J-Å 2003 Estrogen signaling: a subtle balance between ER alpha 
and ER beta. Mol Interv 3:281-292 

[76] Krotkiewski M, Björntorp P, Sjöström L, Smith U 1983 Impact of obesity on metabolism 
in men and women. Importance of regional adipose tissue distribution. J Clin Invest 
72:1150-1162 

[77] Bouchard C, Despres, JEAN-PIERRE, Mauriege P 1993 Genetic and nongenetic 
determinants of regional fat distribution. Endocr Rev 14:72-93 

[78] Gruber CJ, Tschugguel W, Schneeberger C, Huber JC 2002 Production and actions of 
estrogens. N Engl J Med 346:340-352 

[79] Haffner SM, Katz MS, Dunn JF 1991 Increased upper body and overall adiposity is 
associated with decreased sex hormone binding globulin in postmenopausal women. 
Int J Obes 15:471-478 

[80] Kaye SA, Folsom AR, Soler JT, Prineas RJ, Potter JD 1991 Associations of body mass and 
fat distribution with sex hormone concentrations in postmenopausal women. Int J 
Epidemiol 20:151-156 

[81] Baglietto L, English D, Hopper J, MacInnis R, Morris H, Tilley W, Krishnan K, Giles G 
2009 Circulating steroid hormone concentrations in postmenopausal women in relation 
to body size and composition. Breast Cancer Res Treat 115:171-179 

[82] Enzi G, Gasparo M, Biondetti P, Fiore D, Semisa M, Zurlo F 1986 Subcutaneous and 
visceral fat distribution according to sex, age, and overweight, evaluated by computed 
tomography. Am J Clin Nutr 44:739-746 

[83] Asarian L, Geary N 2006 Modulation of appetite by gonadal steroid hormones. Philos T 
Roy Soc B 361:1251-1263 

[84] Barzilai N, Wang J, Massilon D, Vuguin P, Hawkins M, Rossetti L 1997 Leptin 
selectively decreases visceral adiposity and enhances insulin action. J Clin Invest 
100:3105-3110 

[85] Clegg DJ, Riedy CA, Smith KAB, Benoit SC, Woods SC 2003 Differential sensitivity to 
central leptin and insulin in male and female rats. Diabetes 52:682-687 

[86] Simpson ER, Jones ME 2007 Of mice and men: the many guises of estrogens. In: Korach 
KS, Wintermantel T eds. Tissue-specific estrogen action: Springer Berlin Heidelberg; 45-
68 

[87] Wahrenberg H, Lönnqvist F, Arner P 1989 Mechanisms underlying regional differences 
in lipolysis in human adipose tissue. The Journal of Clinical Investigation 84:458-467 

[88] D'Eon TM, Souza SC, Aronovitz M, Obin MS, Fried SK, Greenberg AS 2005 Estrogen 
regulation of adiposity and fuel partitioning. Evidence of genomic and non-genomic 
regulation of lipogenic and oxidative pathways. J Biol Chem 280:35983-35991 



 
Glucose Tolerance 60 

[89] Rebuffé-Scrive M, Eldh J, Hafström L-O, Björntorp P 1986 Metabolism of mammary, 
abdominal, and femoral adipocytes in women before and after menopause. Metabolism 
35:792-797 

[90] Lindberg U-B, Crona N, Silfverstolpe G, Björntorp P, Rebuffé-Scrive M 1990 Regional 
adipose tissue metabolism in postmenopausal women after treatment with exogenous 
sex steroids. Horm Metab Res 22:345,351 

[91] Johnson JA, Fried SK, Pi-Sunyer FX, Albu JB 2001 Impaired insulin action in 
subcutaneous adipocytes from women with visceral obesity. Am J Physiol Endocrinol 
Metab 280:E40-E49 

[92] Zitzmann M 2009 Testosterone deficiency, insulin resistance and the metabolic 
syndrome. Nat Rev Endocrinol 5:673-681 

[93] Blouin K, Després J-P, Couillard C, Tremblay A, Prud'homme D, Bouchard C, Tchernof 
A 2005 Contribution of age and declining androgen levels to features of the metabolic 
syndrome in men. Metabolism 54:1034-1040 

[94] Marin P, Holmang S, Gustafsson C, Jonsson L, Kvist H, Elander A, Eldh J, Sjostrom L, 
Holm G, Bjorntorp P 1993 Androgen treatment of abdominally obese men. Obes Res 
1:245-251 

[95] Lovejoy JC, Bray GA, Greeson CS, Klemperer M, Morris J, Partington C, Tulley R 1995 
Oral anabolic steroid treatment, but not parenteral androgen treatment, decreases 
abdominal fat in obese, older men. Int J Obes Relat Metab Disord 19:614-624 

[96] McInnes KJ, Corbould A, Simpson ER, Jones ME 2006 Regulation of adenosine 
5',monophosphate-activated protein kinase and lipogenesis by androgens contributes to 
visceral obesity in an estrogen-deficient state. Endocrinology 147:5907-5913 

[97] Pasquali R, Casimirri F, Cantobelli S, Morselli Labate AM, Venturoli S, Paradisi R, 
Zannarini L 1993 Insulin and androgen relationships with abdominal body fat 
distribution in women with and without hyperandrogenism. Horm Res 39:179-187 

[98] Lovejoy JC, Bray GA, Bourgeois MO, Macchiavelli R, Rood JC, Greeson C, Partington C 
1996 Exogenous androgens influence body composition and regional body fat 
distribution in obese postmenopausal women--a clinical research center study. J Clin 
Endocrinol Metab 81:2198-2203 

[99] Elbers JMH, Asscheman H, Seidell JC, Megens JAJ, Gooren LJG 1997 Long-term 
testosterone administration increases visceral fat in female to male transsexuals. J Clin 
Endocrinol Metab 82:2044-2047 

[100] Crandall DL, Busler DE, Novak TJ, Weber RV, Kral JG 1998 Identification of estrogen 
receptor β RNA in human breast and abdominal subcutaneous adipose tissue. Biochem 
Biophys Res Commun 248:523-526 

[101] Björntorp P 1997 Hormonal control of regional fat distribution. Hum Reprod 12:21-25 
[102] Macotela Y, Boucher J, Tran TT, Kahn CR 2009 Sex and depot differences in adipocyte 

insulin sensitivity and glucose metabolism. Diabetes 58:803-812 
[103] Lu S-f, McKenna SE, Cologer-Clifford A, Nau EA, Simon NG 1998 Androgen receptor 

in mouse brain: sex differences and similarities in autoregulation. Endocrinology 
139:1594-1601 

[104] Yu I-C, Lin H-Y, Liu N-C, Wang R-S, Sparks JD, Yeh S, Chang C 2008 Hyperleptinemia 
without obesity in male mice lacking androgen receptor in adipose tissue. 
Endocrinology 149:2361-2368 



 
Sex Differences in Obesity-Related Glucose Intolerance and Insulin Resistance 61 

[105] Dieudonné MN, Leneveu MC, Giudicelli Y, Pecquery R 2004 Evidence for functional 
estrogen receptors α and β in human adipose cells: regional specificities and regulation 
by estrogens. Am J Physiol Cell Physiol 286:C655-C661 

[106] Mayes JS, Watson GH 2004 Direct effects of sex steroid hormones on adipose tissues 
and obesity. Obes Rev 5:197-216 

[107] Österlund M, G.J.M. Kuiper G, Gustafsson J-Å, Hurd YL 1998 Differential distribution 
and regulation of estrogen receptor-α and -β mRNA within the female rat brain. Mol 
Brain Res 54:175-180 

[108] Merchenthaler I, Lane MV, Numan S, Dellovade TL 2004 Distribution of estrogen 
receptor α and β in the mouse central nervous system: In vivo autoradiographic and 
immunocytochemical analyses. J Comp Neurol 473:270-291 

[109] Simerly RB, Swanson LW, Chang C, Muramatsu M 1990 Distribution of androgen and 
estrogen receptor mRNA-containing cells in the rat brain: An in situ hybridization 
study. J Comp Neurol 294:76-95 

[110] Musatov S, Chen W, Pfaff DW, Mobbs CV, Yang X-J, Clegg DJ, Kaplitt MG, Ogawa S 
2007 Silencing of estrogen receptor α in the ventromedial nucleus of hypothalamus 
leads to metabolic syndrome. Proc Natl Acad Sci U S A 104:2501-2506 

[111] Glümer C, Jørgensen T, Borch-Johnsen K 2003 Prevalences of diabetes and impaired 
glucose regulation in a Danish population: the Inter99 study. Diabetes Care 26:2335-
2340 

[112] Group tDS 2003 Age- and sex-specific prevalences of diabetes and impaired glucose 
regulation in 13 European cohorts. Diabetes Care 26:61-69 

[113] Færch K, Borch-Johnsen K, Vaag A, Jørgensen T, Witte D 2010 Sex differences in 
glucose levels: a consequence of physiology or methodological convenience? The 
Inter99 study. Diabetologia 53:858-865 

[114] Dunstan DW, Zimmet PZ, Welborn TA, de Courten MP, Cameron AJ, Sicree RA, 
Dwyer T, Colagiuri S, Jolley D, Knuiman M, Atkins R, Shaw JE 2002 The rising 
prevalence of diabetes and impaired glucose tolerance: the Australian Diabetes, Obesity 
and Lifestyle Study. Diabetes Care 25:829-834 

[115] Sicree RA, Zimmet PZ, Dunstan DW, Cameron AJ, Welborn TA, Shaw JE 2008 
Differences in height explain gender differences in the response to the oral glucose 
tolerance test— the AusDiab study. Diabet Med 25:296-302 

[116] Anderwald C, Gastaldelli A, Tura A, Krebs M, Promintzer-Schifferl M, Kautzky-Willer 
A, Stadler M, DeFronzo RA, Pacini G, Bischof MG 2011 Mechanism and effects of 
glucose absorption during an oral glucose tolerance test among females and males. J 
Clini Endocrinol Metab 96:515-524 

[117] Group EHBCC 2003 Body Mass Index, Serum Sex Hormones, and Breast Cancer Risk 
in Postmenopausal Women. J Natl Cancer Inst 95:1218-1226 

[118] Williams JW, Zimmet PZ, Shaw JE, De Courten MP, Cameron AJ, Chitson P, 
Tuomilehto J, Alberti KGMM 2003 Gender differences in the prevalence of impaired 
fasting glycaemia and impaired glucose tolerance in Mauritius. Does sex matter? Diabet 
Med 20:915-920 

[119] Nettle D 2002 Women's height, reproductive success and the evolution of sexual 
dimorphism in modern humans. Proc Biol Sci 269:1919-1923 



 
Glucose Tolerance 62 

[120] Vaag AA, Holst JJ, Vølund A, Beck-Nielsen H 1996 Gut incretin hormones in identical 
twins discordant for non-insulin-dependent diabetes mellitus (NIDDM)—evidence for 
decreased glucagon-like peptide 1 secretion during oral glucose ingestion in NIDDM 
twins. Eur J Endocrinol 135:425-432 

[121] Rathmann W, Strassburger K, Giani G, Döring A, Meisinger C 2008 Differences in 
height explain gender differences in the response to the oral glucose tolerance test. 
Diabet Med 25:1374-1375 

[122] Anastasiou E, Alevizaki M, Grigorakis SJ, Philippou G, Kyprianou M, Souvatzoglou A 
1998 Decreased stature in gestational diabetes mellitus. Diabetologia 41:997-1001 

[123] Magliano DJ, Barr ELM, Zimmet PZ, Cameron AJ, Dunstan DW, Colagiuri S, Jolley D, 
Owen N, Phillips P, Tapp RJ, Welborn TA, Shaw JE 2008 Glucose indices, health 
behaviors, and incidence of diabetes in Australia: the Australian Diabetes, Obesity and 
Lifestyle Study. Diabetes Care 31:267-272 

[124] Soeters MR, Sauerwein HP, Groener JE, Aerts JM, Ackermans MT, Glatz JFC, Fliers E, 
Serlie MJ 2007 Gender-related differences in the metabolic response to fasting. J Clin 
Endocrinol Metab 92:3646-3652 

[125] Li Z, McNamara JR, Fruchart JC, Luc G, Bard JM, Ordovas JM, Wilson PW, Schaefer EJ 
1996 Effects of gender and menopausal status on plasma lipoprotein subspecies and 
particle sizes. J Lipid Res 37:1886-1896 

[126] Bogardus C, Lillioja S, Howard BV, Reaven G, Mott D 1984 Relationships between 
insulin secretion, insulin action, and fasting plasma glucose concentration in 
nondiabetic and noninsulin-dependent diabetic subjects. J Clin Invest 74:1238-1246 

[127] Anderwald C, Brunmair B, Stadlbauer K, Krebs M, Fürnsinn C, Roden M 2007 Effects 
of free fatty acids on carbohydrate metabolism and insulin signalling in perfused rat 
liver. Eur J Clin Invest 37:774-782 

[128] Færch K, Vaag A, Witte DR, Jørgensen T, Pedersen O, Borch-Johnsen K 2009 Predictors 
of future fasting and 2-h post-OGTT plasma glucose levels in middle-aged men and 
women—the Inter99 study. Diabet Med 26:377-383 

[129] Wagenknecht LE, Langefeld CD, Scherzinger AL, Norris JM, Haffner SM, Saad MF, 
Bergman RN 2003 Insulin sensitivity, insulin secretion, and abdominal fat: the Insulin 
Resistance Atherosclerosis Study (IRAS) Family Study. Diabetes 52:2490-2496 

[130] Datz FL, Christian PE, Moore J 1987 Gender-related differences in gastric emptying. J 
Nucl Med 28:1204-1207 

[131] Anderwald C, Tura A, Winhofer Y, Krebs M, Winzer C, Bischof MG, Luger A, Pacini 
G, Kautzky-Willer A 2011 Glucose absorption in gestational diabetes mellitus during an 
oral glucose tolerance test. Diabetes Care 34:1475-1480 

[132] Flanagan DE, Holt RIG, Owens PC, Cockington RJ, Moore VM, Robinson JS, Godsland 
IF, Phillips DIW 2006 Gender differences in the insulin-like growth factor axis response 
to a glucose load. Acta Physiol (Oxf) 187:371-378 

[133] Basu R, Dalla Man C, Campioni M, Basu A, Klee G, Toffolo G, Cobelli C, Rizza RA 
2006 Effects of age and sex on postprandial glucose metabolism: differences in glucose 
turnover, insulin secretion, insulin action, and hepatic insulin extraction. Diabetes 
55:2001-2014 

[134] Sugden M, Holness M 2002 Gender-specific programming of insulin secretion and 
action. J Endocrinol 175:757-767 



 
Sex Differences in Obesity-Related Glucose Intolerance and Insulin Resistance 63 

[135] Shulman GI 2000 Cellular mechanisms of insulin resistance. J Clin Invest 106:171-176 
[136] Saltiel AR, Kahn CR 2001 Insulin signalling and the regulation of glucose and lipid 

metabolism. Nature 414:799-806 
[137] Mittendorfer B 2005 Insulin resistance: sex matters. Current Opinion in Clinical 

Nutrition & Metabolic Care 8:367-372 
[138] Kuhl J, Hilding A, Östenson CG, Grill V, Efendic S, Båvenholm P 2005 

Characterisation of subjects with early abnormalities of glucose tolerance in the 
Stockholm Diabetes Prevention Programme: the impact of sex and type 2 diabetes 
heredity. Diabetologia 48:35-40 

[139] Frias JP, Macaraeg GB, Ofrecio J, Yu JG, Olefsky JM, Kruszynska YT 2001 Decreased 
susceptibility to fatty acid-induced peripheral tissue insulin resistance in women. 
Diabetes 50:1344-1350 

[140] Hevener A, Reichart D, Janez A, Olefsky J 2002 Female rats do not exhibit free fatty 
acid-induced insulin resistance. Diabetes 51:1907-1912 

[141] Shi H, Sorrell JE, Clegg DJ, Woods SC, Seeley RJ 2010 The roles of leptin receptors on 
POMC neurons in the regulation of sex-specific energy homeostasis. Physiol Behav 
100:165-172 

[142] Shi H, Strader AD, Sorrell JE, Chambers JB, Woods SC, Seeley RJ 2008 Sexually 
different actions of leptin in proopiomelanocortin neurons to regulate glucose 
homeostasis. Am J Physiol Endocrinol Metab 294:E630-639 

[143] Shi H, Strader AD, Woods SC, Seeley RJ 2007 The effect of fat removal on glucose 
tolerance is depot specific in male and female mice. Am J Physiol Endocrinol Metab 
293:E1012-1020 

[144] Trevaskis JL, Meyer EA, Galgani JE, Butler AA 2008 Counterintuitive effects of double-
heterozygous null melanocortin-4 receptor and leptin genes on diet-induced obesity 
and insulin resistance in C57BL/6J mice. Endocrinology 149:174-184 

[145] Li AC, Brown KK, Silvestre MJ, Willson TM, Palinski W, Glass CK 2000 Peroxisome 
proliferator–activated receptor γ ligands inhibit development of atherosclerosis in LDL 
receptor–deficient mice. J Clin Invest 106:523-531 

[146] Turgeon JL, Carr MC, Maki PM, Mendelsohn ME, Wise PM 2006 Complex actions of 
sex steroids in adipose tissue, the cardiovascular system, and train: Insights from basic 
science and clinical studies. Endocr Rev 27:575-605 

[147] Guerre-Millo M, Leturque A, Girard J, Lavau M 1985 Increased insulin sensitivity and 
responsiveness of glucose metabolism in adipocytes from female versus male rats. J 
Clin Invest 76:109-116 

[148] Pujol E, Rodríguez-Cuenca S, Frontera M, Justo R, Lladó I, Kraemer FB, Gianotti M, 
Roca P 2003 Gender- and site-related effects on lipolytic capacity of rat white adipose 
tissue. Cellular and Molecular Life Sciences 60:1982-1989 

[149] Mittendorfer B, Horowitz JF, Klein S 2001 Gender differences in lipid and glucose 
kinetics during short-term fasting. Am J Physiol Endocrinol Metab 281:E1333-1339 

[150] Morishima A, Grumbach MM, Simpson ER, Fisher C, Qin K 1995 Aromatase 
deficiency in male and female siblings caused by a novel mutation and the 
physiological role of estrogens. J Clin Endocrinol Metab 80:3689-3698 

[151] Crespo CJ, Smit E, Snelling A, Sempos CT, Andersen RE 2002 Hormone replacement 
therapy and its relationship to lipid and glucose metabolism in diabetic and nondiabetic 



 
Glucose Tolerance 64 

postmenopausal women: results from the Third National Health and Nutrition 
Examination Survey (NHANES III). Diabetes Care 25:1675-1680 

[152] Saglam K, Polat Z, Yilmaz M, Gulec M, Akinci S 2002 Effects of postmenopausal 
hormone replacement therapy on insulin resistance. Endocrine 18:211-214 

[153] Bonds DE, Larson JC, Schwartz AV, Strotmeyer ES, Robbins J, Rodriguez BL, Johnson 
KC, Margolis KL 2006 Risk of fracture in women with type 2 diabetes: the Women's 
Health Initiative Observational Study. J Clin Endocrinol Metab 91:3404-3410 

[154] Margolis KL, Bonds DE, Rodabough RJ, Tinker L, Phillips LS, Allen C, Bassford T, 
Burke G, Torrens J, Howard BV, for the Women’s Health Initiative I 2004 Effect of 
oestrogen plus progestin on the incidence of diabetes in postmenopausal women: 
results from the Women’s Health Initiative Hormone Trial. Diabetologia 47:1175-1187 

[155] Maffei L, Murata Y, Rochira V, Tubert G, Aranda C, Vazquez M, Clyne CD, Davis S, 
Simpson ER, Carani C 2004 Dysmetabolic syndrome in a man with a novel mutation of 
the aromatase gene: effects of testosterone, alendronate, and estradiol treatment. J Clin 
Endocrinol Metab 89:61-70 

[156] Alonso-Magdalena P, Ropero AB, Carrera MP, Cederroth CR, Baquié M, Gauthier BR, 
Nef S, Stefani E, Nadal A 2008 Pancreatic insulin content regulation by the estrogen 
receptor ER alpha. PLoS One 3:e2069 

[157] Le May C, Chu K, Hu M, Ortega CS, Simpson ER, Korach KS, Tsai M-J, Mauvais-Jarvis 
F 2006 Estrogens protect pancreatic β-cells from apoptosis and prevent insulin-deficient 
diabetes mellitus in mice. Proc Natl Acad Sci U S A 103:9232-9237 

[158] Evans MJ, Eckert A, Lai K, Adelman SJ, Harnish DC 2001 Reciprocal antagonism 
between estrogen receptor and NF-kappaB activity in vivo. Circ Res 89:823-830 

[159] Evans MJ, Lai K, Shaw LJ, Harnish DC, Chadwick CC 2002 Estrogen receptor alpha 
inhibits IL-1beta induction of gene expression in the mouse liver. Endocrinology 
143:2559-2570 

[160] Wellen KE, Hotamisligil GS 2005 Inflammation, stress, and diabetes. J Clin Invest 
115:1111-1119 

[161] Vegeto E, Belcredito S, Etteri S, Ghisletti S, Brusadelli A, Meda C, Krust A, Dupont S, 
Ciana P, Chambon P, Maggi A 2003 Estrogen receptor-α mediates the brain 
antiinflammatory activity of estradiol. Proc Natl Acad Sci U S A 100:9614-9619 

[162] Pozzi S, Benedusi V, Maggi A, Vegeto E 2006 Estrogen action in neuroprotection and 
brain inflammation. Ann N Y Acad Sci 1089:302-323 

[163] Payette C, Blackburn P, Lamarche B, Tremblay A, Bergeron J, Lemieux I, Després J-P, 
Couillard C 2009 Sex differences in postprandial plasma tumor necrosis factor–α, 
interleukin-6, and C-reactive protein concentrations. Metabolism 58:1593-1601 

[164] Gallou-Kabani C, Vigé A, Gross M-S, Boileau C, Rabes J-P, Fruchart-Najib J, Jais J-P, 
Junien C 2007 Resistance to high-fat diet in the female progeny of obese mice fed a 
control diet during the periconceptual, gestation, and lactation periods. Am J Physiol 
Endocrinol Metab 292:E1095-E1100 

[165] Dhar MS, Sommardahl CS, Kirkland T, Nelson S, Donnell R, Johnson DK, Castellani 
LW 2004 Mice heterozygous for Atp10c, a putative amphipath, represent a novel model 
of obesity and type 2 diabetes. J Nutr 134:799-805 



 
Sex Differences in Obesity-Related Glucose Intolerance and Insulin Resistance 65 

[166] Brussaard HE, Leuven JAG, Frölich M, Kluft C, Krans HMJ 1997 Short-term oestrogen 
replacement therapy improves insulin resistance, lipids and fibrinolysis in 
postmenopausal women with NIDDM. Diabetologia 40:843-849 

[167] Nadal A, Ropero AB, Laribi O, Maillet M, Fuentes E, Soria B 2000 Nongenomic actions 
of estrogens and xenoestrogens by binding at a plasma membrane receptor unrelated to 
estrogen receptor α and estrogen receptor β. Proc Natl Acad Sci U S A 97:11603-11608 

[168] Beato M, Klug J 2000 Steroid hormone receptors: an update. Hum Reprod Update 
6:225-236 

[169] Monje P, Boland R 2001 Subcellular distribution of native estrogen receptor α and β 
isoforms in rabbit uterus and ovary. J Cell Biochem 82:467-479 

[170] Yang S-H, Liu R, Perez EJ, Wen Y, Stevens SM, Valencia T, Brun-Zinkernagel A-M, 
Prokai L, Will Y, Dykens J, Koulen P, Simpkins JW 2004 Mitochondrial localization of 
estrogen receptor β. Proc Natl Acad Sci U S A 101:4130-4135 

[171] Pedram A, Razandi M, Wallace DC, Levin ER 2006 Functional estrogen receptors in 
the mitochondria of breast cancer cells. Mol Biol Cell 17:2125-2137 

[172] Ropero AB, Eghbali M, Minosyan TY, Tang G, Toro L, Stefani E 2006 Heart estrogen 
receptor alpha: distinct membrane and nuclear distribution patterns and regulation by 
estrogen. J Mol Cell Cardiol 41:496-510 

[173] Sandoval DA, Bagnol D, Woods SC, D'Alessio DA, Seeley RJ 2008 Arcuate glucagon-
like peptide 1 receptors regulate glucose homeostasis but not food intake. Diabetes 
57:2046-2054 

[174] Harris HA, Katzenellenbogen JA, Katzenellenbogen BS 2002 Characterization of the 
biological roles of the estrogen receptors, ERalpha and ERbeta, in estrogen target tissues 
in vivo through the use of an ERalpha-selective ligand. Endocrinology 143:4172-4177 

[175] Kelly MJ, Levin ER 2001 Rapid actions of plasma membrane estrogen receptors. 
Trends Endocrinol Metab 12:152-156 

[176] Revankar CM, Cimino DF, Sklar LA, Arterburn JB, Prossnitz ER 2005 A 
transmembrane intracellular estrogen receptor mediates rapid cell signaling. Science 
307:1625-1630 

[177] Filardo E, Quinn J, Pang Y, Graeber C, Shaw S, Dong J, Thomas P 2007 Activation of 
the novel estrogen receptor G protein-coupled receptor 30 (GPR30) at the plasma 
membrane. Endocrinology 148:3236-3245 

[178] Ropero AB, Soria B, Nadal A 2002 A Nonclassical Estrogen Membrane Receptor 
Triggers Rapid Differential Actions in the Endocrine Pancreas. Molecular 
Endocrinology 16:497-505 

[179] Valverde MA, Rojas P, Amigo J, Cosmelli D, Orio P, Bahamonde MI, Mann GE, 
Vergara C, Latorre R 1999 Acute activation of Maxi-K channels (hSlo) by estradiol 
binding to the beta subunit. Science 285:1929-1931 

[180] Smith EP, Boyd J, Frank GR, Takahashi H, Cohen RM, Specker B, Williams TC, 
Lubahn DB, Korach KS 1994 Estrogen resistance caused by a mutation in the estrogen-
receptor gene in a man. N Engl J Med 331:1056-1061 

[181] Bryzgalova G, Gao H, Ahren B, Zierath JR, Galuska D, Steiler TL, Dahlman-Wright K, 
Nilsson S, Gustafsson JÅ, Efendic S, Khan A 2006 Evidence that oestrogen receptor-α 
plays an important role in the regulation of glucose homeostasis in mice: insulin 
sensitivity in the liver. Diabetologia 49:588-597 



 
Glucose Tolerance 66 

[182] Ribas V, Nguyen MTA, Henstridge DC, Nguyen A-K, Beaven SW, Watt MJ, Hevener 
AL 2010 Impaired oxidative metabolism and inflammation are associated with insulin 
resistance in ERα-deficient mice. Am J Physiol Endocrinol Metab 298:E304-E319 

[183] Foryst-Ludwig A, Clemenz M, Hohmann S, Hartge M, Sprang C, Frost N, Krikov M, 
Bhanot S, Barros R, Morani A, Gustafsson J-Å, Unger T, Kintscher U 2008 Metabolic 
actions of estrogen receptor beta (ERβ) are mediated by a negative cross-talk with 
PPARγ. PLoS Genet 4:e1000108 

[184] Wong WPS, Tiano JP, Liu S, Hewitt SC, Le May C, Dalle S, Katzenellenbogen JA, 
Katzenellenbogen BS, Korach KS, Mauvais-Jarvis F 2010 Extranuclear estrogen receptor-
α stimulates NeuroD1 binding to the insulin promoter and favors insulin synthesis. 
Proc Natl Acad Sci U S A 107:13057-13062 

[185] Dupont S, Krust A, Gansmuller A, Dierich A, Chambon P, Mark M 2000 Effect of 
single and compound knockouts of estrogen receptors alpha (ERalpha) and beta 
(ERbeta) on mouse reproductive phenotypes. Development 127:4277-4291 

[186] Barros RPA, Machado UF, Warner M, Gustafsson J-Å 2006 Muscle GLUT4 regulation 
by estrogen receptors ERβ and ERα. Proc Natl Acad Sci U S A 103:1605-1608 

[187] Cignarella A, Bolego C, Pelosi V, Meda C, Krust A, Pinna C, Gaion RM, Vegeto E, 
Maggi A 2009 Distinct roles of estrogen receptor-alpha and beta in the modulation of 
vascular inducible nitric-oxide synthase in diabetes. J Pharmacol Exp Ther 328:174-182 

[188] Ghisletti S, Meda C, Maggi A, Vegeto E 2005 17beta-estradiol inhibits inflammatory 
gene expression by controlling NF-kappaB intracellular localization. Mol Cell Biol 
25:2957-2968 

[189] Kalaitzidis D, Gilmore TD 2005 Transcription factor cross-talk: the estrogen receptor 
and NF-κB. Trends Endocrinol Metab 16:46-52 

[190] Stein B, Yang MX 1995 Repression of the interleukin-6 promoter by estrogen receptor 
is mediated by NF-kappa B and C/EBP beta. Mol Cell Biol 15:4971-4979 

[191] Chadwick CC, Chippari S, Matelan E, Borges-Marcucci L, Eckert AM, Keith JC, Albert 
LM, Leathurby Y, Harris HA, Bhat RA, Ashwell M, Trybulski E, Winneker RC, 
Adelman SJ, Steffan RJ, Harnish DC 2005 Identification of pathway-selective estrogen 
receptor ligands that inhibit NF-κB transcriptional activity. Proc Natl Acad Sci U S A 
102:2543-2548 

[192] Simoncini T, Hafezi-Moghadam A, Brazil DP, Ley K, Chin WW, Liao JK 2000 
Interaction of oestrogen receptor with the regulatory subunit of phosphatidylinositol-3-
OH kinase. Nature 407:538-541 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [481.890 680.315]
>> setpagedevice


