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Abstract

The prevalence of obesity has reached epidemic proportion with enormous costs in both human 

lives and healthcare dollars spent. Obesity-related metabolic disorders are much lower in 

premenopausal women than men; however, there is a dramatic increase following menopause in 

women. The health risks associated with obesity vary depending on the location of adipose tissue. 

Adipose tissue distributed in the abdominal visceral carry a much greater risk for metabolic 

disorders than does adipose tissue distributed subcutaneously. There are distinct sex-dependent 

differences in the regional fat distribution, women carry more fat subcutaneously whereas men 

carry more fat viscerally. Males and females differ with respect to their regulation of energy 

homeostasis. Peripheral adiposity hormones such as leptin and insulin as well as sex hormones 

directly influence energy balance. Sexual dimorphisms in energy balance, body fat distribution, 

and the role sex hormones have in mediating these differences are the focus of this review.
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1. Introduction

1.1. Incidence of obesity and its related metabolic disorders

1.1.1. Male vs. female—The increasing prevalence of obesity throughout the world [51], 

[122] and [127] is associated with an escalating incidence of obesity-related disorders and 

health costs [5]. Obesity is a leading cause for the development of adverse metabolic effects, 

including non-insulin dependent diabetes mellitus, dyslipidemia, and cardiovascular disease 

[34] and [45]. It has been estimated that 47 million individuals in the United States have 

obesity-related metabolic diseases [53]. There are important sex differences in the 

prevalence of these metabolic diseases. Women under the age of 50 have much less obesity-

related metabolic disorders; however, the prevalence of these metabolic disorders increases 

dramatically in women after menopause [52]. Children who have metabolic diseases have a 
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higher risk of developing adverse events later in life [55] and [116]. In today’s society there 

is an increase in the prevalence of obesity and its related metabolic diseases in adolescents 

and it is significantly higher among males than females aged 12 to 18 years [54], [70] and 

[154]. Data suggest that ovarian hormones may be protective against the metabolic 

syndrome because prior to menopause, the prevalence of the metabolic disorders is higher 

among males than females; however, after menopause, women are more likely to suffer 

from metabolic disorders.

1.1.2. Visceral fat vs. subcutaneous fat—The increased health risks due to obesity 

vary depending on the location / accrual of adipose tissue [15], [16], [17], [19] and [123]. 

Specifically, adipose tissue distributed in the abdominal or visceral region carries a much 

greater risk for metabolic disorders, than does adipose tissue distributed subcutaneously 

[19], [20] and [21]. Differences in distribution of adipose tissue and the relative risk for 

diseases suggest that not all adipose tissue is created equally. Rather, different adipose 

depots have different properties that can have important consequences on health outcomes.

There are distinct sex-dependent differences in the regional fat distribution. If age and body 

mass index (BMI) are matched, women have lower waist-to-hip ratio, indicating a greater 

amount of subcutaneous adipose tissue than men do [95] and [117]. Excess adiposity in the 

central visceral region of the body (‘android’ or male-pattern obesity [167]) is correlated 

with increased risk and mortality from disorders including diabetes, hyperlipidemia, 

hypertension, and atherosclerosis [11], [56] and [73]. In contrast, excess adiposity in the 

gluteal / femoral subcutaneous region (‘gynoid’ or female-pattern) is poorly correlated with 

risk for these metabolic disorders [18], [39], [40], [88] and [123]. Hence, there are sex-based 

differences with regard to obesity-associated health risks with obese men being more likely 

to develop secondary metabolic complications and cardiovascular diseases than obese 

women [36], [83], [87], [92] and [169]. Therefore, the distribution of fat is more directly 

associated with the metabolic syndrome than total body fat.

There are two important implications that follow from these observations. The first is that 

males and females may differ in their susceptibility to the metabolic syndrome based on 

where they deposit adipose tissue. The second is that whereas we know the health 

consequences associated with visceral fat deposition, very little is known about how excess 

nutrients are partitioned / stored into the different adipose tissue depots. The goal of this 

review is to explore what we know about these sex differences in energy balance which are 

associated with adipose tissue accrual and deposition, as well as the role that sex hormones 

play in these differences.

2. Sex differences in body fat distribution

2.1. Sex steroids regulate fat distributions

As previously mentioned, on average, women carry more fat subcutaneously [42], [66],[80], 

[89] and [90]; whereas men carry more fat viscerally [167]. Gonadal / sex steroids have been 

proposed as regulators of fat distribution [47] and [48]. Men have lower estrogen, and on 

average, men also have less total fat and a more central or intra-abdominal distribution; 

whereas premenopausal women have more total fat and a more gluteal / femoral 
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subcutaneous fat distribution (Fig. 1). Intra-abdominal fat varies inversely with estrogen 

levels [12], [13], [15], [25] and [49]. After menopause and the decline of estrogen, women 

develop increased intra-abdominal adiposity, but those who receive estrogen replacement 

therapy do not [59], [63] and [64], suggesting a specific role of estrogen in limiting intra-

abdominal fat mass [10] and [31]. Androgens favor abdominal fat deposition. Most women 

with polycystic ovary syndrome (PCOS), a hyperandrogenic disorder, have increased 

abdominal fat [37]. Exaggerated androgen synthesis and secretion by the ovaries and the 

adrenal glands are associated with insulin resistance and impaired glucose tolerance [37]. 

Consequently women with PCOS have increased risk for the metabolic syndrome. Given 

these differences in body-fat distribution and co-morbidities, it is likely that the mechanisms 

that regulate body fat distribution differ in males and females.

2.2. Differences in subcutaneous vs. visceral fat

2.2.1. Lipid mobilization (lipolysis) vs. lipid accumulation (lipogenesis)—In all 

mammalian species, energy is primarily stored in the form of lipid in white adipose tissue. 

The amount of fat stored in adipose tissue is the net difference between the rates of 

lipogenesis and lipolysis. In situations where metabolic fuels are not sufficient to meet 

energy needs, a lipolytic cascade is initiated that results in the breakdown of energy stored in 

the form of triglycerides into free fatty acids and glycerol via hormone-sensitive lipase, the 

enzyme that turns on lipolysis. Catecholamines trigger lipolysis via membrane-bound α- and 

β-adrenoceptors [27] and [85]. Specifically catecholamines stimulate lipolysis via β1-, β2- 

and β3-adrenoceptors and inhibit lipolysis via α2-adrenoceptors [27] and [85]. Lipolysis 

correlates positively with activation of the sympathetic nervous system [4] which may 

further enhance free fatty acid release into portal circulation [95]. In situations where there is 

a prolonged positive energy balance, adipocytes take up circulating fatty acids and leads to 

increases in both adipocyte size and number, which is manifested more generally as an 

increased body fat mass [50]. The major pathway of free fatty acid uptake is mediated by 

lipoprotein lipase, an enzyme that hydrolyses meal-derived triglycerides in chylomicrons 

and very low density lipoprotein triglyceride at the capillary endothelium. In addition, 

circulating free fatty acids are directly taken up and stored via a lipoprotein lipase-

independent pathway [9], [32] and [142].

There are sex differences in the lipolytic response. Female rats have higher lipolytic 

capacities and a lower α2/β3- adrenoceptor ratio in intra-abdominal retroperitoneal adipose 

tissue than male rats [94]. High-fat diet feeding changes α2- and β3- adrenoceptors 

differentially in males and females, specifically, in males there is an increase in antilipolytic 

α2- adrenoceptor and reductions in lipolytic β3- adrenoceptor in female rats. In addition, the 

decrease of α2/β3-adrenoceptor ratio is greater in males than females, which leads to a 

greater amount of fat accumulation in males fed with a high-fat diet [94]. In humans, 

lipolytic response of abdominal subcutaneous adipose tissue to norepinephrine, an 

adrenergic agonist, is greater in obese women, whereas obese men have greater abdominal 

α2 receptor antilipolytic function than women [91]. Thus, abdominal subcutaneous adipose 

tissues of obese females are more easily mobilized and utilized than those of obese males 

due to its greater lipolytic activity.
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There are sex differences in lipid storage. Visceral adipose tissue uptake of triglyceride fatty 

acids is greater in men than in women [119]. Lipoprotein lipase is an enzyme that facilitates 

free fatty acid uptake. Premenopausal women have lower activity of lipoprotein lipase in 

their intra-abdominal adipose tissue than men [132] and [133]. The net result of these 

differences is that women store less lipid in intra-abdominal adipose tissue than men do.

2.2.2. Intra-abdominal adipose tissue—Intra-abdominal adipose tissue is 

metabolically and functionally different from subcutaneous adipose tissue. Intra-abdominal 

adipose tissue has adipogenic, metabolic, pro-atherogenic, and pro-thrombotic 

characteristics [86], [112] and [158]. Intra-abdominal fat has relatively more capillaries and 

efferent sympathetic axons per unit volume than subcutaneous adipose issue.

Weight loss is characterized by an initial reduction in intra-abdominal rather than 

subcutaneous adipose tissue in part because intra-abdominal adipocytes are more 

metabolically active [12], [14], [16], [103], [110] and [166]. Reduction of equal amounts of 

visceral and subcutaneous fat does not have the same net effect on glucose homeostasis. 

Surgical removal of intra-abdominal adipose tissue results in decreased insulin and glucose 

levels in humans [156]; improves glucose tolerance in male and female mice [150]; and 

prevents the onset of age-dependent insulin resistance and glucose intolerance in male rats 

[58]. Thus, men’s visceral adipose tissue has greater lipolytic activity than women’s, which 

contributes to sex-specific differences in metabolic and cardiovascular diseases 

accompanied by obesity.

2.2.3. Subcutaneous fat—Subcutaneous fat is dispersed within a broad area under the 

skin, is relatively poorly innervated and vascularized, and has a larger average cell diameter 

than intra-abdominal adipocytes [167]. Lipid deposition is an evolutionary advantageous 

process that allows efficient storage of maximal calories per unit volume of tissue. The 

adipose tissue intended for fatty acid uptake and storage of excess calories is the 

subcutaneous fat depot in both men and women [81], [105], [147] and [161]. The capacity to 

store lipids within the subcutaneous depot is the key to facing famine and limited caloric 

supply, especially in females. Females mobilize adipose tissue stored in this depot to 

augment the caloric demands placed on the body during lactation and breast feeding. From 

this perspective, we proposed that deposition of adipose tissue in the subcutaneous depot of 

females would be evolutionarily conserved.

Sex differences exist in fatty acid release and uptake in subcutaneous adipose tissue. Women 

have a greater number of antilipolytic α2-adrenoceptors in the gluteal / femoral 

subcutaneous region [136]. In contrast to what was previously reported for intra-abdominal 

adipose tissue, catecholamine-mediated lipolytic activity and free fatty acid release from 

subcutaneous adipose tissue is lower in women than in men [71]. In addition, free fatty acid 

uptake by subcutaneous adipose tissue is much greater in premenopausal women than men 

[147]. Using fatty acid tracers in food and adipose tissue biopsies, Jensen and colleagues 

found a higher proportion of dietary fat is stored in the lower body gluteal / femoral 

subcutaneous adipose tissue in women than men [139]. Therefore, subcutaneous adipose 

tissues of women release less and take up more free fatty acids than those of men, leading to 
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greater fat storage at subcutaneous region in women and contributes to regional differences 

in fat distribution between men and women.

In accordance with these in vivo findings, in vitro subcutaneous adipose tissue from women 

esterifies greater amounts of extracellular free fatty acids (i.e., free fatty acid uptake) than 

comparable fat tissue from men [46]; in vitro catecholamine-induced lipolysis is 

significantly lower in subcutaneous gluteal adipocytes than in abdominal adipocytes from 

women, but are comparable between these adipocytes from men [136]. These in vitro 

findings imply there is a greater amount of lipid storage in subcutaneous adipose tissue from 

women than that from men.

It’s noteworthy that men also accumulate fat in their subcutaneous depots. Upper body 

abdominal subcutaneous adipose tissue takes up free fatty acid and stores lipid more avidly 

than lower body gluteal / femoral subcutaneous adipose tissue in men [147]. In addition, 

gene expression of fatty acid transporters is greater in abdominal than gluteal / femoral 

subcutaneous fat in men [147]. In contrast, in obese women the efficiency of free fatty acid 

storage is greater in lower body gluteal / femoral subcutaneous than upper body abdominal 

subcutaneous fat [81] and [147]. To summarize, obese men tend to store fat in intra-

abdominal adipose tissue depots and upper body abdominal subcutaneous adipose tissues, 

whereas obese women store more fat in lower body gluteal / femoral subcutaneous adipose 

tissue depots. The differences in regional efficiency of free fatty acid uptake are in 

concordance of sex-specific body fat distribution that women tend to store more fat in the 

lower body and men in the upper body.

In contrast to what occurs in intra-abdominal adipose tissue, removal of subcutaneous 

adipose tissue does not result in improvement of any aspect of the metabolic syndrome in 

humans [79] or in rodents [58] and [150]. In a recent paper by Tran et al. [157], they found 

transplantation of subcutaneous adipose tissue into intra-abdominal adipose tissue improved 

metabolic parameters. When obese ob/ob mice are engineered to overexpress adiponectin in 

adipose tissue, there is a massive increase in subcutaneous fat, and this is associated with 

improved insulin sensitivity and decreased glucose and insulin levels, increased lipid 

clearance, improved diacylglycerol levels and fully functional healthy pancreatic β-cells 

[78]. Therefore subcutaneous fat could be insulin sensitive tissue, through an elevated 

lipoprotein lipase activity that favors the clearance of circulating triglycerides of dietary 

origin and facilitates free fatty acid storage in adipocytes [81], [105], [147] and [161].

2.3. Teleological explanation for differences in fat distribution

2.3.1. Why do males store visceral fat?—A key question to guide a better 

understanding of these key biological differences is the underlying reasons that males and 

females store excess calories in different places. These differences are presumably due to 

differential evolutionary and sexual selection pressures [68]. Visceral fat can be mobilized 

more rapidly to respond to shorter-term energetic challenges. Consequently one reason to 

store fat in the visceral depot is to make it more accessible for specific intermittent activities. 

If males are more responsible for hunting, gathering or immediate protection, it would make 

sense to put stored calories in fat with greater lipolytic activity where it can be mobilized 

over the shorter time frame required for these activities.
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2.3.2. Why do females store subcutaneous fat?—Given the lower lipolytic rates in 

subcutaneous adipose tissue, it is much better suited to respond to chronic metabolic 

challenges such as occur during gestation and lactation in females. Consistent with this 

hypothesis, female rats gain weight during the early part of gestation and that weight gain is 

disproportionately in subcutaneous adipose tissue. Such a build-up of subcutaneous fat 

would facilitate female’s ability to counteract the enormous and chronic metabolic challenge 

associated with gestation and lactation. This is a period of high energetic demand with a 

relatively low level of ability for the organism to effectively hunt and/or gather calories from 

its environment. In rats this means that subcutaneous fat increases till day 12 of gestation, 

and declines progressively thereafter following gestation and lactation as it is utilized to 

provide energy; whereas visceral fat depots including lumbar and mesenteric adipose tissues 

progressively increase till the 19th day of gestation [96]. This indicates that subcutaneous 

but not visceral adipose tissue becomes the preferred energy source and being utilized 

during the last stage of gestation in female rats. In women, subcutaneous fat depots become 

more lipolytically active during lactation than visceral fat depots; thus subcutaneous adipose 

tissue is utilized as an important source of energy supply during lactation [133]. In contrast 

to what occurs in non-pregnant woman, lipolysis in the gluteal / femoral subcutaneous 

adipose tissue is significantly less, thereby supporting lipogenesis until early pregnancy 

[133].

3. Energy Balance Regulation

Obesity is a disorder of energy homeostasis. However, most animals match caloric intake 

with caloric expenditure quite precisely, resulting in relatively stable fat stores [74] and [77]. 

An organism’s ability to regulate energy homeostasis requires that there is an ability to sense 

changes in energy flux and the CNS must be a key player in both the sensing and responding 

to changes in energy flux. Key to the ability to sense this change in energy flux are signals 

indicating the amount and distribution of stored fat. Such ‘adiposity signals’ are proportional 

to body fat content and therefore monitor adiposity levels to inform the brain of changes in 

stored fuel levels.

Body weight regulation is thought to occur through negative feedback mechanisms which 

characterize most homeostatic systems [43], [131], [144], [146] and [172] involving 

adiposity signals. These signals act in the brain to regulate food intake, and ultimately the 

amount of calories stored in adipose tissue and thereby work to keep overall adiposity levels 

relatively constant. In addition to paying attention to total body fat, the brain should also pay 

attention to where the fat is distributed. Hence, signals that provide information, not just on 

overall adipose tissue levels but also where such adipose tissue is located, should provide 

feedback to the CNS. While there is a potential for a wide variety of signals to play a role in 

communicating with the CNS both overall body fat and body fat distribution, the best case 

can be made for three signals: leptin, insulin and estrogen.

3.1. Leptin

Leptin is secreted in direct proportion to body fat, entering the brain from the blood, and 

interacting with specific receptors on neurons in the hypothalamus and other areas [2], [145] 

and [171]. Increased activity of leptin locally in the vicinity of the ventral hypothalamus 
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causes an overall catabolic response (i.e., reduced food intake, increased energy expenditure, 

increased sympathetic activation, and loss of body weight) whereas decreased leptin causes 

an overall anabolic response (i.e., increased food intake, decreased energy expenditure, and 

increased body weight) [145] and [170].

In addition to providing information about overall adipose mass, leptin also provides 

information about body fat distribution. Leptin is secreted at a higher rate from 

subcutaneous fat than from visceral fat [28] and [113], thus circulating leptin correlates 

better with total subcutaneous fat than with total body fat [30], [35], [42], [57], [76], [106],

[126], [140] and [141].

Because females have more subcutaneous fat than males, an important implication is that the 

“adiposity” message conveyed to the brain differs in males and females, and is correlated 

with fat distribution [29] and [30]. Leptin levels are higher in females, even before puberty, 

compared with males [35]. After puberty, estrogen and testosterone modulate leptin 

synthesis and secretion via sex steroid receptor-dependent transcriptional mechanisms [99]. 

Leptin levels are inversely correlated with testosterone [69], [82], [98], [160] and [162] and 

exposure of human fat cells to testosterone or dihydrotestosterone inhibits leptin expression 

[162]. In aging and obese men, there is increased aromatase activity and conversion of 

androgens to estrogen and this is associated with increased plasma leptin [72], [115] and 

[175]. Testosterone replacement normalizes elevated serum leptin levels in hypogonadal 

men and in castrated male rats. In women, leptin fluctuations during the menstrual cycle 

directly correlate with estrogen, but not with progesterone [102], [129] and [130]. In male 

rats, dihydrotestosterone decreases adipose tissue leptin mRNA, whereas in female rats, 17-β 

estradiol increases adipose tissue leptin mRNA levels [82]. Finally, peripheral or central 

estradiol administered either to ovariectomized females or intact males increases 

hypothalamic sensitivity to leptin and favors body fat accrual in the subcutaneous over 

visceral adipose depot [29]. These studies suggest that estrogen regulates energy balance and 

body fat distribution by interacting with leptin signaling pathways (Fig. 1). Consistent with 

this hypothesis estrogen deficiency impairs central leptin sensitivity [3], [29] and [30].

3.2. Insulin

Similar to leptin, insulin is also considered as an adiposity signal despite several important 

differences with leptin. First, leptin is secreted directly from adipocytes in proportion to their 

metabolic activity, whereas insulin is secreted from pancreatic β cells in response to 

increases of circulating glucose. The metabolic activity of adipocytes is more stable than 

circulating glucose levels that change with feeding, exercise, and stress. In addition, the half-

life of the plasma leptin is approximately 45 minutes, much longer than that of insulin with a 

half-life of approximately 2 - 3 min. Thus, although both the circulating levels of leptin and 

insulin are directly proportional to the amount of total adiposity, leptin is a more stable 

signal to indicate adiposity. Consequently, insulin’s ability to predict adipose tissue levels is 

a result of the integrated signal of insulin over time rather than at any particular moment in 

time.

The levels of leptin and insulin differ in regard to which fat depots they better reflect. Serum 

leptin is more tightly correlated with subcutaneous fat, whereas insulin secretion is better 
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correlated with visceral fat, thus its levels better reflect visceral rather than total body 

adiposity. As previously discussed, visceral but not subcutaneous fat provides the risk factor 

for the metabolic syndrome as adiposity increases [19]. The result of differences in 

circulating levels of adiposity signals is that they differ between males and females and are 

correlated with differences in body fat distribution. Intra-abdominal fat is relatively 

insensitive to insulin [23] and [104], and insulin action is markedly impaired in individuals 

with visceral obesity [26] and [121]. Thus, men have greater risk to develop the metabolic 

syndrome as adiposity increases than premenopausal obese women do [36], [52] and [87]. It 

is noteworthy that although obese women with increased subcutaneous fat are protected 

from metabolic syndrome, the degree of protection would be lost if visceral fat is accrued.

While both leptin and insulin cross into the brain via dedicated transport processes to act on 

specific receptors to regulate energy balance and elicit net catabolic responses, there are 

sexually dimorphic responses to their actions [29], [30] and [65]. Male rats are relatively 

more sensitive to the catabolic action of insulin delivered into the CNS, whereas female rats 

are relatively more sensitive to the catabolic action of leptin delivered into the CNS [29] and 

[30]. Comparable phenomenon has been reported in a recent human study that men, but not 

women, lose body weight, body fat and waist circumference following intranasal insulin 

administration [65], an approach that increases insulin concentration of the cerebrospinal 

fluid and thereby alters brain functions [24]. Therefore, sexually differential sensitivity to 

catabolic effects of insulin exists in rodents and humans.

3.3. Estrogen

3.3.1. Estrogen regulates adiposity—Visceral fat varies inversely with estrogen levels 

[12], [13], [15], [25] and [49]. Visceral fat accumulation occurs in females when estrogen 

levels become sufficiently low, possibly due to direct effects of estrogen on adipose tissue. 

Estrogen (ER), progesterone (PR), and androgen receptors (AR) are expressed in adipose 

tissues [33], [111] and [128]. Subcutaneous adipose tissue has higher concentrations of ER 

and PR; however, visceral adipose tissue has higher concentrations of AR [97]. In 

accordance with the negative regulation between estrogen and AR in the adipose tissue, 

adipose tissue-specific AR knockout mice have increased intra-adipose estradiol levels, 

which further leads to hyperleptinemia with enhanced leptin sensitivity [174].

Reductions in estrogen, as occurs in menopause, is associated with an increase in visceral 

adiposity and a shift toward upper body fat distribution in humans [59], [63] and [64] and in 

rats [29]. Importantly, fat distribution changes are due primarily to reductions in circulating 

estrogen levels rather than aging [62] and [114]. A recent study reported that total body fat 

percentage of age-matched women is significantly higher in the perimenopausal and 

postmenopausal groups with decreased estrogen levels than in the premenopausal group [62] 

and [114]. Therefore, reduced estrogen levels during the menopausal transition, rather than 

the aging process, cause total body fat increase and fat accumulation in the visceral region. 

[62] and [114].

In rodents, ovariectomized female rats gain fat, preferentially gain visceral fat [29]. 

Peripheral or central administration of 17 β-estradiol to ovariectomized females restores 

their central leptin sensitivity and changes their body fat distribution to mirror that of intact 
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females; additionally, altering the sex hormone milieu in males with 17 β-estradiol 

administration increases sensitivity to central leptin and increases subcutaneous fat 

deposition [29]. An important implication from these findings is that estrogen regulates body 

fat distribution, interacts with the integrated adiposity message conveyed to the brain by 

leptin, and enhances leptin’s action in the visceral fat, which facilitates fat mobilization in 

the visceral depot and fat deposition in the subcutaneous depot (Fig. 1).

3.3.2. Estrogen regulates adiposity through ER—Estrogen regulates body adiposity 

and fat distribution potentially through its receptors in the brain [33], [111] and [128]. The 

“classical” nuclear ER was cloned in 1985 [107] and renamed ERα when a second nuclear 

ER, ERβ, was discovered ten years later [84]. However, only ERα has been reported to have 

a major influence on energy homeostasis [67]. ERs are members of the nuclear receptor 

superfamily. Nuclear receptors are ligand-activated transcription factors, and they regulate 

the expression of target genes by binding to specific estrogen response elements on DNA. In 

the brain, estrogen modulates neuronal activity through ERs. ERα is necessary for 

estradiol’s genomic actions with respect to body weight regulation [118], whereas ERβ 

functions more as a modulator of estrogen actions [143]. Rapid, non-genomic actions of 

estradiol also have been described and some of them appear to involve ERα [1] and [108].

Heine et al. [67] reported that male and female mice with a targeted deletion in the ERα 

subunit (αERKO) have increased adiposity in both male and female mice, consistent with 

other evidence linking estrogen with body weight regulation and adipocyte function. 

Recently, site-specific deletion of ERα in the ventromedial hypothalamus, a brain region 

critical for body weight regulation, demonstrates the role of estrogen signaling through ERα 

in the regulation of body weight homeostasis [118]. Lack of estrogen signaling through ERα 

results in obesity due to an anabolic process, with changes in energy expenditure primarily 

mediating the weight gain [118]. These data are consistent with previous finding in the ERα 

total body knockout animals where it has been demonstrated that the obesity is primarily due 

to changes in energy expenditure rather than changes in food intake [67] and [124] and those 

mice are viscerally fat (unpublished data) . These findings suggest that estrogen signaling 

within critical hypothalamic nuclei is responsible for the regulation of body weight via 

modulating energy expenditure.

Further supporting a role for estrogen signaling through ERα in the regulation of body 

weight are the findings that abnormal adiposity has been associated with the XbaI 

polymorphism of the human ERα gene, in which guanidine is substituted for adenine in 

exon one of the [125], [152] and [173]. In a cross-sectional epidemiological sample of over 

two thousand middle-aged Japanese, pre-menopausal women that have the polymorphism, 

there is increased fat mass and increased waist-hip ratios, an index of visceral adiposity, 

compared to pre-menopausal women with the normal genotype [125] and [173]. The 

polymorphism does not affect adiposity in postmenopausal women or in men. Thus, 

polymorphisms of the human ERα gene may impair estrogen signaling and lead to increased 

visceral adiposity and its attendant health risks.

3.3.3. Estrogen regulates food intake—The preovulatory rise in estradiol secretion is 

associated with a decrease in food intake during estrus in ovarian-intact, cycling rats [44] 
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and [155]. Estradiol exerts an inhibitory effect on energy intake by decreasing meal size but 

not meal number [7]. Estradiol interacts with many circulating signals, including insulin and 

leptin, to mediate the estrogenic inhibition of feeding behavior. This has been reviewed by 

Asarian and Geary [7]. Consistent with numerous previous reports [22], [41], [75], [93], 

[163], [164],[165] and [168], OVX results in a rapid increase in food intake and body weight 

relative to sham operated females, and this behavioral response is abolished by estradiol 

treatment alone [6]. Once a new body weight has been established, food intake returns to the 

level of the sham-operated females, yet the OVX defend this higher body weight. Addition 

of estrogen with administrations of exogenous estrogen at physiological doses every four 

days mimics estrus cycles in OVX rats and returns adiposity to the level of the shams [93], 

[164] and [165]. Therefore, estrogen appears to regulate body weight by recruiting initial 

changes of food intake, body adiposity, and/or energy expenditure.

3.3.4. Estrogen, a possible adiposity signal, closely interacts with leptin 
signaling—As previously indicated, adiposity signals transduce hormonal input into 

neurobiological responses to make compensatory adjustments by regulating food intake and 

energy expenditure, and consequently regulating body fat distribution [145] and [172]. 

Estrogen also fulfills these criteria and thus can be considered another potential adiposity 

signal. Specifically, it is released from the ovaries, crosses the blood brain barrier, binds to 

estrogen receptors located in key hypothalamic nuclei, and reduces food intake and body 

weight. Additionally, when delivered directly into the central ventricular system, it 

decreases food intake possibly through its actions on the same neurons that are responsible 

for leptin’s anorectic responses [60].

Estrogen and leptin have overlapping targeted nuclei. Hypothalamic cells that are 

immunoreactive for estrogen receptors also express leptin receptors [38]. The extensive 

hypothalamic co-localization of the long form of the leptin and estrogen receptors, Ob-Rb 

and ERα in the critical brain regions that modulate energy homeostasis, including arcuate 

nucleus (ARC), ventromedial hypothalamic nucleus (VMN) and parvicellular portion of the 

paraventricular nucleus (PVN), suggests a closely coupled interaction between these 

peripheral signals in the regulation of behavioral and neuroendocrine mechanisms of energy 

homeostasis at a central level [38]. In addition to anatomic overlapping of their receptors, 

estrogen influences leptin receptor expression. Estrogen levels appear to regulate the 

expression of the leptin receptors during the estrous cycle. Leptin receptor expression levels 

are lowest in proestrus, the point of the estrus cycle with the highest levels of estradiol, in 

the choroid plexus, and these changes correspond inversely with levels of circulating 

estradiol over the 4-day estrous cycle in the rat [8]. Estradiol might regulate leptin receptor 

expression independent of leptin levels. Although circulating leptin does not change during 

the estrous cycle, ARC Ob-Rb expression is highest during estrous and metestrous [8], 

providing a potential mechanism for cyclic variations in energy intake and activity seen in 

females. During normal estrous cycle, high estrogen level is associated with low expression 

of the leptin receptors. Ovariectomy has been reported to cause a marked reduction in 

expression of long form of the leptin receptor in the hypothalamus and estradiol replacement 

restores its expression [109], suggesting development of leptin resistance when estrogen is 
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experimentally removed. However, it is counterintuitive since there is an estrogen response 

element in the leptin receptor gene. More research in this area is warranted.

Estrogen and leptin have similar molecular effects. STAT3 is a downstream target of leptin 

signaling and is activated by leptin. Similarly, intraperitoneal estrogen administration 

induces tyrosine phosphorylation of STAT3 in the hypothalamus in less than 30 min [61]. 

These findings provide molecular support for the interaction between estrogen and leptin in 

the regulation of energy homeostasis.

Estrogen alters sensitivity to centrally administered leptin. Peripheral or central 

administration of 17 β-estradiol to ovariectomised females restores the central leptin 

sensitivity [29]. In addition, administration of 17 β-estradiol increases sensitivity to central 

leptin, decreases sensitivity to central insulin in males [29]. These findings suggest that 

gonadal steroids interact with the adiposity message conveyed to the brain by leptin and 

insulin, resulting in differential sensitivity to these signals in males and females [29]. Central 

leptin signaling might affect hypothalamic ERα gene expression. Female mice that lack 

leptin receptors specifically in the proopiomelanocortin neurons (POMC Lepr-KO), one 

critical population of leptin receptors, have normal circulating estradiol but reduced 

hypothalamic ERα mRNA level [148]. Additionally, POMC Lepr-KO females accumulate 

greater percentage of visceral adipose tissue than male POMC Lepr-KO mice do [149]. 

Therefore, the combination of estrogen and functional leptin signaling is required for sex-

specific fat distribution. Lack of either estrogen or functional leptin signaling leads to 

visceral obesity (Fig. 1).

4. Sexual dimorphism in regulation of energy balance

The phenomenon of maintaining typical sex-specific fat distributions in males and females 

suggests sex-specific mechanisms that regulate energy balance and adiposity. Male and 

female rodents use different behavioral and metabolic strategies to regulate energy balance. 

When overfed voluntarily with a palatable high fat diet chronically [137] or acutely [138], 

female rats gain more body weight than males due to greater conservation of energy 

expenditure with lower activation of thermogenesis in brown adipose tissue combined with 

lower energy intake. Male and female rodents respond differentially to two distinct 

approaches to reduce fat mass: caloric restriction (CR) and surgical removal of adipose 

tissue (i.e., lipectomy). Specifically, females but not males decrease oxygen consumption 

and thermogenesis during [151] and [159] or after lipectomy [151], whereas males respond 

by eating more food when food is returned following CR or lipectomy [151].

The phenomenon of using different behavioral strategies to gain or lose fat between males 

and females is also seen in some genetic mouse models. Syndecan-3 is a cell surface 

molecule found in the hypothalamus which facilitates the blockade of melanocortin 

receptors MC3/4R by the endogenous melanocortin antagonist agouti-related protein [135]. 

As a result, syndecan-3-deficient mice are more sensitive to the anorectic actions of 

melanocortin receptor agonists and are resistant to the weight gain that occurs when exposed 

to a high-fat diet. However, male and female syndean-3-deficient mice accomplish this 

reduced weight gain by different strategies. Males maintain their leanness as a primary result 
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of consuming less high-fat diet while females maintain their leanness by expending more 

energy [153]. Lack of leptin receptors in POMC neurons increases body fat accumulation in 

both males and females, and leads to conservation of energy expenditure in females but not 

males [149]. In a separate model, both male and female mice with targeted disruption of the 

gene encoding granulocyte macrophage-colony stimulating factor show greater fat mass, and 

the mechanism is again sexually dimorphic with the males showing pronounced increase in 

intake while females have greater decreases in expenditure [134].

Collectively these examples point to unique strategies for body weight regulation in males as 

opposed to females, i.e., males primarily adjust energy intake whereas females primarily 

alter expenditure to regulate energy homeostasis. The primary strategy of males is to gain fat 

by increasing energy intake whereas that of females is to gain fat by decreasing energy 

expenditure.

5. Summary

Sex specific distribution of body fat has important implications for how obesity influences a 

wide variety of co-morbid conditions. A wide range of evidence links these differences in 

body fat distribution to gonadal steroids that also have important effects on the regulation of 

energy balance. As a result, males and females also appear to have important differences in 

the systems that regulate energy balance and body weight. Specifically, females store energy 

in the subcutaneous depot when energy is surfeit and utilize subcutaneous fat under energy-

challenged conditions in which less energy is taken in than is expended in metabolism. 

Females tend to adjust the energy expenditure whereas males adjust the energy intake side 

of the energy balance equation. Males and females respond differently to the adiposity 

signals with females being more sensitive to leptin and males being more sensitive to 

insulin. There appears to have commonality among the intracellular signaling pathways 

activated by leptin, insulin, and estrogen. Leptin and insulin signaling converges on the 

phosphoinositide 3-kinase (PI3K) pathway and their actions depend on PI3K activation 

[120]. Estrogen also activates the PI3K signaling cascade [100] and [101]. More research is 

needed to better understand the cross-talk between insulin, leptin, and estrogen signaling at a 

molecular level.

The large differences between males and females in the regulation of energy homeostasis 

suggest the need for potentially different strategies for males and females to produce 

therapeutic weight loss. Unfortunately very little work actually addresses these potentially 

important differences between males and females. It is our contention that much more 

research must be done to understand how males and females differ and how approaches to 

weight loss can be tailored to each sex.
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Fig. 1. 
Potential model depicting how sex hormones and adiposity signals may interact to regulate 

body fat distribution.

We propose that female sex steroid estrogen regulates body fat distribution. Females carry 

more fat subcutaneously whereas males with lower estrogen carry more fat viscerally. 

Reductions in estrogen, as occurs in menopause, is associated with an increase in visceral 

adiposity.

Estrogen receptors (ER) are expressed in adipose tissues and hypothalamus. Estrogen 

regulates energy balance and body fat distribution by either directly interacting with the 

leptin signaling pathway or through activation of estrogen receptors. Specifically, estrogen 

may directly act on estrogen receptor alpha (ERα) in visceral adipose tissues to regulate 

lipid metabolism. Estrogen may influence adiposity by interacting with leptin, and 

potentially enhancing leptin-induced activation of the sympathetic nervous system which 

innervates visceral adipose tissue, thereby reducing fat accrual in the visceral depot. 

Additionally, subcutaneous adipose tissue, which accounts for a higher percentage of 

adipose tissue in females, secretes leptin, and the secreted leptin may activate CNS leptin 

receptors, and this may directly influence leptin-induced activation of the sympathetic 

nervous system.
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