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Abstract  

Diabetes and obesity are the biggest public health challenge and the current prevalence of 

these chronic diseases has reached epidemic proportions worldwide. Apart from genetic 

alterations and lifestyle, exposure to environmental chemicals has emerged as a new cause of 

metabolic diseases. Notably, several compounds that mimic or oppose hormone activity 

defined as endocrine disruptors (EDs), may exert metabolic disturbances through interfering 

with the regulatory roles of the sex steroids (among other hormones) in energy homeostasis. 

However, most studies to date have investigated the metabolic impact of EDs on males and 

there is a lack of information regarding the metabolic impact of endocrine disruptors in 

females. There is as well a paucity of data for both sexes related to the metabolic impact 

resulting from the exposure to a mixture of EDs which is a more realistic scenario than the 

exposure to chemicals individually. Hopefully, conducting studies on both sexes in situations 

of multi-exposure to chemicals will help at better understanding the sex-biased mechanisms 

linked to endocrine disruption that could be helpful to improve and personalize treatments of 

diseases for which obesity is a risk factor, such as the metabolic syndrome and the hormono-

dependent cancers. 

 

 

Bullet points:  

Energy homeostasis is a physiological function with strong sex-dimorphic outcomes 

Endocrine disruptors (EDs) are chemicals that interfere with any hormone action  

EDs may induce metabolic disturbances in a sex-specific way 

There is a lack of data on the metabolic impact of EDs in females 

There is a lack of data on the metabolic impact of mixture of EDs in both sexes 

 

Keywords:  

Endocrine disruptors; energy homeostasis; sex-dimorphism; insulin signaling; glucose 

tolerance; cholesterol metabolism   
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1. Introduction 

Diabetes and obesity are the biggest public health challenge and the current prevalence of 

these chronic diseases has reached epidemic proportions worldwide. By 2030, it is predicted 

that the number of overweight people will reach 3.3 billion while diabetes will affect more 

than 400 million people worldwide becoming a leading cause of death [1]. Apart from genetic 

alterations and lifestyle, exposure to environmental chemicals has emerged as a new cause of 

metabolic diseases. Notably, several compounds display estrogeno-mimetic activities and 

models of estrogen deficiency/excess in both humans and rodents, both in males and females, 

have well illustrated the importance of estrogens in regulating energy homeostasis and insulin 

sensitivity when estrogens stay within tight physiological concentrations. Indeed, energy 

homeostasis is largely dependent on sex-specific mechanisms regulating eating behavior, 

energy expenditure, fat distribution, insulin sensitivity and glucose tolerance [2]. Accordingly, 

it was anticipated that compounds with estrogenic, anti-estrogenic or anti-androgenic 

activities will act as metabolic disruptors and that the adverse effects may be sex-specific.  

In this commentary, we intend to highlight that endocrine disruptors exert metabolic 

disturbances through interfering with the signaling of sexual hormones, with both common 

and sex specific effects. A focus is made on the use of a mixture of endocrine disruptors 

which corresponds to a more realistic scenario than the use of individual chemicals. 

 

2. Historical context 

A thousand chemicals have been identified as endocrine disruptors including persistent 

organic molecules but also pharmaceuticals, phytoestrogens, mycotoxins [3-5].  These 

products which have invaded the different compartments of the environment (biota, air, water, 

land and aquatic sediments), accumulate and concentrate in organisms higher up the food 

chain (bioaccumulation). As a consequence fatty products contain a high level of persistent 

and lipophilic chemicals (e.g., dioxins and polychlorobiphenyls, PCBs). Food may also be 

contaminated by short-lived molecules such as phthalates and bisphenols migrating from food 

packaging and containers. Exposure to various chemicals may also occur by inhalation and 

dermal contact as well as by breastfeeding and by hand-to-mouth behavior in children. 
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The modes of action of the endocrine disruptors are not fully characterized because they 

are dependent on the dose of the chemicals, the simultaneous presence of other chemicals 

defined as the cocktail effect (detailed later in the Commentary), the timing of exposure and 

the sex of the exposed individuals [6]. For example, the set of genes activated in the liver of 

bisphenol A (BPA)-exposed male rats depends on the dose of BPA [7]. One chemical may 

interact with multiple nuclear receptors (e.g., steroid receptors, xenobiotic/endobiotic 

receptors, the aryl hydrocarbon receptor) [6,8] and/or interfere with the signaling of different 

hormones such as estrogens, androgens and thyroid hormones (e.g., BPA, dioxins, phthalates 

and PCBs) [9]. In addition, and contrasting with the toxicology principles, the adverse effect 

does not obligatory occur immediately post exposure. Its occurrence is highly dependent on 

the timing of exposure with windows of high vulnerability coinciding with the period of 

differentiation of the targeted organ. For example, the fetal and perinatal periods during which 

food behavior, energy expenditure and differentiation of the adipose tissue are occurring 

constitute highly vulnerable periods, as well as puberty [3-5]. Finally, epigenetic mechanisms 

have been demonstrated to support adverse effects observed later in life (Developmental 

Origin of Human adult Diseases or DOHaD hypothesis) [10] and in non-exposed generations 

born from grand parents exposed during the fetal or lactation periods (transgenerational 

effects) [10,11]. 

Because it has long been considered that physiological systems were similar in males and 

females, few experimental studies have investigated both sexes preferring males mostly 

because of the suspected variability due to estrous cyclicality in females. Interestingly, the 

discovery that chemicals were inducing developmental and reproductive disorders by 

interfering with any hormone action (which is the accepted definition of the endocrine 

disruptors, [12]) had probably opened increasing interest in studying the two sexes but also 

fetal and pubertal periods as well as the menopausal period. Indeed, these periods are marked 

by tremendous hormonal changes governing most of the physiological functions (e.g., 

behavior, reproduction, development, growth and energy homeostasis). As a matter of fact, 

first adverse effects of these chemicals were described in the field of reproduction consistent 

with a high number of these chemicals interfering with the signaling of estrogens and 

androgens. Historically, three chemicals, including the drug diethylstilbestrol (DES), the 

pesticide dichlorodiphenyltrichloroethane (DDT) and the antifouling paint tributyltin (TBT) 

have been instrumental in the understanding of the modes of actions of the endocrine 

disruptors [8,13,14].  
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3. Energy homeostasis is a physiological function with strong sex-dimorphic traits 

and thus at high risk of alteration by endocrine disruptors 

Energy homeostasis comprises regulation of food behavior and efficiency, and of 

glycaemia at physiological levels to meet energy demands. Regulation of glycaemia involves 

insulin secretion by the pancreas and insulin action on liver, muscle and adipose tissues. 

Dysregulation as a result of pancreatic failure in insulin production or inappropriate response 

to insulin (i.e., insulin resistance) induces a spectrum of metabolic disturbances such as 

obesity, glucose intolerance, dyslipidemia, hyperinsulinaemia, low-grade inflammation 

leading among others to the development of diabetes or cardio-vascular diseases. An 

obesogen chemical will be defined as a chemical interfering with food intake and energy 

expenditure, energy efficiency or adipocyte hyperplasia (proliferation) and/or hypertrophy 

(differentiation) while a metabolic disruptor chemical (diabetogen) will interfere with insulin 

secretion, insulin action or both [15]. However, the distinction is not that obvious between 

obesogens and diabetogens as obesity is a risk factor for diabetes. 

Sexual dimorphism of the process is mostly driven by the genetic sex, the programming 

effect of testosterone in males during the perinatal period, and the role of sex hormones at 

puberty [2]. For example, experimental exposure of females to testosterone during the 

perinatal period (which occurs in males but not in females) induces male food behavior via 

the androgen receptors (ARs) and leptin-resistance through activation of the estrogen 

receptors (ERs), both concurring to obesity in adulthood [16]. Developmental androgen 

excess disrupts as well energy homeostasis in adult male mice predisposing them to obesity 

[16]. The perinatal period is also marked by the programming of mesenchymal stem cells 

toward either the adipocyte or the bone lineage involving concurrent activation of ERs and 

peroxisome proliferator-activated receptors (PPARs) [17]. Importantly, several chemicals can 

activate one or several of these receptors including the mentioned historical molecules (DES, 

TBT and DDT) leading to obesity and/or metabolic disturbances [4,6,11]. 

Fat distribution is a highly sex-dimorphic trait more evidenced in adulthood. Although 

females have more subcutaneous adipose mass than males and males more muscle mass than 

women, fat subcutaneous distribution is not detrimental as compared to males which 

accumulate visceral fat upon body weight gain predisposing them to diabetes and 

cardiovascular diseases [2]. In addition, excess of estrogens such as during the estrous 

periods, during gestation and through pill consuming, results in insulin resistance favoring 
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weight gain while estrogen deficiency such as during the menopausal transition also favors 

weight gain, accumulation of visceral fat and development of type 2 diabetes. Males and 

females also differ in the utilization of carbohydrates and lipids as fuel sources [18-20]. It 

indicates that while estrogens protect females from metabolic disorders in a physiological 

dose-range, exposure at a wrong period of time or at inappropriate levels can elicit adverse 

metabolic consequences like exposure to androgenic chemicals. In males, characterized by a 

high ratio of androgens to estrogens, the presence of a potent androgen antagonist or a 

combination of increased estrogeno-mimetic and decreased androgeno-mimetic activities will 

create an overall estrogenic effect.  

Estrogens and androgens signal via nuclear acting receptors, ERα/β and AR, respectively. 

Estrogens signal as well via the G protein-coupled estrogen receptor (GPER). Genetic mouse 

models deficient for aromatase or for ERα have demonstrated that estrogens regulate insulin 

signaling and glucose homeostasis as well as body weight composition, fat distribution and 

inflammation, in both males and females (Table 1). GPER also regulates metabolic 

parameters associated with obesity and diabetes although distinct effects related to the timing 

of appearance of metabolic disturbances, body composition and inflammatory status depend 

on the sex (Table 1).  In contrast the role of ERβ is less clear as no obesity is observed in 

males while in females, enhanced body weight and fat mass is described together with 

improved insulin sensitivity and glucose tolerance (Table 1) probably as a result of enhanced 

signaling of the insulin sensitizer PPAR [21]. Sex-specific effects of estrogens may result 

from the expression levels of ERs and AR differently expressed in the various metabolic 

tissues and depending on sex. Interaction/compensation mechanisms have also been described  

in the muscle and adipose tissue in which  ERα and ERβ exert opposite actions [22] and the 

integrated response is obviously distinct in males and females because of the pivotal role of 

the androgens in metabolic regulations in males. For example, male AR-deficient mice show 

late onset of obesity with large subcutaneous fat expansion typical of females (Table 1). In 

addition, regulation of body composition is also controlled by multiple other hormones 

including the glucocorticoids, the thyroid hormones and the growth hormone with both excess 

and deficiency leading to metabolic abnormalities.  

 

4.  Environmental exposure to endocrine disruptors and sex dimorphic effects on 

metabolism  
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Many outcomes characterizing the metabolic state of an individual are sexually marked 

and several chemicals including BPA, PCBs, dioxins and phthalates, because of their 

endocrine-disrupting activities, may be expected to induce sex-specific metabolic 

disturbances (i.e., present in one sex but not the other or stronger in one sex). However few 

studies have simultaneously investigated both sexes to date. For example, it was 

independently reported that TBT exposure of adult male mice targeted the pancreas resulting 

in disruption of glucose homeostasis [23] while exposed female rats showed a profile of 

insulin resistance with enhanced body weight and central adiposity [24] suggesting that the 

primary target is the adipocytes in females and the pancreas in males. Using male and female 

siblings, it was also shown that early life exposure to TCDD and to a lesser extent to PCB153 

and BPA could program for an altered metabolic phenotype in adulthood and that sex-

dependent factors contributed to the final phenotypic outcome  [25,26]. However, within these 

studies a diversity of outcomes was found and the most evident sex-specific effect was 

observed with TCDD shown to enhance fat pads in females and to decrease them in males 

[25,26]. More recently, BPA was found to program estrogen signaling in the adult liver of 

mice exposed in utero in line with the DOHaD hypothesis. It resulted in abnormal hepatic 

gene expression of estrogen-responsive genes including enhancement of ERs in females and 

their decrease in males [27]. Importantly, enhancing hepatic ERα signaling lessened the 

impact of obesity on diabetes and cardiovascular risk in males [28] emphasizing the 

deleterious impact of BPA [3-8]. 

A major difficulty with endocrine disruptors resides in the uncertainties resulting from the 

integrative impact of the combined exposure to a plethora of endocrine disruptors which de 

facto constitutes the real exposure. Indeed, evaluations based on the additivity of the effects of 

each individual chemical underestimate the risk. This is known as “the something from 

nothing” or “cocktail effect” based on experiments in which chemicals were added in the 

mixture at doses too low to produce an adverse effect when studied alone, yet the mixture 

exerted adverse effects [29]. It is then more relevant to challenge mice with mixtures 

containing low-dose endocrine disruptors with different hormono-mimetic properties in an 

attempt to mimic real-world exposure and to identify sex-different metabolic sensitivities for 

a better protection of individuals.  

In the laboratory, we approached the question of multi-exposure through setting an 

original model of mice chronically exposed to chemicals (categorized with either estrogeno- 

or anti-androgen activities) at doses in the range of the tolerable daily intake (TDI) for each 
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chemical (i.e., TCDD, PCB153, BPA and the diethylhexyl-phthalate, DEHP), thus not 

expected to produce any effect when added individually. In addition, mice were fed a high-fat 

diet to clarify the question of the additional metabolic risk induced by the mixture of 

pollutants and both threats were applied lifelong starting 5 weeks before mating of the dams. 

Interestingly, the female offspring exposed to the mixture developed at adulthood an 

impairment of glucose tolerance and hepatic estrogen signaling which may be linked to 

concurrent reduction of hepatic ERα expression and enhancement of the expression of the 

estrogen sulfotransferase that inactivates estrogens. This suggested that pollutants lowered the 

protection exerted by estrogen against the development of metabolic disorders. Importantly, 

these features observed in the absence of any weight gain were not described in males [30]. 

Males had impaired cholesterol metabolism suggesting that the mixture could have impacted 

the estrogen/androgen balance as androgens regulate lipid accumulation and cholesterol 

metabolism in the male liver [31,32] and estrogens protect females from cardiovascular 

diseases [2]. Conversely, immature females with low levels of circulating estrogens showed 

alleviation of metabolic outcomes together with enhanced glucose tolerance, enhanced lean 

mass and muscle insulin sensitivity and reduced inflammation in the adipose tissue [33], all 

consistent with enhanced and benefitial estrogen signaling as shown in Table 1. The age-

matched sibling males did not show any change in body composition or in glucose intolerance 

[33], again pointing to the sex-specificity of the outcomes resulting from an exposure to a 

mixture of pollutants with evidences of estrogeno-mimetic activities. Interestingly, mice 

exposure to pollutants in a standard diet did not reproduce the effects observed with combined 

challenges regarding estrogen signaling in females and cholesterol metabolism in males fed a 

high-fat diet. Again, effects were distinct between males and females. Indeed, females but not 

males showed dyslipidemia and profound changes in the expression of hepatic genes related 

to cholesterol metabolism while males were hyperglycemic but not obese [34]. These data 

highlight the complexity of evaluating the metabolic consequences of an exposure to multiple 

chemicals because of the interference with other parameters such as diet. Again, this reflects 

the reality of human exposure because the chemicals to which humans are exposed depend on 

food habits, geographical localization and of the sex of the individual. 

 

5. Conclusions and future directions 
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Recent decades have seen the emergence of the concept of endocrine disruption and the 

identification of a thousand of chemicals having a mode of action coherent with the definition 

of an endocrine disruptor based on the interference with any hormone action. Today it is well 

recognized that while obesity and metabolic disorders are multifactorial diseases, the 

endocrine disruptors are one of the multiple etiologic factors. However, until recently only 

males have been studied and there is a lack of information regarding the metabolic impact of 

endocrine disruptors in females. The National Institutes of Health (NIH) has recently 

mandated to consider sex as a biological variable in preclinical research [35]. Hopefully, this 

will give an impulse for a better understanding of the sex-biased mechanisms linked to 

endocrine disruption by chemicals that could be helpful to improve and personalize treatments 

of diseases for which obesity is a risk factor such as the metabolic syndrome and the 

hormono-dependent cancers.  
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Annotated references (    of special interest;         of outstanding interest) 

Ref 2:  This review reports the most fundamental sex differences in metabolic 

homeostasis 

Ref 8:  This review covers most adverse effects induced by endocrine disruptors and point 

to the necessity at considering endocrine principles to better translate findings to human 

health and give tools to policymakers to improve risk assessment 

Ref 11: The authors of the review describe their original studies demonstrating that 

chemicals may exhibit obesogenic properties and that exposure to obesogen chemicals 

resulted in the transmission of obesity related phenotypes through at least three 

generations 

Ref 29: The author comments on the pioneering experiments made in his laboratory and 

demonstrating the “something from nothing phenomenon” with mixtures of endocrine 

disruptors. He points to the necessity at elucidating the risk posed by mixtures of 

endocrine disruptors across the life span  

Ref 30: This study originally demonstrated that a mixture of low-dosed endocrine 

disruptors triggered sex-specific metabolic disturbances in a model of mice lifelong 

exposed to the chemicals 
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Table 1: Metabolic phenotypes of steroid receptor- or aromatase-deficient mice  

 Metabolic phenotype compared to wild-type mice  

Name Gene Knockout Females Males References 

         

 

 

 ERα 

 

 

 

Nr3a1 

  

 

 

Global 

(αERKO) 

Obesity and increase in white adipose tissue (WAT); insulin 

resistance and impaired glucose tolerance 

    [36] 

Elevated fasting insulin, leptin, 

triglyceride (TG), cholesterol 

levels. No difference in Free 

Fatty Acid (FFA) levels 

Enhanced serum leptin levels 

after sexual maturation. 

Increased serum cholesterol 

but no difference in insulin, 

FFA and TG levels 

 

 

  [37,38] 

       

  

ERα 

 

 

Nr3a1 

 

 

Liver specific 

(LKO) 

Treatment with E2 after 

ovariectomy: decreased 

adiposity. No improvement of 

insulin sensitivity and liver lipid 

deposition 

Under High-fat diet (HFD): 

decreased liver and whole 

body insulin sensitivity; 

impaired liver insulin 

signaling and increased liver 

TG. 

 

 

  [28,39] 

       

  

ERα 

              

 

Nr3a1 

 

Adipocyte 

specific 

(AdipoERα) 

Increased weight gain from 12 

weeks of age and increased fat 

mass. No change in glucose 

tolerance. No modification of 

inflammatory markers 

No difference in body weight 

or adiposity through 25+ 

weeks of age. Strong glucose 

intolerance. Increased 

inflammation 

 

 

    [40] 

          

 

 

ERβ 

              

 

 

Nr3a2 

          

 

 

Global 

(βERKO) 

Under HFD: 

Increased body weight and fat 

mass. Decreased TG content in 

liver and muscle. Improvement 

of hepatic and muscular insulin 

signaling. Improved systemic 

insulin sensitivity and glucose 

tolerance 

 

 

No development of obesity 

after sexual maturation 

 

 

 

 

 [21,37] 

     

 

 

GPR30/ 

GPER1 

              

 

 

Gper1 

 

 

 

Global 

At age 6 months: 

Hyperglycemia and impaired 

glucose tolerance. Decreased 

insulin release by pancreatic 

islets. Reduced body growth. No 

change in body fat 

At age 6 months: No change 

in blood glucose and plasma 

insulin levels; normal glucose 

tolerance. No difference in 

body weight and fat 

 

 

 

  [41] 

 At age 12 months: Increased 

body weight and adipose 

tissue. Altered lipid 

metabolism 

  

  [42] 

 

AR 

 

Nr3c4 

 

Global 

 

No obesity 

Late onset obesity (30-week 

old) with increased white 

adipose tissues 

 

  [43,44] 

 

 

 

AR 

 

 

 

Nr3c4 

 

 

 

Liver specific 

(H-AR-/y and 

H-AR-/-) 

Under normal diet: Growth not affected for 24 weeks; no 

difference in fasting blood glucose and serum insulin levels 

  [32] 

Under HFD: Resistant to 

obesity; little liver steatosis 

Under HFD: Increased body 

weight (8 weeks of diet) and 

adiposity. Increased liver 

steatosis. Enhanced fasting 

blood glucose and serum 

insulin levels 

 

 

  [32] 

AR Nr3c4 Adipose tissue 

specific (A-

AR-/y) 

No data No alteration in body weight 

and adiposity (20-week old) 

 

  [45] 

 

AR 

 

Nr3c4 

 

Pancreatic β 

cells specific 

(βARKO) 

Under normal diet: normal 

glucose tolerance 

 

Under 9 weeks of HFD: Normal 

glucose tolerance 

Under normal diet: glucose 

intolerance (12-weeks old) 

Under 9 weeks of HFD: 

Hyperglycemia and glucose 

intolerance 

 

 

  [46] 

 

 

aromatase 

 

 

Cyp19a1 

 

 

Global 

At 3 months of age: Increased 

body weight and omental WAT 

weights. Glucose intolerance, no 

change in global insulin 

sensitivity or pyruvate tolerance.   

At 3 months of age: No 

change in body weight. 

Decreased glucose and 

pyruvate tolerance, no change 

in insulin sensitivity. High 

blood glucose and plasma 

insulin levels. 

 

 

 

  [47,48] 


