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ABSTRACT 

 

Menopause puts a female at risk for several chronic diseases, including an increased 

risk of obesity. Estrogens are major sex hormones of females that dramatically decrease 

during menopause. Several murine studies have established the crucial role of estrogen and 

estrogen receptor alpha (ERα) on energy homeostasis, glucose metabolism, and insulin 

action. However, previous works have produced contradicting findings, hence, further 

work is needed to optimize better outcomes. Therefore, my dissertation focuses on 

optimizing and characterizing different estrogen-deficient models, as well as using novel 

double transgenic inducible and tissue-specific models that overexpress aromatase 

(estrogen producing enzyme) and estrogen receptor isomers alpha (ERα) in the skeletal 

muscle of female mice. Using the aromatase knock out (Arom KO) model, data analysis 

revealed that estrogen deficiency increases adiposity primarily via decreasing of physical 

activity rather than changes in food intake. Also, skeletal muscle ERα, protects female mice 

against obesity and metabolic dysregulation independent of the estrogen status. On the 

other hand, skeletal muscle aromatase overexpression limits adipose tissue inflammation, 

however, no impact on adiposity or metabolic dysregulation were observed. This work 

presents, for the first time, differing effects of estrogen manipulating models on the 

development of the obese phenotype in the females. Inducible transgenic model in this 

work can be utilized to overexpress/delete ERα in different metabolic tissues for better 

understanding estrogen action on metabolism. 
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 CHAPTER ONE 

 

Literature review  

1.1 Definition and statistics:  

Obesity is a complex multifactorial disease characterized as an abnormal excessive 

accumulation of fat that presents health risks[1-5]. Body mass index (BMI = kg of body 

weight/meters in height squared) is the most commonly used parameter to classify 

overweight (BMI > 25) and obesity (BMI > 30)[6]. Obesity is considered as a global 

pandemic illness as its rate has tripled since 1975. In the United States, the national center 

for health statistics (NCHS) reported that prevalence of obesity among American adults 

was 42.4% in 2017-2018[1, 7]. This percentage is expected to increase to 50% by 2030[8]. 

Strikingly enough, the prevalence percentages are increasing among younger ages 

recording 33.1% and 27.4% among children and adolescents, respectively [9].  

1.2 Causes:  

 Obesity occurs when a sustained positive energy balance leads to increase in body 

weight which is majorly due to energy imbalance between calories consumed and calories 

expended [3, 10]. Globally, there has been an increase in the intake of high-fat and sugar- 

rich food and a decrease in physical activity due to a number of factors including 

environmental and social changes such as lifestyle, transportation, food processing, and 
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urban planning [11]. In summary, obesity is a multifactorial disease with a complex 

pathogenesis related to genetic[12], psychosocial[13], socioeconomic[14], and 

environmental[15] factors. Interestingly, except for the genetic factors, all other obesity 

risk factors can be prevented or treated [16].   

1.3 Pathogenesis and complications of obesity:  

A chronic imbalance between the energy ingested and energy expended 

overwhelms the body’s metabolism process and leads to the storge of excess energy in the 

form of adipose tissue (AT). In response to a positive energy balance, adipocytes undergo 

process of hypertrophy and hyperplasia resulting body fat accumulation particularly in 

visceral adipose tissue (VAT) classified as white adipose tissue (WAT) [10]. Ultimately, 

obesity is a major risk factor for many pathological conditions and diseases such as, insulin 

resistance (IR), type 2 diabetes (T2D), cardiovascular disease (CVD), hypertension, 

inflammation, cancer, disability, and most recently more severe symptoms of COVID-19, 

all leading to an increased risk of mortality [17, 18]. 

1.3.1 Insulin resistance and T2D:  

Insulin is a peptide hormone produced by beta cells of Langerhans islets of the 

pancreas that globally regulates glucose metabolism. It is the major anabolic hormone that 

responses to nutrient intake, as well as controls energy storage, mobilization, and utilization 

[19]. Not limited to glucose metabolism, insulin also controls lipid metabolism in different 

metabolic tissues including, but not limited to, liver, muscle, and AT [20]. For example, in 
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skeletal muscle, insulin promotes glucose uptake and storage. In liver, where glucose 

produced endogenously, insulin inhibits gluconeogenesis (production of glucose from non-

carbohydrate source) and activates lipogenesis [19-23]. In WAT, insulin inhibits lipolysis 

and increases glucose transport and lipogenesis [24]. Obesity-induced IR is a pathological 

condition in which metabolic tissues response insufficiently to insulin, therefore higher 

levels of circulating insulin are required to achieve a normal glucose level [23]. The 

pancreatic β-cells have the capacity to increase insulin release in order to overcome the 

impaired efficacy of insulin action, which explains why most obese IR individuals do not 

develop hyperglycemia [20, 25, 26] . T2D is chronic metabolic disorder accounting 90% 

of diabetic cases which is characterized by persistent hyperglycemia due to impairment of 

insulin secretion and/or peripheral insulin resistance [22]. Fasting hyperglycemia that 

define T2D is primarily a consequence of inadequate insulin action on the metabolic tissues 

in insulin resistant individuals. T2D is strongly associated with obesity due to the ability 

of obesity to promote IR [27, 28]. Interestingly, gradual weight loss up to 16% of original 

body weight is sufficient to improve β-cells function and insulin sensitivity [27, 28]. Using 

the National Health Interview Survey data collected between 1997-2004, data analysis 

revealed that obesity, particularly in younger ages, substantially increases remaining 

lifetime diabetes risk in women recording 74%  for >35 kg/m2 BMI, compared to 12.2% 

for women with BMI of <18.5 kg/m2 [29]. Furthermore, in a separate 3 -year follow-up 

study, the incidence of diabetes was effectively reduced by 58% in a group of obese women 

who successively reduced 7% of their body weight compared to control group. Also, 



 

 

4 
 

moderate, and sustained weight-loss has improved insulin action, in obese women, and 

reduced the need of diabetic medication [30]. 

1.3.2 Cardiovascular diseases and hypertension:  

Mortality rate of CVD has been reported worldwide to be increased in individuals 

who are overweight and obese, particularly with high abdominal adiposity[31]. Also, in 

general, with each incremental unit increase in BMI, the risk of coronary heart diseases 

increases 8%[32], and strong association has been reported between obesity and high blood 

pressure rates[33]. Interestingly, in most studies involving women [32-36], it has been 

confirmed that physical activity moderately attenuated but did not eliminated the adverse 

effect of obesity on CVD and hypertension which leads to the conclusion that both 

adiposity and physical inactivity are strong and independent predictors of death among 

women due to CVD[35, 36].  

1.3.3 Adipose tissue inflammation:  

Growing evidence suggests a critical role of energy imbalance in the development 

of low-grade inflammation[37, 38]. Several animal studies confirmed that AT 

inflammation is strongly and consistently characterized by infiltration and activation of 

proinflammatory macrophages (M1) [5]. Surrounding dead adipocytes, M1 macrophages 

form crown-like structures and produce proinflammatory chemokines and cytokines such 

as TNFα and IL-6, which in turn, can induce local and systemic inflammation as well as 

IR [5, 39-41]. Chronic and systemic inflammation is supported by clinical evidence as 
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levels of TNFα and IL-6 have been found to be elevated in obese and IR patients[42, 43]. 

Also, the obesity-induced AT expansion promotes a plethora of intrinsic signals (e.g., 

adipocyte death, hypoxia, mechanical stress) that can trigger an inflammatory response in 

AT [44, 45].   

1.3.4 Obesity and cancer: 

 Epidemiological data has found that higher body fat is associated with increased 

risks of number of cancers[46]. Meta-analysis of many published clinical data in Europe 

and the United States has concluded that obesity is an associated risk factor in 39% of 

endometrial cancer cases, 11% of colon cancer, and 9% of postmenopausal breast cancer 

cases[47, 48]. Furthermore, proportion of deaths due to cancer was  strongly attributed to 

obesity and overweight as high as 20 %, among adult women cancer patients [49].  

1.4 Gender disparity in obesity  

 Even though the obesity rate has dramatically increased over the last three decades 

in both sexes, there is a sex difference among American adults according to most recent 

data from NHANES[1]. Clinical data suggests that women are slightly protected against 

obesity before the age of 60 compared to men. However, this partial protection is lost 

among the women over age of 60. Furthermore, postmenopausal women are prone to gain 

more weight than age-matched men. This same relationship has been established in murine 

models, as male mice are more vulnerable than females to the impact of diet-induced 

weight gain[50]. However, during estrogen deficiency, initiated either by ovariectomy or 
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genetic modulation, female mice exhibit high level of adiposity and weight gain compared 

to estrogen-sufficient females [51, 52]. Body weight is regulated by a complex interaction 

and feedback mechanisms of several hormones such as leptin, insulin, and estrogen. This 

hormones signaling to the brain and have to control food intake and energy expenditure to 

keep the adiposity levels static[53] Evidence suggests that sex disparity in obesity might 

be attributed to anti obese effects of estrogen in the females [54]. On average, a third of a 

woman’s lifespan is during the postmenopausal stage in which circulating levels of 

estrogen gradually decrease. Therefore, hormonal replacement therapy was initiated for 

menopause-transitioning women to attenuate some of the negative physiological symptoms 

associated with menopause such as vasomotor and genitourinary symptoms[54]. Indeed, 

estrogens have been shown to have some beneficial effects on different body physiological 

processes such as metabolism, cardiovascular, bone, and brain health [54, 55].  

1.7 Estrogens (formation, types, and actions)  

Estrogens are the primary sex hormone in females synthesized from the 

aromatization of testosterone by aromatase, a cytochrome P450 enzyme located in the 

endoplasmic reticulum of estrogen-producing cell [56-58]. During pre-menopause, 

estrogens are mainly produced from ovaries and are released into circulation in large 

amounts in order to exert their effects on multiple target tissues through an endocrine 

manner[59]. However, estrogens are synthesized in extragonadal organs including the 

adrenal glands, brain, adipose tissue, and skin, mainly during postmenopausal stage[60]. 

There are four major estrogen types: 17β-estradiol (E2), Estrone (E1), Esteriol (E3), and 



 

 

7 
 

Estetriol (E4).  The major physiological estrogen in females is E2 [61]. E1 is most dominant 

adipose tissue estrogen that is majorly synthesized in postmenopausal women[62]. E3 and 

E4 are less potent and found at low levels of circulating estrogens which are mainly 

produced by placenta during pregnancy. In normal physiological conditions, estrogen 

synthesis and secretion are regulated by the hypothalamus, pituitary, and gonad axis.  Low 

levels of circulating E2 stimulates the hypothalamus to produce gonadotropin which in turn 

stimulates the pituitary gland to produce FSH and LH, which finally activate the ovaries to 

release more E2 into circulation[63]. However, during postmenopausal time, ovaries fail 

to produce E2, and the aromatization process will take place in extragonadal, in very low 

levels and act locally in a paracrine or intracrine manner[64, 65]. In addition to its roles in 

the reproductive system, E2 exhibits physiological action on other systems and organs, 

including but not limited to, metabolism, immunity, and the cardiovascular system[64]. 

Estrogen signaling is accomplished mainly through their specific nuclear receptors; 

estrogen receptor isomers alpha (ERα) and beta (ERβ). Acting upon E2 binding, estrogen 

receptor (ER)activation might go through either, genomic, or non-genomic mechanisms 

through following pathways: 1) Classical mechanism, in which ER acts  as ligand-activated 

transcription factor, and exhibits tissue specificity in expression and function [66]. Upon 

binding to estrogen, homodimerization of cytoplasmic monomer ERs are activated and 

translocated into the nucleus and the E2-activated ER dimers bind directly to estrogen 

response elements (ERE) in target gene promotors. 2) Indirect DNA binding mechanism, 

in which E2-ER complex, independent to the ERE, indirectly interact with other DNA-

bound transcription factors [67]. 3) Non-genomic mechanism, in which the E2-ER complex 
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can also act via extranuclear and membrane-associated receptors, within seconds to 

minutes, in congregate with other signaling molecules, such as G proteins, growth factor 

receptors and orphan G-protein coupled receptors[68, 69]. 4) Additionally, Ligand-

independent genomic mechanism has been described recently, in which ER, independent 

to E2, are activated downstream of growth factors receptors stimulation, through the action 

of intracellular kinase enzyme cascades leading to phosphorylation of ER at ERE [66]. 

1.8 Estrogen action on metabolism and metabolic organs 

Estrogen plays a fundamental role in a plethora of physiological processes in many 

of our bodily systems such as the reproductive, cardiovascular, skeletal, and central 

nervous systems. Through their ERs, estrogens act on different organs, especially 

metabolically active organs, such as skeletal muscle, liver, adipose tissue, brain, and 

pancreas [61]. Several studies have been done in both human and murine models to 

establish the crucial roles of estrogen in metabolism and energy homeostasis. In humans, a 

strong correlation has been observed between E2 and glucose and lipid metabolism, insulin 

resistance and metabolism.  As many metabolic dysregulation conditions were observed 

among women suffering from menstrual dysregulation and E2 level fluctuation in the 

human body[70-73]. As soon as women enter menopause, the level of E2 dramatically 

reduces (on average 80% loss of their estrogens during 1st year of menopause). This E2 

reduction is accompanied with increase of food intake and reduced physical activity 

leading weight gain and obesity-induced complications [74-76]. In animal studies, using 

different models, the effect of estrogen on different tissues and organs has been extensively 
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investigated [77-81]. The outcomes revealed that, in the absence of estrogen or its 

receptors, female mice are more prone to weight gain and are metabolically impaired [51, 

52, 65, 81-85]. Furthermore, it is well established that estrogen regulates insulin action in 

premenopausal women as they exhibit enhanced insulin sensitivity compared to age-

matched men normalized to lean mass[64, 85]. However, postmenopausal women and 

ovariectomized mice both exhibit a significant decrease in insulin sensitivity accompanied 

with an increase in fat mass and elevations in circulating inflammatory markers[86-90]. 

Estrogen action(s) on different organs and tissues involved in metabolism can be 

summarized below: 

1.8.1 Central nervous system: 

The hypothalamus is an area in central nervous system that controls food intake, 

body weight homeostasis, and energy expenditure [91]. ERs are highly expressed in 

different regions of the hypothalamus including ventromedial, arcuate, and paraventricular 

(PVN) nuclei where estrogen and ERs directly and indirectly control the activity of these 

regions[2, 92, 93]. 

1.8.2 Adipose tissue 

In adipose tissue, both animal models and human studies have shown that E2 

prevents visceral fat accumulation by decreasing fatty acid synthesis and lipogenesis and 

increases insulin receptors in adipocytes [94-97]. Removal of gonadal hormones disrupts 

several steps involved in glucose and lipid metabolisms in adipose tissue, many of them 
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reversed by E2 replacement [93, 94, 98-100]. For instance, in mice, ovariectomy increases 

triglyceride lipase signaling, resulting in elevation of non-esterified fatty acids and 

glycerol, which are attenuated by E2 replacement[101]. 

 1.8.3 Skeletal muscle 

Skeletal muscle is considered the major organ of glucose disposal in humans, as 

approximately 75-80% of glucose disposal occurs in skeletal muscle. A meta-analysis of 

data from patients receiving hormone replacement therapy (HRT) have confirmed the 

beneficial effects of E2 in muscle physiology and metabolism[102, 103]. Also, clinical data 

reported that cycling women are protected against lipid-induced insulin resistance relative 

to estrogen-deficient women and men[88, 104]  In rat and mice, estrogen deficiency 

impairs exercise-stimulated glucose disposal and E2 restoration maintains insulin action 

and glucose tolerance in female rodents. Global ERα deletion, as well as skeletal muscle 

ERα deficiency have been shown to impair metabolism and elicit insulin resistance [105, 

106]. The mechanistic function of ERα in regulating skeletal muscle insulin action remains 

unknown. Some studies suggest that ERα regulates Glut4, the main insulin-induced 

glucose transporter in muscle [107-109]. However, other reports have found no changes of 

Glut4 mRNA expression in skeletal muscle of  ERαKO mice  [66, 95].  

1.8.4 Liver: 

Several studies indicate that liver steatosis incidence is higher in men than 

women[110]. Data collected from an estrogen deficient mouse model showed that 
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estrogen-deficient males, but not females, develop insulin resistance due to hepatic 

steatosis[111]. Also, in the liver of ERαKO mice, there is an increase in glucose production 

and genes involved in hepatic lipid synthesis [112]. However, a direct role and involvement 

of ERα in liver are not clear yet[64, 85]. 

1.9 Preclinical models of estrogen deficiency:  

 In order to better understand the role of estrogen in female metabolism, many 

murine preclinical models have been generated to simulate estrogen action and levels in 

women during peri-and postmenopausal stages. Coupled with obesity-induced models, 

many estrogen-deficient models have been established. There are two major routes to 

establish estrogen-deficient status: 1) genetic modulation or 2) surgical intervention. For 

the  genetic-based models, the aromatase knock out (Arom KO) mouse is the most model 

has been used for more than 25 years [82]. In the Arom KO model, CYP19A gene, which 

encodes aromatase, is mutated, therefore the mouse cannot convert testosterone to 

estrogen. After three months of free access to low fat diet, Arom KO females gain more 

body weight and accumulate more adipose tissue than their WT littermates , and exogenous 

E2 reverse this phenotype [52]. An alternative approach in genetic modulation is alteration 

of ER action by global deletion of ERα (αERKO), ERβ (βERKO), or both together 

(αβERKO) [84, 113]. Lacking both ERs or ERα alone, but not ERβ, causes female mice to 

gain more body weight and have higher fasting insulin and glucose levels than WT controls 

[85, 105, 114]. Also, αERKO mice show impairments in hepatic insulin sensitivity 

accompanied with upregulation lipogenic genes[96, 112]. Recently, more advanced tissue 
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specific- ERα KO mouse models were successfully generated such as skeletal muscle ERα 

KO (MERKO) and adipose tissue-specific ERα KO (FERKO)[106, 115]. Both studies 

concluded that tissue specific ERα deletion impacts glucose homeostasis and promotes 

insulin resistance due to impairment of insulin signal transduction, like the phenotype 

observed in αERKO model [66, 114]. In summary, tissue-specific ERα deletion approach 

may provide more specific targeted therapeutic plans to combat global obesity-related 

complications in females. Another model is a surgical menopause by removal of ovaries, 

during puberty, in a procedure called ovariectomy[116]. After the surgery, the endogenous 

ovarian estrogen production ceases and circulating level is suddenly decreased, yet 

extragonadal estrogen actions cannot be eliminated [117]. As the common procedure in 

preclinical field, ovariectomized mice have been extensively used to evaluate specific 

effects of gonadal hormone deprivation and subsequent exogenous hormone treatment on 

the central and peripheral systems controlling metabolism[54, 77, 80, 118].  

1.10 Gaps in the field and limitations  

Previous work using preclinical models has already established the fact that 

estrogen action is a crucial factor to combat diet-induced obesity [51, 105]. However, the 

exact mechanism(s) by which estrogen acts is still under investigation with many 

contradicting findings. Addressing some of limitations in previous works may uncover 

novel mechanistic pathways leading to discover therapeutic potential targets to combat 

obesity in women. For instance, in the Arom KO model, the major contingency is those 

animals were born with no estrogens from birth. Therefore, neglecting confounding 
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developmental factors of estrogen action could have significantly affected the 

interpretation of the results [66]. Also, it has already confirmed the importance of using a 

purified diet in obesity-related research. However, it’s noticeable that in previous works on 

Arom KO models, only chow or soy-free diets were utilized [51, 52, 83, 119, 120]. Chow 

diet contains non-negligible amounts of phyto-estrogens which have an estrogenic effect 

in Arom KO mice. Specifically, phyto-estrogens affect the serum gonadotropin levels 

which in turn offset the ovaries development in those mice[121]. On the other hand, 

purified diet, instead, is a fundamental factor to optimize clinically relevant obesity-related 

research. Furthermore, up to date, there is no study has addressed the initiation mechanism 

that drives obesity phenotype in Arom KO. Yet, deep analysis of metabolic and behavioral 

assessments has not been conducted on this model. Addressing all previous concerns in 

Arom KO would generate more relevant data to better characterize this model for more 

realistic and applicable outcomes. In previous studies using ERα-ablation models, 

contradicting findings have been published. Spangenburg and his colleagues successively 

deleted ERα from skeletal muscle of adult mice upon treating their inducible transgenic 

mouse model (ERα KOism) with tamoxifen[122]. They concluded that muscle ERα is not 

necessary to enhance insulin sensitivity and does not protect female mice against diet-

induced obesity. Their finding contradicted Hevener and her colleagues, in MERKO mouse 

model (deletion of muscle ER from birth)[106]. Deep analysis in ERα KOism data, it’s 

noticeable that the authors utilized only double transgenic mice that harbor both ERα f/f 

allele and human skeletal actin (HSA)-driven mER-Cre-mER transgenes. In which, the 

authors were obligated to treat only the experimental groups with tamoxifen in order to 
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activate Cre-induced ERα deletion from skeletal muscle. Even though the authors utilized 

a washout period of 10 weeks, the direct or indirect impact of tamoxifen on skeletal muscle 

physiology and metabolism cannot be excluded. Philip Scherer’s group found that 

tamoxifen by itself can impact adipose tissue physiology which may indirectly affect 

skeletal muscle metabolism[123]. Also, the effect of tamoxifen on body weight and food 

consumption has already been established [76] Therefore, administration of tamoxifen only 

to the experimental groups has raised another fundamental concern.  Furthermore, to our 

knowledge, no other study has shown the global effect of gain of function of skeletal 

muscle ERα. Gain of function approach may be considered as a legitimate approach in 

order to better understanding role of estrogen to combat obesity in women. Also, novel 

mechanistic pathways could be uncovered to develop potentially safe and targeted 

therapeutic plans.   
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1.11 Objectives 

The objectives of this dissertation are reasoned to fill the knowledge gaps in the field 

which are listed: 

1) Comparing two murine E2-defecient models, utilizing mor clinically relevant and 

purified diets, for better characterization the role of E2 in diet-induced obesity in 

females. 

2) Determine the therapeutic potential of skeletal muscle aromatase overexpression to 

mitigate obesity-induced metabolic dysfunction in females of differing estrogen status 

3) Determine the therapeutic potential of skeletal muscle ERα overexpression to mitigate 

obesity-induced metabolic dysfunction in females of differing estrogen status 
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CHAPTER TWO 

 

Estrogen plays a crucial role in regulating diet-induced obesity and 

metabolic dysfunction in females 

2.1 Introduction:  

Arom KO, as a global estrogen ablation mouse model, has been utilized for almost 

three decades to investigate the role of estrogen in metabolism and obesity[82]. The 

generation of this model has provided additional insight into the role of estrogens in 

regulating female physiology. The females in this model exhibit several metabolic 

dysregulations including glucose and lipid metabolic impairments, insulin resistance, 

hyperleptinemia, as well as the accumulation of excess intra-abdominal fat [52, 83, 124]. 

These phenotypes were reversable upon exogenous E2 administration, which confirms the 

crucial roles of estrogen in energy homeostasis[79].  

However, several limitations were noticed in previous works which include 1) low 

sample size. 2) diet formula and composition problems 3) lacking thorough behavioral as 

well as adipose tissue inflammation assessments. Therefore, this current study is designed 

to address previous limitations to better understand of estrogen in regulating of obesity and 

energy homeostasis in females. Also, adding ovariectomized mice (Ovx) in this study, as 

another estrogen-deficient model, empowers our data analysis to investigate involvement 
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of extragonadal estrogen in regulating diet-induced obesity in females. Regarding of diet 

formula issues, all previous reports utilized either regular chow or soy-free chow diets in 

which phytoestrogens effect is not controlled. The effect of phytoestrogens on the pituitary 

and gonadal phenotypes is already established as it increases uterine and ovaries size, and 

these effects vary according to the diet source of phytoestrogens [121]. To eliminate the 

estrogenic effects of phytoestrogens, this study utilized two different purified diets to assess 

role of estrogen on females at different levels of fat content. Importantly, high fat diet 

(HFD) utilized in this study mimics the standardized American western high-fat diet 

composition as described in our previous studies [125-131]. Our findings revealed that 

estrogen regulates body weight and fat accumulation, primarily via physical activity and 

food intake, as well as increases adipose tissue inflammation. Using high resolution 

indirect colorimetric metabolic cages empower this study observation, specifically in food 

intake assessment. In independent analysis, Ovx mice show partial protection against diet-

induced metabolic disorders including glucose intolerance and insulin resistance when 

compared to WT controls. However, adipose tissue inflammation was exacerbated in both 

estrogen deficient models compared to WT controls. 

2.2 Materials and method: 

Mice: Heterozygous females and males mice on a C57Bl6 background were bred and their 

homozygous aromatase null (Arom KO) as well as the wildtype littermate siblings were 

used for the following experiments. For genotyping, following primers were used: 

AromWTf; 5’-CGT GGG CAG GTG ATC AGT TTA CCA TGT CCT AAT CTT CAC-3’, 
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AromWTr: 5’-TCT TCT GAG GCC AAA TAG CGC AAG ATG TTC -3’, and AromKOr: 

5’-CTG CTA AAG CGC ATG CTC CAG ACT GCC TTG- 3’. For the Ovx group, bilateral 

ovariectomy was done to animals at the 9th week of age and the study was started one week 

later. The sample size for each experimental group is presented in the figure legend of each 

figure. Mice were housed, 3-5/cage, maintained on 12:12-h light-dark cycle in a low stress 

environment (22 C, 50% humidity, low noise), and given food and water as libitum. All 

methods were in accordance with the American Association for Laboratory Animal 

Science, and the Institutional Animal Care and Usage Committee of the University of 

South Carolina approved all experiments. 

Diet: At 10 weeks of age, animals were randomly assigned to 1 of 5 groups: WT-LFD, 

Arom KO-LFD, WT-HFD, Arom KO-HFD, and Ovx-HFD (n= 15-25/group). The LFD 

utilized in this study was an open-source, purified AIN-76A diet (3.77 kcal/g) that 

contained 12.2% of fat, 19% protein, and 68.8 of carbohydrate. The HFD was a custom-

made purified HFD (4.57 kcal/g) consisted of 47%, 40%, and 13% of total calories from 

carbohydrates, fat, and protein, respectively, with saturated fat making up 12% of total 

calories in order to mimic the standard American diet (Bio-Serv, Frenchtown, NJ). 

Body weight and body composition  

Body weight was monitored on a weekly basis throughout the study. Body 

composition was assessed after 16 weeks of diet to use lean mass as the basis for the dose 

of glucose and insulin administration for glucose and insulin tolerance tests, respectively. 
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For this procedure, mice were briefly anesthetized via isoflurane inhalation, and lean mass, 

fat mass, and percent body fat were assessed by dual-energy X-ray absorptiometry (Lunar 

PIXImus).    

Indirect Calorimetry and Behavioral Phenotyping 

In two separate runs, WT vs Arom KO and WT vs Ovx mice were analyzed. 

Promethion multichannel continuous measurement indirect calorimetry system (Sable 

international, Las Vegas, Nevada) was utilized to measure physical activity and food intake 

[132]. Mice at 12 -13 weeks of age were singly housed in metabolic cages on LFD for 3 

weeks at 22Co on a 12-h light and 12-h dark cycle. After they were acclimated for 24hrs, 

data was collected accordingly. Physical activity was measured as (all meters) assessment 

of cage activity including gross and fine movements. All data were analyzed using an 

ANCOVA with lean mass as a covariate utilizing the MMPC Statistical Analysis Page 

(https://www.mmpc.org/shared/regression.aspx) [133].    

Metabolic assessments 

Fasting blood glucose and insulin levels were assessed after 12 and 16 weeks of 

dietary treatment. After a 5-hour fast, blood samples were collected from the tip of the tail. 

A glucometer (Bayer Contour, Mishawaka, IN) was used to determine blood glucose 

concentrations in whole blood. Collected blood was centrifuged at 4,000 rpm for 

10 minutes at 4°C. Plasma insulin concentrations were analyzed according to the 

manufacturer's instructions using a mouse insulin ELISA kit (Mercodia, Winston Salem, 

https://www.mmpc.org/shared/regression.aspx
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NC). Glucose and insulin tolerances tests (GTTs and ITTs, respectively) were performed 

after 17 and 18 weeks of dietary treatment, respectively. For these procedures, mice were 

fasted for 5 hours, and glucose or insulin was administered intraperitoneally at 2 g/kg or 

0.75 U/kg lean mass, respectively. A glucometer (Bayer Contour) was used to measure 

blood glucose concentrations (tail sampling) intermittently over a 2-h period (0, 15, 30, 60, 

90, and 120 minutes) for GTTs and intermittently over a 1-h period (0, 15, 30, 45, and 

60 minutes) for ITTs. Area under the curve (AUC) was calculated using the trapezoidal 

rule. Blood was collected from the tip of the tail during the GTT (0, 15, 30, and 60 minutes) 

to assess the insulin response to the GTT for a subset of mice from each group. Fasting 

serum was collected (using non-heparinized capillary tubes) for free fatty acid (FFA) 

analysis at the 0- and 30-min time points of the ITT to assess insulin's ability to inhibit 

lipolysis. FFAs were analyzed using a commercially available kit according to the 

manufacturer's instructions (Wako Diagnostics, Richmond, VA).     

Tissue collection  

After 18 weeks of dietary treatment, mice were euthanized via isoflurane inhalation 

for tissue collection. Gonadal, mesenteric, and perirenal fat pads and the liver were 

removed, weighed, and immediately snap-frozen in liquid nitrogen and stored at −80°C. 

Quantitative real-time PCR  

An EZNA Total RNA Kit (Omega Bio-Tek, Norcross, GA) was used to isolate 

RNA from gonadal adipose tissue.QRT-PCR. Bio-Rad reverse transcription reagents and 
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probe assays (Bio-Rad, Hercules, CA) were used to reverse transcribe and analyze the 

expression of the following genes in adipose tissue: EMR1, CD11c, CD206, MCP-1, 

TNFα, and IL-10, Potential reference genes (HPRT, 18s, GAPDH, β-Actin, HMBS, TBP, 

H2AFV, and B2M) were analyzed for stability using Qbase+software (Biogazelle, Ghent, 

Belgium) for each tissue analyzed. The optimal number of reference genes was determined 

by Qbase+, and the geometric mean of these genes was used as the normalization factor 

for each analysis: gonadal adipose tissue (GAPDH, B2M, and H2AFV). Gene expression 

was quantified using the ΔΔCT  method and Qbase+software[134].  

Statistical analysis  

Data were analyzed using commercially available statistical software: Prism 9 

(GraphPad Software, La Jolla, CA) and SigmaStat (Systat Software, San Jose, CA). For 

Arom KO study, a two-way ANOVA (diet x genotype) followed by a Tukey post hoc 

multiple comparisons analysis were used for most outcomes analyzed. For Ovx mice, a 

two-tailed student's t test was used when only two groups were compared (Ovx mice vs 

Arom KO) and (Ovx vs WT intact). Any statistical test that did not pass the equal-variance 

test (Bartlett's test for equal variances) was transformed accordingly and then reanalyzed.  
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2.3 Results  

2.3.1 Global estrogen deficiency increases body weight gain and fat 

accumulation in females independent of diet  

To assess body weight gain, all animal groups were weekly monitored, and body 

weight was registered accordingly. Our collected data showed that there was main effect 

of HFD and Arom KO to increase body weight, lean mass, and fat mass when compared 

to their corresponding littermate controls. Post-hoc analysis showed that Arom KO mice 

gained more body weight, and accumulated more fat mass than WT littermate controls, 

independent to the fed-diet (P < .05). Interestingly, Ovx mice on HFD gained body weight 

as much as Arom KO mice, however, they significantly accumulated less fat mass and lean 

mass than Arom KO, and they were significantly higher than WT intact mice (P < .05) 

figure (1A-C).  

2.3.2 Estrogen deficiency promotes more visceral and hepatic fat 

accumulation  

Fat distribution analysis revealed that there was a main effect of Arom KO and 

HFD to increase total visceral fat, liver weight, and hepatic lipid accumulation when 

compared to their counterpart controls (figure 2.2A,B,C). Post-hoc analysis showed that 

Arom KO significantly increased total visceral fat and liver weight, independent to the diet, 

compared to their controls (P < .05). However, Arom KO increased hepatic lipid 

accumulation only in HFD compared to the corresponding controls (P < .05) (figure 2.2 
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B). Also, our data analysis showed that Ovx mice accumulated more visceral fat and 

increased liver weight when compared with WT controls (P < .05). Furthermore, Ovx mice 

significantly accumulated less visceral fat than Arom KO (P < .05). On the other hand, 

there was no differences in hepatic lipid accumulation in Ovx mice when independently 

compared to WT controls and Arom KO (figure 2.2 C). 

2.3.3 Uterus weight is significantly decreased after estrogen depletion 

Our study reported that Arom KO and HFD exhibited main effect to significantly 

decreasing of uterus weight compared to their corresponding controls. Post-hoc analysis 

showed that Arom KO mice have smaller uterus than littermate controls independent to the 

diet (P < .05) (figure 2.2 D). Even though they have similar uterus size as Arom KO mice, 

Ovx females showed significant decreasing of uterus size when compared to WT controls 

(P < .05) (figure 2.2 D).  

2.3.4 Estrogen deficiency significantly decreases physical activity and 

increases food intake, but not in Ovx mice  

Physical activity and food intake were assessed and analyzed among different 

animal groups fed with LFD. Our data analysis revealed that Arom KO females registered 

significantly less physical activity compared to WT animals (P < .05). Same observation 

was noticed, in separate comparison, as Ovx mice showed significant decreasing in 

physical activity compared to sham group (P < .05) (figure 2.3A). On the other hand, food 



 

 

24 
 

intake was significantly increased in Arom KO females (P < .05), but not in Ovx mice, 

when compared to their controls separately (figure 2.3B).  

2.3.5 Aromatase deletion impairs glucose metabolism and increases insulin 

resistance in female mice independent to fed diet  

Fasting blood glucose levels were significantly higher in Arom KO groups 

(genotype was the main effect) when compared to their WT littermate controls. 

Furthermore, Ovx mice reported similar levels of fasting glucose compared to WT controls, 

however, they were significantly lower than Arom KO females (P < .05) (figure 2.4A). 

Regarding of fasting insulin levels, Arom KO and HFD were the main effects to increase 

fasting insulin levels compared to their corresponding controls (P < .05). Post-hoc analysis 

showed that Arom KO females on HFD have reported the highest level of insulin among 

studied groups (figure 2.4B). Regarding of the Ovx mice, they registered same levels of 

fasting glucose and insulin as WT controls, however, they reported significantly lower 

outcomes than Arom Ko females (figure 2.4 A,B). Regarding of GTT results, our data 

analysis revealed that Aroma KO and HFD were the main effects to impair glucose 

metabolism in female mice (P < .05). Post-hoc analysis showed that Arom KO females, 

independent to the diet, had higher AUC values of glucose metabolism when compared to 

their littermate controls (P < .05) (figure 2.4C). Similar relationship was reported regarding 

to the insulin response to the GTT, as Arom KO on both diets reported the highest values 

of insulin-AUC (P < .05) (figure 2.4D). Additionally, Ovx animals reported same glucose 

metabolism levels when compared to Arom KO females and WT littermate controls (figure 
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2.4C). Despite Ovx mice reported significantly lower levels of insulin response compared 

to Arom KO females (P < .05), still they were matching the levels of WT controls (figure 

2.4 D). For the FFAs blood concentration, there were no differences between the animal 

groups in Arom KO comparisons in the baseline and 30min timepoint of ITT. Furthermore, 

Ovx mice exhibited higher FFAs levels in both timepoints only when compared to the 

Arom KO animals (P < .05) (figure 2.4F). However, when assess ΔFFAs levels between 

two timepoints, there was no differences among all tested groups (figure 2.4F).  

 2.3.6 Estrogen deficiency aggravates adipose tissue inflammation 

To assess adipose tissue inflammation, gene expression of macrophage and 

inflammatory markers were quantified. Our data analysis reported that Arom KO and HFD 

exhibited main effect to increase gene expression of EMR1 (total macrophage marker), 

CD11c (M1 Macrophage marker), and MCP-1 when compared to their littermate controls 

(P < .05). Post-hoc analysis revealed that Arom KO females on HFD increased 

significantly the gene expression of proinflammatory markers (P < .05) (figure 2.4A,B,D). 

In the Ovx mice, data analysis reported higher levels of adipose tissue EMR1, CD11c, and 

MCP-1 genes when compared to the WT controls (P < .05), however, they showed similar 

level of EMR1, but less of CD11c (P < .05), when compared to Arom KO females (figure 

2.4A-B). Regarding of gene expression of adipose tissue CD206 (M2 macrophage marker), 

main effect of HFD to increase gene expression compared to LFD groups (P < .05). Also, 

Ovx mice were registered similar levels of CD206 as WT and Arom KO females (Figure 

4C).  
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2.4 Discussions 

The Arom KO model is considered as a valuable tool to study the physiological 

role of estrogen in adiposity, energy homoeostasis and metabolic process. This model has 

been investigated for almost 3 decades in which several publications reported the influence 

role of estrogen deletion on glucose and lipid metabolism, insulin sensitivity, and body fat 

accumulation. However, several limitations were observed in previous works. 

Surprisingly, all previous work used either chow diet or soy-free diet, in which 

phytoestrogens are not optimized and batch-effect cannot be eradicated. It’s already 

established the effects of phytoestrogen on the gonadal phenotypes of Arom KO, as 

reported by Britt et al, who showed that ovaries and uteri sizes of Arom KO females were 

significantly increased when they were on soy+ diet compared to Arom KO on soy free 

diet[121]. It’s imperative to optimize diet quality in obesity-related works to exclude 

unrelated and not specific factors that might affect potential observed metabolism-related 

phenotypes. In current study we utilized, for first time with Arom KO model, two purified 

diets, LFD, and HFD. Additionally, our customized HFD diet is mimicking western diet to 

reproduce similar obese phenotype level occurred in human body physiology. Also, our 

work presented for first time two different estrogen-deficient models combined with 

different diet formulas. Also, high input behavioral and metabolic assessments system was 

utilized for first time for better characterization the phenotype of E2-difiecient murine 

models.  Regarding to body weight alteration and fat deposition, Arom KO females gained 

significantly more weight, accumulated more fat, and had higher lean mass compared to 

WT littermate controls independent to fed diet. It is obvious that estrogen action is a 
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dominating factor that control body weight and body fat deposition in females regardless 

to the diet formula. Our findings were supported by previous work conducted by Jones et 

al. where they found that Arom KO females were heavier and accumulated more fat than 

WT controls, however, they showed lower lean mass levels in Arom KO animals compared 

to their WT counterparts. Regarding of lean mass results, this discrepancy between our 

study and others may be due to the age of animals when being assessed for body 

composition, 25 weeks in our study vs 15 weeks in other study. Also, it might be due to 

different diet purity and formula that have been used in previous study, in which chow diet 

was used, thus phytoestrogen effects cannot be eliminated. Remarkably, Ovx mice 

registered similar weight gain, but lower total fat mass and lean mass, compared to Arom 

KO females. Even though extragonadal estrogen biosynthesis in Ovx mice, but not in Arom 

KO females, decreased fat deposition and lean mass, still has no power to mitigate body 

weight gain in females. Our data agreed with previous works in which Arom KO females 

gained significantly more weight and accumulated more fat deposition[52, 79, 135]. 

Regarding to metabolic and behavioral assessment, our data analysis confirmed that 

estrogen deficiency drives obesity majorly by impacting physical activity and food intake. 

Previous works showed that the adiposity is driven only by physical activity and Arom KO 

mice did not show hyperphagic phenotype [51, 136]. Using high-resolution real-time 

indirect calorimetric system to assess behavioral and metabolism in our study augmented 

the data analysis to accurately describe Arom KO phenotypes. Additionally, putting this 

model for 3weeks in such a sophisticated metabolic enabled us to adjust our data based on 

the lean mass regardless of body weight differences between studied groups. Regarding of 
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glucose utilizing and insulin action, our data suggested that Arom KO mice have 

hyperglycemia, hyperinsulinemia, and have glucose intolerance and insulin resistance. 

However, Ovx mice were metabolically better than Arom KO as they showed no 

significant difference in glucose metabolism and insulin action when compared to WT 

controls. Our findings agreed with previous works performed by different scientist groups, 

who showed impairment of glucose metabolism and insulin action in Arom KO mice [52, 

82, 135]. Additionally, our study was capable to show positive metabolic effects of 

extragonadal estrogen biosynthesis in Oxv mice, compared to Arom KO, which might be 

a promising approach to augment such an alternative physiological process to mitigate 

obesity-induced metabolic dysfunction in postmenopausal women. Regarding to adipose 

tissue inflammation, macrophage infiltration and proinflammatory markers were higher in 

Arom KO compared to their controls. Our findings agreed with previous work conducted 

by Sinderen et al when they showed that MCP-1 gene expression and CD45 positive cells 

were significantly increased in Arom KO adipose tissue compared to WT[137].It is worth 

to notice that even though they exhibited higher levels of pro-inflammatory markers, still 

Arom KO adipose tissue metabolically was not impaired as FFAs analysis showed, no 

significant difference of ΔFFAs between animal groups. Therefore, our data support the 

hypothesis of obesity is driving the inflammation not the other way. We already established 

in another work that deletion of pro-inflammatory cytokine, macrophage derived TNFα, 

had no effect on impeding the development of obesity[125]. Also, another manuscript by 

Bader et al showed that macrophage depletion using clodronate liposomes doesn’t rescue 
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obesity-induced metabolic dysfunction[138]. In conclusion, in this study we successively 

characterized two different E2-deficient models, Arom KO and Ovx side by side, using 

two different purified diet formulas. Our findings confirmed previous observations that 

Arom KO females are heavier and accumulate higher fat mass. However, we found, for the 

first time, that Arom KO has a hyperphagic phenotype in addition to dominant physical 

inactivity phenotype. We described adipose tissue inflammation in Arom KO females, and 

this inflammation was driven by estrogen deficiency. Our work has already established the 

importance of utilizing a purified diet in obesity- related studies, specifically in 

interrogation the role of estrogen in metabolism.                   
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Figure 2.1 Arom KO females increase body weight gain and accumulate more fat, 

however, Ovx mice gain body weight as much as  Arom KO females. Arom KO females, 

WT littermates, and Ovx mice were either on LFD or HFD for 17 weeks (n=25/group). 

A, body weight. B, Δ body weight. B and C total body fat mass and lean mass (analyzed 

by DEXA). Data are presented as mean +SEM. Graphs are not sharing same letter are 

significantly different from one another, Two-way ANOVA was used for Arom KO 

comparisons. ME= Main effect. A two-tailed student's t used for Ovx mice comparisons 

(* = P<.05).      
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Figure 2.2 Fat deposition and organ weights in different estrogen-deficient models. Wet 

weights at euthanized time after 17 weeks on either LFD or HFD, A, total visceral weight 

in milligram. B and C, liver weight and hepatic lipid accumulation. D, uterus weight in 

mg Data is presented as mean +SEM. Graphs are not sharing same letter are significantly 

different from one another, Two-way ANOVA was used for Arom KO comparisons. 

ME= Main effect. A two-tailed student's t test used for Ovx mice comparisons (* = 

P<.05, ns= not significant).   
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Figure 2.3 Metabolic and behavioral assessments. 12-13 weeks old females on LFD were 

housed in metabolic cages for 3 weeks (n= 8-9/group). In two separate runs (Arom KO vs 

WT) and (sham vs Ovx mice),  A, physical activity (m/day) and  B, Food intake (g) were 

assessed. Data are presented as mean +SEM. A two-tailed student's t test used for each 

run independently. (** = P<.001, ****=P<.0001).     
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Figure 2.4 Estrogen deficiency negatively impacts glucose metabolism and insulin 

action in Arom KO females, but not in Ovx mice. Arom KO, Wt, and Ovx females 

consumed either LFD or HFD. A,B fasting (5hrs) blood glucose and insulin, 

respectively, after 15 weeks of diet administration. C, Glucose tolerance test (GTT) for 

2hrs, 30 min intervals, glucose baseline subtracted, then the Area Under the Curve 

(AUC/arbitrary units) is calculated. D, Insulin response to GTT at 0,30, and 60 min 

time points, AUC is calculated accordingly. E, insulin tolerance test (ITT) ,on week 16 

of diet, for 1hr (15 min intervals), baseline glucose subtracted, then AUC was calculated 

accordingly. F, FFAs analysis at 0 and 30 min after insulin injection in ITT, ΔFFAs of 

0 and 30 min timepoints was calculated. Data are presented as mean +SEM. Graphs are 

not sharing same letter are significantly different from one another, Two-way ANOVA 

was used for Arom KO comparisons. ME= Main effect. A two-tailed student's t test 

used for Ovx mice comparisons (* = P<.05, ns= not significant)   
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Figure 2.5 Estrogen deficiency promotes adipose tissue inflammation. Gonadal adipose 

tissue in both of Arom KO, Ovx, and WT were analyzed for gene expression of 

inflammation. A, EMR-1. B, CD11c. C, CD206. D, MCP-1. Graphs are not sharing 

same letter are significantly different from one another, Two-way ANOVA (Diet X 

Genotype) was used for multiple comparisons. ME= Main effect. A two-tailed student's 

t test used for Ovx mice comparisons (* = P<.05, ns= not significant)   
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CHAPTER THREE 

 

Skeletal muscle aromatase overexpression limits adipose tissue 

inflammation but does not ameliorate diet-induced obesity in females 

3.1 Introduction 

Extragonadal production of estrogen is well known and established process, 

specifically in men and postmenopausal women. The process is catalyzed by aromatase 

enzyme that converts circulating androgen to estrogen in situ and has a paracrine mode of 

action[139, 140]. Aromatase expression in several tissues and organs have been assessed 

and analyzed such as, but not limited to, the brain, skeletal muscle, and AT[56]. After 

menopause, peripheral aromatization in AT is largely responsible for estrogen 

biosynthesis, therefore, many human studies have shown a strong correlation between high 

BMI and expression of aromatase in subcutaneous AT[141]. However, as already 

established in many clinical studies, high expression level of aromatase and E2, observed 

in postmenopausal women suffering from breast cancer, were crucially produced by 

fibroblast of breast AT[142]. Also, it has been established that obesity is highly associated 

with high aromatase and E2 levels in breast which highly promote breast hyperplasia and 

cancer[143]. Furthermore, deep analysis on hormone therapy replacement (HTR) among 
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postmenopausal women in the Women’s Health Initiative (WHI) trials have shown that 

even though HTR showed essential benefits in energy homeostasis improvement and 

decrease insulin resistance. However, several challenges exist, one of them is that high risk 

of breast cancer with chronic HT administration have been registered among participating 

postmenopausal women. Therefore, balance of potential benefits and risks should be re-

evaluated for each individual woman[144]. Lastly, aromatase physiological activity is 

highly tissue-specific action, as aromatase inhibitor (AI) adjuvant treatment is used to 

reduce local breast E2 to combat breast cancer. However, half of the women who treated 

with AI suffer from AI-associated musculoskeletal syndrome (AIMSS)[145]. AIMSS is 

mainly characterized of AI-associated bone loss and arthralgia due to reduction of BMD 

and weakening muscle strength that detrimentally impact patient life quality and treatment 

adherence[146]. Interestingly, exercise increases local skeletal muscle aromatase 

expression and sex hormone levels in ovariectomized rat which in turn improve their 

BMD[58]. For that we hypothesized that skeletal muscle aromatase overexpression might 

improve metabolic homeostasis and energy expenditure in females preventing them against 

diet-induced obesity and this tissue-specific regulation of aromatase level would not 

potentially affect breast cell proliferation and growth. Interestingly, skeletal muscle 

encompasses 30-40% of human tissue size and 75-85% of glucose disposal occurs in such 

a metabolic active organ on the other hand, our tissue-specific inducible model would not 

affect the AT aromatase expression. To test our hypothesis, we generated a novel inducible 

double transgenic murine model using Tet-on system combined with reverse tetracycline-

controlled transactivator (rtTA) linked to human skeletal actine promoter (HSA). Upon 
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subclinical doxycycline dose administration, aromatase expression will be augmented 

specifically in skeletal muscle of adult female mice. This novel double transgenic model 

will be combined with surgical-induced E2-dficient approach to test the effect of muscle 

aromatase overexpression in E-deficient condition in addition to sufficient status. 

3.2 Method and materials 

Mice: To generate our novel double transgenic mouse model, two transgenic mice 

(C57Bl6 background) were bred. First transgenic mouse (rtTA-HSA), which harbors rtTA 

promoter that drives the expression of (rtTA). Animals were screened by PCR for the 

presence of the rtTA sequence using genomic DNA isolated from tail snips with the 

following primers:F, 5′ATGTCTAGACTGGACAAGAGCAAAG-3′; R, 5′-

TTACCCGGGGAGCATGTC-3′ [147]. Second mouse has tetracycline response element 

Tet-on promoter that drive aromatase expression (Tet-Arom). For genotyping, following 

primers were used: F,  5’- CGAGCTCGGTACCCGGGTCG -3’ and R, 5’- 

CAGGCATGGCTTCAGGCACGA -3’   [148]. When rtTA-HSA+/+ and Tet-Arom+/- mice 

were bred, both rtTA-HSA+/-, Tet-arom+/- and rtTA-HSA+/-, Tet-arom-/- offspring were used 

as experimental and WT littermate control groups, respectively. Doxycycline 

administration (0.1 mg/ml) with drinking water was provided to both groups. In this 

reversable process, only rtTA-HSA+/-, Tet-arom+/- mice will overexpress skeletal muscle 

aromatase upon doxycycline administration.  
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Diet: At 10 weeks of age, animals were randomly assigned to 1 of 4 groups: LFD-

WT, LFD-SkM-Arom↑, HFD-WT, and HFD-SkM-Arom↑ in intact (E2-efficient mice) and 

same groups in Ovx (E2-deficient mice) as well (n= 15-25/group). The LFD utilized in this 

study was open-source, purified AIN-76A diet (3.77 kcal/g). The HFD was a custom-made 

purified HFD (4.57 kcal/g) comprised of 47%, 40%, and 13% of total calories from 

carbohydrates, fat, and protein, respectively, with saturated sat make up 12% of total 

calories in order to mimic the standard American diet (Bio-Serv, Frenchtown, NJ). 

Ovariectomy: For E2-deficient groups, bilateral ovariectomy was done to animals at 

8th week of age   one week recovery time before the study was started. Mice were housed, 

3-5/cage, maintained on 12:12-h light-dark cycle in a low stress environment (22 C, 50% 

humidity, low noise), and given food and water as libitum. All methods were in accordance 

with the American Association for Laboratory Animal Science, and the Institutional 

Animal Care and Usage Committee of the University of South Carolina approved all 

experiments. 

Body weight and body composition  

Body weight was monitored on a weekly basis throughout the study. Body 

composition was assessed after 11 weeks of diet to use lean mass as the basis for the dose 

of glucose and insulin administration for glucose and insulin tolerance tests, respectively. 

For this procedure, mice were briefly anesthetized via isoflurane inhalation, and lean mass, 
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fat mass, and percent body fat were assessed by dual-energy X-ray absorptiometry (Lunar 

PIXImus).        

Metabolic assessments 

Fasting blood glucose and insulin levels were assessed after 12 weeks of dietary 

treatment. After a 5-hour fast, blood samples were collected from the tip of the tail. A 

glucometer (Bayer Contour, Mishawaka, IN) was used to determine blood glucose 

concentrations in whole blood. Collected blood was centrifuged at 4,000 rpm for 

10 minutes at 4°C. Plasma insulin concentrations were analyzed according to the 

manufacturer's instructions using a mouse insulin ELISA kit (Mercodia, Winston Salem, 

NC). Glucose and insulin tolerances tests (GTTs and ITTs, respectively) were performed 

after 12 and 13 weeks of dietary treatment, respectively. For these procedures, mice were 

fasted for 5 hours, and glucose or insulin was administered intraperitoneally at 2 g/kg or 

0.75 U/kg lean mass, respectively. A glucometer (Bayer Contour) was used to measure 

blood glucose concentrations (tail sampling) intermittently over a 2-h period (0, 15, 30, 60, 

90, and 120 minutes) for GTTs and intermittently over a 1-h period (0, 15, 30, 45, and 

60 minutes) for ITTs. Baseline glucose levels were subtracted accordingly, and Area of the 

curve (AOC) was generated as previously described[149]. Area under the curve (AUC) of 

AOC was calculated using the trapezoidal rule. Blood was collected from the tip of the tail 

during the GTT (0, 15, 30, and 60 minutes) to assess the insulin response to the GTT for a 

subset of mice from each group. Fasting serum was collected (using non-heparinized 

capillary tubes) for free fatty acid (FFA) analysis at the 0- and 30-min time points of the 
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ITT to assess insulin's ability to inhibit lipolysis. FFAs were analyzed using a commercially 

available kit according to the manufacturer's instructions (Wako Diagnostics, Richmond, 

VA).     

Tissue collection  

After 13 weeks of dietary treatment, mice were euthanized via isoflurane inhalation 

for tissue collection. Gonadal, mesenteric, and perirenal fat pads, as well as the liver, and 

skeletal muscle (gastrocnemius and quadriceps) were removed, weighed, and immediately 

snap-frozen in liquid nitrogen and stored at −80°C or fixed in 4% formalin until analysis. 

Quantitative real-time PCR  

An EZNA Total RNA Kit (Omega Bio-Tek, Norcross, GA) was used to isolate 

RNA from gonadal adipose tissue. To confirm changes in a subset of genes identified by 

the microarray, we performed qRT-PCR. Bio-Rad reverse transcription reagents and probe 

assays (Bio-Rad, Hercules, CA) were used to reverse transcribe and analyze the expression 

of the following genes in adipose tissue: EMR1, CD11c, CD206, MCP-1, TNFα, and IL-

10, Potential reference genes (HPRT, 18s, GAPDH, β-Actin, HMBS, TBP, H2AFV, and 

B2M) were analyzed for stability using Qbase+software (Biogazelle, Ghent, Belgium) for 

each tissue analyzed. The optimal number of reference genes was determined by Qbase+, 

and the geometric mean of these genes was used as the normalization factor for each 

analysis: gonadal adipose tissue (GAPDH, B2 M, and H2AFV). Gene expression was 

quantified using the ΔΔCT  method and Qbase+software[134].  



 

 

42 
 

Statistical analysis  

Data were analyzed using commercially available statistical software: Prism 9 

(GraphPad Software, La Jolla, CA). A two-way ANOVA (diet x genotype) followed by a 

Tukey post hoc analysis was used for the outcomes analyzed in both E2-efficient and E2-

deficient status, separately. Any statistical test that did not pass the equal-variance test 

(Bartlett's test for equal variances) values were transformed accordingly and then 

reanalyzed.  

3.3 Results  

3.3.1 Novel inducible model successively augments aromatase gene 

expression in skeletal muscle 

To test skeletal muscle aromatase expression, gene expression of aromatase was 

quantified in gastrocnemius muscle. Interestingly, gene analysis revealed that aromatase 

expression significantly increased after 13 weeks of gene activation in SkM-Arom↑ 

animals compared to WT littermates (figure 3.1 A) 

3.3.2 Skeletal muscle aromatase overexpression does not mitigate diet-

induced obesity in females 

Independent to diet formula and E2 status, data collected from different studied 

animal groups fed on corresponding diet revealed that induced overexpression of muscle 

aromatase did not mitigate obesity phenotype in females. Body weight gain (figure3.1 B-
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C), lean mass, total fat mass, body fat percent (figure 3.2 A-B), total visceral fat, and liver 

weight (figure 3.2 C-D) of SkM-Arom↑ females reported same levels as of their 

corresponding WT littermate controls. HFD was the main effect to increase all previous 

outcomes when compared to LFD groups and independent to the estrogen status (P < .05) 

(figure 3.1 and 3.2). 

3.3.3 Skeletal muscle aromatase overexpression increases bone mineralization 

density and promotes uterus mass in females  

Augmentation of muscle Aromatase, independent to diet and E2 status, improved 

BMD in SkM Arom↑ females in whom their genotype was the main effect to increase 

BMD (figure 3.3 A,B). Post-hoc analysis showed that ovx SkM Arom↑ mice registered 

highest BMD levels, independent to diet, when compared to their littermate controls (P < 

.05) (figure 3.3 B). Regarding of uterus size, SkM Arom↑ was the main effect to increase 

the uterus weight in females (figure 3.3 C,D). Post-hoc analysis revealed that intact SkM 

Arom↑ reported heaviest uterus, independent to the diet, (P < .05) (figure 3.3 C). However, 

in ovx mice, both SkM Arom↑ and HFD were the main effect to increase uterus weight 

where SkM Arom↑ ovx on HFD registered heaviest uterus among all other groups (P < 

.05) (figure 3.3 D)  
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3.3.4 Muscle aromatase overexpression does not impact glucose metabolism 

and insulin action in female mice 

Collected data from GTT in intact females revealed that diet is the main effect of 

glucose metabolism as HFD-fed animals showed higher fasting glucose (P < .05) (figure 

3.4 A) and insulin levels (figure 4.1 B) than LFD groups. However, HFD and SkM Arom↑ 

were the main effect to increase the AUC of glucose metabolism of intact females in 

response to glucose administration (figure 3.4 C). Furthermore, intact females on HFD 

showed highest levels of insulin response (AUC) to GTT, independent to the genotype (P 

< .05) (figure 3.4D). Also, systemic glucose response to insulin in ITT showed no effect of 

genotype neither diet among different intact female groups, as no difference in the AUC of 

insulin was observed (figure 3.4E). Similar effect was observed on FFAs levels in both 

baseline and after 30 min of insulin administration (figure 3.4F). However, when ΔFFAs 

between 0- and 30-min time points was assessed, HFD was the main effect to decrease 

insulin inhibitory effect on adipose tissues lipolysis (figure 3.4F). On the Ovx mice, HFD 

was the main effect to increase fasting blood glucose and insulin levels, independent to the 

genotype (figure 3.5 A,B). In addition to the HFD, SkM Arom↑ showed main effect to 

increase fasting blood insulin in Ovx mice (P < .05) (figure 3.5D). Regarding of GTT, data 

analysis revealed that there was a main effect of SkM-Arom↑ to decrease and HFD to 

increase the AUC of glucose metabolism in Ovx mice (P < .05) (figure 3.5C). Post-hoc 

analysis showed that SkM-Arom↑ mice on LFD had significantly the lowest AUC among 

animal groups (P < .05) as indicative of glucose metabolism improvement. Furthermore, 
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HFD was the main effect to increase the AUC of glucose stimulated-insulin response in 

Ovx mice regardless to the genotype (figure 3.5D). Surprisingly, insulin action on 

circulating glucose was significantly decreased (P < .05) in HFD fed- SkM-Arom↑ animals 

compared to WT control (figure 5E). Regarding FFAs level, there was no significant 

differences between the animals in the baseline level, however, 30min time point and 

ΔFFAs levels showed main effect of HFD among experimental groups (figure 5F). 

3.3.5 Skeletal muscle aromatase overexpression decreases M1 macrophage 

gene marker adipose tissue  

To assess macrophage infiltration in adipose tissue, gene expression profile was 

conducted on all experimental groups using qPCR technique. Gene expression analysis of 

both intact and Ovx groups revealed that HFD was the main effect to increase EMR1 

(Macrophage marker) in adipose tissue, independent to the genotype (P < .05) (figure 3.6 

A). However, in intact females, SkM-Arom↑ was the main effect to decrease adipose 

CD11c gene expression (M1 macrophage marker). Post-hoc analysis revealed that muscle 

aromatase overexpression significantly decreased CD11c expression only on HFD fed 

females (P < .05) (figure 3.6 B). On the other hand, in the Ovx mice, HFD and SkM-Arom↑ 

were main effects to significantly decrease CDc11 gene expression in adipose tissue (P < 

.05) (figure 3.6 B). Regarding CD206 (M2 macrophage), there was no significant 

difference in gene expression among different animal groups (figure 3.6 C).  
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3.3.6 Skeletal muscle aromatase overexpression inhibits pro-inflammatory 

markers in adipose tissue  

Gene expression of inflammation markers and cytokines was assessed in adipose 

tissue of the experimental groups. Inflammatory markers gene profile analysis revealed 

that SkM-Arom↑ was the main effect to decrease gene expression of MCP1 and TLR2 in 

intact females (P < .05) (figure 3.7 A,B). in the Ovx mice, HFD and  SkM-Arom↑  were the 

main effect to significantly decrease MCP1 and TLR2 gene expression (P < .05) (figure 

3.7 A,B).  

3.4 Discussion 

Lacking ovarian estrogen production, extragonadal aromatase expression plays a 

pivotal role in process of estrogen biosynthesis in men and postmenopausal women. 

Aromatase gene expression is regulated by tissue-specific promotor activation via different 

splicing process, however, the expressed protein is the same regardless of the splicing 

pattern[150]. At low level in circulation compared to premenopausal time, this 

extragonadal estrogen production doesn’t protect postmenopausal women against obesity, 

metabolic dysfunction, and other health complications such as breast cancer. On the other 

hand, clinical data already confirmed high level of aromatase activity and its product, E2, 

in malignant breast epithelial cells as well as adipose fibroblasts proximal to tumor. Also, 

intra-tumoral E2 level is even higher than plasma concentrations in postmenopausal 

women and higher than normal breast areas[151-153]. Therefore, we proposed that 
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promotion of aromatase activity in peripheral tissue, other than adipose tissue, might 

mitigate diet-induced obesity and metabolic impairment in females. With no noticeable any 

breast tissue changes, our data showed no effect of overexpression of SkM-aromatase on 

total body weight gain, and fat deposition regardless to diet and E2 status among different 

experimental groups compared to their corresponding WT controls. However, we have 

observed systemic effects of E2 increasing as SkM-Arom animals present increasing uterus 

weight and improvement of BMD compared to their WT littermate controls. Previous study 

conducted by Peng et al, in which global aromatase overexpression significantly increased 

circulating E2, decreased total body weight, and elevated  BMD in (AROM+) mouse model 

[154]. It’s worth to note that AROM+ mouse is from birth, hence the effect of high level 

of estrogen on developmental process cannot be rule out. Also, crucial structural and 

functional alterations have been observed in the reproductive organs of AROM+ males. 

Furthermore, Ohlsson et al already studied the effect of adipose tissue aromatase 

overexpression, from birth. They concluded that the females in their model were unsuitable 

for studying the effects of increasing adipose E2 production due to high normal variations 

of circulating E2 and limited amount of the substrate, testosterone. Therefore, Ap2-arom 

females cannot increase their local E2 above the normal levels. Furthermore, increase 

aromatase activity locally in adipose tissue is a perilous approach which might induce 

hyperplastic and dysplastic lesions in female mammary glands[155], hence they focused 

on male only in their study. Even though our transgenic model showed evidence of 

circulating E2 elevation, yet glucose metabolism and insulin sensitivity not improved, 

however, adipose tissue inflammatory markers were significantly decreased. To our 
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knowledge, our findings are first evidence of the regulatory effect of muscle aromatase 

overexpression on adipose tissue inflammation in females by decreasing gene expression 

of pro-inflammatory markers; CD11c, MCP-1, and TLR2. In previous study, Ap2-arom 

males did not present circulating E2 improvement, however, promotion of adipose 

aromatase protected the animals against inflammation and improved their insulin 

sensitivity. Contradictory results regarding E2 circulation between SkM-Arom and Ap2-

arom animals may be due to lipophilic property of E2 which is sequestered inside adipose 

tissue thus, non-detectable levels of circulating E2 have been detected in Ap2-arom 

animals. This might raise a concern regarding potential mammary glands transformation 

might have been observed in the females, thus they were eliminated from the study. The 

necessity of sensitive steroids quantification methodology should be considered for more 

accurate assessment and better evaluate the levels of different estrogen types in SkM-Arom 

females. Furthermore, one of the limitations of our study is that local aromatase level in 

skeletal muscle naturally is very low therefore the splicing promotor action is not enough 

to combat obesity and metabolic dysfunction in females.  In conclusion, promoting of 

aromatase activity in skeletal muscle might be considered in future studies to combat AI- 

associated complications in muscular and skeletal systems as well as decrease adipose 

tissue inflammation in obese postmenopausal women. Also, inducible tissue specific model 

might be a potential approach to genetically or pharmacologically augmentation of 

aromatase activity in different tissues, such as brain, where natural expression originally 

higher than skeletal muscle.        
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Figure 3.1 Skeletal muscle Arom overexpression does not protect females against diet- 

induced weight gain independent to the E2 level. SkM-Arom↑ and WT littermate 

females were either intact or ovariectomized (Ovx), on LFD or HFD, and doxycycline-

treated (DOX) drinking water for 13 weeks (n=15-25/group). A, northern blot of 

Aromatase gene PCR product. B, body weight. C, Δ body weight. Data are presented 

as mean +SEM. Graphs are not sharing same letter are significantly different from one 

another, Two-way ANOVA (Diet X Genotype) was used for multiple comparisons. 

ME= Main effect.  
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Figure 3.2 Skeletal muscle Arom overexpression does not influence fat deposition in 

females. SkM-Arom↑ and WT littermate females were either intact or Ovx, on LFD or 

HFD, and on Dox with drinking water (n=15-25/group). A and B lean mass, total body 

fat mass and Fat% were (analyzed by DEXA at week 11 of diet and Dox treatment). C 

and D, wet weight of Visceral and liver were measured at the time of euthanization. Data 

are presented as mean +SEM. Graphs are not sharing same letter are significantly 

different from one another, Two-way ANOVA (Diet X Genotype) was used for multiple 

comparisons. ME= Main effect. 
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Figure 3.3 Skeletal muscle Arom overexpression enhances BMD and increases uterus 

size independent to diet and estrogen level, evidence of increasing circulating estrogen 

level SkM-Arom↑ and WT littermate females were either intact or Ovx, on LFD or 

HFD, and on Dox with drinking water (n=15-25/group). A and B Bone Density 

mineralization (BMD) was analyzed by DEXA at week 11 of diet and Dox treatment. 

C and D, wet weight of Uterus measured at the time of euthanization. Data are 

presented as mean +SEM. Graphs are not sharing same letter are significantly different 

from one another, Two-way ANOVA (Diet X Genotype) was used for multiple 

comparisons. ME= Main effect. 
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Figure 3.4 Skeletal muscle aromatase overexpression does not regulate glucose 

metabolism and insulin action in intact females. Intact SkM-Arom↑ and WT littermate 

females were on LFD or HFD, and on Dox with drinking water (n=15-25/group). A,B 

fasting (5hrs) blood glucose and insulin, respectively, after 12 weeks of diet and Dox 

administration. C, Glucose tolerance test (GTT) for 2hrs, 30 min intervals, glucose 

baseline subtracted, then the Area Under the Curve (AUC/arbitrary units) is calculated. 

D, Insulin response to GTT at 0,30, and 60 min time points, AUC is calculated 

accordingly. E, insulin tolerance test (ITT), on week 13 of diet, for 1hr (15 min 

intervals), baseline glucose subtracted, then AUC was calculated accordingly. F, FFAs 

analysis at 0 and 30 min after insulin injection in ITT, ΔFFAs of 0 and 30 min 

timepoints was calculated. Data are presented as mean +SEM. Graphs are not sharing 

same letter are significantly different from one another, Two-way ANOVA (Diet X 

Genotype) was used for multiple comparisons. ME= Main effect. 
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Figure 3.5 Skeletal muscle aromatase overexpression does not regulate glucose 
metabolism and insulin action in Ovx females. Ovx SkM-Arom↑ and WT littermate 
females were on LFD or HFD, and Doxycyclin-treated drinking water (n=15-25/group). 
A,B fasting (5hrs) blood glucose and insulin, respectively, after 12 weeks of diet and 
Dox administration. C, Glucose tolerance test (GTT) for 2hrs, 30 min intervals, glucose 
baseline subtracted, then the Area Under the Curve (AUC/arbitrary units) is calculated. 
D, Insulin response to GTT at 0,30, and 60 min time points, AUC is calculated 
accordingly. E, insulin tolerance test (ITT) ,on week 13 of diet, for 1hr (15 min 
intervals), baseline glucose subtracted, then AUC was calculated accordingly. F, FFAs 
analysis at 0 and 30 min after insulin injection in ITT, ΔFFAs of 0 and 30 min timepoints 
was calculated. Data are presented as mean +SEM. Graphs are not sharing same letter 
are significantly different from one another, Two-way ANOVA (Diet X Genotype) was 
used for multiple comparisons. ME= Main effect. 
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Figure 3.6 Skeletal muscle aromatase overexpression decreases M1 macrophage gene 

marker in adipose tissue. Macrophage gene expression in gonadal adipose tissue in both 

intact and Ovx females. A, EMR1. B, CD11c. C, CD206. Data are presented as mean 

+SEM. Graphs are not sharing same letter are significantly different from one another, 

Two-way ANOVA (Diet X Genotype) was used for multiple comparisons. ME= Main 

effect.    
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Figure 3.7 Skeletal muscle aromatase overexpression decreases pro-inflammatory 

gene expression in adipose tissue. Gonadal adipose tissue in both intact and Ovx 

females. A, MCP-1. B, TLR2. Graphs are not sharing same letter are significantly 

different from one another, Two-way ANOVA (Diet X Genotype) was used for 

multiple comparisons. ME= Main effect.     
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CHAPTER FOUR

  

Skeletal muscle ERα overexpression ameliorates HFD-induced obesity and 

metabolic dysregulation in females independent to the estrogen status  

4.1 Introduction  

Broadly expressed in many organs and tissues such as central nervous system, 

skeletal muscle, adipose tissues, liver, and immune cells, role of ERα in metabolism and 

energy homeostasis have been investigated extensively. Deletion of ERα, globally, have 

shown that estrogen, acting via ERα, regulates glucose homeostasis and insulin sensitivity. 

Also, females are lacking ERα action develop central obesity with increase white AT and 

weight gain due to reductions in energy expenditure as well[105, 112]. However, in context 

of whether ERα mechanism action is a central and/or peripheral mechanism, tissue 

dissection approach to studying ERα using mice with conditional deletion allele had 

opened new horizons to researchers to delineate unique aspects and novel findings of ERα 

biology in a tissue-specific context[96, 114]. Clinical observational findings indicated that 

ERα expression levels were reduced in skeletal muscle of women with metabolic syndrome 

and the ERα level were inversely correlated with adiposity and fasting insulin. Remarkably, 

similar findings were observed across several strains of inbred female mice as well as 
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genetically induced-obese mice[106]. Hevener and her colleagues successively induced 

skeletal muscle (SkM)- specific deletion of ERα in MERK murine model. Major findings 

confirmed that MERK females showed insulin signaling impairment and high fat 

accumulation due to mitochondrial malfunction. Similar metabolic phenotype had been 

reported when global ERα KO mouse model was utilized. However, ERα deletion in both 

animal models, global ERα KO and MERK, were from birth and were confounded by 

altered developmental programing. Also, secondary side effects of ERα deletion from birth 

might significantly affect the interpretation of the results. Therefore, inducible deletion of 

SkM ERα approach was proposed by Spangenburg et al using tamoxifen to induce SkM 

ERα deletion in ERαKOism females[122]. Their results were contradicting Hevener 

findings as they found that muscle ERα was not required for regulation of muscle insulin 

sensitivity and mitochondrial function. However, further, and careful analysis of 

ERαKOism model uncovered to us two major problematic issues. First, tamoxifen is one 

of selective estrogen receptor modulator (SERM) that is used to treat breast cancer in 

premenopausal women[156, 157]. Therefore, using a SERM molecule as an inducer of a 

deletion transgenic system to study role or ERα is considered as an uncertain approach. 

Second, according to their model design, Spangenberg and his colleagues were obligated 

to administer Tamoxifen only to experimental group, not to their littermate control. Thus 

direct and/or indirect effect of tamoxifen on muscle physiology cannot be ruled out which 

put their approach as a questionable issue[123]. Furthermore, both SkM- ERα KO 

approaches, from birth and inducible, have tested the mechanistic pathways of loss of 

muscle ERα function involved in global metabolism and energy homeostasis. To our 

knowledge, gain of function approach have not been done yet by any other group. Thus, 
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using a non-tamoxifen inducible model to specifically overexpress SkM-ERα is a novel 

and more therapeutically relevant model. Also, novel therapeutic molecular targets may be 

uncovered to combat diet-induced obesity in women. Therefore, we developed an inducible 

double transgenic model which has rtTA transgene linked to HSA promoter and Tet operon 

which control ERα expression. In HSA- rtTA +/-, Tet-ERα+/- mice, administration of 

doxycycline with drinking water will activate rtTA molecule, in skeletal muscle only, to 

augment SkM ERα expression. Wild type littermate control had been equally treated with 

doxycycline as well. Our central hypothesis focuses on overexpression of SkM ERα will 

beneficially improve global glucose metabolism and enhance insulin sensitivity which in 

turn will combat diet-induced obesity in females.  

4.2 Method and materials 

Mice: To generate our novel double transgenic mouse model, two transgenic mice 

(C57Bl6 background) were bred. First transgenic mouse harbors human skeletal actin 

(HSA) promoter that drive the expression of reverse tetracyclin-controled transactivator 

(rtTA) (rtTA-HSA)[147]. Second mouse has tetracycline response element Tet-on 

promoter that drive ERα (Tet-ER)[148]. Animals were screened by PCR for the presence 

of the target sequence using genomic DNA isolated from tail snips with the following 

primers: for rtTA-HSA; F, 5′-ATGTCTAGACTGGACAAGAGCAAAG-3′; R, 5′-

TTACCCGGGGAGCATGTC-3′. For Tet-ER; For Tet-ER; F, 5′-

CGAGCTCGGTACCCGGGTCG-3’, R 5’-GAACACAGTGGGCTTGCTGTTG-3’.     

When rtTA-HSA+/+ and Tet- ERα +/- mice were bred, both rtTA-HSA+/-, Tet- ERα +/- and 

rtTA-HSA+/-,Tet- ERα -/- offspring were used as experimental and WT littermate control 
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groups, respectively. Doxycycline administration (0.1 mg/ml) with drinking water was 

provided to both groups. In this reversable process, only rtTA-HSA+/-, Tet- ERα +/- mice 

will overexpress skeletal muscle ERα upon doxycycline administration.  

Diet: At 10 weeks of age, animals were randomly assigned to 1 of 4 groups: LFD-

WT, LFD-SkM- ERα ↑, HFD-WT, and HFD-SkM- ERα ↑ in intact (E2-efficient mice) and 

same groups in Ovx (E2-deficient mice) as well (n= 15-25/group). The LFD utilized in this 

study was open-source, purified AIN-76A diet (3.77 kcal/g). The HFD was a custom-made 

purified HFD (4.57 kcal/g) comprised of 47%, 40%, and 13% of total calories from 

carbohydrates, fat, and protein, respectively, with saturated sat make up 12% of total 

calories in order to mimic the standard American diet (Bio-Serv, Frenchtown, NJ). 

Ovariectomy: For E2-deficient groups, bilateral ovariectomy was done to animals 

at 8th week of age   one week recovery time before the study was started. Mice were housed, 

3-5/cage, maintained on 12:12-h light-dark cycle in a low stress environment (22 C, 50% 

humidity, low noise), and given food and water as libitum. All methods were in accordance 

with the American Association for Laboratory Animal Science, and the Institutional 

Animal Care and Usage Committee of the University of South Carolina approved all 

experiments. 

Body weight and body composition  

Body weight was monitored on a weekly basis throughout the study. Body 

composition was assessed after 11 weeks of diet to use lean mass as the basis for the dose 

of glucose and insulin administration for glucose and insulin tolerance tests, respectively. 
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For this procedure, mice were briefly anesthetized via isoflurane inhalation, and lean mass, 

fat mass, and percent body fat were assessed by dual-energy X-ray absorptiometry (Lunar 

PIXImus).   

Food- intake assessment:  

To assess food-intake in this model, the animals were single-housed and ad libitum 

HFD with free access to water and body weight and food intake were weekly recorded, 

then body weight difference of beginning day vs end day was calculated as well as total 

Kcal consumption was calculated accordingly.     

Metabolic assessment 

Fasting blood glucose and insulin levels were assessed after 12 weeks of dietary 

treatment. After a 5-hour fast, blood samples were collected from the tip of the tail. A 

glucometer (Bayer Contour, Mishawaka, IN) was used to determine blood glucose 

concentrations in whole blood. Collected blood was centrifuged at 4,000 rpm for 

10 minutes at 4°C. Plasma insulin concentrations were analyzed according to the 

manufacturer's instructions using a mouse insulin ELISA kit (Mercodia, Winston Salem, 

NC). Glucose and insulin tolerances tests (GTTs and ITTs, respectively) were performed 

after 12 and 13 weeks of dietary treatment, respectively. For these procedures, mice were 

fasted for 5 hours, and glucose or insulin was administered intraperitoneally at 2 g/kg or 

0.75 U/kg lean mass, respectively. A glucometer (Bayer Contour) was used to measure 

blood glucose concentrations (tail sampling) intermittently over a 2-h period (0, 15, 30, 60, 

90, and 120 minutes) for GTTs and intermittently over a 1-h period (0, 15, 30, 45, and 
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60 minutes) for ITTs. Baseline glucose levels were subtracted accordingly, and Area of the 

curve (AOC) was generated as previously described[149]. Area under the curve (AUC) of 

AOC was calculated using the trapezoidal rule. Blood was collected from the tip of the tail 

during the GTT (0, 15, 30, and 60 minutes) to assess the insulin response to the GTT for a 

subset of mice from each group. Fasting serum was collected (using non-heparinized 

capillary tubes) for free fatty acid (FFA) analysis at the 0- and 30-min time points of the 

ITT to assess insulin's ability to inhibit lipolysis. FFAs were analyzed using a commercially 

available kit according to the manufacturer's instructions (Wako Diagnostics, Richmond, 

VA).     

Tissue collection  

After 13 weeks of dietary treatment, mice were euthanized via isoflurane inhalation 

for tissue collection. Gonadal, mesenteric, and perirenal fat pads, as well as the liver, and 

skeletal muscle (gastrocnemius and quadriceps) were removed, weighed, and immediately 

snap-frozen in liquid nitrogen and stored at −80°C or fixed in 4% formalin until analysis. 

Statistical analysis  

Data were analyzed using commercially available statistical software, GraphPad 

Prism 9 (GraphPad Software, La Jolla, CA). A two-way ANOVA (diet x genotype) 

followed by a Tukey post hoc analysis was used for the outcomes analyzed in both E2-

efficient and E2-deficient status, separately. Any statistical test that did not pass the equal-

variance test (Bartlett's test for equal variances) values were transformed accordingly and 

then reanalyzed. 
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4.3 Results:  

4.3.1 Skeletal muscle ERα gene and protein expression were elevated in novel 

inducible SkM- ERα ↑ model after 7 days of doxycycline administration 

To assess the efficiency of our novel model promoting SkM-ERα, gene, and protein 

expression of gastrocnemius SkM-ERα were significantly increased after seven days of 

doxycycline administration to SkM- ERα↑ mice compared to non-treated animals (P < .05) 

(figure 4.1A).  

4.3.2 SkM-ERα overexpression ameliorates diet-induced obesity in females 

independent to E2 status  

Induced SkM-ERα overexpression protects HFD-fed females against diet-induced 

body weight gain (figure 4,1B). Post-hoc analysis revealed that intact SkM- ERα ↑   females 

gained significantly less weight than littermate WT controls (P < .05) (figure 4.1B). This 

outcome was more obvious in the Ovx mice as SkM- ERα ↑ and HFD were the main effects 

to reduce body weight. Post-hoc analysis showed that Ovx SkM- ERα ↑mice gained as 

much as LFD-animals and significantly less than their counterpart controls (P < .05) (figure 

4.1C). Furthermore, body composition analysis showed main effect of genotype and HFD 

to decrease all body composition parameters (P < .05) (figure 4.2). Post-hoc analysis 

confirmed that SkM- ERα↑ significantly decreased lean mass, fat mass, as well as fat mass 

% compared to their corresponding WT counterparts and independent of E2 status (P < 

.05) (figure 4.2 A,B). Regarding of visceral fat and liver weights, post-hoc analysis 

revealed that intact SkM-ERα↑ females on HFD significantly had lower levels than their 
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counterpart WT control (P < .05) (figure 4.3 A,B). For the Ovx mice, HFD and SkM- ERα↑ 

were the main effects to decrease visceral fat and liver weights (P < .05) (figure 4.3 C,D). 

Post-hoc analysis revealed that liver weight levels were significantly decreased in Ovx 

SkM- ERα ↑ animals, independent of the fed diet (P < .05) (figure 4.3 C).  

4.3.3 Muscle ERα overexpression does not affect food intake and total 

consumed calories 

In order to assess the animal feeding behavior, food intake study was conducted on 

single housed ad libitum HFD-fed animals. Collected data revealed that SkM-ERα↑ animals 

gained significantly less weight compared to WT littermate control mice after 8 weeks of 

HFD feeding (P < .05) (figure 4.4 A). Also, data analysis revealed that weekly food intake 

as well as total kcal consumption were not changed in SkM- ERα↑ animals compared to 

their littermate controls.  

4.3.4 SkM-ERα overexpression improves glucose metabolism and decreases 

fasting blood insulin levels in females independent to E2 status  

Metabolic test GTT was done to asses global glucose metabolism after 12 wks of 

diet treatments among different female groups (figure 4.5 A,F). Data analysis revealed that 

there was main effect of  SkM-ERα↑ to decrease, and inversely HFD to increase, the AUC 

of glucose metabolism in intact females  (P < .05). Post-hoc analysis showed that SkM-

ERα↑ females exhibited significantly lowest AUC levels of glucose metabolism 

independent to the fed-diet (figure 4.5 B). Same relationship was found regarding of fasting 

blood glucose and insulin levels (figure 4.5 C,E). Post-hoc analysis revealed that SkM-
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ERα↑ significantly decreased fasting blood glucose only in HFD animals when compared 

to their WT littermate controls (P < .05). Furthermore, SkM-ERα↑ significantly decreased 

fasting insulin levels independent to the fed-diet compared to the counterpart WT controls 

(P < .05) (figure 4.5 E).    In the Ovx mice, GTT data analysis revealed that SkM-ERα↑ 

was the main effect to decrease the AUC of glucose metabolism (figure 4.5 G). Post-hoc 

analysis showed that Ovx SkM-ERα↑ mice exhibited the lowest AUC levels when 

compared to their WT controls and independent to the diet (P < .05). Also, main effect of 

HFD and SkM-ERα↑ were observed to decrease fasting blood glucose and insulin levels 

among different experimental groups (P < .05) (figure4.5  H,I) . Post-hoc analysis found 

that SkM-ERα↑ in HFD significantly decreased fasting blood insulin when compared to 

their corresponding WT controls (P < .05) (figure 4.5 I).     

4.3.5 Insulin action was improved after promotion of SkM-ERα in intact but 

not Ovx animals, however, Adipose tissue lipolysis was inhibited regardless 

of E2 and diet  

Insulin sensitivity was assessed after 13 weeks of diet treatment among different 

animal groups (figure 4.6 A,C). Data analysis of ITT revealed that SkM-ERα↑ was the main 

effect to decrease the AUC of insulin action in the intact females (P < .05) (figure4.6 A). 

However, in the Ovx mice no changes on insulin action were detected among the studied 

groups (figure4.6 B). Regarding blood concentration of FFAs levels, in intact females, 

there were main effects of SkM-ERα↑ to decrease, and HFD to increase, FFAs among 

animal groups. Post-hoc analysis revealed that HFD-fed  SkM-ERα↑  registered significant 

decreasing of FFA levels in both baseline and 30 min time points when compared to their 



 

 

68 
 

littermate controls (P < .05) (figure4.6 B). However, when ΔFFAs was calculated, there 

was no change between different intact female groups. On the other hand, Ovx mice data 

analysis did not show change in the AUC of insulin action among different test groups 

(figure 4.6 C). Regarding blood concentration of FFAs levels, Ovx mice data analysis 

showed main effects of SkM-ERα↑ and LFD to increase baseline FFAs levels among 

different groups (P < .05) (figure4.6 D). Interestingly, when ΔFFAs was calculated, data 

analysis showed that SkM-ERα↑ and LFD were the main effects to increase the inhibitory 

effect of insulin on adipose tissue lipolysis (P < .05) (figure4.6 D).  

4.4 Discussion 

 Role of ERα in metabolism and energy balance was discovered and studied for long 

time. It has been established that ERα by several potential mechanism controls glucose 

metabolism, insulin action, and mitochondrial activity[93, 96, 105]. Furthermore, SkM-

ERα confirmed same action as global ERα which have been reported using global and 

tissue specific Era deletion models. Also, clinical data suggested inverse correlation 

between SkM-ERα level and obesity in women regardless to their E2 level[106]. However, 

major discrepancies and contradicting data were collected from different SkM-ERα 

transgenic models which lead to question the exact role of SkM-ERα on regulating 

metabolism and obesity in females. As MERKO mice by Hevener et al have confirmed the 

regulatory function of SkM-ERα in glucose metabolism and mitochondrial function 

combating diet-induced obesity. On the other hand, ERαKOism mouse by Spangenburg et 

al showed no beneficial effect of SkM-ERα on insulin sensitivity and glucose 

metabolism[105, 106, 122]. Two major limitations were discovered in previous works 
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which might be the reason for these contradicting findings and uncertain conclusions. In 

MERKO model, the SkM-ERα is deleted from birth which is considered a profound factor 

on developmental program of skeletal muscle. On the other hand, ERαKOism used 

tamoxifen (a SERM molecule that prevents ERα-mediated action) to induce SkM-ERα 

deletion. Furthermore, according to our knowledge, none of previous work have used gain 

of ERα function approach. Therefore, using an inducible non-tamoxifen model might be a 

solution to such generated contradicting observations. Therefore, we generated an 

inducible novel transgenic mouse model that for first time employed gain of function of 

SkM-ERα to combat diet-induced obesity in female mice. Furthermore, testing our 

approach in different E2 status and on animals fed on different purified diet were part of 

our main goals for better understanding of SkM-ERα role in metabolism and energy 

balance. In order to concrete our findings, we utilized littermate controls and large sample 

size (n=15-25). Our results regarding inducible overexpression of SkM-ERα agree with 

Hevner et al study who found that deletion of SkM-ERα from birth promotes obesity and 

metabolic dysfunction in female mice. Importantly, our data concluded the power of SkM-

ERα regulating whole body weight and metabolism regardless to the global estrogen level 

as well as fed diet. Also, among the study, general health status was monitored either by 

doing several function tests, such as complete blood count CBC, or global navigation of 

internal organs at euthanizing time. All SkM-ERα animals look healthy with 100% survival 

rate over time of the study. However, doxycycline dose response study is necessary to be 

done, ongoing study, to optimize best physiological SkM-ERα expression to accomplish 

proposed phenotype with no potential side effects. Our collected data in the Ovx mice 

confirmed that independent to the ligand (E2), SkM-ERα overexpression combats diet-
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induced obesity and metabolic dysregulation. These data led us to reconsider the 

importance of ERs vs E2 in regulation of metabolism in females and further investigation 

is required to uncover potential mechanistic pathways downstream of SkM-ERα. To our 

knowledge, loss of ligand-dependency of ERα activation has been observed only in human 

breast cancer cell lines and in some murine breast cancer models [158-161]. However, our 

data provided first evidence of role of SkM-ERα in regulating of metabolism independent 

to E2 status. To exclude extragonadal estrogen that Ovx mice have, it’s interesting to assess 

the effect of our inducible SkM-ERα↑ model on another E2-dedeicent background such as 

Arom KO model. Also, mechanistic In vitro studies using various ERα mutants are 

required to uncover a potential non-estrogen ligand might activate SkM-ERα. A limitation 

of our study is that we did not measure systemic ERα in serum after 13 weeks of SkM-ERα 

induction to find any potential leaking of the receptor into another organ which might be 

the direct or indirect cause of the observed phenotype. Also, for better understanding and 

reveal a new mechanistic pathways, muscle, and adipose tissues gene microarray analysis 

should be considered and the outcomes could be utilized in additional In vitro works on 

primary myotubes cell cultures. Also, for better understanding of behavioral, feeding, and 

specific fuel oxidation, indirect calorimetric metabolic cage system needs to be used for 

continuous real-time thorough analyses and assessments. Based on our findings, our novel 

transgenic inducible mouse model showed for the first time the power of SkM-ERα in 

regulating whole body weight, fat deposition and distribution, without effecting food intake 

and food consumption suggesting a peripheral mechanism of ERα action on metabolism. 

Also, SkM- ERα overexpression has the power to enhance global glucose metabolism as 

well as insulin action, even in lower level of insulin than WT controls by preventing 
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lipolysis as FFAs analysis showed. Finally, this novel inducible transgenic mouse model 

might be utilized to control tissue specific ERα expression either in loss or gain function 

protocols and in other different tissues such as adipose tissues or brain using appropriate 

specific promoter.        
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Figure 4.1 Skeletal muscle ERα overexpression protect females against diet-induced 

weight gain independent to the estrogen level. SkM-ERα↑ and WT littermate females 

were either intact or ovariectomized (Ovx), on LFD or HFD, and doxycycline-treated 

(DOX) drinking water for 13 weeks (n=15-25/group). A, ERα gene (qPCR) and protein 

expression (IHC and WB) in skeletal muscle after 7-days of Dox treatment. B, body 

weight and Δ body weight after 13 weeks of diet treatment for intact females. C, body 

weight and Δ body weight after 13 weeks of diet treatment for Ovx females. Data are 

presented as mean +SEM. Graphs are not sharing same letter are significantly different 

from one another, Two-way ANOVA (Diet X Genotype) was used for multiple 

comparisons. ME= Main effect. 
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Figure 4.2 Skeletal muscle ERα overexpression decreases total fat mass and fat 

percentage regardless to the estrogen status. SkM-ERα↑ and WT littermate females were 

either intact or ovariectomized (Ovx), on LFD or HFD, and doxycycline-treated (DOX) 

drinking water for 13 weeks (n=15-25/group). Lean mass, total body fat mass, and Fat% 

were analyzed by DEXA at week 11 of diet and Dox treatment for intact A, and Ovx B. 

Data are presented as mean +SEM. Graphs are not sharing same letter are significantly 

different from one another, Two-way ANOVA (Diet X Genotype) was used for multiple 

comparisons. ME= Main effect. 
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Figure 4.3 Skeletal muscle ERα overexpression significantly decreases total visceral 

weight and liver weight regardless to estrogen level. Wet weight of Visceral and liver 

were measured at the time of euthanization for intact females A and B, and Ovx females 

C and D. Data are presented as mean +SEM. Graphs are not sharing same letter are 

significantly different from one another, Two-way ANOVA (Diet X Genotype) was 

used for multiple comparisons. ME= Main effect. 
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Figure 4.4 Skeletal muscle ERα overexpression does not affect food intake and total 

calories consumption even though SkM ERα positive gains less weight than WT. SkM-

ERα↑ and WT littermate females were single-housed and fed on HFD Ad Libitum and 

doxycycline-treated water for 8 weeks (n= 5-7 mice/group). A, body weight registration. 

B, Δ body weight calculation. C, weekly food intake in gram. D, Total Kcal 

consumption. A two-tailed student's t test used for statistical comparisons (* = P<.05).       
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Figure 4.5 Skeletal muscle ERα overexpression enhances glucose metabolism 

independent to estrogen status and diet and decreases circulating fasting insulin level. 

Both intact and Ovx SkM- ERα↑ and WT littermate females were on LFD or HFD, and 

Doxycyclin-treated drinking water (n=15-25/group). Glucose tolerance test (GTT) for 

2hrs, 30 min intervals, after 12 weeks of diet and Dox administration, glucose baseline 

subtracted (for intact, A) and (for Ovx, F). The Area Under the Curve (AUC/arbitrary 

units) is calculated (For intact, B) and (for Ovx, G). For intact females, C and E, fasting 

(5hrs) blood glucose and insulin, respectively, and H and I for Ovx females. Data are 

presented as mean +SEM. Graphs are not sharing same letter are significantly different 

from one another, Two-way ANOVA (Diet X Genotype) was used for multiple 

comparisons. ME= Main effect. 
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Figure 4.6 Skeletal muscle ERα overexpression increases global insulin sensitivity in 

intact females independent to the diet and significantly enhances insulin’s inhibitory 

effect on lipolysis in Ovx mice. Insulin tolerance test (ITT), on week 13 of diet, was 

conducted for 1hr after IP insulin injection (15 min intervals), baseline glucose 

subtracted, then AUC was calculated accordingly for intact females A, and Ovx 

females C. B and D, FFAs analysis at 0 and 30 min after insulin injection in ITT, ΔFFAs 

of 0 and 30 min timepoints was calculated. Data are presented as mean +SEM. Graphs 

are not sharing same letter are significantly different from one another, Two-way 

ANOVA (Diet X Genotype) was used for multiple comparisons. ME= Main effect. 
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CHAPTER FIVE 

 

CONCLUSIONS 

 

Utilizing various transgenic and surgical animal models, we show that estrogen 

deficiency as well as skeletal muscle ERa and aromatase overexpression have differing 

effects on the development of the obese phenotype. In the first aim, we utilized two 

different estrogen-deficient models to determine the impact that congenital estrogen 

deficiency (Arom KO) versus adult estrogen deficiency (OVX) has on obesity 

development. We found that both models led to similar degrees of body weight gain, 

however, the Arom KO mice presented with greater metabolic dysfunction and adipose 

tissue inflammation than the OVX model.  Furthermore, our data suggests that the 

estrogen-deficient increase in adiposity is largely driven by decreased physical activity 

rather than changes in food intake. 

In the second and third aims, we created novel inducible models to overexpress 

aromatase and ERα, separately, in the skeletal muscle.  These models were designed to 

address critical limitations in previous work. We found that overexpression of skeletal 

muscle aromatase improves bone mineralization and limits adipose tissue inflammation in 

female mice. However, diet-induced obesity and metabolic dysregulation were not 
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ameliorated in our novel transgenic model. On the other hand, our data showed the power 

of skeletal muscle ERα overexpression to combat adiposity and significantly improve 

glucose metabolism and insulin sensitivity independent of estrogen status. Our findings 

suggest that either another ligand, other than estrogen, is responsible for activating the ERα 

pathway or a non-ligand activation mechanism was promoted to induce the observed 

phenotype. Therefore, further investigations are required to explore potential mechanistic 

pathways downstream of ERα activation. Furthermore, the power of inducible transgenic 

models can be further employed and developed in different tissues to promote/delete target 

molecules of interest in preclinical murine models.  
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