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ABSTRACT 

Metabolic disease risk rapidly escalates following menopause. The mechanism is not 

fully known, but likely involves reduced signaling through Estrogen Receptor a (ERa) which is 

highly expressed in brown (BAT) and white AT (WAT). Objective: Test the hypothesis that 

uncoupling protein (UCP1) activation via CL316,243 effectively mitigates metabolic dysfunction 

due to loss of signaling through ERa. Methods: At 8 weeks of age, female ERa knock-out (KO) 

and wild-type (WT) mice were co-housed at 28°C and fed a Western high-fat diet for 10 weeks. 

They were given daily intraperitoneal injections of CL 316,243 (CL), a selective b3 adrenergic 

agonist, or vehicle control (CTRL) during the final two weeks, creating 4 groups: WT-CTRL, 

WT-CL, KO-CTRL, KO-CL; n=10/group. Comparisons were made for body weight (BW), 

adiposity (EchoMRI), food intake, energy expenditure (EE) and spontaneous physical activity 

(SPA) (metabolic chambers), insulin resistance (IR) (HOMA-IR, glucose area under the curve 

during insulin tolerance test (AUC)), and AT phenotype (histology, gene (rtPCR) and protein 

(Western blot) expression). Statistics: Two-way ANOVA for main effects of genotype (G), CL 

(T), and GxT interactions; significance set at P<0.05. Results: Fourteen days CL treatment 

increased AT UCP1 gene and protein expression in both WT and KO, and normalized ERaKO-

induced increases in BW and adiposity (both GxT, P<0.05) by increasing resting EE (REE/g 

BW) (T P<0.05) since neither energy intake (kcal/week/g BW) or SPA were affected. Higher 

HOMA-IR in ERaKO was normalized by CL, but unchanged in WT (GxT, P<0.05). Similarly, 

greater glucose AUC in KO (G P=0.01) was normalized, and also reduced in WT (T, P=0.018) 

with CL administration. CL did not reduce perigonadal (PGAT) inflammatory gene expression, 
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which was greater in KO (Tnfa, Cd11c, F480; all G P<0.05), but did increase adiponectin and 

markers of mitochondrial biogenesis (Pgc1a, Tfam) in WT and KO (T, P<0.05). Conclusions: 

CL completely normalized metabolic dysfunction in ERaKO mice. UCP1 may be a therapeutic 

target for treating metabolic dysfunction following hormone loss. The mechanism appears 

independent of ERa availability and/or reduced AT inflammation.
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CHAPTER 1: INTRODUCTION 

Obesity has become a world-wide epidemic; currently, around 200 million adult men and 

300 million adult women are obese [1]. The United States has been especially affected by this 

epidemic, as 36% of US adults and 17% of children are classified as obese [2]. Obesity has a 

number of comorbidities, and the onslaught of the obesity epidemic has spiked rates of chronic 

diseases such as type 2 diabetes, heart disease, hypertension, non-alcoholic fatty liver disease, 

cancers, and stroke [1]. Currently, annual health care costs associated with obesity-related 

illnesses are estimated to equal $190.2 billion, representing approximately 21% of all medical 

expenditures in the United States [3]. Unfortunately, these numbers are on the rise, as 50% of the 

US population is predicted to be obese by 2030 [4]. 

Amidst this crisis, there are sub-populations of particular concern, one of which being 

post-menopausal women. Post-menopausal women are three times as likely to be obese than pre-

menopausal women [5]. Indeed, menopause is associated with 2-2.5 kg increase in body weight 

every three years [6]. Consequently, 65% of post-menopausal women are overweight or obese, 

with around 30% being obese [7-11]. For most women, the onset of menopause occurs between 

45-52 years of age [12, 13]; with increasing life expectancy, women are living longer post-

menopause than ever before, spending one half to one third of their lives post transition [14, 15]. 

Thus, high rates of weight gain and obesity in this population has become a critical public health 

concern.  
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The rate of obesity in post-menopausal women is largely attributed to the dramatic 

change in hormonal milieu, specifically the reduction in ovarian estrogen (E2). Although general 

aging certainly plays a role in the detriment of metabolic health, longitudinal comparisons of 

age-matched menopausal and non-menopausal women revealed menopause was associated with 

significant increases in total and visceral fat [16-20]. In fact, it has been observed that a reduction 

in E2 signaling can increase adiposity [21], which can be attenuated with exogenous E2 treatment 

[16]. Indeed, post-menopausal women often exhibit a number of attributes of metabolic 

syndrome. Metabolic syndrome is defined as a cluster of symptoms indicative of metabolic 

disease risk such as abdominal obesity, elevated fasting glucose, hyperlipidemia, low high 

density lipoprotein, and hypertension. Menopause is associated with increased risk for visceral 

adiposity, including insulin resistance (IR) or diabetes mellitus, hypertension, proatherogenic 

lipid profile, and cardiovascular diseases [8, 22, 23]. 

E2 exerts its effects through both nuclear receptors (estrogen receptor ⍺ (ER⍺) and 

estrogen receptor b (ERb) [24]), as well as plasma membrane receptors (G-protein estrogen 

receptor (GPER) [25], however it is believed to be reduction of ER⍺ signaling that is responsible 

for metabolic decline [26-31]. Reduction of ER⍺ signaling has been linked to obesity in both 

sexes [32], and ER⍺ ablation in rodents induces obesity and IR [14]. ER⍺ knock-out (KO) 

animals develop high fat diet (HFD)-induced glucose intolerance, unlike wild-type littermates 

[33].  

Adipose tissue (AT) is now appreciated for its role in systemic health; indeed, AT serves 

both an endocrine and bone fide immune organ function. AT inflammation can impair systemic 

metabolism, particularly insulin sensitivity [34]. Additionally, AT phenotype can be predictive of 
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systemic health. Recently it has been discovered that adult humans possess brown AT (BAT), the 

presence of which correlates inversely with obesity and metabolic disease [35]. BAT is the main 

source of non-shivering, adaptive thermogenesis in mammals, which is facilitated by BAT’s 

signature protein, uncoupling protein 1 (UCP1). UCP1 enables thermogenesis by abolishing the 

proton gradient established in the mitochondrial electron transport chain, consequently releasing 

energy as heat and creating an energetic inefficiency [36]. Increasing BAT abundance or UCP1 

activity has been shown to reverse IR, reduce body mass, and enhance plasma triglyceride 

clearance [37]. Additionally, UCP1 ablation impairs insulin sensitivity in independent of changes 

in body weight [38, 39]. 

It is now known that traditional, non-thermogenic white AT (WAT) phenotype can be 

modified to become more “brown-like”; certain stimuli, such as those activating the sympathetic 

nervous system, like cold exposure or b3-adrenergic stimulation, can induce the development of 

UCP1-expressing thermogenic cells in WAT depots [40]. These “brown-like” thermogenic cells 

are commonly known as beige or brite adipocytes [41]. Beige adipocytes have been identified in 

humans, and are similar to brown adipocytes in that they exhibit more mitochondria and energy 

consumption relative to WAT [42]. The infiltration of beige adipocytes in WAT depots is known 

as “AT browning,” and has sparked interest in the scientific community as a potential therapeutic 

for obesity and metabolic diseases.  

There is some circumstantial evidence that suggests E2 signaling through ER⍺ may 

influence BAT and AT browning. Pre-menopausal women have more BAT [43, 44] and a greater 

capacity to induce UCP1 than men [45, 46]. Similarly, the reduction of E2 signaling decreases 

BAT abundance [47]. We found that UCP1 ablation in conjunction with OVX in rodents 
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exacerbates metabolic dysfunction and IR (Journal of Endocrinology, in review). There is also 

evidence to suggest E2 signaling can potentiate or facilitate AT browning [47-52]. That is, E2 

signaling regulates transcription of adrenergic receptors in adipocyte [47]. In addition, E2 

suppresses transcription of ⍺2 adrenergic receptor, and thus decreases ⍺2/β3 adrenergic receptor 

ratio, sensitizing adipocytes to sympathetic signaling and possibly facilitating beiging [48, 49].  

We sought to understand the relationship between ovarian hormones and BAT’s 

signature protein, UCP1, and how this relationship influences metabolic health. In our first study, 

we investigated the metabolic effects of UCP1 ablation in conjunction with OVX, and found 

UCP1 ablation had additive effects to OVX, causing exacerbated impairments in glucose 

metabolism and increased adiposity (Journal of Endocrinology, in review) (Appendix). To 

further understand the mechanism behind these observations, we conducted a pilot study in 

which we pharmacologically increased UCP1 expression using known b3 adrenergic receptor 

agonist disodium (R,R)-5-[2-[[2-(3-chlorophenyl)-2-hydroxyethyl]amino]propyl]-1,3-

benzodioxole-2,2-dicarboxylate (CL 316,243) in ERaKO mice. We found acute CL 316,243 

administration to induce AT browning in both WT and ERaKO, with ERaKOs having a 

superior response to WTs; exhibiting greater UCP1 protein expression in response to CL 316,243 

(Chapter 3: Preliminary Studies). The above studies led to this thesis, where I investigated the 

effectiveness of CL treatment to rescue HFD-induced metabolic dysfunction in ERaKO and WT 

mice. 

 

CHAPTER 2: LITERATURE REVIEW 
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The history of treating menopause-induced metabolic dysfunction. 

The decline of ovarian hormones following menopause increases risk for metabolic 

syndrome; indeed, post-menopausal women are three times as likely to be obese than their pre-

menopausal counterparts [5] and 65% of post-menopausal women are overweight or obese, with 

approximately 30% being obese [7-11]. Furthermore, post-menopausal women are at heightened 

risk for chronic diseases such as diabetes, cardiovascular diseases, osteoporosis, and cancer [50, 

51]. The suspected cause of metabolic disease risk is the drastic reduction of ovarian E2 

associated with menopause. E2 replacement has been shown to reverse metabolic syndrome in 

post-menopausal women [52] and ovariectomized (OVX) rodents [16]. The efficacy and safety 

of E2 treatment through hormone replacement therapy (HRT) in preventing these diseases was 

first tested in the Women’s Health Initiative (WHI) in the 1993. The WHI was a 15-year study 

with 206,241 participants; it was comprised of three main objectives: assessment of hormone 

replacement therapy, dietary modifications, and calcium and vitamin D supplementation on 

reducing aforementioned chronic diseases. Hormone replacement treatment groups were either 

placebo, E2 + progesterone, or E2 alone. The original design for the HRT component of the study 

included a 9-year follow up period. However, observations of increased risk of breast cancer, 

coronary heart disease, stroke, and pulmonary embolism during interim monitoring resulted in 

the early termination of the E2 + progesterone treatment group in 2002, with an average follow 

up period of 5.2 years [53]. Similarly, the E2 treatment group was prematurely terminated in 

2004, with an average follow up of 6.8 years, on the basis of increased stroke risk and ineffective 

prevention of heart disease [54].  



 6 

Unfortunately, there is still no safe pharmaceutical available to combat metabolic 

syndrome, specifically IR, for post-menopausal women or any population. Two drugs available 

for IR are metformin and thiazolidinediones (TZDs). Contrary to popular belief, the readily 

prescribed metformin successfully reduces hepatic glucose output, but does very little to improve 

peripheral insulin sensitivity [55]. TZDs such as rosiglitazone and pioglitazone, on the other 

hand, are the only FDA-approved drugs that lower blood glucose by improving insulin 

sensitivity. Unfortunately, these drugs have undesirable side effects such as increased risk for 

cancers [56] and AT expansion resulting in weight gain [57], leaving them less readily utilized 

by physicians. Interestingly, the mechanism behind TZD effectiveness includes activating 

peroxisome proliferator-activated receptor g (PPARg), a transcription factor which also 

upregulates UCP1 in AT [58, 59]. This upregulation of UCP1 is characteristic of AT browning, 

or beiging, a phenomenon where adipocytes in WAT depots take on thermogenic, BAT-like 

characteristics. BAT and beige AT increase energy expenditure and insulin sensitivity [37], and 

the relative abundance of these tissues correlates strongly with metabolic health in humans [60, 

61]. These characteristics of UCP1-expressing adipocytes makes AT browning, without the 

harmful side effects of TZDs, an attractive therapeutic prospect. Particularly for women, who 

appear to have greater BAT and UCP1 expression than men, until menopause where these 

differences start to wane [62]. Understanding the potential sexual dimorphism in BAT and beige 

AT, as well as a role of E2 in AT health and function, has become increasingly important in the 

quest for novel therapeutics for diabetes and obesity.  

Ovarian hormones preserve AT health and insulin sensitivity. 
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Approximately 10–15% of obese individuals are protected against obesity-associated 

metabolic and cardiovascular diseases and therefore called metabolically healthy or insulin 

sensitive obese [63]. Pre-menopausal women are more likely to be categorized as metabolically 

healthy obese than post-menopausal women or men [63]. Indeed, pre-menopausal females are 

seemingly protected against predictors of metabolic syndrome such as IR and AT inflammation, 

even with greater adiposity [64]. Metabolically healthy obesity may result from preserved AT 

function. AT dysfunction is characterized by ectopic fat deposition in visceral depots, adipocyte 

hypertrophy, increased number of immune cells infiltrating AT, impaired insulin sensitivity and 

lipolysis in adipocytes, and the production of a proinflammatory, atherogenic, and diabetogenic 

adipokine pattern [63]. Unfortunately, post-menopause, women exhibit a disproportionate 

acceleration in metabolic disease risk, characterized by increased accumulation of visceral 

adiposity and aforementioned AT dysfunction [65, 66]. The same relationship has been observed 

in OVX rodents, which exhibit greater AT inflammation and systemic IR relative to ovary-intact 

controls [67-69].  

 The superior metabolic health of pre-menopausal women and ovary-intact rodents is 

likely attributed to E2 production, which drastically declines perimenopause. The mechanism in 

which E2 improves AT inflammation and IR is not known; however, ERa, the major ER found in 

AT, has been shown to mediate virtually all of the protective metabolic benefits observed ovary-

intact females [33]. Like OVX animals, ER⍺KO animals exhibit reduced energy expenditure, 

increased adiposity, and IR [26-31]. ER⍺ ablation in rodents induces obesity and IR [14], and 

reduction of ER⍺ signaling has been linked to obesity in both sexes [32]. Selective activation of 

ER⍺ with agonist 4,4',4″-(4-Propyl-[1H]-pyrazole-1,3,5-triyl) (PPT) can rescue metabolic 
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syndrome, even under severe metabolic stress [70]. Indeed, even OVX low density lipoprotein 

receptor (LDLr) null mice (a model of cardiovascular disease) on a HFD treated with PPT 

experience reduced body weight, improved insulin action, reduced visceral adiposity, increased 

energy expenditure, and improved cardiac mitochondrial function when treated with PPT [70]. 

	 However, until a study conducted by Davis et al, it was unclear if ERα ablation directly 

influenced AT phenotype, or if AT dysfunction was a secondary side effect of the systemic 

knock-out. Using fat pad-specific injections of an adeno-associated ERα siRNA virus in 

CL57BL6 mice, they discovered ERα ablation in AT results in adipocyte hypertrophy, increased 

fat depot size, increased macrophage infiltration, and fibrosis independently of the circulating 

hormonal milieu [29]. However, recognizing the myriad of cell types in AT depots (adipocytes, 

preadipocytes, immune, vascular cells, etc.) and the lack of specificity in adenovirus technology, 

Davis et al repeated the experiment using AT specific ERα knockout mouse using the Cre-loxP 

system by breeding ERαlox/lox with adiponectin-Cre transgenic mice (AdipoERαKO). They 

discovered AdipoERαKO mice were also characterized by enlarged adipocytes, increased AT 

inflammation and fibrosis, similar to that of systemic knock-outs or OVX animals, supporting 

the hypothesis that ERα signaling directly influences adipocyte health and function. Although a 

causal relationship between ERα signaling on AT function and systemic health has yet to be 

examined in humans, lean women exhibit higher expression of ERa in AT than obese 

counterparts [71], and there is increasing evidence for higher expression of ERa in AT 

predicting insulin sensitivity and reduced inflammation and fibrosis [71, 72]. 

The signature protein expressed in BAT and beige AT, UCP1, has metabolic benefits. 
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Although it was discovered that BAT dysfunction leads to obesity in rodents in 1989 

[73], it wasn’t until 2007 when it was discovered that humans retain functional BAT into 

adulthood, and that BAT relative abundance and activity inversely associates with IR [60] that 

the involvement of AT phenotype in human health became of interest [61]. Since that time, 

WAT inflammation has been implicated as a causal link between obesity and cardiometabolic 

complications [74-77], while increased BAT abundance or UCP1 has been shown to reverse IR, 

improve body weight, and enhance plasma triglyceride clearance [37]. Furthermore, increased 

BAT activity has been shown to improve whole body insulin sensitivity and glucose homeostasis 

in overweight adult humans [78] and rodents [79].  

It is now appreciated that traditional WAT phenotype can be modified to become more 

“brown-like”; certain stimuli, such as cold exposure or β3-adrenergic stimulation, can induce the 

development of thermogenic cells in WAT depots known as beige adipocytes [41]. Beige 

adipocytes have been identified in humans, and they exhibit more mitochondria, energy 

consumption, and UCP1 relative to WAT [42]. UCP1 is the signature mitochondrial protein in 

BAT, which enables adaptive thermogenesis by creating a proton leak in the inner mitochondrial 

membrane. As a result, UCP1 reduces the proton gradient in the electron transport chain, 

uncoupling oxidative phosphorylation and producing heat. Increasing UCP1 expression is a 

characteristic trademark of AT browning. UCP1 is integral for thermogenic capacity and is the 

source of the energetic inefficiency in BAT and beige AT [36]. Harnessing energetically 

inefficient AT has been an attractive prospect for treatment of obesity and related diseases. 

Furthermore, recent evidence suggests that UCP1 has a direct, insulin-sensitizing role. 

Overexpression of UCP1 protects against diet-induced obesity in mice [80], and UCP1 null mice 
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are more susceptible to Western Diet (WD)-induced IR independent of differences in adiposity 

[38].  

Ovary-intact females have more BAT and healthier WAT. 

Some investigators have found that ovary-intact females have more BAT than age-

matched males [43, 44], and are more sensitive to BAT activation [45, 46], but not all studies 

have supported that there is a sex difference in BAT activation [81]. In fact, we previously 

compared BAT UCP1 levels in male and female mice housed under the same non-cold stressed 

conditions as the present study. Although we observed an increase in UCP1 gene expression in 

females, we saw no difference in UCP1 protein content [82], which is arguably a more important 

indicator of basal BAT activity. Others have had similar findings in mice where no sex 

differences in BAT UCP1 were found [83]. Interestingly, a large survey study of adult men and 

women showed that young women had more BAT and greater glucose uptake activity compared 

to age-matched young males, but that this sex difference diminished in older individuals [62]. 

This may suggest that the sex difference is dependent on E2, the major sex hormone circulating 

in young women. Somewhat paradoxically, in past studies, we have observed an increase in BAT 

UCP1 following OVX [84], similar to increases in UCP1 observed under conditions of diet-

induced obesity [38, 85-88]. It is plausible that induction of UCP1 following OVX in BAT may 

be a compensatory response triggered by metabolic stress that then confers metabolic protection. 

Recently, we observed that, in the absence of thermostress-induced thermogenesis, UCP1 

ablation exacerbates OVX-associated IR and obesity (Journal of Endocrinology, in review), 

supporting the hypothesis that UCP1 plays an integral role in the maintenance of metabolic 

health. 
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Reduced E2 signaling and AT browning. 

There is conflicting evidence regarding the relationship between E2 signaling through 

ERα and AT browning [29, 89]. There is a plethora of circumstantial evidence to suggest ERα 

signaling can potentiate or facilitate browning. As previously discussed, many studies have 

found a sexual dimorphism in BAT, in that females have more BAT [43, 44], and are more 

sensitive to BAT activation [45, 46]. Furthermore, ERα is highly expressed in AT and may 

regulate transcription of adrenergic receptors in adipocytes [47]; administration of E2 suppresses 

transcription of ⍺2 adrenergic receptor, and thus decreases ⍺2/β3 adrenergic receptor ratio. This 

alteration in adrenergic receptors may sensitize adipocytes to sympathetic signaling and possibly 

facilitate beiging [48, 49].  

However, very few studies have directly assessed the relationship between ERα and AT 

browning, and those that have suggest the absence of ERα actually increases sensitivity to 

browning stimuli. Lapid et al designed reagents termed AdipoTrak, to visualize and manipulate 

gene expression of adipose progenitor cells in vivo, and to follow their descendants as they 

divide, migrate, differentiate or change fate [90, 91]. They utilized AdipoTrak to assess 

progenitor differentiation in the stromal vascular fraction of ERαfl/fl conditional knockout mice, 

creating an adipocyte lineage-specific ERαKO (AT-ERαKO). Paradoxically, unlike whole body 

and AT-specific knock-outs, these AT-ERαKO mice displayed reduced adipogenic potential and 

fat mass, improved glucose sensitivity, resistance to HFD and increased metabolic rate and body 

temperature. Unlike the findings of Davis et al, who utilized AT-specific ERαKO in mature 

white adipocytes, Lapid et al concluded that when ERα is ablated in white adipose progenitors, 

adipocytes reprogram and enter into smooth muscle and brown adipogenic fates [89].  
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The therapeutic potential for pharmacological activation of UCP1. 

Human adipocytes express significant levels of b1, b2, b3 and a2 adrenergic receptors 

(AR) [92, 93], which all respond to endogenous ligands epinephrine and norepinephrine [94, 95]. 

The b3-AR was first discovered in BAT of rodents [93], however, it is now appreciated that b3-

AR is also present in the human heart, gall bladder, GI tract, prostate and urinary bladder, as well 

as near term myometrium, although its functions in these other tissues remain unclear [93]. 

Notably, in AT,  cloning of the human b3-AR revealed this receptor is primarily responsible for 

induction of lipolysis and thermogenesis [96]. 

The relative ratio of a2/b3 on AT appears to play an important role in regulating lipolysis 

and energy balance [94, 97, 98]. Indeed, obese humans have increased α2-ARs, α2/β-AR ratios, 

and α2-AR-mediated responses, relative to lean individuals [97-99]. In animals, α2-AR protein 

expression has been shown to increase under conditions of adipocyte hypertrophy and high 

α2/b3 ratio correlate strongly with obesity [92, 100, 101]. For this reason, b3-agonists have 

become an attractive drug target for diabetes and obesity.  

CL 316,243 or CL, was discovered as a highly-selective b3 agonist by Bloom and 

associates [102]. Soon after, it was discovered that CL increased resting energy expenditure, 

reduced WAT mass, and enhanced mitochondrial biogenesis in HFD fed rats, without 

influencing food intake. These metabolic changes were largely attributed to the observed BAT 

hypertrophy, four-fold increases in BAT UCP1, and the induction of a beige phenotype in WAT 

[103]. Studies have shown CL treatment has an anti-diabetic effects, and can improve insulin 

sensitivity in both lean and obese animals [104]. These improvements appear to be independent 
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of reductions in adiposity or circulating free fatty acid concentrations [105, 106]. Furthermore, 

these effects are present in the absence UCP1 and thermogenesis, though less robust [107, 108]. 

Likewise, thermogenesis in response to cold exposure is not b3 receptor-dependent [109]. CL-

induced enhancements in insulin sensitivity in the absence of thermogenesis appear to be 

facilitated by the mTOR pathway [108]. Despite the strong influence on AT, it was once 

hypothesized that CL’s anti-diabetic effects are due to changes in skeletal muscle. Although 

acute CL treatment has been shown to increase UCP1 expression [110], as well as muscle 

hypertrophy and strength [111], Grujic et al disproved this theory. They found that selective 

ablation of b3 receptors in WAT and BAT induces obesity and IR, which can be rescued only 

with b3 reinstatement in WAT, not skeletal muscle or BAT [112] . These findings solidified the 

integral role of WAT in the therapeutic effectiveness of CL.  

Another hypothesis regarding the mechanism behind CL’s insulin-sensitizing effects is 

increased adiponectin signaling. Adiponectin is an adipocytokine which has been shown to be 

insulin-sensitizing [113-115]. Reduced adiponectin in circulation predicts the development of IR 

and type 2 diabetes [116, 117]. CL treatment has been shown to upregulate adiponectin receptor 

2 in WAT and BAT in healthy rodents [118]. In diabetic models, such as the KKAy mouse, a 

model of end-stage diabetic nephropathy, CL has been shown to rescue adiponectin and 

adiponectin receptor protein expression, as well as improve fasting insulin and glucose [119]. 

Due to the attractive nature of b3 agonists as a pharmaceutical therapeutic for type 2 diabetes and 

obesity, such as simultaneous improvements in fat oxidation, energy expenditure, and insulin 

action, intensive research efforts have been directed at finding suitable b3 agonists for human 
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use. Due to differences between rodent and human receptors, lack of sensitivity, poor 

bioavailability and pharmokinetics, the endeavor has been largely unsuccessful [120]. However, 

CL has been the only b3 adrenergic receptor agonist used in rodents found to be effective in 

humans, even after a single dose [121]. Weyer et al were the first to assess the effects of CL on 

insulin action, energy expenditure, and body composition in humans [121]. This study consisted 

of an 8-week trial of young, lean male subjects (age 22.5 +/- 3.3 years, 15 +/- 5% body fat [mean 

+/- SD]) randomly assigned to 8 weeks of treatment with either 1,500 mg/day of CL 316,243 (n 

= 10) or placebo (n = 4). Insulin sensitivity was measured by hyperinsulinemic-euglycemic 

clamps and energy expenditure was assessed by indirect calorimetry in a respiratory chamber. 

Assessments were made at baseline, 4 weeks, and at the end of the 8-week trial. Although there 

were no differences in energy expenditure or body composition, they found CL did increase 

insulin action and fat oxidation. However, these effects appeared to wane after 4 weeks [121]. 

Future studies should include an obese or diabetic population to see how these results may vary. 

Unfortunately, at this point in time, CL’s effects have been deemed unsustainable with chronic 

administration, and thus more clinical testing and innovation is necessary [120]. Despite these 

findings, b3-AR agonists continue to be an exciting prospect for pharmaceutical therapeutics. 

Overall conclusions.  
 

It is undeniable that AT plays an integral role in systemic metabolic health, and has 

become an important consideration in the development of treatments for diabetes and obesity. 

The discovery that humans retain BAT throughout life, and subsequent discovery of beige AT, 

and its influence on systemic health, has resulted in exponentially more AT-related research. The 
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effectiveness of TZDs to induce AT browning and improve insulin sensitivity has provided proof 

of concept for an AT-targeted therapeutic.  

However, there is much to be understood in regards to how E2 signaling may influence 

AT health and phenotype. Despite an apparent sexual dimorphism in BAT and UCP1 and 

knowledge that E2 signaling improves AT function, there is indirect evidence to suggest the idea 

that reduction of ERa signaling may actually improve responsiveness to b3 agonists. However, s 

point, no studies have directly assessed this relationship, pointing to the need for further 

investigation. Preliminary findings are promising since many high-risk populations for diabetes, 

such as obese and post-menopausal individuals, have reduced ERa signaling and/or expression 

[71]. 

Thus far, CL is the only b3 agonist shown to successfully improve insulin sensitivity and 

induce AT browning in both humans [121] and rodents [120], however it is unclear how to 

sustain CL’s powerful effects on adiposity and insulin sensitivity. Future studies will likely 

consider targeting downstream effects of CL, such as increasing adiponectin production or 

sensitivity through adiponectin receptors. There is much to be uncovered regarding AT function 

and metabolic health; however, the health benefits of BAT activation and AT browning are 

proving to be viable therapeutic pursuits for diabetes and obesity. 
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CHAPTER 3: PRELIMINARY STUDIES 

The role of E2 signaling on AT browning remains unclear. Although females appear to have 

more BAT [43, 44] and heightened BAT activation [45, 46], there is some evidence that due to 

transcriptional regulation of adrenergic receptors, E2 may sensitize WAT to browning-stimuli 

[48, 49]. On the contrary, in vitro studies reveal the absence of ERa influences adipocyte 

progenitors into brown adipogenic fates [89]. Due to the lack of research and conflicting 

circumstantial evidence, we sought to directly assess the influence of ERa on AT browning in 

vivo. Thus, we conducted a pilot study to determine the efficacy of CL 316, 243 (CL) treatment 

to upregulate UCP1 in the systemic ERa null mouse. I administered daily intraperitoneal (IP) 

injections of CL or saline control (CTRL) to female WT and ERaKO mice for two weeks, 

creating four groups: WT CTRL, WT CL, KO CTRL, KO CL (n=4/group). Animals were fed a 

normal chow diet ad libitum, and were housed at 28±0.5°C. Our findings suggest that CL did not 

inhibit nor mitigate the efficacy of CL to increase UCP1 expression in the absence of ERa; in 

fact, CL treatment appeared to induce greater expression of UCP1 in the ERaKO mice (Figure 

1). 
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Figure 1. Two weeks of treatment with b3 agonist, CL 316,243, induces UCP1 protein 

expression in WAT of female WT and ERa null mice. Female wild-type and ERaKO mice 

were fed a normal chow diet and administered two weeks of daily CL 316, 243 treatment, 

then assessed for evidence of adipose tissue browning  via (A) Subcutaneous AT (SQAT) 
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UCP1-positive stain histology, (B) Perigonadal AT (PGAT) UCP1-positive stain histology, (C) 

SQAT UCP1 protein expression (D) PGAT UCP1 protein expression. WT, wild-type; KO, ERa 

knock-out; CTRL, saline control; CL, CL 316,243 treatment; Data are expressed as means ± 

standard error (SE); n=4/group. G= main effect of genotype, P<0.05; T = main effect of CL, 

P<0.05; GxT = interaction, P<0.05.
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CHAPTER 4: SPECIFIC AIMS 

It is well established that ER⍺ signaling, as well as UCP1 activity, play integral roles in AT and 

systemic metabolic health. Young women and ovary-intact rodents, who are protected against 

AT metabolic dysfunction for reasons that are not fully known, express higher levels of both of 

these protective proteins. We have observed increases in UCP1 following OVX indicating UCP1 

may play a compensatory role. Supporting these findings, UCP1 ablation in conjunction with 

OVX exacerbated impairments in glucose metabolism (Journal of Endocrinology, in review). To 

tease out the relationship between UCP1 and E2 signaling, we pharmacologically increased 

UCP1 using CL 316,243 in the presence vs. absence of ERa, and found loss of ERa does not 

inhibit nor prevent CL’s ability to upregulate UCP1. Thus, I sought to further explore the 

efficacy of CL-induced improvements in insulin sensitivity in this model, under diet-induced 

metabolic stress. Since both proteins decline with aging in women, and 65% of post-menopausal 

women are overweight or obese [7-11], this work is important as it may lead to better therapeutic 

strategies to improve metabolic health throughout the aging process. Importantly, it will 

determine the potential efficacy of pharmacological (or other) induced UCP1 activation 

following menopause to restore metabolic health. 

Specific Aims: 

1) Determine if b3 adrenergic stimulation can mitigate metabolic dysfunction in a model of 

ovarian hormone loss. 
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Hypothesis: E2 signaling through ER⍺ is metabolically protective in part due to its ability to 

increase UCP1 in AT; thus, increasing UCP1 expression pharmacologically will mitigate metabolic 

dysfunction in ER⍺KO mice, a model of ovarian hormone loss. 

Rationale: In past studies, we observed an upregulation of UCP1 in BAT following OVX [84], 

raising the hypothesis that UCP1 upregulation may be compensatory for the metabolic 

dysfunction following loss of ovarian hormones. In testing that hypothesis by comparing OVX-

induced metabolic dysfunction in WT and KO mice, we observed that, indeed, UCP1 ablation in 

conjunction with OVX exacerbates metabolic dysfunction and IR (manuscript submitted to Journal 

of Endocrinology). Those findings support that UCP1 contributes to insulin sensitivity in 

females, even in the absence of ovarian hormones; thus, this aim tests the hypothesis that 

increasing UCP1 will mitigate metabolic dysfunction in ERaKO mice.  

Approach: ERaKO mice will be utilized as a model of ovarian hormone loss, as it is believed 

that loss of signaling through ERa is responsible for the metabolic dysfunction following OVX 

[26-31]. HFD will be fed to all mice (i.e., ERaKO and their WT littermate controls) for 10 

weeks to induce metabolic dysfunction across all groups. CL 316 243 compound (CL), a b3 

adrenegic agonist used to upregulate UCP1, or saline placebo (CTRL) will be administered daily 

through intraperitoneal injections for the last two weeks. Equal numbers of ERaKO and WT 

female mice will be administered CL or CTRL and compared for measures of body weight, 

adiposity, and AT inflammation.  

2) Determine if the effectiveness b3 adrenergic stimulation to restore insulin sensitivity depends 

on the presence or absence of ERα.  
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Hypothesis: Pharmacological induction of UCP1 will effectively restore insulin sensitivity even 

in the absence of ERa. 

Rationale: Both ERa signaling and UCP1 activity are effective in improving insulin sensitivity. 

Some studies show that ERa signaling increases sensitivity to sympathetic stimuli [48, 49] and 

can directly regulate lipolytic activity [122-124], both of which can facilitate UCP1 activation. 

Thus, in the absence of ERa, AT may be desensitized to the sympathetic stimulation induced by 

CL, rendering it less effective to increase UCP1 and its associated metabolic improvements. 

However, my pilot study revealed that ERaKO and WT mice were both responsive to CL-

induced UCP1 increase under standard chow dietary conditions (i.e., in the absence of a stimulus 

to drive metabolic dysfunction). This aim will extend those findings to determine whether or not 

the ability of CL to induce ectopic UCP1, as well as its associated metabolic improvements, 

differs in settings of high and low ERa expression under HFD feeding conditions. 

Approach: I will determine if CL treatment is more effective in attenuating HFD induced 

impairments in insulin sensitivity in the presence or absence of  functional ERa by assessing 

insulin tolerance (i.e., via insulin tolerance test [ITT], a measure of insulin sensitivity), HOMA-

IR and ADIPO-IR scores. 
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ABSTRACT 

Metabolic disease risk rapidly escalates following menopause. The mechanism is not 

fully known, but likely involves reduced signaling through Estrogen Receptor a (ERa) which is 

highly expressed in brown (BAT) and white AT (WAT). Objective: Test the hypothesis that 

uncoupling protein (UCP1) activation via CL316,243 effectively mitigates metabolic dysfunction 

due to loss of signaling through ERa. Methods: At 8 weeks of age, female ERa knock-out (KO) 

and wild-type (WT) mice were co-housed at 28°C and fed a Western high-fat diet for 10 weeks. 

They were given daily intraperitoneal injections of CL 316,243 (CL), a selective b3 adrenergic 
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agonist, or vehicle control (CTRL) during the final two weeks, creating 4 groups: WT-CTRL, 

WT-CL, KO-CTRL, KO-CL; n=10/group. Comparisons were made for body weight (BW), 

adiposity (EchoMRI), food intake, energy expenditure (EE) and spontaneous physical activity 

(SPA) (metabolic chambers), insulin resistance (IR) (HOMA-IR, glucose area under the curve 

during insulin tolerance test (AUC)), and AT phenotype (histology, gene (rtPCR) and protein 

(Western blot) expression). Statistics: Two-way ANOVA for main effects of genotype (G), CL 

(T), and GxT interactions; significance set at P<0.05. Results: Fourteen days CL treatment 

increased AT UCP1 gene and protein expression in both WT and KO, and normalized ERaKO-

induced increases in BW and adiposity (both GxT, P<0.05) by increasing resting EE (REE/g 

BW) (T P<0.05) since neither energy intake (kcal/week/g BW) or SPA were affected. Higher 

HOMA-IR in ERaKO was normalized by CL, but unchanged in WT (GxT, P<0.05). Similarly, 

greater glucose AUC in KO (G P=0.01) was normalized, and also reduced in WT (T, P=0.018) 

with CL administration. CL did not reduce perigonadal (PGAT) inflammatory gene expression, 

which was greater in KO (Tnfa, Cd11c, F480; all G P<0.05), but did increase adiponectin and 

markers of mitochondrial biogenesis (Pgc1a, Tfam) in WT and KO (T, P<0.05). Conclusions: 

CL completely normalized metabolic dysfunction in ERaKO mice. UCP1 may be a therapeutic 

target for treating metabolic dysfunction following hormone loss. The mechanism appears 

independent of ERa availability and/or reduced AT inflammation. 

INTRODUCTION 
 

Pre-menopausal females have seemingly intrinsic metabolic protection, displaying 

superior insulin sensitivity relative to aged match males, despite having greater adiposity [64, 
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125]. However, this protection is lost with the onset of menopause or ovariectomy (OVX) in 

both human [125-127] and rodent models [128-130] rendering females increasingly susceptible 

to increases in adiposity, AT inflammation, and systemic IR [66, 131]. This shift in metabolic 

health has largely been attributed to the decline in ovarian E2 production associated with 

menopause. There are three well established ligand-binding receptors associated with E2 

signaling: nuclear receptors estrogen receptor α (ER⍺) and estrogen receptor β (ERβ) [24], as 

well as plasma membrane G-protein estrogen receptor [25]. However, it is the reduction of ER⍺ 

signaling that is responsible for the metabolic decline following both natural and surgical 

menopause [26-31].  

 Interestingly, there appears to be a potential sexual dimorphism in relative abundance of 

thermogenic tissue, with E2-sufficient females typically have more brown and beige AT [132]. 

These differences in AT phenotype may be responsible for the superior metabolic health of 

females, as relative abundance and activity BAT inversely correlates with IR and type 2 diabetes 

[60]. Furthermore, increased BAT activity has been shown to improve whole body insulin 

sensitivity and glucose homeostasis in overweight adult humans [78] and rodents [38]. This is 

largely facilitated by the actions of uncoupling protein 1 (UCP1), which enables thermogenesis 

through the uncoupling of oxidative phosphorylation [133]. Noteworthy, women exhibit greater 

capacity to induce UCP1 than males upon stimulation [44-46]. 

 In previous studies, we have shown UCP1 expression to increase following rodent OVX 

[84], similarly to when rodents are challenged with HFD [38], indicating UCP1 may play an 

integral role in mitigating metabolic stress. Indeed, we have shown that UCP1 ablation impairs 

insulin sensitivity in females independent of changes in body weight [38] and UCP1 ablation in 
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conjunction with OVX exacerbates systemic IR more than UCP1 ablation or OVX alone 

(Journal of Endocrinology, in review).  

 ER⍺ signaling may influence UCP1 expression, and this relationship may play an 

important role in determining the metabolic health of females. We hypothesized that increasing 

UCP1 expression pharmacologically with CL 316,243 can improve metabolic dysfunction and 

insulin resistance in a model of ovarian hormone loss.  

 
METHODS 
 

Ethical Approval. All animal husbandry and experimental procedures were carried out 

in accordance with the AAALAC International and approved by the University of Missouri 

Institutional Animal Care and Use Committee. 

Animals and experimental design. Heterozygote ERα-/+ male mice on a C57BL6 

background were bred at our facility to produce homozygote (ERα-/- ) and littermate wild-type 

(WT) mice, as previously described [134, 135]. Briefly, development of the ERα-/- mouse was 

accomplished by homologous recombination and insertion of a neomycin sequence containing 

premature stop codons and polyadenylation sequences into a Not1site in exon 2 of the mouse 

estrogen receptor gene [134, 135]. All mice were fed a high sucrose, HFD consisting of 46.4% 

kcal from fat, 36% carbohydrate, and 17.6% protein, and was 4.68kcal per gram (Test Diet, St. 

Louis MO, #1814692). Animals were housed two to three per cage (within group) at 28°C, in a 

light cycle from 0700 to 1900, and were administered a two-week regiment of daily 

intraperitoneal injections of CL 316, 243 (#C5976, Sigma-Aldrich) or equal dose of saline 

control at 7 am. CL 316, 243 compound was put in solution using deionized water, and were 
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administered in a dose of 4 µl/g body weight. Thus, the study consisted of four groups 

(n=4/group): wild type control, wild type CL, ERα knockout control, ERα knockout CL (WT 

CTRL, WT CL, KO CTRL, KO CL respectively). After a total of 10 weeks on the high-sucrose 

and HFD, where the last 2 weeks the animals received treatments, the animals were euthanized 

following a 5 hour fast. Blood and tissues were collected. Tissues were harvested and either 

fixed in 10% formalin, snap-frozen in liquid nitrogen and stored at -80°C until analyses.  

Body composition and tissue weights. The percent body fat (BF%) was measured by a 

nuclear magnetic resonance imaging whole-body composition analyzer (EchoMRI 4in1/1100; 

Echo Medical Systems, Houston, TX), one week prior to sacrifice. Upon sacrifice, interscapular 

BAT, subcutaneous (inguinal) white AT (SQAT), and visceral (gonadal) white AT (PGAT) were 

extracted and tissue weights were collected.  

Figure 2. Schematic of study timeline 

Energy expenditure assessments. Indirect Calorimetry was utilized at 11 weeks of age, 

animals (n = 10/group) were placed in indirect calorimetry chambers (Promethion; Sable 
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Systems International, Las Vegas, Nevada) to assess metabolic activity parameters including 

total energy expenditure (TEE), resting energy expenditure (REE), and spontaneous physical 

activity (SPA) by the summation of x-, y-, and z-axis beam breaks. Body weight and food intake 

were measured before and after each 48-hour (h) assessment. Each 48-h run captured at least 

two light and two dark cycles of REE.  

Insulin tolerance testing (ITT). Insulin tolerance tests were performed at 3 days before 

sacrifice. Briefly, after a 5-hour fast, blood glucose was measured from the tail vein. The tail was 

nicked and blood was sampled by a glucometer (Alpha Trak, Abbott Labs). A baseline measure 

of blood glucose was taken prior to giving a sterile solution of 0.07 U/mL of insulin (0.7 µl/g 

body weight (BW)) via intraperitoneal injection (IP), as previously performed [26, 32]. Glucose 

measures were taken 30, 45, 60 and 120 minutes after the insulin injections. Glucose area under 

curve (AUC) from baseline was calculated. 

Fasting blood parameters. Plasma glucose, cholesterol, triglycerides, and non-esterified 

fatty acids (NEFA) assays were performed by a commercial laboratory (Comparative Clinical 

Pathology Services, Columbia, MO) on an Olympus AU680 automated chemistry analyzer 

(Beckman-Coulter, Brea, CA) using assays as per manufacturer’s guidelines. Plasma insulin 

concentrations were determined using a commercially available, mouse-specific ELISA (Alpco 

Diagnostics, Salem, NH). The homeostasis model assessment of IR (HOMA-IR) was used as a 

surrogate measure of hepatic IR [(fasting insulin (µU/l) x fasting glucose (mg/dl)/405.1) [136]] 

and indices of AT IR (ADIPO-IR) were calculated as the product of fasting insulin (µU/l) and 
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fasting NEFAs (mmol/l) [137]. Fasting levels of circulating adipokines, leptin and adiponectin, 

were measured using colorimetric ELISA (#90030, #80569, Crystal Chem) and data are 

presented as µg/ml. 

Histological assessments. Formalin-fixed samples were processed through paraffin 

embedment, sectioned at 5 µm, (interscapular BAT, visceral and subcutaneous white AT) and 

stained in a 1:1200 dilution with UCP1 antibody for 30 minutes with a heat-induced epitope 

retrieval (HIER) pretreatment, using DAKO brand citrate in a decloaking chamber. Sections 

were evaluated via an Olympus BX34 photomicroscope (Olympus, Melville, NY) and images 

were taken via an Olympus SC30 Optical Microscope Accessory CMOS color camera. 

Adipocyte size was calculated from three independent regions of the same 20x and 40x objective 

fields for visceral white AT (100 adipocytes/animal) and BAT depots (45 adipocytes/animal; 

interscapular and thoracic periaortic), respectively. Cross-sectional areas of the adipocytes were 

obtained from perimeter tracings using Image J software as previously described [138]. An 

investigator blinded to the groups performed all procedures.  

RNA extraction and quantitative real-time RT-PCR. Interscapular BAT samples were 

homogenized in TRIzol solution using a tissue homogenizer (TissueLyser LT, Qiagen, Valencia, 

CA). Total RNA was isolated according to the Qiagen’s RNeasy lipid tissue protocol and 

assayed using a Nanodrop spectrophotometer (Thermo Scientific, Wilmington, DE) to assess 

purity and concentration. First-strand cDNA was synthesized from total RNA using the High 

Capacity cDNA Reverse Transcription kit (Applied Biosystems, Carlsbad, CA). Quantitative 

real-time PCR was performed as previously described using the ABI StepOne Plus sequence 
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detection system (Applied Biosystems) [139, 140]. Primer sequences were designed using the 

NCBI Primer Design tool. All primers were purchased from IDT (Coralville, IA). β Actin cycle 

threshold (CT) was not different among the groups of animals. mRNA expression was calculated 

by 2ΔCT where ΔCT = β Actin CT - gene of interest CT and presented as fold-difference. mRNA 

levels were normalized to the WT SHM group which was set at 1.  

Western blotting. Protein content was measured as previously described [141]. Briefly, 

protein samples (10 µg/lane or 4 µg/lane) were separated by SDS-PAGE, transferred to 

polyvinylidene difluoride membranes, and probed with primary antibodies, including UCP1 

(#U6382, 1:1000; Sigma-Aldrich). Intensity of individual protein bands were quantified using 

FluoroChem HD2 (AlphaView, version 3.4.0.0), and expressed as ratio to Amido Black total 

protein stain. 

Statistics A 2x2 analysis of variance (ANOVA) to evaluate the effects of genotype (ERa 

KO vs WT) and treatment (CL vs CTRL). All data are presented as mean ± standard error (SE). 

For all statistical tests, significance was accepted at P<0.05. All statistical analyses were 

performed with SPSS V20.0. 

 
RESULTS  

CL mitigates body weight gain by increasing resting energy expenditure. 
 

ER⍺KO animals exhibited greater increases in body weight compared to WTs (G, 

P<0.001). The CL intervention mitigated HFD induced weight gain in both groups (T, P=0.009) 

(Figure 3A, 3B). These differences in body weight were largely attributed to differences 

adiposity, where ER⍺ ablation increased adiposity (G, P<0.001) and CL induced a significant 
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reduction (T, P<0.001) (Figure 3C). ER⍺ ablation increased SQAT and PGAT depot weights, 

while CL treatment attenuated adiposity (GxT, P<0.001 for both) (Figure 3F). Similarly, ER⍺ 

ablation increased BAT weight, however this increase was normalized with CL (GxT, P<0.001) 

(Figure 3E).  

Noteworthy, there was no influence of CL on WT food intake, however, CL effectively 

attenuated HFD-induced hyperphagia in the ERaKO animals (GxT, P<0.05) (Figure 3D). CL 

treatment increased resting energy expenditure in both genotypes in the light (i.e, sleep) cycle (T, 

P=0.026) (Figure 3H). In the dark cycle (i.e., rodent active period), we observed reductions in 

experienced a reduction in cage physical activity in the ER⍺KO animals (G, P<0.001), 

recapitulating findings that loss of ovarian hormones reduces voluntary physical activity 

[142](Figure 3F). Thus, CL treatment increased light cycle TEE (T, P<0.001), where ER⍺ 

ablation decreased TEE (G, P=0.023).  

 
CL treatment attenuated IR in ERaKO.  
 

ER⍺KO animals had impaired insulin tolerance compared to WT littermates (G, 

P=0.011) (Figure 4A). However, in both genotypes, CL decreased ITT glucose AUC (T, 

P=0.018) (Figure 4B). ERa ablation increased HOMA-IR scores, while CL treatment effectively 

normalized scores in the KO to WT CTRL (GxT, P<0.05) (Figure 4C). ERa ablation induced 

hyperinsulinemia; however, CL attenuated this response (GxT, P<0.05) (Figure 4E). There were 

no statistically significant differences in fasting glucose or NEFAs (Figure 4F, 4G). However, 

CL treated animals had elevated circulating adiponectin (T, P<0.05) (Figure 4H), an adipokine 

associated with improved insulin sensitivity [113-115].  
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CL modestly reduced adipocyte size and increased UCP1 content in BAT. 

ERa ablation increased lipid accumulation in brown adipocytes, and thus adipocyte size 

(Figure 5A, 5B). However, CL administration reduced mean adipocyte size, but only in the 

ERaKOs (GxT, P<0.05) (Figure 5A, 5B). ERaKO and WT animals had comparable UCP1 

expression in BAT under non-treated conditions, and both experienced an increase in expression 

with CL (T, P<0.05) (Figure 5C). CL treatment reduced the gene expression of inflammatory 

marker Tnfa (T, P<0.05) (Figure 5D). Despite the insulin-sensitizing effects of CL, CL lowered 

Adiponectin, and Leptin (T, P<0.05) gene expression, which may be attributed to reductions in 

adiposity. Overall, CL appears to increase the Adiponectin:Leptin ratio, a surrogate marker 

indicative of adipose tissue health, which is suppressed in the absence of ERa (G, P<0.05) 

(Figure 5D). 

 

CL attenuates adipocyte size and increases UCP1, but does not improve AT inflammation 

in PGAT.  

ERaKOs have greater perigonadal adipocyte size than WT; however, this was 

completely normalized with CL administration (GxT, P<0.001) (Figure 6A, 6B). Quantification 

of UCP1 protein expression revealed CL increased UCP1 expression in both the WT and the 

ERaKOs (T, P<0.05). There was a main effect for genotype in that the ERaKO animals had 

greater UCP1 expression, however this was entirely driven by the greater sensitivity to CL-

induced UCP1 upregulation in the KO (G, P<0.05) (Figure 6C).  
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CL intervention increased adiponectin gene expression (T, P<0.05) and thus increased 

Adiponectin:Leptin gene expression (T, P<0.05). CL also increased markers of AT browning, 

such as genes involved in mitochondrial biogenesis like peroxisome proliferator-activated 

receptor gamma coactivator 1-alpha (Pgc1⍺) and mitochondrial transcription factor A (Tfam) (T, 

P<0.05). ERa ablation decreased ATGL gene expression, the rate limiting step in lipolysis (G, 

P=0.05). Furthermore, ER⍺ ablation increased markers of inflammation such as Tnf⍺ , Cd11c, 

and F480, which were unperturbed with CL treatment (G, P=0.05) (Figure 6D). 

 

CL increases UCP1 in both WT and ERaKO SQAT. 

	 CL completely normalized greater adipocyte size of ERaKOs (Figure 7A, 7B). 

However, analysis of UCP1 protein expression revealed a robust response in ERaKO animals in 

response to CL, greater than that of the WTs (GxT, P<0.05) (Figure 7C). The profound CL-

induced increase in Ucp1 gene expression was similar in both genotypes (Figure 7D). Leptin 

expression was higher in KO animals (G, P<0.05); however it was reduced with CL treatment (T, 

P<0.05), thus increasing the Adiponectin:Leptin ratio in SQAT (T, P<0.05), indicative of a 

healthier AT phenotype (Figure 7D).  

 

DISCUSSION 

 We sought to investigate the effectiveness of the selective b3 adrenergic receptor agonist, 

CL 316,243 in the ability to mitigate metabolic dysfunction in female ERaKO mice, a model of 

ovarian hormone loss [26-31]. CL is an established insulin-sensitizing agent [104-108] known to 
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induce AT browning in WAT depots [104]. Despite an apparent sexual dimorphism in relative 

abundance of thermogenic tissue, in that E2 sufficient females tend to have more [132], the 

influence of E2 signaling on WAT browning is largely unknown. There is some evidence that 

loss of ERa signaling in stromal vascular cells leads to preferential differentiation into brown or 

beige adipocytes [89]; however the ability to induce AT browning in vivo in the absence of ERa 

had not been directly tested. Similarly, the efficacy of CL to improve high-fat diet induced IR in 

a model of ovarian hormone loss, was also unexplored.  

Recently, it was shown in a model of diabetes that CL treatment effectively improves 

insulin sensitivity [104]. Herein, we demonstrate that, in ERaKO mice, CL treatment normalized 

insulin tolerance as well as insulin sensitivity assessed via HOMA-IR. CL also attenuated 

hyperinsulinemia, a preclinical impairment of glucose metabolism. These findings support 

efficacy of CL to improve insulin sensitivity in obese individuals, who exhibit lower expression 

of ERa in AT than lean counterparts [71], and in post-menopausal women who have reduced E2 

with suppressed ERa signaling. In our study, improvements in insulin sensitivity were 

accompanied by reductions in body weight and adiposity, although these improvements have 

been reported in other studies without reductions in adiposity [105, 106]. In the current study, the 

CL-induced reductions in adiposity were not due to changes in food intake, but rather, reduced 

metabolic efficiency, driven by increased resting energy expenditure (REE). These changes in 

REE were likely due to direct chemical adrenergic stimulation and not cold-induced 

thermogenesis, as these mice were cohoused 2-3 per cage with a room temperature of 28°C, 

which is considered thermoneutral for this species [143]. 
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AT inflammation has been shown to induce IR [144] and precedes IR following loss of 

ovarian hormones [145]; however, the mechanism behind CL-induced improvements in insulin 

sensitivity does not involve reductions in AT inflammation. In fact, CL increased some 

inflammatory markers in WAT depots (Figure 6D, 7D) and had minimal influence on these 

markers in BAT. Although somewhat paradoxical, this may be due to CL-induced lipolysis, 

which is known to associate with inflammation [144]. The mechanism behind CL-induced 

improvements in insulin sensitivity may be due to increased adiponectin production, an insulin-

sensitizing adipokine [113-115]. We observed increases in circulating adiponectin (Figure 4H) 

as well as increased adiponectin gene expression in WAT depots (Figure 6D, 7D). Our findings 

support that of others, who have shown rescued adiponectin production and improved fasting 

glucose and insulin levels in a CL-treated diabetic mouse model [119].  

There are conflicting hypotheses regarding the role of estrogen signaling via ERα in AT 

browning. Indirect evidence has led some to hypothesize that there is an integral role of ERα to 

facilitate, or potentiate browning. There is evidence that E2-sufficient females have more BAT 

[43, 44], and are more sensitive to BAT activation [45, 46]. Additionally, ERα is the primary ER 

in AT and ERα signaling reduces ⍺2/β3 adrenergic receptor ratio in adipocytes through 

transcriptional regulation [47]. It is believed that this alteration in adrenergic receptors may 

sensitize adipocytes to sympathetic signaling and possibly facilitating beiging [48, 49].  

However, our findings do not support the hypothesis that ERα is required for adipocyte 

browning, or its associated metabolic improvements. That is, even in the absence of ERa, we 

observed a robust increase in PGAT and SQAT UCP1 in response to b3 adrenergic stimulation 
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via CL. In SQAT and PGAT, ERaKO mice had superior CL-induced increase in UCP1 protein 

relative to WTs. (Figure 6C, 7C). In general, our findings reveal the WAT depots were 

responsive to CL-induced browning, and AT browning was not inhibited by the absence of ERa. 

In fact, increases in UCP1 expression appear potentiated by the loss of ERa, supporting previous 

findings that the absence of ERa may influence adipocyte differentiation into a brown or beige 

phenotype [89]. 

E2 signaling plays an integral role in AT health and phenotype, and thus is an important 

consideration when seeking potential therapeutics for metabolic diseases. Our findings reveal 

that loss of E2 signaling via ERa ablation does not inhibit or impair CL-induced improvements 

in insulin sensitivity. Furthermore, loss of ERa may increase UCP1 upregulation and AT 

browning in response to CL. Although UCP1 may not be solely required for CL’s insulin-

sensitizing effects, UCP1 ablation mitigates CL-induced improvements in insulin sensitivity 

[107, 108]. Further studies are needed to better understand the interplay between E2 signaling 

and UCP1 in AT, and how such interaction may influence the effectiveness of selective b3 

adrenergic agonists as a potential therapeutic strategy for diabetes, obesity, and metabolic 

dysfunction associated with E2 loss, all of which involve augmentation of adipocyte estrogen 

receptor kinetics. The important conclusion from our study is that reduction in ERa signaling 

does not impede CL-induced improvements in glucose metabolism, adiposity, or AT browning. 
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FIGURES 

 

Figure 3. CL 316,243 mitigates body weight gain in female ERaKO and WT mice by 

increasing resting energy expenditure. High-fat diet fed ERaKO and WT female mice were 

treated with selective b3 agonist, CL 316,243 for two weeks. Assessments were made for 

differences in (A) body weight gain (B) final body weight (C) body fat percentage (D) food 

intake (E) metabolic efficiency (F) fat pad mass (G) spontaneous physical activity (SPA); (H) 

total energy expenditure (TEE); (I) resting energy expenditure (REE). WT, wild-type; KO, ERa 

knock-out; CTRL, saline control; CL, CL 316,243 treatment; Data are expressed as means ± 

GxT GxT 

GxT 

 
F G 
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standard error (SE); n=10/group. G= significant main effect of genotype, P<0.05. T = significant 

main effect of CL P<0.05, GxT interaction P<0.05. 

 

Figure 4. CL326, 243 treatment attenuates  insulin resistance in ERaKO female mice. 

High-fat diet fed ERaKO and WT female mice were treated with selective b3 agonist, CL 

316,243 for two weeks. Assessments were made for differences in (A) insulin tolerance test 
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standard error (SE); n=10/group. G= significant main effect of genotype, P<0.05. T = significant 

main effect of CL P<0.05, GxT interaction P<0.05.  
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Figure 5. CL 316, 243 treatment modestly reduces adipocyte size and increases UCP1 

protein content in brown adipose tissue. High-fat diet fed ERaKO and WT female mice were 

treated with selective b3 agonist, CL 316,243 for two weeks. Assessments were made for 

differences in (A) brown adipose tissue (BAT) histology; (B) adipocyte size (µm); (C) UCP1 

protein expression (D) BAT gene expression. WT, wild-type; KO, ERa knock-out; CTRL, saline 

control; CL, CL 316,243 treatment; Data are expressed as means ± standard error (SE); 

n=10/group. G= significant main effect of genotype, P<0.05. T = significant main effect of CL 

P<0.05, GxT interaction P<0.05. 
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Figure 6. CL 316, 243 treatment attenuates adipocyte size and increases UCP1, but does 

not improve adipose tissue inflammation in perigonadal adipose tissue. High-fat diet fed 

ERaKO and WT female mice were treated with selective b3 agonist, CL 316,243 for two weeks. 

Assessments were made for differences in (A) perigonadal adipose tissue (PGAT) histology 

images; (B) adipocyte Size (µm); (C) UCP1 protein expression (D) PGAT Gene Expression. 

WT, wild-type; KO, ERa knock-out; CTRL, saline control; CL, CL 316,243 treatment; Data are 

expressed as means ± standard error (SE); n=10/group. G= significant main effect of genotype, 

P<0.05. T = significant main effect of CL 316, 243 treatment, P<0.05, GxT interaction P<0.05. 
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Figure 7. CL 316, 243 increases UCP1 protein in subcutaneous adipose tissue of female WT 

and ERaKO mice. High-fat diet fed ERaKO and WT female mice were treated with selective 

b3 agonist, CL 316,243 for two weeks. Assessments were made for differences in (A) 

Subcutaneous Adipose Tissue (SQAT) histology; (B) adipocyte size (µm); (C) UCP1-positive 

stain (D) UCP1-positive stain per adipocyte; (E) UCP1 protein expression; (F) SQAT gene 

expression. WT, Wild-Type; KO, ERa knock-out; CTRL, saline control; CL, CL 316,243 

treatment; Data are expressed as means ± standard error (SE); n=10/group. G= significant main 

effect of genotype, P<0.05. T = significant main effect of CL P<0.05, GxT interaction P<0.05. 
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CHAPTER 6: CONCLUSIONS 
 

Post-menopausal women are at heightened risk for weight gain and obesity [7-11]. 

Indeed, post-menopausal women are three times as likely to be obese than pre-menopausal 

women [5], and often exhibit attributes of Metabolic Syndrome such as visceral adiposity, 

insulin resistance (IR) or diabetes mellitus, hypertension, proatherogenic lipid provile, and 

cardiovascular diseases [8, 22, 23]. The decline in E2 production associated with menopause is 

likely responsible; specifically, the reduction in E2 signaling through ERa, which has been 

observed to mediate virtually all the metabolic protection of E2 [26-31]. Interestingly, large 

survey study of adult men and women showed that young women had more BAT and greater 

glucose uptake activity compared to age-matched young males, but that this sex difference 

diminished in older individuals [62]. This may suggest that the sex difference is dependent on E2, 

the major sex hormone young women. 

 Somewhat paradoxically, in past studies, we have observed an increase in BAT UCP1 

following OVX [84], similar to increases in UCP1 observed under conditions of diet-induced 

obesity [38, 85-88], suggesting increasing UCP1 may be a compensatory mechanism for 

metabolic stress in females. We sought to determine if this sexual dimorphism in BAT and UCP1 

is responsible, at least in part, for the metabolic protection observed in females. In our first study, 

we investigated the metabolic effects of UCP1 ablation in conjunction with OVX. We observed 

that, in the absence of thermostress and thus thermogenesis, UCP1 ablation exacerbates OVX-

associated IR and obesity (Journal of Endocrinology, in review), supporting the hypothesis that 
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UCP1 plays an integral role in the maintenance of metabolic health of females. To further 

understand the mechanism behind these observations, we then conducted a pilot study in which 

we pharmacologically increased UCP1 expression using known b3 agonist, CL compound, in 

ERaKO mice, a model of ovarian hormone loss. We found acute CL administration to induced 

AT browning in both WT and ERaKO, with ERaKOs seemingly more responsive than the WTs; 

exhibiting greater UCP1 protein expression in response to CL. 

 We then conducted a final study, responsible for the major findings of this thesis, where 

we assessed the efficacy of CL to rescue HFD-diet induced metabolic dysfunction in the 

ERaKOs. CL effectively reduced body weight and adiposity by increasing resting energy 

expenditure and the treatment improved measures of insulin sensitivity and resistance, by 

improving performance on ITT and HOMA-IR scores respectively. The important conclusion 

from our study is that reduction in ERa signaling does not prevent CL-induced improvements in 

glucose metabolism, adiposity, or markers of AT browning. 

More research is needed to better understand the interplay between E2 signaling and 

UCP1 in AT, and how such interaction may influence the effectiveness of selective b3 

adrenergic agonists as a potential therapeutic strategy for diabetes, obesity, and metabolic 

dysfunction associated with E2 reduction, all of which involve augmentation of adipocyte 

estrogen receptor kinetics. Future studies will likely consider targeting downstream effects of b3 

agonists like CL, such as adiponectin production or sensitivity through adiponectin receptors. 

There is much to be uncovered regarding AT function and metabolic health, however, one thing 

is for certain: AT centered pharmaceuticals are the future of diabetes and obesity research. 
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ABSTRACT  

Premenopausal females are protected against adipose inflammation and insulin 

resistance, until loss of ovarian hormone production (e.g., menopause). There is some evidence 

that females have more brown adipose tissue (BAT) and greater BAT sensitivity. Because BAT 

mass correlates inversely with insulin resistance, we hypothesized that increased uncoupling 

protein 1 (UCP1) expression contributes to the superior metabolic health of females. Given that 

UCP1 transiently increases in BAT following ovariectomy (OVX), we hypothesized that UCP1 

may ‘buffer’ OVX-mediated metabolic dysfunction. Accordingly, female UCP1 knock-out (KO) 

and wild-type (WT) mice received OVX or sham (SHM) surgeries at 16 weeks of age creating 

four groups (n=10/group), which were followed for 14 weeks and compared for: body weight 

and adiposity, food intake, energy expenditure and spontaneous physical activity (metabolic 

chambers), insulin resistance (HOMA-IR, ADIPO-IR, and glucose tolerance testing), and 

adipose tissue phenotype (histology, gene, and protein expression). Two-way ANOVA was used 

to assess main effects of genotype (G), treatment (O), and genotype by treatment (GxO) 

interactions, which were considered significant when P<0.05. UCP1KO mice experienced a 

more adverse metabolic response to OVX than WT, since OVX-induced weight gain was ~5% 

greater in KO compared to WT (GxO trend, P=0.056) and there was a significant GxO 

interaction for HOMA-IR (P<0.05), with KO OVX having the worst indices. These results 

suggest UCP1 is protective against metabolic dysfunction associated with loss of ovarian 



 58 

hormones and support the need for more research into therapeutics to selectively target UCP1 for 

prevention and treatment of metabolic dysfunction following ovarian hormone loss.  

 

INTRODUCTION 

Premenopausal females are protected against insulin resistance and adipose tissue 

inflammation, which are major independent predictors of metabolic disease [64]. However, 

postmenopausal women exhibit a disproportionate acceleration in metabolic disease risk relative 

to males, characterized by increased accumulation of visceral adiposity and associated 

inflammation [65, 66]. Similarly, ovariectomized (OVX) rodents exhibit greater adipose tissue 

inflammation and systemic insulin resistance relative to ovary-intact controls [67-69], whereas 

estrogen (E2) replacement therapy mitigates many of the adverse manifestations of ovarian 

hormone loss. Importantly, in light of the adverse side effects of E2 replacement therapy, 

alternative therapeutic approaches are warranted [146]. 

Adipose tissue health is a major predictor of metabolic disease. Indeed, white adipose 

tissue inflammation has been implicated as a causal link between obesity and cardiometabolic 

complications [74-77]. However, brown adipose tissue (BAT) is metabolically protective, as its 

relative abundance and activity inversely associates with insulin resistance and type 2 diabetes 

[60]. In this context, increased BAT activity has been shown to improve whole body insulin 

sensitivity and glucose homeostasis in overweight adult humans [78] and rodents [79]. 

Uncoupling protein 1 (UCP1) is the signature mitochondrial protein in BAT, which enables 

adaptive thermogenesis by uncoupling oxidative phosphorylation. There is evidence that UCP1 

has a direct, insulin sensitizing role as overexpression of UCP1 protects against diet-induced 
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obesity in mice [80], and mice null for UCP1 are more susceptible to Western diet (WD)-induced 

insulin resistance [38].  

While some investigators have found that ovary-intact females have more BAT than age-

matched males [43, 44], and are more sensitive to BAT activation [45, 46], not all studies have 

supported that there is a sex difference in BAT activation [81]. In fact, we previously compared 

BAT UCP1 levels in male and female mice housed under the same non-cold stressed conditions 

as the present study. Although we did find an increase in UCP1 gene expression in females, there 

was no difference in UCP1 protein content [82], which is arguably a more important indicator of 

basal BAT activity. Others have had similar findings in mice where no sex differences in BAT 

UCP1 were found [83]. Interestingly, a large survey study of adult men and women showed that 

young women had more BAT and greater glucose uptake activity compared to age-matched 

young males, but that this sex difference diminished in older individuals [62]. This may suggest 

that the sex difference is dependent on E2, the major sex hormone circulating in young women, 

but that falls considerably following menopause. Somewhat paradoxical to the previous 

statement, in past studies, we have observed an increase in BAT UCP1 following OVX [84], 

similar to increases in UCP1 observed under conditions of diet-induced obesity [38, 85-88]. This 

may suggest that any sex differences in UCP1 are independent of circulating E2 level. It is 

plausible that induction of UCP1 following OVX in BAT may be a compensatory response 

triggered by metabolic stress that then confers metabolic protection. Accordingly, we tested the 

hypothesis that absence of UCP1 would exacerbate OVX-associated metabolic dysfunction and 

adipose tissue inflammation. 

 



 60 

METHODS 

Ethical approval.  

All animal husbandry and experimental procedures were carried out in accordance with 

the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) and 

approved by the University of Missouri Institutional Animal Care and Use Committee before 

their initiation.  

 

Animals and experimental design  

Heterozygote female UCP1-/+ mice on a C57BL/6J background were purchased from 

Jackson Laboratory (Stock #003124, Bar Harbor, ME, USA) and bred at the University of 

Missouri Transgenic Animal Core (Columbia, MO, USA) facility to produce homozygote UCP1 

knock-out (UCP1KO; n=20 females) and littermate wild-type controls (WT; n=20 females). All 

mice were fed a standard chow diet (3.3 kcal/g of food, 13% kcal fat, 57% kcal carbohydrate, 

and 30% kcal protein, 5001, LabDiet, St. Louis, MO, USA) and were housed two to three per 

cage (within group) in a light cycle from 0700 to 1900 h at 25°C. WT and UCP1KO female mice 

underwent OVX or sham (SHM) operations at 16 weeks of age creating four distinct groups 

(n=10/group): 1) WT SHM, 2) WT OVX, 3) KO SHM, and 4) KO OVX. These animals were 

assessed for 14 weeks and compared for total and regional adiposity, indicators of adipose tissue 

inflammation and metabolism, systemic fuel metabolism and energy expenditure, and insulin 

resistance. At 30 weeks of age, following a five-hour fast, mice were euthanized and blood and 

tissues were collected. Tissues were harvested and either fixed in 10% formalin, snap-frozen in 
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liquid nitrogen and stored at -80°C until analyses. Data were generated from a subset of these 

animals in a previous study [82]. 

 

Body composition and tissue weights.  

The percent body fat (BF%) was measured by a nuclear magnetic resonance imaging 

whole-body composition analyzer (EchoMRI 4in1/1100; Echo Medical Systems, Houston, TX), 

one week prior to sacrifice. Upon sacrifice, interscapular BAT, thoracic periaortic BAT, 

subcutaneous (inguinal, SQAT) and visceral (perigonadal) white adipose tissue (PGAT) were 

extracted and tissue weights were collected.  

 

Energy expenditure assessment. 

 At 11 weeks of age, animals (n = 10/group) were placed in indirect calorimetry chambers 

(Promethion; Sable Systems International, Las Vegas, Nevada) to assess metabolic activity 

parameters including total energy expenditure (TEE), resting energy expenditure (REE), and 

spontaneous physical activity (SPA) by the summation of x-, y-, and z-axis beam breaks. Body 

weight and food intake were measured before and after each 48-hour (h) assessment. Each 48-h 

run captured at least two light and two dark cycles of REE.  

 

Fasting blood parameters.  

Plasma glucose, cholesterol, triglycerides, and non-esterified fatty acids (NEFA) assays 

were performed by a commercial laboratory (Comparative Clinical Pathology Services, 

Columbia, MO) on an Olympus AU680 automated chemistry analyzer (Beckman-Coulter, Brea, 
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CA) using assays as per manufacturer’s guidelines. Plasma insulin concentrations were 

determined using a commercially available, mouse-specific ELISA (Alpco Diagnostics, Salem, 

NH). The homeostasis model assessment of insulin resistance (HOMA-IR) was used as a 

surrogate measure of hepatic insulin resistance [(fasting insulin (µU/l) x fasting glucose 

(mg/dl)/405.1) [136]] and an index of adipose tissue insulin resistance (ADIPO-IR) was 

calculated as the product of fasting insulin (µU/l) and fasting NEFAs (mmol/l) [137]. Fasting 

levels of circulating adipokines, leptin and adiponectin, were measured using colorimetric 

ELISA (#90030, #80569, Crystal Chem) and data are presented as µg/ml. 

 

Histological assessments.  

  Formalin-fixed samples were processed through paraffin embedment, sectioned at 5 µm, 

and stained with hematoxylin and eosin (interscapular BAT, thoracic periaortic BAT, visceral 

white AT, and liver). Sections were evaluated via an Olympus BX34 photomicroscope 

(Olympus, Melville, NY) and images were taken via an Olympus SC30 Optical Microscope 

Accessory CMOS color camera. Adipocyte size was calculated from three independent regions 

of the same 20x and 40x objective fields for visceral white AT (100 adipocytes/animal) and BAT 

depots (45 adipocytes/animal; interscapular and thoracic periaortic), respectively. Cross-sectional 

areas of the adipocytes were obtained from perimeter tracings using Image J software as 

previously described [138]. An investigator blinded to the groups performed all procedures.   

 

RNA extraction and quantitative real-time RT-PCR.  
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Interscapular BAT and perigonadal adipose tissue samples were homogenized in TRIzol 

solution using a tissue homogenizer (TissueLyser LT, Qiagen, Valencia, CA). Total RNA was 

isolated according to the Qiagen’s RNeasy lipid tissue protocol and assayed using a Nanodrop 

spectrophotometer (Thermo Scientific, Wilmington, DE) to assess purity and concentration. 

First-strand cDNA was synthesized from total RNA using the High Capacity cDNA Reverse 

Transcription kit (Applied Biosystems, Carlsbad, CA).  Quantitative real-time PCR was 

performed as previously described using the ABI StepOne Plus sequence detection system 

(Applied Biosystems) [139, 140]. Primer sequences were designed using the NCBI Primer 

Design tool. All primers were purchased from IDT (Coralville, IA). B Actin was used as house-

keeping control gene. Beta Actin cycle threshold (CT) was not different among the groups of 

animals. mRNA expression was calculated by 2ΔCT where ΔCT = Beta Actin CT - gene of 

interest CT and presented as fold-difference. mRNA levels were normalized to the of WT SHM 

group which was set at 1.  

 

Western blotting 

Protein content was measured as previously described [141]. Briefly, protein samples (10 

µg/lane or 4 µg/lane) were separated by SDS-PAGE, transferred to polyvinylidene difluoride 

membranes, and probed with primary antibodies, including UCP1 (#U6382, 1:1000; Sigma-

Aldrich), UCP2 (#89326, 1:1000; Cell Signaling), Acetyl Co-A Carboxylase or ACC (#3662, 

1:1000, Cell Signaling), Phosphorylated Acc or PACC(#3661, 1:1000 Cell Signaling), OXPHOS 

(#M5604, 1:1000, MitoSciences), Ampk (#2532, 1:1000, Cell Signaling), AMPK-SER485(4185, 

1:1000, Cell Signaling), AMPK-THR172 (#2531, 1:1000, Cell Signaling), Estrogen Receptor 
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Alpha (ERA)(#681118, 1:1000, R&D Systems), Estrogen Receptor Beta (ERB) (#AB3577, 

1:2000, Abcam), Glut4 (#2213, 1:1000, Cell Signaling), Akt (#4691, 1:500, Cell Signaling). 

Intensity of individual protein bands were quantified using FluoroChem HD2 (AlphaView, 

version 3.4.0.0), and expressed as ratio to Amide Black total protein stain. 

 

Statistical analysis 

 A 2x2 analysis of variance (ANOVA) was used to evaluate the effects of genotype 

(UCP1KO vs. WT, G) and treatment (OVX vs. SHM, O) and genotype by treatment interactions 

(GxO). All data are presented as mean ± standard error (SEM).  For all statistical tests, 

significance was accepted at P<0.05. All statistical analyses were performed with SPSS V20.0.  

 

RESULTS  

Effects of UCP1 ablation and OVX on adiposity 

Main effects of both genotype (i.e., UCP1KO) and OVX were found for body weight, fat 

mass, body fat percentage, and subcutaneous adipose tissue (SQAT) depot weight (all P<0.05) 

(Figure 1A-C, 1F). UCP1KO OVX animals gained the most weight and exhibited the greatest 

adiposity without any significant changes in lean mass. In this group, OVX-induced weight gain 

was ~5% greater compared to WT (GxO trend, P=0.056) (Figure 1A). OVX also significantly 

increased perigonadal adipose tissue (PGAT) depot weight (Figure 1F). While interscapular 

BAT mass was significantly elevated with UCP1 ablation, it was not affected by OVX.  
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Periaortic BAT mass was greater in KO animals and tended to be increased by OVX (GxO, 

P=0.056) (Figure 1F).  

  

Effects of UCP1 ablation and OVX on energy expenditure and spontaneous physical 

activity 

Main effects of genotype and OVX were observed for both reduced total and reduced 

resting energy expenditure relative to body weight (G, O, both P<0.05) (Figure 1H, 1I). 

Likewise, both genotypes reduced their food intake under conditions of OVX (O, P<0.001); 

while KO animals consumed significantly less than WT (G, P=0.003) (Figure 1D). Likewise, 

metabolic efficiency was greater in UCP1KO animals and was increased by OVX (G, O, both 

P<0.05) (Figure 1E).   

 

Effects of UCP1 ablation and OVX on glucose and lipid metabolism 

While there were no statistically significant differences in glucose tolerance across 

groups, KO animals were hyperinsulinemic compared to WT (G, P<0.001) (Figure 2A, 2C). 

Moreover, systemic UCP1 ablation exacerbated OVX-induced increase in HOMA-IR (GxO, P= 

0.049) (Figure 2D). There was no main effect of OVX on ADIPO-IR; however, this measure 

was significantly greater in UCP1KO animals (Figure 2E). Plasma levels of the adipokines 

adiponectin and leptin were also measured, as their circulating levels can be indicative of 

systemic insulin sensitivity. Adiponectin is generally associated with enhanced insulin 

sensitivity, while leptin is generally secreted in proportion to adiposity; thus, the 
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leptin:adiponectin ratio is used here as a systemic correlate of adipocyte insulin resistance. Here, 

plasma levels of both adipokines were increased by OVX and also were higher in KO compared 

to WT animals (G, O, both P<0.05) (Figure 2F, 2G).  However, a higher leptin:adiponectin ratio 

was driven by OVX, yet not affected by UCP1 ablation (O, P<0.05) (Figure 2H). There were no 

significant differences in fasting NEFAs, LDL, HDL, total cholesterol, or triglyceride levels 

(Table 1). 

 

Effects of UCP1 ablation and OVX on BAT phenotype 

UCP1 ablation increased brown adipocyte size (G, P<0.05), however, this measure was 

unperturbed by OVX (Figure 3A, 3B). Analysis of gene expression revealed a genotype effect 

for an increase in markers of mitochondrial biogenesis peroxisome proliferator-activated receptor 

gamma coactivator 1-alpha (Pgc1a) and mitochondrial transcription factor A (Tfam), as well as a 

7-fold increase in DNA damage-inducible transcript 3 (Ddit3) expression (indicator of oxidative 

stress) in UCP1KO mice. Additionally, there was an OVX-induced decrease in glutathione 

peroxidase (Gpx3), an E2-regulated protein that functions to detoxify hydrogen peroxide [147], 

and increased expression of fibroblast growth factor 1 (Fgf21) due to both OVX and KO 

genotype, respectively. Gene expression analysis of uncoupling protein 2 (Ucp2), another 

uncoupling protein known to be up-regulated by E2 [47], revealed a GxO interaction in that 

UCP1 ablation increased, whereas OVX decreased, its expression (GxO, P<0.05). There was no 

evidence of increased inflammatory gene expression in BAT. Adipokine gene expression 

analysis revealed only an OVX-induced increase in Leptin (Figure 3C).  
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A genotype-driven decrease in the mitochondrial oxidative phosphorylation proteins, 

cytochrome C oxidase enzyme complex (COX) 1, 3, and 4 were observed (Figure 3D). 

However, there was no evidence for changes in protein expression relevant to energy regulation, 

such as AMPK or AMPK phosphorylation at either the Serine-491/485 (i.e., inhibitory) or 

Threonine-179 (i.e., activation) sites. Compared to WT, UCP1KO animals had decreased total 

Acetyl-CoA Carboxylase (ACC) protein, which catalyzes the committed step in fatty acid 

synthesis (G, P<0.05) (Figure 3D); however, no differences in phosphorylated ACC (i.e., 

activated) were observed. Based on uncertainty regarding sex differences in UCP1, and potential 

interactions between E2 signaling proteins and UCP1 [148], we also measured levels of estrogen 

receptor alpha (ERa) and beta (ERB). Here, we did not find significant differences in ERa or 

ERB protein content in BAT with either UCP1 ablation or OVX, and there was no difference 

between groups in the ratio of ERa:ERB protein expression, a ratio that has been shown to 

correlate positively with a ‘healthy’ adipose tissue phenotype [149] and E2-mediated 

improvements in insulin sensitivity [150] (Figure 3D).  

 

Effects of UCP1 ablation and OVX on white adipose tissue phenotype  
OVX substantially increased PGAT (i.e., a white adipose tissue depot from the visceral 

region in the rodent) adipocyte size (Figure 4A, 4B). Interestingly, Ucp2 gene expression 

increased with OVX in WT, but decreased in the UCP1KO. On the contrary, Pgc1a and Gpx3 

both decreased with OVX in the WT, but increased with OVX in the KO. However, OVX 

increased both Ddit3 and Fgf21 gene expression in each genotype (all GxO, P< 0.05). Similar to 

previous findings in mice [151], the PGAT depot exhibited evidence of OVX-induced 
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inflammation, indicated by increased gene expression of Mcp1, Il6, and Cdc11c (O, all P< 0.05). 

UCP1KO also had greater inflammation indicated by increases in Cd68 and Cd11c gene 

expression relative to WT (G, both P< 0.05). Similar to what happened in BAT, OVX increased 

gene expression of Leptin, leading to an increased Leptin:Adiponectin ratio; this again was not 

affected by UCP1KO (Figure 4C). However, UCP1 ablation did cause an increase in the protein 

content of the mitochondrial subunits, COX1 and COX2, and in pACC, the enzyme indicative of 

fat oxidation (G, all P< 0.05). On the other hand, OVX resulted in a decrease in COX 5 (i.e., 

ATP synthase enzyme), and in total ACC (but did not affect pACC, the active form). OVX also 

reduced UCP2 protein content (Figure 4D). Since emerging evidence suggests potential cross-

talk between ER signaling and proteins associated with white adipocyte browning [152, 153] 

ERs were also quantified in this depot. In this regard, there were no significant differences in 

ERA protein expression, yet OVX increased ERB protein content (O, P=0.031), thereby 

decreasing the ERa:ERB ratio. (Figure 4D).  

 

DISCUSSION 

We sought to investigate if UCP1 plays a compensatory role in response to the metabolic 

dysfunction associated with ovarian hormone loss via ovariectomy (OVX) in mice. It has been 

observed that UCP1 is upregulated in response to metabolic stress, such as diet-induced obesity 

[38, 85-88] and OVX [84, 86, 154, 155]. This seemingly compensatory upregulation of UCP1 

lead us to hypothesize that lack of UCP1 would aggravate OVX-induced metabolic dysfunction. 

Consistent with this idea, we found that the absence of UCP1 worsened OVX-mediated 

impairment in glucose metabolism, indicated by HOMA-IR scores and hyperinsulinemia (Figure 
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2B, 2D). This supports the hypothesis that UCP1 upregulation following loss of ovarian 

hormones may mitigate metabolic dysfunction. Further, these data also support the contention 

that more BAT [43], or greater UCP1 expression in premenopausal women, compared to age-

matched men and older women [44], may contribute to their metabolic protection.  

Adipose tissue phenotype plays an important role in determining whole body insulin 

sensitivity [60]. This is particularly important for females, who have greater adiposity and less 

lean mass compared to males. Importantly, while E2 drives fat storage in adipose tissue, it has 

many beneficial metabolically protective effects resulting in greater insulin sensitivity in E2-

sufficient females, despite their greater adiposity. However, loss of ovarian hormone production, 

as occurs in natural or surgical menopause, abruptly dissolves this protection, increasing 

metabolic disease risk [65, 66]. Similarly, UCP1 ablation induces obesity and enhances 

metabolic efficiency [86]. We observed that the combination of UCP1 ablation and OVX led to 

the greatest body weight increase, largely attributed to adiposity, indicated by both greater body 

fat percentage and adipose tissue pad weights across several depots (Figure 1A-C). Those 

changes in body mass due to both OVX and the UCP1KO genotype were accompanied by 

decreases in both food intake and resting energy expenditure (Figure 1D, E, G-I). This indicates 

that reduced basal metabolism, and not increased food intake or decreased physical activity, 

caused the energy surplus that led to the increased adiposity. While there were no genotype 

differences in glucose tolerance, the UCP1KO animals were hyperinsulinemic compared to WT, 

suggesting a preclinical impairment in glucose homeostasis. Notably, the mice studied here were 

female, the sex known to be protected against insulin resistance. However, HOMA-IR 

calculations did reveal a significant interaction between genotype and OVX (GxO), with 
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UCP1KO OVX animals having the highest scores (Figure 3). HOMA-IR is a proxy measure of 

insulin sensitivity which correlates very strongly with direct measures of insulin tolerance [156]. 

However, future studies should utilize hyperinsulinemic euglycemic clamps for more precise 

systemic as well as tissue-specific insulin sensitivity assessments. Nonetheless, our findings 

illustrate that lack of UCP1 causes an exacerbated response to OVX in terms of insulin 

resistance, which is seemingly independent to body weight gain. Our observations support 

previous findings, which illustrated a direct relationship between UCP1 expression and insulin 

sensitivity [157]. Although studies have indicated that both UCP1 ablation [38] and OVX [67-

69] induce insulin resistance, this is the first time, to our knowledge, that synergistic effects of 

UCP1 ablation and OVX on insulin resistance have been demonstrated. Additionally, we 

observed UCP1 ablation-induced increases in ADIPO-IR scores, indicating increased adipose 

tissue insulin resistance. These findings are important in light of the fact that aging reduces 

UCP1 in both sexes [158, 159]. Thus, age-related reductions in UCP1 may contribute to sex 

differences in age-related metabolic impairments, since women are synergistically affected by 

ageing and ovarian hormone loss. This may help explain why metabolic risk in women 

accelerates much faster than in men with age. It is also noteworthy that genetic mutations in 

genes that regulate UCP1 have been associated with longevity in humans [159]; thus, genetic 

differences in UCP1 expression/content may make some women more or less susceptible to 

menopause-associated metabolic dysfunction.   

Adipose tissue inflammation has been shown to induce insulin resistance [144], and we 

previously demonstrated that adipose tissue inflammation occurs independent of adiposity 

increase and precedes insulin resistance following OVX in mice [145]. However, our present 
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findings do not indicate elevated adipose tissue inflammation caused the exacerbated impairment 

in OVX-induced insulin resistance (Figure 3,4). Rather, adipocyte-specific dysfunction may 

have contributed to the exacerbated systemic phenotype of insulin resistance. This is supported 

by significant adipocyte hypertrophy and an increase in circulating leptin:adiponectin ratio 

(Figure 2F), as adiponectin has been shown to be insulin-sensitizing [113-115]. Furthermore, we 

observed an increase in ERB protein and a reduction in the ERa:ERB ratio in PGAT due to 

OVX, similar to what has been reported in the literature [160]. This may be, in part, responsible 

for the observed changes in adipokine ratios as well as the impairments in insulin sensitivity 

[161]. Reduction in ERa signaling has been shown to provoke obesity in both sexes [32], and 

ERa ablation in rodents induces obesity and insulin resistance [14].   

 UCP1 ablation appeared to increase lipid accumulation in BAT (i.e., induced ‘whitening’ 

of BAT). This qualitative measure, combined with the genotype-induced increases in 

interscapular and periaortic BAT pad weights (Figure 1F), adipocyte size (Figure 3A), and 

reduced BAT mitochondrial protein content (e.g., electron transport chain (ETC) proteins COX 

1, 3, and 4) (Figure 3D, E) reveal BAT whitening in the UCP1KO, consistent with our previous 

studies [82, 141]. UCP1 protein is vital for mitochondrial integrity and function, as ablation has 

been shown to reduce mitochondrial content and render mitochondria susceptible to reactive 

oxygen species-induced permeability [162]. Furthermore, UCP1 activity reduces oxidative stress 

and improves mitochondrial function [163-165]. Although direct mitochondrial energetic 

assessments were not performed, our observations of reduced mitochondrial content may suggest 

that the UCP1KO animals had impaired mitochondrial function. Paradoxically, gene expression 

of some markers of mitochondrial biogenesis (Tfam and Pgc1a) were actually increased in 
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UCP1KO. It is possible that these elevations in gene expression were compensatory to minimize 

dysfunction and BAT whitening.  

It is apparent that ovarian hormones and UCP1 both play an integral role in the 

preservation of metabolic health. In this study, we have shown that loss of ovarian-derived 

hormones and UCP1 ablation cause synergistic detriment to glucose metabolism, resulting in 

more severe insulin resistance than either UCP1 ablation or OVX alone.  Further studies are 

needed to examine the potential mechanistic relationships between E2 signaling and UCP1, and 

how their interactions may influence metabolic health.  Nonetheless, our current findings suggest 

that UCP1 is an important candidate protein that may interact in some way with E2 to mediate 

protective effects. Most important, these findings point to UCP1 as a potential therapeutic target 

for postmenopausal metabolic dysfunction. 
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FIGURES 

 

Figure 1. Influence of UCP1 ablation and OVX on body weight, adiposity, and energy 

expenditure in female mice. UCP1 null and wild-type female mice were subjected to an 

ovariectomy or sham surgery at 16 weeks of age, then assessed for 14 weeks for: (A) body 

weight; (B) body fat percentage; (C) body composition; (D) energy intake; (E) metabolic 

efficiency; (F) fat pad mass; (G) spontaneous physical activity (SPA); (H) resting energy 

expenditure; (I) total energy expenditure. WT, wild-type; KO, UCP1 knock-out; SHM, sham 

surgery; OVX, ovariectomy; Data are expressed as means ± standard error (SE); n=10/group. G= 
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Significant main effect of genotype, P< 0.05. O = Significant main effect of OVX P< 0.05, GxO 

interaction P< 0.05. 

 

Figure 2. Influence of UCP1 ablation and OVX on glucose metabolism in female mice. 

UCP1 null and wild-type female mice were subjected to an ovariectomy or sham surgery at 16 

weeks of age, then assessed for 14 weeks for (A) glucose tolerance test and area under the curve 

(AUC); (B) fasting insulin; (C) fasting glucose; (D) homeostasis model of assessment of insulin 

resistance (HOMA-IR); (E) adipose tissue insulin resistance (ADIPO-IR); (F) circulating 

adiponectin; (G) circulating leptin; (I) leptin:adiponectin ratio. WT, wild-type; KO, UCP1 

knock-out; SHM, sham surgery; OVX, ovariectomy; Data are expressed as means ± standard 

error (SE); n=10/group. G= Significant main effect of genotype, P< 0.05. O = Significant main 

effect of OVX P< 0.05, GxO interaction P< 0.05. 
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Figure 3. Influence of UCP1 ablation and OVX on brown adipose tissue phenotype and 

immunometabolism. UCP1 null and wild-type female mice were subjected to an ovariectomy or 

sham surgery at 16 weeks of age, then assessed for 14 weeks for (A) Intra-scapular brown 

adipose tissue histology; (B) brown adipocyte size; (C) gene expression; (D) protein expression; 

(E) western blot images.  WT, wild-type; KO, UCP1 knock-out; SHM, sham surgery; OVX, 

ovariectomy; Data are expressed as means ± standard error (SE); n=10/group. G= Significant 

main effect of genotype, P< 0.05, O = Significant main effect of OVX P< 0.05, GxO interaction 

P< 0.05. 
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Figure 4. Influence of UCP1 ablation and OVX on Perigonadal Adipose Tissue 

Immunometabolism in female mice. UCP1 null and wild-type female mice were subjected to 

an ovariectomy or sham surgery at 16 weeks of age, then assessed for 14 weeks for (A) 

perigonadal adipose tissue (PGAT) histology; (B) perigonadal adipocyte size; (C) gene 

expression; (D) protein expression; (E) western blot images. WT, wild-type; KO, UCP1 knock-

out; SHM, sham surgery; OVX, ovariectomy; Data are expressed as means ± standard error (SE); 

n=10/group. G= Significant main effect of genotype, P< 0.05, O = Significant main effect of 

OVX P< 0.05, GxO interaction P< 0.05. 
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