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ABSTRACT
Impaired thermogenesis and decreased energy expenditure as a result are hallmarks of obesity and obesity-associated metabolic dysfunction, such as type 2 diabetes mellitus (T2DM). By increasing the number of thermogenic adipocytes, the browning of white adipocytes has emerged as a promising target for increasing energy expenditure and treating obesity and its associated metabolic dysfunctions. However, the thermogenic and browning capacity of insulin-resistant models in response to dietary browning agents, such as resveratrol (RES), and the underlying mechanisms linking browning to improved insulin sensitivity remain incompletely understood. In this dissertation, the thermogenic capacities of diabetic db/db mice (characterized with a loss-of-function mutation in the leptin receptor) and the browning potential of their adipose tissue-derived stromal cells (ADSCs) in response to RES were investigated and compared to those of wild-type mice with a focus on sex differences. Also, as a proof-of-concept, the contribution of UCP1-mediated browning to insulin sensitization in response to rosiglitazone (ROSI), a well-studied anti-diabetic drug, was examined using 3T3-L1 adipocytes with UCP1 gene knockout (KO).
It was found that db/db mice exhibited markedly reduced energy expenditure and impaired cold tolerance, along with lower expression of thermogenic genes in brown and white adipose tissue, indicating diminished thermogenic capacities in these diabetic mice, regardless of sex. Despite systemic insulin resistance, the ADSCs from db/db mice retained the ability to undergo browning in response to RES and ROSI, as evidenced by increased Ucp1, Pgc1α mRNA expression, and mitochondrial uncoupling. This browning effect is accompanied by insulin-sensitizing improvement. Sex differences were also observed in response to treatments. Finally, it was found that ROSI enhanced insulin signaling in scrambled control cells but not Ucp1 KO 3T3-L1 adipocytes, demonstrating a significant contribution of Ucp1-mediated thermogenesis to ROSI-induced insulin sensitization.
In summary, this dissertation provides new insights into the thermogenic defects in db/db mice and demonstrates that db/db mice’s ADSCs retain browning capacities and can be browned by RES. Moreover, UCP1 is shown to play a significant role in mediating the insulin-sensitizing effects of ROSI. Overall, these results highlight the therapeutic potential of targeting adipose browning and thermogenesis with dietary or pharmacological agents for the treatment of obesity and obesity-associated T2DM.
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[bookmark: _Ref190981703][bookmark: _Toc204848620]CHAPTER I INTRODUCTION


Obesity is an increasing global health issue 1. It is linked to the main metabolic disease complications like type 2 diabetes mellitus (T2DM), cardiovascular issues, and even non-alcoholic fatty liver disease (NAFLD) 2. The causes of obesity are multifactorial, but can be simplified as the result of an imbalance between caloric intake and energy expenditure (EE) 3. As an energy reservoir, white adipose tissue (WAT) is traditionally considered to store triglycerides during times of surplus and release free fatty acids (FFAs) during times of deficit 4. It is now understood that adipose tissue is a dynamic and metabolically active organ, critically important in governing endocrine, energy balance, and metabolism 5. Unlike WAT, brown adipose tissue (BAT) dissipates energy through non-shivering thermogenesis 6. This action is mediated by uncoupling protein 1 (UCP1), a protein located in mitochondria that compromises the proton gradient formed by oxidative phosphorylation, releasing energy as heat instead of storing it in the form of ATP 7. BAT has a rich supply of mitochondria and UCP1, which enables its ability to generate heat 8.
Beige adipocytes, which emerge within white adipocytes under certain stimuli, such as cold exposure or pharmacological agents, exhibit similar thermogenic characteristics to classical brown adipocytes, including UCP1 expression and increased mitochondrial content 9. The transformation of white to beige adipocytes, referred to as “browning,” has attracted significant attention as a potential approach for treating obesity and metabolic disorders by increasing EE 10. By enhancing the uptake and utilization of fuel substrates (primarily glucose and lipids) in adipocytes, UCP1-mediated thermogenesis is thought to act as a “metabolic sink” to improve metabolic dysfunction 11. Adipose-derived stromal cells (ADSCs) from WAT serve as precursors for beige adipocytes and are capable of undergoing browning 12. They can be stimulated to undergo browning by PPARγ agonists, β-adrenergic agonists, cold, and certain dietary phytonutrients 13. Rosiglitazone (ROSI), a PPARγ agonist, belonging to the thiazolidinedione class, is well known for its insulin-sensitizing properties in the treatment of T2DM 14. In addition to increasing insulin signaling, ROSI promotes browning of white adipocytes by upregulating UCP1 and other thermogenic genes, resulting in increased mitochondrial uncoupling and EE 15. As UCP1-mediated browning effects are known to enhance glucose uptake and utilization, it is unknown whether browning effects induced by ROSI contribute to its insulin-sensitizing effects. 
Resveratrol (RES) is a polyphenol primarily found in grapes, which has recently gained attention for its antioxidant, anti-obesity, and browning properties 16. Studies have demonstrated that RES has the ability to induce browning by stimulating mitochondrial biogenesis and upregulating thermogenic genes such as Ucp1 and Pgc1α 17. However, most investigations have been limited to non-diabetic models. In addition, no research has comprehensively explored the differences between biological sex in the cellular response to RES, leaving a knowledge gap about how biological sex impacts the effectiveness of RES interventions.
[bookmark: _Hlk200887430]In this dissertation, the thermogenic capacity of diabetic db/db mice and the browning potential of their ADSCs by RES were systematically investigated and compared. First, we evaluated physiological and molecular markers of thermogenesis in db/db compared to their wildtype (WT) counterparts, including cold tolerance, heat production, and the expression of thermogenic proteins in the BAT and subcutaneous white adipose tissue (WAT) (Chapter III). Second, the browning and insulin response of the primary adipocytes from the ADSCs derived from the WAT of db/db and WT mice in response to RES and ROSI treatments were assessed in vitro, with a focus on sex differences (Chapter IV). Lastly, as a proof-of-concept, we assessed the contribution of UCP1-mediated browning to insulin sensitization by ROSI using 3T3L1 adipocytes with UCP1 knockout (KO) (Chapter V). Together, these studies aim to elucidate the mechanisms underlying impaired thermogenesis in obesity, highlight the influence of biological sex on adipocyte responsiveness to browning, and identify therapeutic targets for enhancing energy expenditure and improving insulin sensitivity in metabolically compromised conditions.
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[bookmark: _Toc200988037][bookmark: _Toc201001652][bookmark: _Toc204848622]Obesity
[bookmark: _Toc200988038][bookmark: _Toc201001653][bookmark: _Toc204848623]Global Prevalence of Obesity
Obesity is a chronic disease characterized by excessive accumulation of adipose tissue or abnormal adipose tissue function and is associated with many adverse health consequences 18. Body mass index (BMI) is the traditional tool for classifying obesity. It is calculated using body weight and height [(weight in kg)/(height in m2)], and a BMI ≥ 30 is considered obese 19. However, BMI-based classifications have significant limitations. It does not reflect fat distribution, inter-individual differences in fat metabolism, or susceptibility to adipose tissue dysfunction 20. Furthermore, a BMI-based definition does not account for the impact of obesity on health or well-being, which is a defining characteristic of any disease 21. Since these limitations have been recognized, alternative methods have been proposed for defining obesity. Direct measures of adipose tissue distribution include waist circumference, waist-to-hip ratio, and fat percentage, as well as clinical markers of metabolic dysfunction, such as insulin resistance, dyslipidemia, and inflammatory profiles, which can also be used to determine obesity 22,23. 
There has been a significant increase in obesity rates globally over the last three decades, with significant differences across regions and sexes. As of 2022, approximately 2.5 billion adults aged 18 years and older are overweight (BMI ≥ 25), including over 890 million who are obese 24. By 2050, over half of global adults will be overweight or obese, which will be 3.8 billion 25. The prevalence of obesity varies considerably between regions. In Oceania, North Africa, and the Middle East, obesity and overweight prevalence rates are among the highest in the world, which are over 80% 25. On the other hand, nations such as Vietnam, Bangladesh, and Ethiopia have much lower prevalence rates, which are typically below 5%, highlighting significant geographic disparities in the global obesity burden 25. Over the last decade, obesity prevalence has increased by 155.1% among men and 104.9% among women 25. However, obesity prevalence is higher in females (44%) than in males (43%) globally 24, particularly pronounced in low- and middle-income countries 26. For instance, in sub-Saharan Africa, the prevalence of obesity in females is over 100% higher than in males for adults aged 25–79 years 25. High-income super-regions showed the smallest difference in obesity prevalence between males and females 25. 
[bookmark: _Toc200988039][bookmark: _Toc201001654][bookmark: _Toc204848624]Causes of Obesity
[bookmark: _Hlk200558314]Obesity is strongly impacted by genetic considerations such as monogenic, polygenic, and syndromic factors 27. Monogenic obesity is caused by rare mutations within single genes that are essential for controlling appetite and regulating energy balance 28. Noteworthy mutations include those in the LEP, LEPR, and MC4R genes within the leptin-melanocortin pathway 29. Those who bear these mutations usually suffer from childhood obesity, marked by hyperphagia, and rapid weight accumulation since childhood 30. The obesity caused by the combined impact of gene variants, most of which contribute modestly to the risk of obesity, is referred to as polygenic obesity 31. It is the most prevalent form of obesity among the population. Numerous gene variations that modify the risk of increased waist circumference affect the average BMI of a population, as highlighted in studies based on the entire genome 32–34. Syndromic obesity is also associated with other genetic syndromes, such as Prader-Willi and Bardet-Biedl, where obesity is one of many clinical features 35. These explain the inheritability of obesity alongside the need for thorough research on the genetics of obesity.
[bookmark: _Hlk200559454]Aside from heritable traits, obesity is primarily influenced by early-life exposures and epigenetic modifications 36. Metabolic pathways related to overweight or obesity can be influenced by DNA methylation and histone modification, which facilitate changes in gene expression without altering the underlying DNA sequence 37. Overnutrition, smoking in pregnancy, and gestational diabetes are maternal factors known to increase the risks of obesity in children 38. These factors have the potential to cause epigenetic modifications that make children more susceptible to body weight gain and other metabolic disorders 39. Subsequently, a higher risk of obesity is linked to postnatal factors, such as rapid weight gain in infancy, short sleep duration, and early weaning from breast milk 40–42. It is evident from these observations that certain critical phases during early life are particularly sensitive to environmental influences and can permanently increase vulnerability to obesity later in life 43.
Lifestyle factors, such as a sedentary lifestyle and specific eating habits, are primary causes of obesity 44,45. Low energy expenditure resulting from insufficient physical activity contributes to an energy imbalance 46. Engaging in light-intensity physical activities, such as walking or doing household tasks, contributes significantly to maintaining energy balance and weight control 47,48. Easy access to inexpensive, calorie-dense foods, coupled with incessant advertisements, encourages unhealthy eating habits and contributes to an increased consumption of non-nutritious, calorie-rich processed foods, including soft drinks and snacks 49. Additionally, irregular eating schedules combined with frequent visits to fast food restaurants are linked to higher rates of obesity and BMI 50,51. Such lifestyle choices, alongside genetic factors, increase the risks of obesity 52.
[bookmark: _Hlk200567360]Obesity is also a result of multiple underlying medical and psychosocial issues 53. Primary endocrine conditions include hypothyroidism and polycystic ovary syndrome (PCOS), which cause patients to gain weight due to an imbalance in metabolism 54,55. Some classes of medication, such as antipsychotics, antidepressants, and corticosteroids, have the side effects of increased appetite and weight gain 56–58. Chronic psychosocial stressors, such as chronic stress, clinical depression, and low socioeconomic status, impact diet and nutrition profoundly 59–61. Stress eating is associated with increased consumption of calorie-dense foods high in fats and sugars, and it is a common coping mechanism to manage emotional distress, resulting in more weight gain 62–64. Also, lacking access to healthy and nutritious foods, and limited appropriate healthcare and recreational facilities greatly lead to obesity in the impoverished communities 65.
[bookmark: _Hlk200568564]In addition,  gut microbiota influences obesity by regulating host energy metabolism, nutrient absorption, and inflammation 66. Studies on germ-free mice have found that adiposity increases when these mice are colonized with the gut microbes from obese animals, suggesting a role for microbiota in fat storage, regardless of calorie consumption 67,68. Another well-documented observation is that the increased Prevotella-to-Bacteroides ratio is associated with greater energy extraction from food during obesity 67. In addition, the bacterial fermentation of dietary fibers into short-chain fatty acids (SCFAs) increases the release of gut hormones, such as glucagon-like peptide-1 (GLP-1) and peptide YY (PYY), which suppress appetite and increase insulin responsiveness 69,70. However, an altered gut barrier can allow lipopolysaccharides (LPS) to enter the circulation, leading to low-grade inflammation, insulin resistance, and subsequent weight gain 71. The multifaceted interactions underscore an important role that the gut microbiome plays in the development of obesity.
Environmental exposure to chemicals plays a significant role in the development of obesity through the action of endocrine-disrupting chemicals (EDCs) and obesogens, which may enhance preadipocyte recruitment and maturation, leading to hyperplasia and hypertrophy of white adipose tissue 72,73. Obesogens, such as bisphenol A (BPA), phthalates, and polychlorinated biphenyls (PCBs), act through a medley of mechanisms, including receptor-mediated ones, like peroxisome proliferator-activated receptor gamma (PPAR) activation, insulin resistance in skeletal muscle, and enhanced lipogenic activity in the liver as well as adipose tissues 74–76. During critical development windows, such as pregnancy and early childhood, exposure to environmental contaminants is especially detrimental, as it may result in epigenetic reprogramming and subsequent modifications to metabolic pathways, thus increasing the risks of obesity throughout the lifespan 77–79. Moreover, obesogens have been shown to disrupt circadian rhythm, increase inflammation, and elevate oxidative stress in adipose tissue, further exacerbating already altered metabolism with obesity 80,81.
[bookmark: _Toc200988040][bookmark: _Toc201001655][bookmark: _Toc204848625]Metabolic Dysfunction Associated with Obesity
Obesity is recognized as a chronic condition, which markedly disrupts homeostasis and directly or indirectly causes a myriad of dysfunctions and chronic diseases 82. It is directly associated with the development of insulin resistance, a hallmark of T2DM 83. It also further exacerbates non-alcoholic fatty liver disease (NAFLD) through inflammation, adipokine imbalance, and lipid accumulation 84. Prolonged obesity triggers chronic inflammation, characterized by the augmented release of pro-inflammatory cytokines, such as tumor necrosis factor α (TNF-α) and interleukin 6 (IL-6), which accelerates endothelial dysfunction, atherogenesis, and significantly exacerbates cardiovascular diseases (CVD) 85,86. These inflammatory activities also contribute to kidney injury via modifying renal hemodynamics, causing glomerular damage and progression to the chronic stage of kidney disease (CKD) 87,88. Apart from these repercussions, obesity is known to increase risks of developing some cancers, such as hepatocellular carcinoma and breast cancer, which is attributed to insulin resistance, inflammation of adipose tissues, and increased secretion of tumor-promoting substances 89–91. Accordingly, the diverse effects of obesity on various pathways contribute to the development of chronic diseases that are indicative of partial metabolic failure.
T2DM is directly related to excess body weight through insulin resistance and β-cell failure through numerous pathways 92,93. The chronic, low-grade inflammation resulting from obesity due to the excessive deposition of fat as adipose tissue is characterized by the secretion of pro-inflammatory cytokines such as tumor necrosis factor-alpha (TNF-α), interleukin 1 beta (IL-1β), monocyte chemoattractant protein 1 (MCP-1), and IL-6 by adipocytes and macrophages 94,95. The activation of these cytokines triggers inflammatory signaling pathways such as c-Jun N-terminal kinase (JNK), which disrupts insulin signaling by serine phosphorylation of insulin receptor substrates (IRS1 and IRS2) and inhibits insulin-driven glucose uptake in peripheral tissues 96,97. Additionally, the expression of suppressor of cytokine signaling (SOCS) proteins is upregulated in obesity 98. SOCS proteins would further inhibit insulin signaling by binding directly to IRS1 and IRS2, leading to their degradation and preventing the tyrosine phosphorylation of these two proteins 98,99. Moreover, adipose tissue dysfunction also contributes to the disturbed lipid balance by significantly increasing lipolysis and the release of free fatty acids, which promotes ectopic fat deposition in the liver and muscle 100,101.
Mitochondrial dysfunction and endoplasmic reticulum (ER) stress are also critical to the development of obesity-related metabolic disorders 102. In obesity, adipose tissue undergoes mitochondrial dysfunction, resulting in a decline in oxidative phosphorylation and an increase in the generation of reactive oxygen species, which further induces oxidative stress and disrupts the insulin signaling pathway 103–105. Simultaneously, hypertrophic adipocyte ER stress activates unfolded protein response (UPR) and pro-inflammatory responses, further impairing insulin signaling and enhancing lipotoxicity 106–108. Inflammation, oxidative stress, and organelle dysfunction collectively lead to metabolic imbalances, which ultimately contribute to T2DM 109.
[bookmark: _Toc200988041][bookmark: _Toc201001656][bookmark: _Toc204848626]Sex Differences in Obesity
Sex differences in the biology of adipose tissue and energy metabolism help explain why women and men experience obesity and its complications differently 110. Generally, females have a greater percentage of total body fat compared to males at the same BMI level, with greater subcutaneous adipose tissue (SAT) deposition in the gluteofemoral region. In contrast, men tend to have greater visceral adipose tissue (VAT) deposition 111,112. Differences in fat distribution between males and females are the result of differences in lipoprotein lipase (LPL) activity and adrenergic receptor expression 113,114. In premenopausal women, there is greater LPL activity in SAT compared to VAT, which promotes triglyceride uptake and fat storage in the gluteofemoral and subcutaneous region 115–117. In men, abdominal fat tissue tends to accumulate more fat as LPL activity increases in visceral fat 118. In addition, premenopausal women have a greater proportion of α2-adrenergic receptors compared to β1 and β2 adrenergic receptors in SAT 119,120. This expression pattern inhibits lipolysis induced by catecholamines, resulting in less fat breakdown in SAT and more fat accumulation in the subcutaneous and gluteofemoral regions 121. In contrast, visceral fat in men has a relatively lower ratio of α2 to β1-2 adrenergic receptors, leading to increased lipolysis and re-esterification of fats in visceral adipose tissue, resulting in enhanced visceral fat storage 122.
In addition, sex hormones differentially regulate the biology of adipose tissue and thermogenesis in a sex-specific manner 110,123. In females, estrogen primarily acts via the estrogen receptor alpha (ERα) to promote hyperplasia and the expansion of subcutaneous adipose tissue 124. In the SAT, ERα signaling increases the expression of α2A-adrenergic receptors, which inhibits catecholamine-stimulated lipolysis and enables lipid accumulation in the gluteofemoral regions 120. In contrast, lower ERα expression in male VAT contributes to increased lipolytic activity and visceral fat accumulation 125. Estrogen also has central regulatory action in the hypothalamus through ERα, which activates the AMP-activated protein kinase (AMPK) in the ventromedial hypothalamus to increase thermogenesis 126. On the other hand, a deficiency of testosterone promotes the deposition of visceral fat and is associated with negative metabolic profiles in men through the action of the androgen receptor (AR) 127,128. While testosterone replacement therapy helps reduce SAT, it does not affect VAT 129. Collectively, these mechanisms, which are impacted by hormones, help clarify why fat distribution varies by sex.
At the molecular level, genome-wide association studies (GWAS) have identified sex-differentiated single-nucleotide polymorphisms (SNPs) associated with the distribution of body fat and metabolic traits, illustrating the heritable factors that contribute to sex differences 130. For example, the waist-hip circumference ratio was found to have the highest number of sex-dimorphic SNPs, with 2,421 variants across 100 different loci 131. Men and women also differ in the patterns of adipokine secretion 132. Leptin is one of the adipokines primarily secreted by adipose tissue and regulates appetite 133. Leptin levels are higher in females compared to males, and it is associated with higher subcutaneous fat mass 134–136. Adiponectin is an anti-inflammatory and insulin-sensitizing adipokine that also has a greater concentration in females than males and inversely correlates with VAT accumulation 137. These variations, both genetic and endocrine, suggest that sex is a crucial biological variable in understanding the pathophysiology of obesity.
[bookmark: _Toc200988042][bookmark: _Toc201001657][bookmark: _Toc204848627]Adipose Tissue Biology
[bookmark: _Toc200988043][bookmark: _Toc201001658][bookmark: _Toc204848628]White Adipose Tissue
White Adipose tissue is essential for maintaining systemic energy balance while performing endocrine functions 138. It was first described in terms of its capability to store energy in the form of triacylglycerols (TAGs), while subsequent landmark discoveries in the 1980s showed that WAT is crucial for health due to its secretory function, producing adipsin, acylation-stimulating protein (ASP), and leptin 139–141. In addition to its endocrine functions, WAT also demonstrates high insulin sensitivity, facilitating the uptake of glucose, and regulates lipid turnover in adipocytes 142,143. Lipid storage, hormone secretion, and insulin sensitivity are key adipocyte functions for maintaining metabolic balance; disruption in these processes leads to a variety of metabolic diseases 144. The recognition of the systemic importance of WAT coincided with the increased rates of obesity in the late 20th century when epidemiologic studies began correlating obesity and excess fat accumulation with T2DM and 13 types of cancers 145. Currently, more than 890 million adults across the globe are living with obesity 146.
[bookmark: _Toc200988044][bookmark: _Toc201001659][bookmark: _Toc204848629]Brown Adipose Tissue
Brown adipose tissue is a unique type of adipose tissue that plays an important role in thermogenesis147. In rodents, BAT is found in the supraclavicular and interscapular regions, while in humans, it can be found in the cervical, axillary, paraspinal areas, and around organs 148,149. BAT was thought to be exclusive to hibernating animals and infants in the 19th century 150, but recent studies have found the presence of metabolically active BAT in adult humans using 18F-fluorodeoxyglucose (18F-FDG)-positron emission tomography (PET) 151. The primary function of BAT is non-shivering thermogenesis, which is facilitated by uncoupling protein 1 (UCP1) located in the inner membrane of mitochondria 152. UCP1, upon activation by long-chain fatty acids, enhances proton (H⁺) leakage across the mitochondrial membrane and catalyzes the uncoupling of the proton gradient dissipated by the electron transport chain to produce heat rather than ATP 153,154. Thermogenesis helps maintain systemic lipid metabolism, including the removal of circulating triglycerides and limiting lipid storage, which can be activated by cold temperatures and signals from the sympathetic nervous system (SNS) 155,156. Although FFAs are the primary fuel for non-shivering thermogenesis, cold exposure also significantly increases glucose uptake in rodents, indicating that glucose serves as an additional energy substrate 157–159. In rodents, this uptake occurs even in the absence of insulin and is driven by SNS activation, which enhances the expression, redistribution, and functional activity of glucose transporters, such as glucose transporter 1 (GLUT1) and glucose transporter 4 (GLUT4), in BAT 158,160,161.
Along with its metabolic roles, BAT also possesses endocrine-like functions and releases a variety of signaling molecules commonly termed “batokines,” which include fibroblast growth factor 21 (FGF21), neuregulin 4 (NRG4), vascular endothelial growth factor (VEGF), and IL-6 162,163. The endocrine influences of BAT in humans are not yet fully understood, given its relatively small portion, 1–2% of total body fat, but their paracrine and autocrine functions are increasingly recognized 23. Additionally, sustained exposure to cold temperatures results in BAT recruitment, including the expansion and activation of BAT depots, through the proliferation and differentiation of precursor cells, thus enhancing their thermogenic capacity and metabolic effect 164,165.
[bookmark: _Toc200988045][bookmark: _Toc201001660][bookmark: _Toc204848630]Beige Adipose Tissue
Beige adipose tissue, a thermogenically inducible fat type, forms within WAT under specific conditions, such as chronic cold exposure or β-adrenergic stimulation 166,167. Beige adipocytes acquire brown fat-like features, characterized by multilocular lipid droplets, high mitochondrial content, and the expression of UCP1, which enables them to carry out non-shivering thermogenesis 165. However, unlike classical brown adipocytes, beige adipocytes originate from a distinct developmental lineage 168. Classical brown fat cells are derived from Myf5⁺ precursors, a lineage shared with myogenic cells, which explains why brown adipocytes exhibit high expression of basal thermogenic genes 169. Beige adipocytes instead are derived from Myf5⁻ precursor cells in WAT and are usually thermogenically inactive until stimulated by environmental factors 169. In the absence of thermogenic stimuli, beige fat cells can adopt a white adipocyte-like phenotype, characterized by unilocular lipid droplets and lower mitochondrial activity 170,171. The reversible nature of beige fat facilitates the adaptive regulation of thermogenic processes in response to metabolic requirements and environmental stimuli 172. Additionally, while the thermogenic capacity of beige fat is not permanent, once activated, beige adipocytes markedly enhance energy expenditure and improve the overall metabolic health of the organism 173. Since the total amount of classical BAT in adult humans is limited, the capability to recruit and activate beige adipocytes within existing depots of WAT represents a novel approach for the treatment of obesity and related metabolic disorders 155.
[bookmark: _Toc200988046][bookmark: _Toc201001661][bookmark: _Toc204848631]Metabolic Benefits of Thermogenic Fat Activation in Obesity and Diabetes
The brown and beige types of adipose tissue are novel therapeutic targets due to their roles in regulating systemic energy, glucose, and lipid metabolism in both obesity and T2DM 174. BAT is specialized for thermogenesis and dissipates energy through uncoupled mitochondrial respiration 168. The primary fuel source for thermogenesis is mainly the β-oxidation of fatty acids 175. Nevertheless, BAT is one of the tissues with the highest sensitivity to insulin 176. Insulin promotes glucose uptake in brown adipocytes, which can be further metabolized through de novo lipogenesis or triglyceride formation 177. It can reduce the burden on pancreatic β-cells by decreasing the need for insulin secretion 178. Studies using PET imaging have shown that individuals with active BAT have lower fasting glucose levels than those without detectable BAT 179. BAT function is often impaired in obesity, with both the thermogenic response and insulin-stimulated glucose uptake significantly reduced in individuals with obesity compared to lean individuals 180. Experimental approaches, such as cold exposure or BAT transplantation, have been shown to improve glucose tolerance and enhance insulin sensitivity 181,182. In contrast, the deletion of the insulin receptor in the BAT leads to severe, progressive BAT atrophy and an inability to secrete insulin from the islets in response to glucose 183. This suggests that insulin signaling is indeed crucial to the development of BAT and the regulation of glucose metabolism.
In addition to classical BAT, beige adipocytes, which are thermogenically active cells recruited within white adipose tissue (WAT) under stimuli such as cold exposure or β3-adrenergic agonists, have come into focus as additional modulators of metabolic health 168. Beige adipocyte activation enhances energy expenditure by promoting glucose and lipid uptake, thereby contributing to improved glucose tolerance and insulin sensitivity 184. By taking up glucose and FFAs, beige adipocytes indirectly enhance pancreatic function and lower the body’s demand for insulin 174. Collectively, the activation of brown and beige adipocytes reduces blood glucose levels and decreases lipid accumulation 184.
[bookmark: _Toc200988047][bookmark: _Toc201001662][bookmark: _Toc204848632]Browning of White Adipose Tissue
[bookmark: _Toc200988048][bookmark: _Toc201001663][bookmark: _Toc204848633]Mechanism of Browning
The evolution of beige adipocytes can be attributed to two mechanisms: de novo differentiation and transdifferentiation 185. De novo differentiation refers to the process of producing beige adipocytes from available progenitor cells in white adipose tissue, as a result of cold exposure, β-adrenergic signaling, exercise, thyroid hormones, certain types of phytonutrients, and so on 186. These stimuli induce thermogenic and adipogenic transcriptional programs via the upregulation of Ucp1, Prdm16, Zfp516, and Pgc1 and coordinate mitochondrial biogenesis 187. Progenitor cells that are capable of differentiating into beige adipocytes include cells that are positive for Myh11, Pdgfr, Sca-1, and Cd81, showing the diversity of the adipose stem cells 188–190.
On the other hand, transdifferentiation suggests that fully developed white adipocytes can be directly and reversibly converted into beige adipocytes without the involvement of progenitor cells 191. This mechanism is mainly observed in subcutaneous WAT and is often triggered by external stimuli, such as cold stimulation and specific dietary components 192. UCP1 expression alongside mitochondrial biogenesis within these cells is controlled by the browning transcription factors without dedifferentiation into a progenitor state 192,193. Collectively, these findings imply that browning is an adaptive response to the environmental stimuli that reprogram white adipose tissue at the cellular level.
[bookmark: _Toc200988049][bookmark: _Toc201001664][bookmark: _Toc204848634]The Role of UCP1 in Browning
UCP1 is responsible for non-shivering thermogenesis and resides in the inner membrane of mitochondria 194. UCP1 is a member of the mitochondrial anion carrier family (MACF) and is primarily found in brown and beige adipose tissues, where it comprises about 10% of the total mitochondrial protein in human epicardial fat 195,196. On the electron transport chain (ETC), UCP1 facilitates the passage of protons across the mitochondrial membrane, thereby dissipating the proton gradient formed during oxidative phosphorylation 197. Thus, the chemical energy conserved for ATP synthesis is then released as heat. Cytosolic purine nucleotides inhibit this process, whereas it is activated by long-chain fatty acids 197. As one of the primary drivers of thermogenesis, UCP1 is a crucial molecular indicator and primary marker for the browning of WAT 198.
Besides post-translational regulation by purine nucleotides and long-chain fatty acids, UCP1 undergoes complex regulation at the transcriptional level 199. Various trans-acting factors within the 5′ regulatory region of UCP1 can respond to physiological changes and activities 200,201. For example, CREB and C/EBP binding sites in the proximal promoter region mediate the cAMP-induced UCP1 activation 202. Moreover, ATF2, in cooperation with the co-activator PGC1α, increases UCP1 expression at the transcriptional level 199. This regulation is mediated in part by a distal enhancer located over 2 kb upstream of the UCP1 gene, which contains binding sites for nuclear hormone receptors, including PPARγ 203. PPARγ activates UCP1 transcription when bound to its ligand, but represses it in cooperation with LXR and the co-repressor RIP140 204. RIP140 exerts this effect by recruiting DNA and histone methyltransferases, thereby altering chromatin structure and limiting transcriptional accessibility 205.
[bookmark: _Toc200988050][bookmark: _Toc201001665][bookmark: _Toc204848635]-Adrenergic Receptor-Mediated Pathway in Browning
The process of browning WAT, which enables white fat to acquire thermogenic properties similar to BAT, is regulated by the activation of β3-adrenergic receptors (β3-ARs) 206,207. These receptors are known to be highly abundant in murine WAT and BAT, while the expression levels are lower in human adipose tissue; β3-ARs are known to regulate energy expenditure, thermogenesis, as well as glucose metabolism 208,209. Adrenergic stimuli, including catecholamines, norepinephrine, and epinephrine, can induce browning by binding to β3-ARs located on adipocyte membranes, then further enhance the expression of thermogenic-related genes, like UCP1, one of the key indicators of non-shivering thermogenesis 180,210.
The underlying signaling mechanism involves the activation of the Gs-coupled β3-adrenergic receptor (β3-AR), which stimulates adenylyl cyclase to increase intracellular cyclic adenosine monophosphate (cAMP) levels 211,212. This elevation in cAMP activates protein kinase A (PKA), which phosphorylates downstream targets to enhance lipolysis and promote UCP1 expression 180,211. This axis, β3-AR-cAMP-PKA, is considered a tightly regulated pathway that initiates heat production in response to cold exposure 180. Supporting this, animal models lacking all β-ARs have shown poor thermogenic capacity, as well as demonstrating greater vulnerability to cold-induced hypothermia and a higher risk of diet-induced obesity 211,213.
In addition to cold exposure, β3-AR agonists demonstrate the ability to promote browning and improve metabolic outcomes by increasing mitochondrial biogenesis and thermogenesis 214. However, the application of these findings in humans has been challenging due to the adverse cardiovascular side effects associated with the use of non-selective agonists 214,215. A more refined treatment with mirabegron, a selective β3-AR agonist used to treat overactive bladder, has been shown to activate BAT at a dose of 200 mg in healthy adults, with a slight increase in heart rate and blood pressure 214. Furthermore, polymorphisms in β3-AR and G-proteins may modify an individual’s response to browning through changes in receptor coupling and lipolysis 216. Collectively, this demonstrates the importance of the β3-AR in the thermogenic process.
[bookmark: _Toc200988051][bookmark: _Toc201001666][bookmark: _Toc204848636]Thermal Stimulation in Browning
Thermal stimuli, cold exposure in particular, contribute to the activation of non-shivering thermogenesis, which is essential in the browning process 217,218. The non-shivering thermogenesis is predominantly fueled by BAT and beige adipocytes 219. This process is initiated by thermal sensory input from cutaneous thermoreceptors, which are then transmitted through afferent nerves to the central nervous system (CNS) 220,221. Sympathetic nerves, in turn, release norepinephrine, which binds to β3-ARs and induces the expression of thermogenic genes, such as UCP1, and the oxidation of free fatty acids (FFAs) 220. These alterations lead to increased heat production and browning of WAT 214,222. Other changes include the induction of Zinc-α2-glycoprotein (ZAG), leading to increased secretion of adipokines and metabolic activation in BAT and WAT tissues 223.
Although compelling results were found from rodent models, the applicability of cold-induced browning in humans is challenging. Clinical studies have shown that only around half of BAT in human subjects is responsive to cold exposure, resulting in limited thermogenic activity 224. In addition, individuals with obesity are noted to have impaired cold tolerance and lower energy expenditure in a cold environment 225. Systemic climate factors may also influence BAT activity. For example, research conducted in the United States shows that higher ambient temperatures are associated with poorer glycemic control, increased rates of obesity, and lower BAT activity 226. Therefore, projections of global climate change, alongside a rise in average temperatures, would lead to an increase in obesity prevalence by more than 10% over the next 120 years 227.
Due to the limitations and the systemic impacts of cold-induced browning in humans, alternative strategies have been considered. Beige adipocyte activation has been induced via localized photothermal therapy with hydrogels, without causing local tissue damage or systemic stress 228. In both mice and human subjects, active browning was observed when localized body temperature was elevated to approximately 41 °C 228. The results are consistent with previous studies on WAT browning after burn injuries, emphasizing the therapeutic potential of temperature control to induce browning 229,230. However, considering the indiscriminate thermogenic variability and complexity of human responses, further studies are warranted to clarify the mechanisms for optimizing temperature application in inducing browning.
[bookmark: _Toc200988052][bookmark: _Toc201001667][bookmark: _Toc204848637]Nutrient-Mediated Browning
Recent studies have shown that activating thermogenesis with phytonutrients in WAT to treat obesity is promising 231. Green tea extract (GTE) is among the most extensively studied compounds and is rich in catechins, such as (-)-epigallocatechin gallate (EGCG) 215. GTE has been shown to promot the conversion of white adipocytes to beige adipocytes and enhancing thermogenesis 232,233. A human study has shown that subjects supplemented with 856.8 mg of EGCG per day over 3 months had significant decreases in adipose tissue mass, body weight, and LDL-C levels 234. Similar results were observed in diet-induced obese rodents given GTE supplements at 500 mg/kg body weight for 12 weeks, and the potential mechanisms of these results were linked to activation of AMPK and suppression of microRNA-335 expression in adipose tissue 235,236. Furthermore, EGCG supplementation has been shown to reduce inflammation along with increasing energy expenditure and enhancing insulin sensitivity 237,238.
Curcumin, another active flavonoid, was found to enhance the mRNA expression of several brown adipocyte markers, such as Ucp1, Prdm16, Pgc1α, and Tmem26, in 3T3-L1 adipocytes 239,240. Furthermore, it increased fat oxidation and mitochondrial activity by upregulating CPT1 and cytochrome C, and increasing the ratio of phosphorylated AMPK/AMPK and phosphorylated ACC protein levels, thereby promoting lipolysis 239,240. 
The terpenoid is the largest class of secondary metabolites in nature, which can be found in plants, fungi, marine life, and animals 241. Terpenes are composed of isoprene subunits (C₅H₈) that are repetitively bonded together, hence, classification is done according to the number of units into: monoterpenes (C10), sesquiterpenes (C15), diterpenes (C20), sesterterpenes (C25), triterpenes (C30), and tetraterpenes (C40) 242. Among all terpenoids, carotenoids have attracted significant attention due to their role in modulating adipose tissue and lipid metabolism 243. Retinol and carotenoids are mostly stored in non-esterified forms within adipocytes, often associated with triacylglycerol in lipid droplets and cell membranes 244. Carotenoids inhibit adipocyte differentiation and lipid accumulation by binding nuclear receptors such as Retinoic Acid Receptor (RAR), Retinoid X Receptor (RXR), and Peroxisome Proliferator-Activated Receptor (PPAR) 245. For example, β-carotene suppresses adipogenesis by being converted into all-trans retinoic acid and Apo-14’-carotenal, which both inhibit PPAR and RXR signaling 246.
Lycopene, a tetraterpene found in tomatoes and other red fruits, has been researched and found to have anti-obesity properties in specific tissues, such as the liver and adipose tissue 247,248. Cis isomers are more bioavailable than the trans form, due to the cis form preferentially accumulating in the liver and adipose tissues 249. Studies have indicated that lycopene assists with the browning of WAT by activating thermogenic markers such as UCP1, PPAR, and SIRT1 249. Moreover, some clinical research has shown that young women who consumed raw and ripe tomatoes, rich in lycopene, before meals exhibited a considerable decline in body fat, triglycerides, blood glucose, and cholesterol levels250. Xanthophylls from marine sources, especially fucoxanthin, have also been reported to promote adaptive thermogenesis 251. Research indicates that fucoxanthin enhances the expression of Adrb3 mRNA in WAT, which may increase the activity of the SNS and UCP1 expression 251. Another xanthophyll, zeaxanthin, decreased lipid accumulation, adipocyte size, and total adipose tissue mass by modulating AMPK phosphorylation and downregulating adipogenic transcription factors in 3T3-L1 cells and high-fat diet-induced obese mice 252.
Besides well-known compounds, some lesser-known phytonutrients, as well as fiber-rich extracts, have also demonstrated promising effects on inducing browning of adipose tissue. For example, gallic acid, a simple phenolic acid, has been shown to promote lipolysis, inhibit fatty acid synthesis, and reduce lipid accumulation within adipocytes 253,254. An apple-derived bioactive compound, Phlorizin, showed anti-obesity actions by reducing fat and adipocyte volume independent of food intake 255. This is possibly due to the modulation of gut microbiota and lipid absorption 255. Grape seed flour (GSF), rich in polyphenols and dietary fiber, was found to promote thermogenesis in BAT and induce browning in WAT via upregulation of Ucp1 mRNA expression 256. Extracts from germinated waxy black rice also promoted the mRNA expression of browning-related genes Ucp1, Ucp2, Cpt-1, and Pgc1α, thereby increasing mitochondrial oxidative metabolism and suppressing lipogenesis257.
In summary, numerous dietary nutrients have been shown to promote browning of WAT and increase thermogenesis. A variety of mechanisms are involved in the action of these bioactive compounds, including the stimulation of AMPK, SIRT1, and PPAR pathways; the upregulation of thermogenic genes such as UCP1 and PGC1α; the suppression of adipogenesis; and the enhancement of mitochondrial function. These findings underscore the potential of nutritional interventions in obesity management through browning and highlight the need for further mechanistic and translational research to harness their therapeutic utility.
[bookmark: _Toc200988053][bookmark: _Toc201001668][bookmark: _Toc204848638]Sex Differences in Browning
Recent studies have revealed notable sex differences in the browning processes of WAT, with females consistently exhibiting greater browning capacities than males. A study has noted differences in the browning response by fat depot and sex when assessing the impact of β3-adrenergic stimulation via CL316,243, the β3-adrenergic agonist, on male and female C57BL/6 mice 258. In gonadal WAT (gWAT), female, but not male, mice showed significant upregulation of thermogenic markers protein expression, including UCP1 and PGC1α, as well as increased mRNA expression of Cox8b and tyrosine hydroxylase (TH) protein level, suggesting enhanced mitochondrial activity and sympathetic innervation 258. Furthermore, neurotrophic factors, such as nerve growth factor (NGF) and brain-derived neurotrophic factor (BDNF), known to enhance sympathetic nerve activity, were markedly elevated in female gWAT 258. These differences were not observed in inguinal WAT (iWAT) 258. In addition, ovarian failure induced by 4-vinylcyclohexene resulted in decreased protein levels of UCP1, TH, as well as mRNA expression of Bdnf in female gWAT, emphasizing the essential role of sex hormones in mediating browning responses 258.
In another study, neuropeptide Y (NPY) was examined for its impact on thermoregulation and its sexually dimorphic effects. In female NPY knockout (NPY−/−) mice, upregulation of key thermogenic genes, including Ucp1, Cox7a1, Cox8b, Pparα, and Dio2, was observed in iWAT compared with wild-type controls 259. On the other hand, male mice did not show any noticeable changes 259. Similarly, an in vivo study also demonstrated the significance of estrogen receptor β (ERβ) by showing that its activation with LY3201 stimulated mRNA expression of Ucp1, Cidea, Pparγ, Pgc1β, and Dio2 in mammary WAT of older female mice, whereas age-matched male and younger mice did not respond 260. Treatment with LY3201 also elevated the protein expression of TH and β3-adrenoceptor in female WAT, suggesting that ERβ promotes the mobilization of sympathetic nerves and the responsiveness to adrenergic signals in a sex-specific manner 260.
[bookmark: _Hlk203214020]Further studies reinforce the important influence of estrogen on the browning of white adipose tissue. Tamoxifen, an estrogen receptor ligand, was reported to increase Ucp1 mRNA expression in iWAT of female mice at both room temperature and cold conditions, while the response was not observed in males 261. Leucine supplementation during the lactation during lactation and adulthood under a subsequent high-fat diet increased leptin and Ppar mRNA expression in both sexes; however, Cidea, HoxC9, and Shox2 showed greater mRNA expression in males 262. Moreover, in mice with a methionine and choline-deficient (MCD) diet, only female mice showed upregulated mRNA expression of Ucp1, Elovl3, and Cox8b in gWAT 263. Based on this observation, another study using a high-fat, high-sucrose diet showed that female mice had greater Ucp1 mRNA expression in gWAT than males 264. Gonadectomy further revealed that UCP1 staining persisted in females under both chow and obesogenic conditions but was nearly absent in males, underscoring the influence of sex hormones 264.
However, some studies did not find differences based on sex. Dietary arachidonic acid supplementation found no sex differences in upregulating browning markers in gWAT in diet-induced obese (DIO) mice 265. Overall, the existing literature suggests that the browning of WAT is more easily triggered in females compared to males in response to a wide range of physiological, hormonal, and dietary factors 266. The enhanced responsiveness is particularly related to estrogen signaling dependence 267. Estrogen signaling inhibition reduces browning in females, whereas receptor activation increases thermogenic gene expression and sympathetic innervation 267. These results emphasize sex as a significant biological variable in adipose tissue thermogenesis and suggest that effective interventions to enhance browning may require sex-specific approaches 268.
[bookmark: _Toc200988054][bookmark: _Toc201001669][bookmark: _Toc204848639]Resveratrol as a Browning Agent
[bookmark: _Toc200988055][bookmark: _Toc201001670][bookmark: _Toc204848640]Structure and Sources of Resveratrol
[bookmark: _Hlk200550252]Resveratrol (E-5-(4-hydroxystyryl) benzene-1,3-diol) is classified as a polyphenol and belongs to a class of phytoestrogens. Other members of the phytoestrogens family include isoflavonoids, flavonoids, and lignans 269. These compounds are found in soy, fruits, and vegetables 270. Specifically, trans-RES and its glycoside form have attracted the most interest due to their various health benefits, which include antioxidant, anti-inflammatory, anticarcinogenic, and estrogenic or anti-estrogenic activities 271. "French Paradox" theory first brought RES to light by linking moderate consumption of red wine with cardiovascular benefits, leading to the discovery of new RES sources 272. It has been reported in more than 70 species of plants and is particularly abundant in red grapes, as it acts as a phytoalexin produced in response to fungal infection 271. Besides dietary sources, such as berries, peanuts, and wine, industrial RES is usually produced through chemical or microbial processes, including fermentation with Saccharomyces cerevisiae 273–275.
[bookmark: _Hlk200550941]Resveratrol is a stilbenoid wherein an ethylene linkage joins two aromatic moieties. The molecule exists as two geometric isomers: the cis and trans forms 276. The trans-RES is predominant in nature and is more biologically active in inducing anti-proliferative cellular responses, such as cell cycle arrest, differentiation, and apoptosis 277. Ultraviolet (UV) radiation can convert the trans form to its cis isomer 278. Most therapeutic studies focused on trans-RES due to its relative stability and increased activity. Despite having many biological functions, the efficacy of RES is low due to its low bioavailability and rapid metabolism 279. In plants and foods, RES exists as a glycoside (most often as piceid), which enhances its chemical stability by preventing oxidation and enzymatic degradation 280. The only form of RES that can be actively absorbed by the intestine is the aglycone, the non-sugar component of the glycoside, which must be released through the action of glycosidases 281. Consequently, the ratio of glycosylated to free forms in food is critical for absorption efficacy 281.
In order to overcome the challenges associated with bioavailability, multiple systems based on nanotechnology have been developed 282. These systems include solid lipid nanoparticles (SLNPs), polycaprolactone and polyethylene glycol micelles, and nanostructured lipid carriers 283. Suspended formulations of RES are reported to improve their solubility, retention in the body, and absorption, thereby increasing bioavailability over threefold 284. For instance, methylated-β-cyclodextrin complexes not only preserve the bioactive properties of RES but also exhibit 400-fold enhanced solubility in water 285.
[bookmark: _Toc200988056][bookmark: _Toc201001671][bookmark: _Toc204848641]Biological Effects of Resveratrol
[bookmark: _Toc200988057][bookmark: _Toc201001672]Cardioprotective Effects
Cardiovascular diseases continue to be a major cause of global morbidity and mortality, notably in the elderly and diabetic patients 286. There is increasing evidence of the multifaceted benefits of RES, focusing on inflammation, oxidative stress, cardiac remodeling, and metabolic dysregulation at the cellular level, which suggests profound cardioprotective effects of RES 287. RES has been shown to improve cardiovascular function in diabetic rat models by preserving both the regenerative capacity of cardiac stem and progenitor cells and the viability of mature cardiomyocytes 288,289. This was accompanied by a reduction in local inflammation and attenuation of adverse ventricular remodeling, resulting in improved ventricular performance 290. In heart failure, RES has been shown to improve left ventricular function, decrease cardiac hypertrophy and contractile dysfunction, as well as myocardial remodeling and interstitial fibrosis 290. A significant decrease in plasma brain natriuretic peptide (BNP) levels was also observed, indicating systemic cardiovascular improvement 290. These changes were attributed to the inhibition of pro-hypertrophic signaling pathways, enhanced calcium handling in the myocardium, activation of myocardial protective kinases, such as AKT-1 and GSK-3β, and increased MKP-1 stress response signaling. At the same time, RES lowered iNOS and COX-2 activity along with ROS production 290.
Furthermore, RES treatment significantly decreased blood glucose, plasma triglyceride levels, heart rate, body weight, and the AST/ALT ratio, while also increasing plasma insulin levels 289,291. Malondialdehyde, an indicator of lipid peroxidation and oxidative stress, also showed a significant reduction in response to RES treatment 292. RES has also been shown to suppress autophagy in ischemia-reperfusion injury models by upregulating the antioxidant signaling protein DJ-1, as well as the MEKK1/JNK pathway, indicating that RES is active in mitigating autophagy during myocardial stress 293. In diabetic cardiomyopathy, RES improved systolic and diastolic dysfunction, myocardial structural abnormalities, fibrosis, and cardiomyocyte apoptosis 294. Following carbon monoxide-mediated hypoxic damage, RES at 1, 5, and 10 mg/kg doses decreased cardiac damage while increasing AKT protein expression in the myocardium 295. Beyond intracellular signal transduction, RES at physiological concentrations also elicited vasodilation, further attenuating vascular tone and blood pressure 296. The cardioprotective effects of RES are consistent with the traditional use of its natural source, Polygonum cuspidatum, for the treatment of hyperlipidemia and atherosclerosis 297–299. In conclusion, the cardiovascular protective effects of RES are purported to involve multiple molecular pathways and may be beneficial for metabolic syndrome and heart failure 300.
[bookmark: _Toc200988058][bookmark: _Toc201001673]Antioxidant Effects
RES is widely recognized for its potent antioxidant capacity, which depends significantly on both the molecular structure and the pattern of hydroxyl group substitutions 287. Hydroxyl groups at the 3-, 4′-, and 5-positions are known to significantly enhance their capacity for free radical neutralization and transition metal chelation 301,302. Modeling trans-RES using quantum chemical and computational kinetics techniques verified that trans-RES scavenges hydroperoxyl (•OOH) and peroxyl (•OOR) radicals in aqueous environments 303. In lipid-based systems, RES delays lipid oxidation, prevents the accumulation of toxic peroxidation products, and extends the chemical stability of lipid-rich pharmaceutical and food formulations 304,305. In cellular models, pretreatment with RES improved survival under oxidative challenges from hydrogen peroxide and ultraviolet irradiation 306,307. This protective effect was partly attributed to its ability to induce cellular antioxidant systems. For example, RES increased the levels of heme oxygenase-1 (HO-1), carbon monoxide, and free iron, all of which possess antioxidant and anti-inflammatory properties 308. RES decreased the tissue level of ROS and thus reduced oxidative stress by activating HO-1 308. Key antioxidant enzymes, such as glutathione peroxidase, superoxide dismutase (SOD), and glutathione, were also enhanced by RES 309. In parallel, it decreased oxidative damage indicators, such as malondialdehyde, while suppressing inflammatory mediators, including TNF-α 309. These effects have been validated in organs exposed to oxidative injury, such as the liver and kidneys, in septic models 309. These antioxidant effects help mitigate endothelial dysfunction and vascular oxidative damage, which are significant contributors to atherosclerosis 310.
[bookmark: _Toc200988059][bookmark: _Toc201001674]Anti-Inflammatory Effects
RES has anti-inflammatory activity targeting both pro-inflammatory mediators and upstream signaling pathways. One primary mechanism involves the inhibition of Toll-like receptors (TLRs), particularly TLR2 and TLR4, which are commonly upregulated by reactive oxygen species (ROS) and initiate innate immune responses 311. The nano-formulated form of RES has been shown to enhance its effect in suppressing TLR4 and inflammatory mediator activation in mouse brain hippocampus 312. RES also prevented cortical neuronal inflammatory injury by altering the miR-223-3p/NLRP3 signaling pathway, protecting neurons and microglial BV-2 cells from caspase-1-mediated processing of IL-1β and IL-18313. In addition, RES decreased IL-8 and iNOS expression by activating the Nrf2/HO-1 pathway, alleviating gastric mucosal inflammation in a model of helicobacter pylori-induced gastric inflammation 314–316. 
Additionally, RES displays anti-inflammatory properties in metabolic disease models. In Goto-Kakizaki rats, which are considered a non-obese type 2 diabetic model, treatment of RES for ten weeks markedly diminished inflammatory processes in the skeletal muscle and reduced hepatic IL-1β and TNF-α protein levels 317. Earlier studies have also found that RES relieved inflammation caused by manganese-induced neurotoxicity through the SIRT1 pathway 318. RES also inhibited the NF-κB pathway by blocking nuclear translocation, reducing the transcriptional activity of NF-κB 319. Moreover, RES affects the AP-1 transcription factor by modifying upstream kinase signaling, thereby interfering with its ability to induce cytokine gene expression 319. Additionally, through the arachidonic acid pathway, RES inhibits the cyclooxygenase and lipoxygenase enzymes, leading to a decrease in the synthesis of pro-inflammatory eicosanoids, prostaglandins, and leukotrienes 319. As a result of its actions on inflammatory signaling pathways, RES has a potent and multitargeted anti-inflammatory profile.
[bookmark: _Toc200988060][bookmark: _Toc201001675]Anti-Cancer Effects
[bookmark: _Hlk200542933]Research on RES confirms its wide-ranging anticancer capacity in both in vitro and in vivo studies. Its antitumor effects involve the modulation of apoptosis, proliferation, inflammation, angiogenesis, and metastasis 320. In human cervical carcinoma HeLa cells, RES induced apoptosis by activating caspase-3 and -9, upregulating the pro-apoptotic Bax and downregulating the anti-apoptotic BCL-2 and BCL-XL, as well as increasing p53 protein expression 321. RES additionally suppressed DNA synthesis by directly binding to DNA polymerases, particularly to DNA polymerase α and δ, thereby disrupting the replication process in proliferating cells 239. This action is highly dependent on its structural features, specifically the presence of a 4′-hydroxyl group on the B ring and the trans-configuration of its stilbene backbone 301,302. In pancreatic cancer cells, RES promoted apoptosis and inhibited proliferation by activating NRF2 signaling, downregulating NAF-1 protein expression, and promoting the accumulation of reactive oxygen species 323. In colon cancer cells, RES inhibited Inducible Nitric Oxide Synthase (iNOS) expression and modulate the IGF-1R/Akt/Wnt signaling pathway, while activating p53 and thereby preventing tumor formation 324. Additionally, RES inhibited NF-κB signaling in cancer cells, which is involved in sustaining cell viability and promoting drug resistance 324. It decreased NF-κB acetylation and phosphorylation, and blocked NF-κB translocation into the nucleus, thereby preventing the transcription of downstream genes 324. Therefore, RES enhances the efficacy of chemotherapy by inhibiting this signaling pathway 324–326.
Anti-Obesity and Anti-Diabetic Effects
RES exhibits strong anti-obesity and anti-diabetic effects due to multiple mechanisms, one of which is the suppression of adipogenesis 327. In vitro studies with 3T3-L1 adipocytes demonstrated that RES inhibited the expression of crucial adipogenic transcription factors, including C/EBPβ, C/EBPα, and PPARγ, as well as lipid-associated proteins FABP4 and FASN, resulting in reduced lipid accumulation, lower triglyceride content, and impaired white adipocyte differentiation and maturation 328. Corresponding in vivo evidence showed that RES supplementation in diet-induced obese mice not only attenuated fat mass and adipocyte hypertrophy but also suppressed pro-adipogenic and lipogenic gene protein expression, PPARγ, C/EBPα, SREBP-1c, and FASN in epididymal WAT (eWAT) 329. Obese patients also showed that RES supplementation improved body composition with decreased adiposity, especially when RES was combined with lifestyle changes 330.
RES is particularly notable for its ability to induce browning and thermogenesis. In 3T3-L1 and human Simpson-Golabi-Behmel syndrome (SGBS) cells, RES treatment increased the protein expression of ATAD3 and cytochrome c, thereby stimulating mitochondrial biogenesis and oxygen consumption 331. Furthermore, RES treatment induced thermogenic gene expression and increased energy expenditure in the BAT and iWAT of HFD-fed mice 332,333. Interestingly, fecal microbiota transplantation from RES-treated mice to untreated mice also significantly inhibited the fat accumulation and induced browning of WAT 334. In clinical trials, supplementation with RES was shown to increase the mRNA expression of UCP1, PRDM16, and PGC1α in the SAT of obese patients 335.
Browning induced by RES is mechanistically mediated through the activation of the AMPK and SIRT1 signaling pathways 336,337. In vitro studies demonstrated the complete loss of RES-induced thermogenic and mitochondrial gene expression with SIRT1 and AMPK knockdown, highlighting the reliance upon these pathways 338,339. Likewise, in HFD-fed and diabetic mice, RES supplementation resulted in increased AMPK phosphorylation and upregulation of SIRT1 protein expression within WAT, which correlated with increased fatty acid oxidation and thermogenesis 340–343. Biopsies from humans confirmed increased SIRT1 mRNA expression after RES supplementation; however, results from varying trials suggest possible individual or tissue-specific variability 344.
RES also mitigates the inflammation and oxidative stress associated with obesity, both of which contribute significantly to metabolic dysfunction 345. RES diminished COX-2 mRNA expression and secretion of pro-inflammatory cytokines, such as IL-6, IL-1β, LPS, and TNF-α in human adipocytes 346–348. RES also alleviated ER stress markers, such as GRP78 and CHOP, and reduced ROS levels in adipocytes 347. In mice fed with an HFD, RES suppressed inflammatory cytokines and ER stress in adipose tissues 349. Clinical trials also reported that RES reduced systemic inflammatory markers, including C-reactive protein (CRP), IL-6, and TNF-α, as well as oxidative stress markers, MDA and SOD, in obese participants 350.
Furthermore, RES enhances insulin sensitivity and glucose metabolism 351,352. In human muscle cells, RES enhanced glucose uptake by promoting GLUT4 translocation and activating IRS-1 and AKT signaling 353. These effects are amplified by the activation of AMPK, a central energy sensor 354. In type 2 diabetic models, RES reduced gluconeogenesis by inhibiting the forkhead-related transcription factors (FOXO1 and FOXO3) 355. RES counteracted the pro-gluconeogenic effects of dapagliflozin, thereby further demonstrating its hypoglycemic potential 356. Additionally, the inhibition of intestinal α-glucosidase by RES aids in controlling postprandial glucose levels by regulating carbohydrate digestion and absorption 357. In preclinical studies involving animals with HFD-induced diabetes, RES enhanced insulin sensitivity, improved fasting glucose control, decreased triglyceride concentration, and reduced body weight 358,359. In clinical trials, RES also improved HOMA-IR scores and reduced fasting glucose levels in individuals with obesity 350. However, the effects of RES on metabolism were minimal in subjects who were neither obese nor metabolically healthy, suggesting that its benefits may be greater in the presence of metabolic stress 360.
Type 1 diabetes can also benefit from RES. Research indicates that RES can suppress islet CXCL16 protein expression, thereby reducing inflammation in the pancreas 361. This anti-inflammatory action is complemented by its ability to protect pancreatic β-cells through modulation of the CXCL16/oxidized LDL pathway, ultimately preserving insulin secretion capacity 361.
As part of its metabolic benefits, RES appears to alter the gut microbiota composition 362. In both HFD and db/db mice, RES altered the gut microbial composition by increasing the relative abundance of Bacteroidetes and reducing Firmicutes, a shift commonly associated with improved metabolic profiles 363,364. Fecal microbiota transplantation (FMT) from RES-treated mice to recipient mice also reduced weight gain, WAT mass, glucose, and improved insulin sensitivity 365. In addition, FMT recipients displayed increased mRNA expression of thermogenic and browning genes Ucp1, Prdm16, Pgc1α, Sirt1, and reduced expression of lipogenic genes Srebp1c, Fasn, Scd1, and Acac in WAT and BAT 363. Supporting the animal data, a human randomized controlled trial in Caucasian male obese subjects with metabolic syndrome showed that 30 days of supplementation with RES (1 g twice daily) significantly increased the relative abundance of Akkermansia, Barnesiella, and Odoribacter 366. The alterations in microbiota compositions were linked with enhanced maintenance of glucose levels and insulin sensitivity, highlighting the possibilities that RES modulates host metabolism through the gut microbiome in both preclinical and clinical settings 367.
Overall, research suggests that RES may promote metabolic health by enhancing insulin sensitivity and promoting the browning of WAT through several molecular pathways 368,369. However, while several studies have reported the browning and anti-diabetic effects of RES, the causal relationship between adipose tissue browning and improved insulin signaling remains unclear. Also, it is unclear whether these effects persist in diabetic models or whether sex differences influence the response to RES. Thus, studies investigating how RES-induced browning affects insulin sensitivity in diabetic adipocytes and how these effects differ between males and females are warranted.
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[bookmark: _Toc190984265][bookmark: _Toc200810402][bookmark: _Toc204848643]Abstract
Obesity is a chronic metabolic disorder characterized by an energy imbalance that affects multiple systems, including thermoregulation. This study aimed to analyze thermogenesis and thermogenic protein expression in adipose tissue in leptin receptor-deficient (db/db) mice and their lean wild-type (WT) counterparts, with a focus on sex differences. As reported previously, the db/db mice had much higher body weight and absolute adipose tissue mass and adipose tissue mass/body weight percentages compared to the WT mice. Female db/db mice had the lowest core temperature among all 4 groups at room temperature, which were significantly lower than female WT controls. Moreover, the core temperatures of db/db mice dropped significantly faster than their same sex WT controls in response to cold stress, indicating impaired thermoregulation. Even though absolute heat production was greater in the db/db mice at room temperature, they were significantly lower when adjusted for body weight, indicating reduced metabolic efficiency. Furthermore, both PGC1α and UCP1 protein levels were found to be lower in the brown adipose tissue (BAT) and the subcutaneous white adipose tissue (sWAT) of the db/db mice of both sexes with no significant sex differences. Taken together, we show that db/db mice have impaired thermogenic capacity under room temperature and in response to cold. Sex differences in the thermoregulation and cold tolerance in the db/db mice warrant further investigation.
[bookmark: _Toc200810403][bookmark: _Toc201001680][bookmark: _Toc204848644]
Introduction
Obesity is a chronic metabolic disease characterized by excessive fat storage in adipose tissue due to prolonged energy intake exceeding energy expenditure 370,371. Although the accumulation of obesity is influenced by numerous factors, including genetics, personal habits, and environment, the imbalance of energy equilibrium remains the leading factor of concern 372,373,5–9. Obesity is also associated with an increased risk of a sort of metabolic disorders like insulin resistance, inflammation, and impaired thermoregulation 378,379–381,382.
Thermogenesis, particularly non-shivering thermogenesis mediated by brown adipose tissue (BAT) and the browning of white adipose tissue (WAT), plays a central role in maintaining energy balance 383,384. The thermogenic processes are profoundly influenced by PGC1α and UCP1 385,386,1819387. PGC1α promotes UCP1’s transcription alongside other thermogenic genes 388,389. UCP1 is found within the inner membrane of mitochondria in brown and beige fat cells, and it produces heat via the uncoupling of oxidative phosphorylation from ATP synthesis 390,391. Together, they drive energy expenditure and maintain thermal homeostasis through thermogenesis in mitochondria. Deficiencies in these proteins are closely related to metabolic inefficiency and thermogenic failure in obesity.
The db/db mice are deficient in the leptin receptor and are widely used as models of obesity and type 2 diabetes, which spontaneously develop uncontrolled large appetites, massive body fat, and concurrent insulin insensitivity 392. Metabolic responses, particularly the thermogenic phenotype of db/db mice, are not yet fully understood, nor are sex differences. While prior studies have demonstrated impaired BAT function in obese rodents, few have systematically examined the interplay between obesity, sex, and thermogenic dysfunction at both the physiological and molecular levels 393,394.
In this study, we evaluated the thermogenic and metabolic traits of db/db mice in comparison to their wild-type (WT) counterparts, with a focus on sex differences. 
[bookmark: _Toc190984267][bookmark: _Toc200810404][bookmark: _Toc201001681][bookmark: _Toc204848645]Materials and Methods
[bookmark: _Toc190984268][bookmark: _Toc200810405][bookmark: _Toc201001682][bookmark: _Toc204848646]Animal Models and Housing
A pair of heterozygous (B6. BKS (D)-Leprdb/J) mice were purchased at 6 weeks of age from the Jackson Laboratory and bred in house to generate db/db and wild-type littermates. Offspring were genotyped at weaning (3 weeks old) to identify wild-type and db/db mice, a previously reported 395, which were used for experiments. Mice were housed under a 12-hour light/dark cycle in a temperature-controlled (22-23 oC) facility. Mice were provided ad libitum access to a standard chow diet and water. All experimental procedures were approved by the Institutional Animal Care and Use Committee (IACUC) at the University of Tennessee (Protocol# 2320) and complied with institutional and national guidelines for the ethical use of animals. 
[bookmark: _Toc204848647][bookmark: _Toc190984269][bookmark: _Toc200810406][bookmark: _Toc201001683]Indirect Calorimetry 
Heat production was assessed using the Comprehensive Lab Animal Monitoring System (CLAMS, Columbus Instruments, Columbus, OH, USA). Mice were individually housed in metabolic chambers under a 12-hour light/dark cycle in a temperature-controlled environment with ad libitum access to food and water. Mice remained in the system for 72 hr, with an initial 24-hr acclimation period followed by 48 hours of continuous metabolic measurements.
[bookmark: _Toc190984270][bookmark: _Toc200810407][bookmark: _Toc201001684][bookmark: _Toc204848648]Cold Tolerance Test
Mice were individually housed in pre-cooled cages at 4°C without bedding. Mice had ad libitum access to food and water. Core body temperature was measured at 0 min, 30 min, 1 hr, 2 hr, 3 hr, and 4 hr using a rectal thermometer (Physitemp Instruments, Clifton, NJ). Mice were immediately returned to room temperature (~22°C) if their temperature fell below 30 °C and were removed from the test.
[bookmark: _Toc190984271][bookmark: _Toc200810408][bookmark: _Toc201001685][bookmark: _Toc204848649]Body Weight and Tissue Collection
At 13-15 weeks of age, mice were fasted for 12-15 hr and euthanized via CO₂ asphyxiation followed by cervical dislocation. Body weight was recorded to the nearest 0.1 g using a scale. Various fat pads, including gonadal WAT (gWAT) and inguinal subcutaneous WAT (sWAT) and interscapular BAT, were dissected, cleared of connective tissue, and weighed. 
[bookmark: _Toc190984272][bookmark: _Toc200810409][bookmark: _Toc201001686][bookmark: _Toc204848650]Western Analysis
BAT and sWAT samples were homogenized in ice-cold RIPA lysis buffer (Cell Signaling, Danvers, MA). Tissue homogenates were centrifuged at 12,000 × g for 15 minutes at 4°C, and supernatants were stored at -80°C. Protein concentrations were determined via Pierce™ BCA protein assay kit (ThermoFisher Scientific, Waltham, MA). Equal amounts of protein were separated on 10% SDS-PAGE gels and transferred to PVDF membranes. Membranes were blocked with 5% non-fat milk in TBST (Tris-buffered saline with 0.1% Tween-20) for 1 hour and incubated overnight at 4°C with primary antibodies: Anti-PGC1α (1:1000; Cat# AB3242; Millipore Sigma), Anti-UCP1 (1:1000; Cat# U6382; Sigma Aldrich), anti-ERK1/2 (1:2000; Cat# 9102S; Cell Signaling Technology) or anti-ERK1/2 (1:2000; Cat# 4695S; Cell Signaling Technology). After washing, membranes were incubated with HRP-conjugated secondary antibodies (1:4000; Cat# 7074S; Cell Signaling Technology) for 1 hour at room temperature. Protein bands were visualized using SuperSignal West Pico Chemiluminescent Substrate (ThermoFisher Scientific, Waltham, MA) and ChemiDoc XRS+ system (Bio-Rad, Hercules, CA). The densitometry of bands was quantified by ImageJ (NIH, Bethesda, MD).
[bookmark: _Toc190984273][bookmark: _Toc200810410][bookmark: _Toc201001687][bookmark: _Toc204848651]Statistical Analysis
Data are presented as mean ± SEM. One-way ANOVA was used for Figures 3.1, 3.3, and 3.4. Two-way ANOVA was used for Figures 3.2, 3.5 and 3.6. A p-value < 0.05 was considered statistically significant. All analyses were performed using GraphPad Prism (GraphPad Software, San Diego, CA).
[bookmark: _Toc190984274][bookmark: _Toc200810411][bookmark: _Toc201001688][bookmark: _Toc204848652]Results
[bookmark: _Toc190984275][bookmark: _Toc200810412][bookmark: _Toc201001689][bookmark: _Toc204848653]Body Weight and Adipose Tissue Mass
Male and female wild-type (WT) and db/db mice were evaluated for body weight and adipose tissue mass at termination at 13–15 weeks of age. As reported previously 396, the db/db mice had much greater body weights than their WT control mice in both sexes (28.35 ± 0.70 g (M-WT), 22.02 ± 0.56 g (F-WT), 51.87 ± 0.85 g (M-db/db), and 53.8 ± 1.07 g (F-db/db) (Figure 3.1A). There were sex differences in WT mice; female WT mice had significantly lower body weights compared to male WT mice; however, the sex differences in body weights were lost in the db/db mice (Figure 3.1A). The interscapular BAT weights were also significantly elevated in the db/db mice compared to their WT controls in both sexes (0.134 ± 0.01 g (M-WT), 0.10 ± 0.01 g (F-WT), 0.42 ± 0.02 g (M-db/db), and 0.52 ± 0.05 g (F-db/db) (Figure 3.1B). Similarly, BAT weight/body weight percentages were also elevated in the db/db mice of both sexes compared to WT controls (0.47 ± 0.03 % (M-WT), 0.44 ± 0.02 % (F-WT), 0.81 ± 0.04 % (M-db/db), and 0.98 ± 0.10 % (F-db/db)) (Figure 3.1C). No sex differences in the BAT weight or BAT weight/body weight percentages were found in the WT or db/db mice. As reported previously 397,398, db/db mice show elevated random blood glucose and insulin levels, regardless of sex (Figure 3.2). 
Consistently, subcutaneous white adipose tissue (sWAT) weights were significantly increased in the db/db mice compared to the WT mice (0.57 ± 0.06 g (M-WT), 0.51 ± 0.11 g (F-WT), 3.66 ± 0.11 g (M-db/db), 3.66 ± 0.28 g (F-db/db) (Figure 1D). Similarly, sWAT/body weight percentages were higher in the db/db mice than the WT mice (2.01 ± 0.23 % (M-WT), 2.30 ± 0.28 % (F-WT), 7.05 ± 0.18 % (M-db/db), and 6.80 ± 0.14 % (F-db/db)) (Figure 3.1E). Moreover, the db/db mice exhibited significantly greater gonadal WAT (gWAT) fat mass  (0.68 ± 0.05 g (M-WT), 0.46 ± 0.06 g (F-WT), 2.93 ± 0.11 g (M-db/db), and 4.08 ± 0.19 g (F-db/db)) (Figure 3.1F) and greater gWAT/body weight percentages (2.41 ± 0.19 % (M-WT), 2.06 ± 0.23 % (F-WT), 5.66 ± 0.26 % (M-db/db), and 7.60 ± 0.33 % (F-db/db)) (Figure 3.1G) than WT controls. It is noted that female db/db mice had significantly higher gWAT mass and gWAT/body weight percentage than male db/db mice, whereas no sex difference was observed in the WT mice. 
[bookmark: _Toc204848654][bookmark: _Toc190984277][bookmark: _Toc200810413][bookmark: _Toc201001690]Core Body Temperature and Cold Tolerance 
At room temperature, male db/db mice had similar core body temperature compared to their WT controls (36.72 ± 0.28 °C (M-db/db) vs. 37.58 ± 0.29 °C (M-WT)) (Figure 3.3A). However, female db/db mice had significantly lower core body temperature than their WT controls (35.73 ± 0.40 °C (F-db/db) vs. 37.03 ± 0.23 °C (F-WT)) (Figure 3.3A). Cold tolerance was evaluated by placing mice at 4°C and assessing their ability to maintain their core body temperature. The db/db mice were less cold-tolerant than WT mice, as they demonstrated a much greater decline in core body temperature in the cold relative to the WT (Figure 3.3B). The changes of core temperature over time for the db/db mice show smaller areas under the curve (AUC) compared to those of the WT mice (Figure 3.3C). Male db/db mice had an average AUC of 169.40 ± 1.05 compared to 183.40 ± 0.38 in male WT mice, and female db/db mice had 163.30 ± 1.50 versus 183.3 ± 0.59 in female WT mice.
[bookmark: _Toc190984276][bookmark: _Toc200810414][bookmark: _Toc201001691][bookmark: _Toc204848655]Heat Production
Heat production, measured using indirect calorimetry over two consecutive days, was significantly higher in the db/db mice than in WT mice, regardless of sex (Figure 3.3D). The heat produced over the two-day period shows an average AUC of 12.25 ± 0.12 kcal for male db/db mice compared to 10.38 ± 0.10 kcal for male WT mice (Figure 3.3E). The average AUCs for female db/db mice are 11.93 ± 0.14 kcal compared to 9.34 ± 0.13 kcal for female WT mice (Figure 3.3E). These heat production patterns were maintained through light and dark cycles. Similar patterns were observed for VO2 and VCO2. However, no differences in respiratory exchange ratio (RER) were noted (Figure 3.4). 
In contrast, after normalization by body weight, total heat production/body weight was significantly lower in the db/db mice compared to WT controls, regardless of sex (Figure 3.3F). Male db/db mice exhibited 0.24 ± 0.01 kcal/g compared to 0.40 ± 0.02 kcal/g in male WT mice, while female db/db mice showed 0.25 ± 0.01 kcal/g compared to 0.44 ± 0.1 kcal/g in female WT mice (Figure 3.3F). It is also noted that female WT mice had significantly lower heat production than male WT mice. No other sex differences were found in heat production or heat production/body weight.

[bookmark: _Toc190984278][bookmark: _Toc200810415][bookmark: _Toc201001692][bookmark: _Toc204848656]Thermogenic Marker Expression in BAT and sWAT
We further analyzed the protein expression of primary thermogenic markers PGC1α and UCP1 in the BAT (Figure 3.5) and sWAT (Figure 3.6). Db/db mice had diminished expression of both PGC1α and UCP1 in the BAT and sWAT compared to the WT mice, regardless of sex. Moreover, there were no sex differences in the thermogenic protein expression in the tissue examined (Figure 3.5-3.6). 
[bookmark: _Toc190984280][bookmark: _Toc200810417][bookmark: _Toc201001694][bookmark: _Toc204848657]Discussion
This study aimed to determine whether db/db mice have a defect in thermogenic function and elucidate the mechanisms involved in the impairment, with an emphasis on PGC1α- and UCP1- mediated non-shivering thermogenesis. We also explored sex differences in metabolic phenotype and thermogenic capacity. We found that severe obesity in db/db mice was associated with reduced heat production, impaired cold tolerance, and reduced thermogenic protein expression in the BAT and sWAT (Figure 3.3-3.6). 
In db/db mice, body weight is significantly higher than in WT mice, regardless of sex. While male WT mice weighed more than females, this sex difference disappeared in db/db mice (Figure 3.1). This suggests that severe obesity could mask the sex-based weight differences in mice. This finding aligns with prior studies showing that severe obesity could mask the sex-based weight differences in mice. In the uninephrectomized db/db mice, there are no differences in body weight at 16 weeks old 399. A similar result was found in DIO mice. Although female mice gained weight later than male mice, both males and females reached similar body weights after 22 weeks of consuming a high-fat diet 400. Despite similar body weights in db/db mice, female db/db mice exhibited significantly greater gWAT weight and gWAT/body weight percentage than their male counterparts, a sex difference not observed in WT animals. This finding contrasts with the traditional view that males preferentially accumulate visceral fat, while females exhibit subcutaneous fat 401. Sex hormones play a critical role in regulating adipose tissue distribution 402,403. Estrogen promotes subcutaneous fat storage and suppresses visceral fat accumulation, contributing to the typically lower visceral adiposity observed in premenopausal females  36,37. Female db/db mice exhibited reduced estrogen receptor alpha (ERα) protein levels in the liver compared to WT controls, suggesting attenuated estrogen signaling in obese and diabetic animals 405. The increased gWAT observed in female db/db mice compared to their male counterparts may be partially attributed to reduced estrogen levels.
Beyond differences in body weight and fat mass, db/db mice demonstrated significant compromises in thermoregulation (Figure 3.3-3.6). The db/db mice had higher absolute heat production compared to the WT mice. Higher resting heat production is also observed in the human population with obesity compared to the lean population 406. Despite the higher heat production, db/db mice showed significantly reduced heat production when normalized to body weight (Figure 2E). In WT mice, females exhibited lower heat production, as heat production is positively correlated with body weight (Figure 3.1A; Figure 3.3E) 407. However, the sex difference in heat production in WT mice disappeared after normalization by body weight, indicating that body weight was the cause of the variation in energy expenditure. No sex differences in heat production were found in the db/db mice.
The cold tolerance test further confirmed the impairment of the thermogenic capacity of db/db mice (Figure 3.3). The core temperature of both male and female db/db mice dropped rapidly when exposed to cold. This supports our hypothesis that db/db mice have a severe deficit in thermogenesis, likely due to the downregulation of key thermogenic regulators PGC1α and UCP1 compared to WT mice (Figure 3.5-3.6). Masaki et al. also reported similar results between male db/db mice and C57Ksj lean mice, in which db/db mice have difficulty maintaining body temperature in response to cold exposure due to an impaired response of UCP1 mRNA expression in BAT 408. Besides UCP1, we also found that db/db mice have impaired response of PGC1α in both BAT and sWAT. The observed thermogenic inefficiency was accompanied by significantly reduced expression of UCP1 and PGC1α proteins in both BAT and sWAT in db/db mice, supporting a molecular basis for the impaired energy dissipation (Figure 3.5-3.6). These two thermogenic regulators are critical for non-shivering thermogenesis. UCP1 functions by uncoupling oxidative phosphorylation from ATP production to release energy as heat, while PGC1α drives mitochondrial biogenesis and activates thermogenic gene programs 409,410. In line with our findings, prior report has shown that downregulation of UCP1 and PGC1α in obesity is associated with diminished thermogenic function and impaired BAT activity 411.
We also first reported the sex differences between males and females in db/db and WT mice. We found that female WT mice had lower body weight and produced less heat at room temperature than males (Figure 3.3E). Meanwhile, female db/db mice had higher gWAT/body weight percentages than males (Figure 3.1F). Traditionally, males preferentially accumulate visceral fat, whereas females preferentially accumulate subcutaneous fat 401. However, this was not supported in the db/db mice, indicating that additional mechanisms may be responsible for these sex differences in gonadal fat distribution. Estrogen, primarily via ERα, promotes subcutaneous adipose tissue expansion in females by inducing hyperplasia and increasing α2A-adrenergic receptor expression, which inhibits catecholamine-stimulated lipolysis 120,124. In contrast, lower ERα expression in visceral depots has been associated with greater lipolytic activity and visceral fat accumulation in males 125. Obesity has been associated with reduced ER expression in adipose tissue; therefore, attenuated estrogen signaling in female db/db mice may contribute to their higher gWAT accumulation relative to male db/db mice 124,404,405. Furthermore, female HFD-fed mice exhibited larger adipocyte size and higher adiponectin mRNA expression in gWAT compared to males 412. These sex-specific features of adipose tissue are consistent with the greater gWAT accumulation in female db/db mice observed in our study. The fact that there were no significant sex differences in protein expression of PGC1α and UCP1 suggests that UCP1-mediated non-shivering thermogenesis may not be the primary cause of the sex differences in cold intolerance found in the db/db mice. While a study showed young healthy male mice have higher mitochondrial respiration in BAT, and female mice had higher mitochondrial respiration in WAT 413, we did not observe sex-specific differences in the protein expression of key thermogenic regulators in either BAT or sWAT. 
There are limitations to this study. We did not measure hormonal influences or sympathetic nervous system activity, both of which are important regulators of thermogenesis and may be involved in the sex differences we found. Therefore, the contribution of these factors to the metabolic impairments of db/db mice should be evaluated in future studies. Furthermore, investigating ways to reestablish PGC1α and UCP1 expression may reveal opportunities for therapeutic intervention in obesity-related metabolic derangements. More studies are warranted to identify whether there is a need for sex-specific therapies addressing adipose tissue distribution, thermogenic potential, and energy expenditure in the obese population.

[bookmark: _Toc190984281][bookmark: _Toc200810418][bookmark: _Toc201001695][bookmark: _Toc204848658]Conclusion
In summary, we report  defects in thermogenesis at room temperature and in response to cold and attenuated thermogenic protein expression in the BAT and sWAT of the db/db mice and highlight some sex differences in body weight, fat pad weight, core body temperature, and cold tolerance. Sex differences in the thermoregulation and cold tolerance in the db/db mice warrant further investigation. Understanding these differences is crucial for developing targeted interventions to mitigate obesity-related metabolic impairments.


[bookmark: _Toc190984283][bookmark: _Toc200810420][bookmark: _Toc201001697][bookmark: _Toc204848659]Appendix
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[bookmark: _Ref204597761][bookmark: _Toc204847353]Figure 3.1 Body weight and fat pad weights in db/db vs. WT mice.
Male and female WT and db/db mice were maintained on a standard chow and water until termination at 13-15 weeks old. Body weight and various fat pad weights were measured at termination. (A) Body weight, (B) Interscapular brown adipose tissue (BAT) weight, (C) BAT as a percentage of body weight, (D) Subcutaneous WAT (sWAT) weight, (E) sWAT as a percentage, (F) Gonadal white adipose tissue (gWAT) weight, and (G) gWAT as a percentage of body weight from male wild-type (M-WT), female wild-type (F-WT), male db/db (M-db/db), and female db/db (F-db/db) mice. Data = mean ± SEM (n = 6 per group). Statistical significance was determined by one-way ANOVA. # represents differences between sexes.  represents differences between genotypes (WT vs. db/db). ##,** p < 0.01; ###,*** p < 0.001.
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[bookmark: _Toc204847354]Figure 3.2 The db/db mice exhibited elevated random serum glucose and insulin levels compared to the WT mice.
Male and female WT and db/db mice were maintained on a standard chow and water until 13-15 weeks old. Random (non-fasting) blood samples were collected at termination. (A) Serum glucose levels and (B) Serum insulin levels from male WT, female WT, male db/db, and female db/db mice. Data = mean ± SEM (n = 3-6 per group). Statistical significance was determined by two-way ANOVA. * represents differences between genotypes (WT vs. db/db). ** p < 0.01; *** p < 0.001.
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[bookmark: _Ref204598171][bookmark: _Ref204598145][bookmark: _Toc204847355]Figure 3.3 Impaired cold tolerance and reduced heat production in db/db mice.
Male and female db/db and WT mice were housed with free access to a standard chow diet and water. Mice were undergoing cold tolerance and indirect calorimetry tests around 10-15 weeks old. (A) Core body temperature was measured at room temperature. (B) Cold tolerance test in a 4°C environment over 4 hours. (C) Area under the curve (AUC) for core body temperature during the cold tolerance test. (D) Heat production was recorded over two consecutive days. (E) AUC of total heat production over the same period. (F) Total heat production normalized to body weight. Data = mean ± SEM (n = 6 per group). One-way ANOVA was used for all statistical comparisons among groups. # represents differences between sexes.  represents differences between genotypes (WT vs. db/db). #, *p < 0.05; ###, ***p < 0.001.
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[bookmark: _Ref204598341][bookmark: _Toc204847356]Figure 3.4 Energy expenditure and respiratory exchange ratios in the db/db compared to the WT mice.
Male and female db/db and WT mice underwent indirect calorimetry tests. (A–C) Heat production, (D–F) Respiratory exchange ratio (RER), (G–I) Carbon dioxide production (VCO₂), and (J–L) Oxygen consumption (VO₂) during the total (A, D, G, J), light (B, E, H, K), and dark (C, F, I, L) cycles in male WT, female WT, male db/db, and female db/db mice. Data = mean ± SEM (n = 6 per group). Statistical significance was determined by one-way ANOVA. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
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[bookmark: _Ref204598466][bookmark: _Toc204847357]Figure 3.5 Diminished thermogenic protein expression of PGC1⍺ and UCP1 in BAT from db/db and WT mice of both sexes.
The BAT was collected from both male and female WT and db/db mice and subjected to protein analysis, normalized by the housekeeping protein ERK1/2. (A) Protein expression of PGC1 and UCP1 in the BAT of WT and db/db male (top) and female mice (bottom). (B, C) Fold changes of densitometric quantifications of PGC1α and UCP1 protein expression.  Densitometry was quantified using ImageJ software. Data = mean ± SEM (n = 6). Statistical significance was determined using two-way ANOVA to assess both genotype and sex differences. ** p < 0.01.
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[bookmark: _Ref204598457][bookmark: _Toc204847358]Figure 3.6 Diminished thermogenic protein expression of PGC1⍺ and UCP1 in WAT from db/db and WT mice of both sexes.
The sWAT was collected from both male and female WT and db/db mice and subjected to protein analysis, normalized by the housekeeping protein ERK1/2. (A) Protein expression of PGC1 and UCP1 in the sWAT of WT and db/db male (top) and female mice (bottom). (B, C) Fold changes of densitometric quantifications of PGC1α and UCP1 protein expression.  Densitometry was quantified using ImageJ software. Data = mean ± SEM (n = 6). Statistical significance was determined using two-way ANOVA to assess both genotype and sex differences. ** p < 0.01.

[bookmark: _Toc196309404][bookmark: _Toc200810421][bookmark: _Toc204848660][bookmark: _Toc196309405]CHAPTER IV INVESTIGATE RESVERATROL’S EFFECTS ON BROWNING AND INSULIN SENSITIVITY IN THE ADSCS FROM DIABETIC MICE


[bookmark: _Toc200810422][bookmark: _Toc204848661]Abstract
Excess accumulation of white adipose tissue (WAT) is linked with the development of obesity and type 2 diabetes, both of which are associated with systemic metabolic dysfunction. One promising approach is to brown white adipocytes into beige adipocytes with greater thermogenic potential and improved insulin-sensitivity. Resveratrol (RES), a polyphenolic compound known to have multiple metabolic benefits, has been reported to improve insulin signaling and promote browning of adipose tissue; however, whether sex and diabetic state modify RES’s effects have not been reported. The goal of this study was to evaluate the ability of RES to induce browning and increase insulin sensitivity in the adipose-derived stromal cells (ADSCs) derived from diabetic db/db mice and explore the extent to which these responses are impacted by sex and diabetic status. Subcutaneous ADSCs were isolated from wild-type (WT) and diabetic (db/db) male and female mice, and then treated with RES during the beige adipocyte differentiation. RES enhanced the expression of Pgc1α and Ucp1 mRNA and increased the mitochondrial proton leak in the ADSCs of both WT and db/db mice. RES further enhanced the insulin-induced AKT phosphorylation in all groups of ADSCs. It is noted that the effects of RES on browning the adipocytes and insulin signaling were influenced by the sex and diabetic status of the cells, as female diabetic ADSCs showed different responses compared with their WT or male counterparts. These findings highlight the importance in considering sex and diabetic status in developing browning strategies to target obesity and diabetes.
[bookmark: _Toc196309406][bookmark: _Toc200810423][bookmark: _Toc204848662]
Introduction
Obesity and its associated metabolic diseases, primarily type 2 diabetes (T2DM), have become a major concern for public health globally 414,415. Excessive accumulation of body fat, particularly white adipose tissue (WAT) 416, leads to metabolic disorders due to its contribution to chronic inflammation 23,95,417, insulin resistance 418,419, and ectopic lipid deposition 420,421. One of the most novel therapeutic strategies to combat these conditions is the “browning” of WAT, i.e., the induction of beige adipocytes within WAT depots 219,422 with increased mitochondria number and increased UCP1 expression, similar to classical brown fat 423,424. This browning increases fatty acid and glucose uptake and utilization, , which enhances energy expenditure (via heat production) and insulin sensitivity throughout the body 425.
Resveratrol (RES), a polyphenolic compound found most abundantly in grapes and red wine,  has been shown to positively impact metabolic health 426,427. Animal studies have demonstrated that RES supplementation decreases fat accumulation and insulin resistance, and improves the biogenesis and function of mitochondria in various tissues, including adipose tissue 428–430. This might be due to the fact that RES acts on important cellular energetic regulators like AMP-activated protein kinase (AMPK) and sirtuin 1 (SIRT1), which further activate peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PGC1α) signaling pathways responsible for mitochondrial biosynthesis and elevation of oxidative metabolism 429–431. Moreover, RES has also been reported to stimulate the browning of adipocytes via proliferator-activated receptor gamma (PPARγ), a nuclear receptor fundamental to adipogenesis and thermogenic gene expression 432. PPARγ activation leads to transcriptional control of UCP1 and other genes characteristic of beige fat, thus aiding in the development of a thermogenic phenotype in white adipocytes 432,433. 
However, whether sex or diabetic status modulates RES’s browning effects is unknown. Both preclinical and clinical research have shown sex differences in metabolic health, with females generally displaying more plasticity and flexibility of adipose tissue, as well as lower resistance to obesity-related metabolic dysfunction compared to males 433–436. Furthermore, the metabolic changes due to obesity and diabetes, including chronic inflammatory processes and insulin resistance, greatly influence the responsiveness to therapies 437,438. Hence, understanding the interaction between RES treatment and sex and diabetic status is essential for precision nutrition for obesity and T2DM.
In this study, we investigate the impacts of sex and diabetic status on the browning and enhancing insulin sensitivity by RES using adipose-derived stromal cells from db/db and wildtype (WT) mice of both sexes.
[bookmark: _Toc196309407][bookmark: _Toc200810424][bookmark: _Toc204848663]Materials and Methods
[bookmark: _Toc200810425][bookmark: _Toc204848664]Animal Models and Housing
A heterozygous breeding pair of leptin receptor-deficient mice (B6.BKS(D)-Leprdb/J, Strain #:000697) was purchased from the Jackson Laboratory at six weeks of age to generate db/db and WT littermates. Offspring were genotyped at weaning (3 weeks old) to select WT and db/db mice for experiments as previously reported 395. Mice were housed in a temperature-controlled (71.6 ± 3.6°F) facility with a 12-hour light/dark cycle. Mice were provided ad libitum access to a standard chow diet and water. All experimental procedures were approved by the University of Tennessee’s Institutional Animal Care and Use Committee (IACUC) (Protocol# 2320). 
[bookmark: _Toc200810426][bookmark: _Toc204848665]Isolation and Differentiation of Adipose-Derived Stromal Cells (ADSCs)
ADSCs were isolated from the subcutaneous WAT (sWAT) of 10-12 week male and female WT and db/db mice. Mice were anesthetized with isoflurane, followed by a terminal blood draw through cardiac puncture. After euthanasia, the sWAT depots were aseptically dissected, rinsed twice with ice-cold PBS, and minced, followed by digestion with 55 µL/mL of 100 mg/mL collagenase type I (Worthington Biochemical Corporation, Lakewood, NJ) at 2 mL/mg in isolation buffer at 37°C for 45 minutes with gentle shaking. The digested tissue was filtered through a 100 μm cell strainer (Fisher Scientific, Hampton, NH) , followed by centrifugation at 500 g for 6 minutes at 4°C. The stromal vascular fraction was resuspended in the Dulbecco's Modified Eagle Medium (DMEM)/high glucose supplemented with 10% FBS and 1% P/S, and cultured until confluency in a 37°C incubator with 5% CO2.
Brown-like adipocyte differentiation was induced with an induction medium of DMEM/high glucose containing 5 µg/ml insulin, 1µM Dex, 0.5 mM IBMX, 125 µM Indo, and 1 nM T3 for three days, followed by four days in maintenance medium (DMEM/high glucose with 10% FBS, 1% P/S, 5 µg/ml insulin, and 1 nM T3) 439. Throughout the differentiation period, the following treatments were applied: 1) no additives (the negative control), 2) DMSO (the vehicle control), 3) resveratrol (RES, 10 μM), 4) rosiglitazone (ROSI, 1 μM). Each treatment was done in biological triplicate for each genotype and sex. On day 7, cells were treated for 6 hours with either isoproterenol (ISO, 1 μM) to activate brown-like adipocytes (ISO-stimulated conditions) or with the vehicle control (H₂O) (the basal conditions) prior to total RNA isolation. ISO is a non-selective β-adrenergic agonist that mimics cold exposure in vitro 383.
[bookmark: _Toc200810427][bookmark: _Toc204848666]Semi-Quantitative Real-time PCR (qRT-PCR)
On day 7 of differentiation, total RNA was extracted via TRI Reagent (Molecular Research Center, Inc., Cincinnati, OH). Quantification and quality evaluation of the RNA were processed on a NanoDrop spectrophotometer (ThermoFisher Scientific, Waltham, MA). The High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA) was used for reverse transcription of cDNA from 2 µg of total RNA. The expression levels of Pgc1α and Ucp1 were quantified using SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA) on a 7300 Real-Time PCR System (Applied Biosystems, Foster City, CA). Results are presented as folds of differences from the negative control group, while the 2^-ΔΔCt method was used to calculate the relative expression of target genes normalized by the housekeeping gene 36B4.
[bookmark: _Toc204848667][bookmark: _Toc200810428]Mitochondrial Stress Test 
Mitochondrial respiration on day 8 of differentiation was measured using a Seahorse XFe24 Analyzer (Agilent Technologies, Santa Clara, CA). Cells were plated in 24-well microplates for at least three hours before the test. The cell was washed and replaced with Seahorse XF assay medium with 10 mM glucose, 2 mM glutamine, and 1 mM sodium pyruvate. The cells were then placed in a 37°C incubator for one hour in a non-CO₂ incubator.
Basal respiration, ATP-linked respiration, maximal respiration, and non-mitochondrial respiration were measured sequentially after adding oligomycin (1.5 μM), FCCP (6.5 μM), and rotenone/antimycin A (1 μM each). Measurement results from the experiments were exported as oxygen consumption respiration (OCR) data and manually analyzed in Microsoft Excel (Microsoft Corporation, Redmond, WA) using the manufacturer-provided equations. OCR values were adjusted based on the number of cells seeded per well.
[bookmark: _Toc200810429][bookmark: _Toc204848668]Western Blot Analysis of Insulin Signaling
At day 7 of differentiation, cells were serum-starved for 15-16 hours, followed by 50 nM insulin stimulation for 20 minutes at 37°C. The cells were then lysed in RIPA buffer (Cell Signaling Technology, Danvers, MA) containing protease and phosphatase inhibitor cocktails. Protein concentration was determined using the Pierce™ BCA Protein Assay Kit (ThermoFisher Scientific). Equal amounts of protein were loaded onto SDS-PAGE gels and transferred to PVDF membranes. Membranes were blocked with 5% non-fat milk, followed by incubation with primary antibodies anti-phospho-AKT Ser473 (1:1000; Cell Signaling Technology; Cat# 4060S), anti-(total) AKT (1:1000; Cell Signaling Technology; Cat# 9272), anti-ERK1/2 (1:1000; Cell Signaling Technology; Cat# 4695S), or anti-ERK1/2 (1:1000; Cell Signaling Technology; Cat# 9102S) at 4°C overnight. ERK1/2 was used as a loading control. Subsequently, membranes were washed and incubated with HRP-conjugated secondary antibodies (1:4000; Cell Signaling Technology; Cat# 7074S) for 1 hour at room temperature. Protein bands were detected using the chemiluminescent substrate SuperSignal™ West Pico PLUS (ThermoFisher Scientific, Waltham, MA) and imaged with the ChemiDoc XRS+ (Bio-Rad, Hercules, CA). Band intensity was quantified using ImageJ (NIH, Bethesda, MD), and AKT phosphorylation was calculated as the ratio of p-AKT to total AKT (p-AKT/AKT).
[bookmark: _Toc200810430][bookmark: _Toc204848669]Statistical Analysis
Data are presented as mean ± SEM. To evaluate the effects of basal in comparison with isoproterenol or insulin treatments, two-way ANOVA followed by Tukey’s post hoc test was performed where applicable. Within each group, one-way ANOVA was used to compare fold changes relative to the control. A p-value < 0.05 was considered statistically significant. All statistical analyses were conducted using GraphPad Prism 9 (Dotmatics, Inc.; San Diego, CA).
[bookmark: _Toc196309408][bookmark: _Toc200810431][bookmark: _Toc204848670]Results
[bookmark: _Toc196309409][bookmark: _Toc200810432][bookmark: _Toc204848671]RES Induces Browning by Increasing Pgc1α and Ucp1 mRNA Expression 
To investigate the browning effect of RES on subcutaneous white adipose tissue-derived stromal cells (ADSCs), we assessed the mRNA expression of thermogenic markers Pgc1α and Ucp1 at both basal and ISO-stimulated states in the ADSCs derived from male and female WT and db/db mice and were differentiated for 7 days in the presence or absence of 10 µM of RES, ROSI (as a positive control), or the vehicle control (DMSO).
In the differentiated male WT ADSCs (Figure 4.1A), ROSI significantly increased in Pgc1α mRNA expression, while no significant changes in Pgc1α expression were found in RES-treated groups compared to the negative and vehicle (DMSO) controls under both basal and ISO-stimulated conditions. For Ucp1 expression, ROSI and RES robustly increased Ucp1 mRNA in both basal and ISO conditions as well. In the differentiated female WT ADSCs (Figure 4.1B), ROSI and RES both significantly enhanced Pgc1α mRNA expression under ISO stimulation but not in basal condition compared to the control groups. While Ucp1 mRNA expression was significantly upregulated by ROSI and RES under both basal and ISO conditions.
In contrast, a robust increase in Pgc1α mRNA expression was shown in the differentiated male db/db ADSCs (Figure 4.1C) following ROSI and RES treatments under both basal and ISO-stimulated conditions. Ucp1 mRNA expression was similarly elevated by ROSI and RES. A similar pattern was observed in the differentiated female db/db ADSCs (Figure 4.1D). ROSI greatly induced Pgc1α mRNA expression compared to RES under basal conditions, but not after ISO stimulation. ROSI also significantly elevated Ucp1 mRNA expression under both conditions. RES significantly increased both Pgc1α and Ucp1 mRNA expression under both basal and ISO-stimulated conditions.
[bookmark: _Toc196309410][bookmark: _Toc200810433][bookmark: _Toc204848672]Sex and Genotype Differences in the Pgc1α and Ucp1 mRNA Expression in Response to ISO and RES 
To understand the impact of genotype and sex on the differentiated ADSC’s response to ISO and RES, we compared the relative fold changes in Pgc1α and Ucp1 mRNA expression in response to ISO stimulation (Figure 4.2A, C). No statistical significances were found in ISO-stimulated Pgc1α upregulation among the cells from male and female WT or db/db mice (Figure 4.2A). We further compared the relative fold changes in Pgc1α mRNA expression following RES under basal or ISO stimulated conditions (Figure 4.2B). RES-induced Pgc1α upregulation was higher in the db/db adipocytes than the WT adipocytes under ISO-stimulated conditions, reaching statistical significance only in male db/db adipocytes (Figure 4.2B). Male db/db adipocytes also had higher RES-induced Pgc1 upregulation than female db/db adipocytes (Figure 4.2B). 
ISO stimulation induced significant increases in Ucp1 mRNA expression in the differentiated ADSCs from female db/db mice compared to female WT mice (Figure 4.2C). Moreover, differentiated female db/db ADSCs had significantly greater Ucp1 induction than male db/db counterparts after ISO stimulation (Figure 4.2C). In comparison, RES induced Ucp1 upregulation to the similar extent in all groups under both basal- and ISO-stimulated conditions, and there were no significant differences across sexes or genotypes (Figure 4.2D). 
[bookmark: _Toc200810434][bookmark: _Toc204848673][bookmark: _Toc196309411]RES Increased Mitochondrial Uncoupling 
The mitochondrial stress test was performed to measure mitochondrial respiration in ADSCs differentiated in the presence or absence of 10 μM of RES, ROSI, or the vehicle control. In the differentiated male WT ADSCs, RES did not significantly alter basal respiration, maximal respiration, or proton leak compared to both negative and vehicle control (Figure 4.3B-D). However, ATP production was significantly increased by RES relative to the vehicle control, which itself suppressed ATP production compared to the untreated negative control (Figure 4.3E). RES further reduced coupling efficiency (Figure 4.3F), indicating enhanced mitochondrial uncoupling, which is a marker for thermogenic activation. 
In the differentiated female WT ADSCs, basal respiration was significantly increased by DMSO, RES, and ROSI compared to the negative control, with no significant differences among the three treatments (Figure 4.4B). Maximal respiration was significantly elevated by both RES and ROSI compared to the negative and vehicle controls (Figure 4.4C), indicating enhanced respiratory capacity. Proton leak was also increased by RES and ROSI relative to the negative control but not significantly different from the vehicle control (Figure 4.4D). Although both RES and ROSI elevated ATP production compared to the negative control, both treatments induced modest but significant reductions in ATP production compared to the vehicle control (Figure 4.4E). Finally, RES significantly decreased coupling efficiency compared to both the negative and vehicle controls, while ROSI only significantly reduced coupling efficiency compared to the negative control (Figure 4.4F). 
In the differentiated male db/db ADSCs, RES did not significantly affect basal respiration, whereas ROSI significantly increased basal respiration compared to both the negative and vehicle controls (Figure 4.5B). However, RES, but not ROSI, significantly increased maximal respiration compared to both controls (Figure 4.5C). Both RES and ROSI significantly elevated proton leak compared to the negative and vehicle controls (Figure 4.5D). While ROSI significantly increased ATP production, RES had no significant effect on ATP production (Figure 4.5E). Consequently, RES, but not ROSI, significantly decreased coupling efficiency compared to both the negative and vehicle controls in the differentiated male db/db ADSCs (Figure 4.5F). 
In differentiated female db/db ADSCs, RES did not significantly affect basal respiration, whereas ROSI significantly increased basal respiration compared to both the negative and vehicle controls (Figure 4.6B). Maximal respiration was elevated by the vehicle (DMSO), RES, and ROSI compared to the negative control (Figure 4.6C). While ROSI significantly increased proton leak and ATP production compared to both the negative and the vehicle controls, RES caused modest but not significant elevation in the proton leak but significantly decreased ATP production compared to the vehicle control (Figure 4.6D-E). As a result, RES significantly reduced coupling efficiency compared to both controls while ROSI and DMSO reduced the coupling efficiency only compared to the negative control in the differentiated female db/db ADSCs (Figure 4.6F). 
[bookmark: _Toc196309412][bookmark: _Toc200810435][bookmark: _Toc204848674]Sex and Genotype Differences in the Mitochondrial Uncoupling in Response to RES
To assess the relative uncoupling responses across different differentiated ADSCs, fold changes in proton leak and coupling efficiency induced by RES relative to the vehicle control were calculated (Figure 4.7). There were no significant differences among the four groups in the fold changes of proton leak induced by RES compared to the vehicle control (Figure 4.7A). In contrast, RES significantly reduced more coupling efficiency in the differentiated male db/db ADSCs than in the male WT and female db/db counterparts (Figure 4.7B).
[bookmark: _Toc196309413][bookmark: _Toc200810436][bookmark: _Toc204848675]RES Improved Insulin Signaling by Enhancing Insulin-stimulated AKT Phosphorylation 
Insulin-stimulated AKT phosphorylation was assessed as a marker of insulin sensitivity in the four types of ADSCs differentiated in the presence or absence of RES, ROSI, or the vehicle control. In the differentiated male WT ADSCs, ROSI significantly increased total AKT protein levels only following insulin stimulation compared to both the negative and vehicle controls, whereas RES had no effect on total AKT levels under either basal or insulin-stimulated conditions (Figure 4.8B). Both RES and ROSI significantly increased insulin-stimulated p-AKT (Ser473) levels compared to the negative and vehicle controls (Figure 4.8C). Consequently, only RES significantly increased the p-AKT/AKT ratio compared to the vehicle control in the differentiated male WT ADSCs (Figure 4.8D).
Similar results were found in the differentiated female WT ADSCs. ROSI, but not RES, significantly increased total AKT levels following insulin stimulation compared to the vehicle control (Figure 4.9B). Under insulin stimulation, both RES and ROSI significantly elevated p-AKT (Ser473) levels compared to the negative and vehicle controls (Figure 4.9C). While both treatments increased the p-AKT/AKT ratios, only RES’s effects reach statistical significance compared to both the negative and vehicle controls (Figure 4.9D).
Similar to the differentiated male WT ADSCs, ROSI, but not RES, significantly increased total AKT protein levels under insulin-stimulated conditions in the differentiated male db/db ADSCs (Figure 4.10B). Similarly, both RES and ROSI significantly increased p-AKT (Ser473) levels compared to the negative and vehicle controls (Figure 4.10C). However, no significant differences were observed in p-AKT/AKT ratios across groups, although both RES and ROSI showed a non-significant trend toward increased p-AKT/AKT ratios compared to the controls (Figure 4.10D).
In contrast, ROSI seemed to increase total AKT levels under both basal and insulin-stimulated conditions, effects of which only reached significance under basal conditions compared to the negative control, while RES did not have any effects under both conditions in the differentiated female db/db ADSCs (Figure 4.11B). While ROSI also significantly elevated p-AKT (Ser473) levels under both basal and insulin-stimulated conditions compared to both the negative and vehicle controls, RES only increased p-AKT (Ser473) levels under insulin-stimulated conditions (Figure 4.11C). However, no significant differences were observed in p-AKT/AKT ratios by RES, ROSI, or DMSO under either basal or insulin-stimulated conditions in the differentiated female db/db ADSCs (Figure 4.11D). 
[bookmark: _Toc196309414][bookmark: _Toc200810437][bookmark: _Toc204848676]Sex and Genotype Differences in Insulin Sensitivity Markers in Response to Insulin and RES
To understand the impact of genotype and sex on the differentiated ADSCs’ response to insulin and RES, fold changes in p-AKT/ERK and p-AKT/AKT in response to insulin (Figure 4.12A, C) and to RES relative to the vehicle control under basal and insulin-stimulated conditions (Figure 4.12B, D) were calculated and compared for the four groups of differentiated ADSCs. Insulin (at 50 nM) induced significantly higher p-AKT levels in the differentiated female db/db ADSCs compared to the differentiated female WT and male db/db ADSCs (Figure 4.12A). However, there were no significant differences in the p-AKT/AKT ratios in response to insulin among all four groups of differentiated ADSCs (Figure 4.12C). Although RES induced higher levels of p-AKT levels and higher p-AKT/AKT ratios under insulin-stimulated conditions in all groups differentiated ADSCs, there were no significant differences in p-AKT or p-AKT/AKT in response to RES among the groups under either basal or insulin-stimulated conditions (Figure 4.12D).
[bookmark: _Toc196309415][bookmark: _Toc200810438][bookmark: _Toc204848677]Discussion
This study demonstrates that resveratrol (RES) at a physiologically achievable dose of 10 μM promotes the browning of adipocytes and increases insulin signaling in the subcutaneous adipose-derived stromal cells (ADSCs) from both wild-type (WT) and diabetic (db/db) mice. To our knowledge, this is the first study that has directly compared the effects of RES on browning and improving insulin sensitivity in differentiated ADSCs derived from diabetic mice with their WT controls, as well as in females compared to their male counterparts. Our results demonstrate that sex and diabetic status affect the responses of differentiated ADSCs to physiological stimulations, such as the β-adrenergic agonist isoproterenol and insulin, as well as to the dietary bioactive compound RES.
Adrenergic activation, primarily through the sympathetic nervous system, plays a crucial role in thermogenesis and energy expenditure as heat in brown and brown-like adipocytes. As a nonselective -adrenergic agonist, ISO induces thermogenic activation by upregulating Pgc1 and Ucp1 mRNA expression in all four groups of differentiated ADSCs. Higher ISO-stimulated Pgc1 mRNA induction was found in the differentiated db/db ADSCs of both sexes, although the differences were not statistically significant compared to their WT counterparts (Figure 4.2A). In contrast, the differentiated ADSCs from female db/db mice showed significantly higher ISO-stimulated Ucp1 mRNA induction compared to female WT controls or male db/db counterparts (Figure 4.2C). The results suggest that cellular adrenergic activation pathways in the differentiated ADSCs from db/db mice are functional and may be upregulated to some extent, compensating for the genetic defects 440. The sex differences in ISO-induced Ucp1 mRNA upregulation might be due to potential sex-specific differences in adrenergic receptor expression 441–443 and/or response to ISO in the differentiated ADSCs. Moreover, the results also suggest that cold intolerance and lower heat production/body weight found in the db/db mice are likely due to other defects, perhaps upstream of cellular adrenergic activation in the adipocytes. 
To our surprise, RES induced similar Ucp1 mRNA upregulation under both basal and ISO stimulated conditions in all groups of differentiated ADSCs (Figure 4.2D). In contrast, the inductions of Pgc1α mRNA expression by RES, particularly under ISO stimulated conditions, were more robust in the differentiated ADSCs from the db/db mice compared to WT mice in both sexes, and female db/db cells had a higher response to RES compared to the male db/db cells (Figure 4.2B). These results suggest that differentiated db/db ADSCs can also respond to the browning effects of RES (even to a higher degree). Our findings not only align with a previous report demonstrating RES’s browning effects on the differentiated white adipose stromal cells from wildtype mice 1, but also extend the findings to the white adipose stromal cells from diabetic db/db mice of both sexes. 
To correlate thermogenic gene expression, mitochondrial respiration and uncoupling in response to RES were further examined in the four groups of differentiated ADSCs. Although there were no significant differences in RES-induced changes in proton leak (Figure 4.7A), there were significant differences in RES-induced changes in coupling efficiency among the four groups of differentiated ADSCs (Figure 4.7B), as differentiated male db/db ADSCs showed significantly lower coupling efficiency in response to RES than male WT cells and female db/db cells (Figure 4.7B). The facts that RES induced similar changes in Ucp1 mRNA expression but significant differences in mitochondrial coupling efficiency in the four groups of differentiated ADSCs suggest that i) RES may have differential effects on ATP production among the four groups of differentiated ADSCs; ii) RES may have differential effects on Ucp1 gene post transcription, translation, and/or post translational modification. It is known that the functionality of the UCP1 protein is determined not only by Ucp1 gene expression but also by its post-translational modifications, which are controlled by fatty acid presence, purine nucleotides, and the cellular redox state 154,444–446. Hence, future studies are needed to explore the mechanisms underlying the differential effects of RES in reducing mitochondrial uncoupling in the four groups of differentiated ADSCs. Moreover, the results underscore the importance of assessing mitochondrial uncoupling in conjunction with thermogenic gene expression when studying the browning effects in differentiated ADSCs from diabetic animals compared to WT controls, or in males compared to females. 
Insulin signaling was further studied in the differentiated ADSCs in response to RES. Although insulin-induced p-AKT levels (p-AKT/ERK) varied (Figure 4.12A), insulin-induced p-AKT/AKT ratios were not different among the four differentiated ADSCs (Figure 4.12C), indicating that although insulin may have differential effects on total AKT levels, differentiated ADSCs respond to insulin with a similar degree of AKT phosphorylation, regardless of sex and diabetic status. Because we used insulin at 50 nM, which is supraphysiological as db/db mice’s random serum insulin levels were ~ 20 ng/ml or ~3.4 nM (Chapter III), the results suggest differentiated db/db ADSCs respond to supraphysiological levels of insulin in a similar manner to those of differentiated WT ADSCs.
In addition to its influence on mitochondrial uncoupling and energy expenditure, RES showed similar fold increases in p-AKT (Figure 4.12B) and p-ATK/AKT (Figure 4.12D) under insulin-stimulated conditions in the differentiated ADSCs, as there were no differences in RES-induced p-AKT and p-AKT/AKT ratios under insulin-stimulated conditions among the four groups of differentiated ADSCs (Figure 4.12B and D). The results suggest that under the tested conditions, RES has similar beneficial effects in enhancing insulin signaling in the differentiated ADSCs, regardless of sex and diabetic conditions.
Our study has several limitations. Primarily, the experiments were performed in vitro with differentiated ADSCs, which does not capture the full complexity of adipose tissue in vivo, considering the interplay of systemic hormones, nervous connections, and immune constituents. In addition, while we analyzed gene expression and mitochondrial respiration, we did not measure other functional outputs, including glucose uptake and fatty acid oxidation. Furthermore, only one concentration of RES was investigated. Determining therapeutic margins will require consideration of dose-dependent effects and in vivo pharmacokinetics. Lastly, although the use of the db/db mice model captures critical features of obesity and obesity associated T2DM, further investigations using human cells or mouse transplantation models will be important for developing a browning strategy for treating human obesity and T2DM. 

[bookmark: _Toc196309416][bookmark: _Toc200810439][bookmark: _Toc204848678]Conclusion
Overall, the study demonstrates significant differences in response to physiological stimulation, such as adrenergic activation and insulin, among differentiated ADSCs from diabetic mice compared to the WT controls and from males compared to the females. Moreover, RES enhances browning, mitochondrial uncoupling, and insulin sensitivity in the differentiated ADSCs in a manner that depends on sex and diabetic status. The stronger effects of RES-induced PGC1α/UCP1 mRNA expression and mitochondrial uncoupling were observed in the differentiated ADSCs from the db/db mice, with female db/db cells showing a greater response to RES than male db/db cells. Furthermore, under tested conditions, RES shows similar enhancement in insulin signaling in all four groups of differentiated ADSCs, regardless of sex and diabetic status. 
These findings reinforce the therapeutic potential of RES as an active phytonutrient that induces the browning of white adipocytes, increases mitochondrial uncoupling, and enhances insulin sensitivity, particularly in the context of obesity and T2DM. Our study reveals the importance of sex and diabetic status in modifying the beneficial effects of RES, particularly in browning and mitochondrial uncoupling. Further work should focus on validating these effects in vivo, elucidating the molecular pathways that drive sex- and genotype-dependent differences, and investigating the potential for translating RES-based interventions for the treatment of human obesity and T2DM.
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[bookmark: _Ref200808161][bookmark: _Toc204847359]Figure 4.1 RES induced browning by increasing Pgc1α and Ucp1 mRNA expression in the differentiated ADSCs derived from (A) male WT, (B) female WT, (C) male db/db, and (D) female db/db mice. 
The ADSCs were isolated from subcutaneous white adipose tissue in mice aged 10-12 weeks. Pgc1α and Ucp1 mRNA expressions were measured in pooled ADSCs from 3-5 mice following a 7-day differentiation in the presence or absence of either resveratrol (RES, 10 µM) or rosiglitazone (ROSI, a positive control, 1 µM) or the vehicle control (DMSO). Isoproterenol (ISO, 1 µM) was added for the final 6 hours to activate brown-like adipocytes. Data = mean ± SEM (n = 3). One-way ANOVA was used for all statistical analyses in basal or ISO conditions. #, ##, ### indicate p < 0.05, p < 0.01, and p < 0.001, respectively, compared to the negative control (–) group, while *, **, *** indicate p < 0.05, p < 0.01, and p < 0.001, respectively, compared to the DMSO group.
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[bookmark: _Ref200808218][bookmark: _Ref203146686][bookmark: _Toc204847360]Figure 4.2 Fold changes in thermogenic gene expression following isoproterenol and resveratrol treatment in the adipocytes derived from ADSCs of male and female WT and db/db mice. 
(A) Fold changes of Pgc1α and (C) Ucp1 mRNA expression in response to isoproterenol (ISO) stimulation were calculated for all groups. (B) Fold changes of Pgc1α and (D) Ucp1 mRNA expression in response to RES relative to the DMSO were calculated under basal or ISO-stimulated conditions. Data = mean ± SEM (n = 3). One-way ANOVA was used for statistical analysis in (A) and (C); two-way ANOVA was used in (B) and (D). ##, ### indicate p < 0.01 and p < 0.001 for comparisons between males and females. *** indicate p < 0.001 for comparisons between WT and db/db mice. †† indicates p < 0.01 for comparisons between basal and ISO conditions.
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[bookmark: _Ref200808286][bookmark: _Ref203146453][bookmark: _Toc204847361]Figure 4.3 Resveratrol enhanced mitochondrial uncoupling in the differentiated ADSCs from male WT mice.
The ADSCs were first differentiated in the presence or absence of RES (10 µM), ROSI (1 µM), or DMSO for 7 days, then were reseeded into a Seahorse XFe assay plate. The cells underwent real-time oxygen consumption rate (OCR) measurements for a mitochondrial stress test after reseeding. (A) OCR recordings over time, (B) Basal respiration, (C) Maximal respiration, (D) Proton leak, (E) ATP production, and (F) Coupling efficiency are shown. Data = mean ± SEM (n = 3–5). One-way ANOVA was used for statistical analysis. #, ##, ### indicate p < 0.05, p < 0.01, and p < 0.001, respectively, compared to the (-) group, while *, **, *** indicate p < 0.05, p < 0.01, and p < 0.001, respectively, compared to the DMSO group.
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[bookmark: _Ref200808310][bookmark: _Ref203146456][bookmark: _Toc204847362]Figure 4.4 Resveratrol enhanced mitochondrial uncoupling in the differentiated ADSCs from female WT mice. 
The ADSCs were first differentiated in the presence or absence of RES (10 µM), ROSI (1 µM), or DMSO for 7 days, then were reseeded into a Seahorse XFe assay plate. The cells underwent real-time oxygen consumption rate (OCR) measurements for a mitochondrial stress test after reseeding. (A) OCR recordings over time, (B) Basal respiration, (C) Maximal respiration, (D) Proton leak, (E) ATP production, and (F) Coupling efficiency are shown. Data = mean ± SEM (n = 3–5). One-way ANOVA was used for statistical analysis. #, ##, ### indicate p < 0.05, p < 0.01, and p < 0.001, respectively, compared to the (-) group, while *, **, *** indicate p < 0.05, p < 0.01, and p < 0.001, respectively, compared to the DMSO group.
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[bookmark: _Ref200808368][bookmark: _Ref203146457][bookmark: _Toc204847363]Figure 4.5 Resveratrol enhanced mitochondrial uncoupling in the differentiated ADSCs from male db/db mice.
The ADSCs were first differentiated in the presence or absence of RES (10 µM), ROSI (1 µM), or DMSO for 7 days, then were reseeded into a Seahorse XFe assay plate. The cells underwent real-time oxygen consumption rate (OCR) measurements for a mitochondrial stress test after reseeding. (A) OCR recordings over time, (B) Basal respiration, (C) Maximal respiration, (D) Proton leak, (E) ATP production, and (F) Coupling efficiency are shown. Data = mean ± SEM (n = 3–5). One-way ANOVA was used for statistical analysis. #, ##, ### indicate p < 0.05, p < 0.01, and p < 0.001, respectively, compared to the (-) group, while *, **, *** indicate p < 0.05, p < 0.01, and p < 0.001, respectively, compared to the DMSO group.
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[bookmark: _Ref200808412][bookmark: _Ref203146459][bookmark: _Toc204847364]Figure 4.6 Resveratrol enhanced mitochondrial uncoupling in the differentiated ADSCs from female db/db mice.
The ADSCs were first differentiated in the presence or absence of RES (10 µM), ROSI (1 µM), or DMSO for 7 days, then were reseeded into a Seahorse XFe assay plate. The cells underwent real-time oxygen consumption rate (OCR) measurements for a mitochondrial stress test after reseeding. (A) OCR recordings over time, (B) Basal respiration, (C) Maximal respiration, (D) Proton leak, (E) ATP production, and (F) Coupling efficiency are shown. Data = mean ± SEM (n = 3–5). One-way ANOVA was used for statistical analysis. #, ##, ### indicate p < 0.05, p < 0.01, and p < 0.001, respectively, compared to the (-) group, while *, **, *** indicate p < 0.05, p < 0.01, and p < 0.001, respectively, compared to the DMSO group.
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[bookmark: _Ref200808456][bookmark: _Toc204847365]Figure 4.7 Fold changes in proton leak and coupling efficiency following resveratrol treatment in the differentiated ADSCs from male and female WT and db/db mice.
(A) Fold changes of proton leak and (B) coupling efficiency in response to RES relative to DMSO were calculated for each of the 4 groups, highlighting sex-specific responses and differences between the WT and db/db. Data = mean ± SEM (n = 3-5). One-way ANOVA was used for statistical analysis. # indicates p < 0.05 compared between sexes, and *** indicates p < 0.001 compared between the WT and db/db. 
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[bookmark: _Ref200808698][bookmark: _Toc204847366]Figure 4.8 Resveratrol improved insulin sensitivity in the differentiated ADSCs from male WT mice.
The ADSCs from the male WT mice were differentiated for 7 days in the presence or absence of RES (10 µM), ROSI (a positive control, 1 M), or DMSO, followed by overnight starvation in DMEM/high glucose without FBS. Cells were then stimulated with or without insulin (50 nM) for 20 minutes, and protein lysates were collected for Western blot analysis. (A) Total AKT, p-AKT (ser473), and their respective loading control ERK1/2 are shown. The left panel corresponds to the basal condition (-Insulin), and the right panel to the insulin-stimulated condition (+Insulin). Quantification of total AKT/ERK1/2 (B), p-AKT/ERK1/2 (C), and p-AKT/total AKT (D) are presented as fold change relative to the (-) group under basal conditions. Data = mean ± SEM (n = 3). One-way ANOVA was used for statistical analysis. #, ## indicate p < 0.05 and p < 0.01 compared to the (-) group. *, ** indicate p < 0.05 and p < 0.01 compared to the DMSO group.
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[bookmark: _Ref200808724][bookmark: _Toc204847367]Figure 4.9 Resveratrol improved insulin sensitivity in the differentiated ADSCs from female WT mice.
The ADSCs from the female WT mice were differentiated for 7 days in the presence or absence of RES (10 µM), ROSI (a positive control, 1 M), or DMSO, followed by overnight starvation in DMEM/high glucose without FBS. Cells were then stimulated with or without insulin (50 nM) for 20 minutes, and protein lysates were collected for Western blot analysis. (A) Total AKT, p-AKT (ser473), and their respective loading control ERK1/2 are shown. The left panel corresponds to the basal condition (-Insulin), and the right panel to the insulin-stimulated condition (+Insulin). Quantification of total AKT/ERK1/2 (B), p-AKT/ERK1/2 (C), and p-AKT/total AKT (D) are presented as fold change relative to the (-) group under basal conditions. Data = mean ± SEM (n = 3). One-way ANOVA was used for statistical analysis. # indicates p < 0.05 compared to the (-) group. * indicates p < 0.05 compared to the DMSO group.
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[bookmark: _Ref200808745][bookmark: _Toc204847368]Figure 4.10 Resveratrol improved insulin sensitivity in the differentiated ADSCs from male db/db mice.
The ADSCs from the male db/db mice were differentiated for 7 days in the presence or absence of RES (10 µM), ROSI (a positive control, 1 M), or DMSO, followed by overnight starvation in DMEM/high glucose without FBS. Cells were then stimulated with or without insulin (50 nM) for 20 minutes, and protein lysates were collected for Western blot analysis. (A) Total AKT, p-AKT (ser473), and their respective loading control ERK1/2 are shown. The left panel corresponds to the basal condition (-Insulin), and the right panel to the insulin-stimulated condition (+Insulin). Quantification of total AKT/ERK1/2 (B), p-AKT/ERK1/2 (C), and p-AKT/total AKT (D) are presented as fold change relative to the (-) group under basal conditions. Data = mean ± SEM (n = 3). One-way ANOVA was used for statistical analysis. #, ## indicate p < 0.05 and p < 0.01 compared to the (-) group. * indicates p < 0.05 compared to the DMSO group.
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[bookmark: _Ref200808771][bookmark: _Toc204847369]Figure 4.11 Resveratrol improved insulin sensitivity in the differentiated ADSCs from female db/db mice.
The ADSCs from the female db/db mice were differentiated for 7 days in the presence or absence of RES (10 µM), ROSI (a positive control, 1 M), or DMSO, followed by overnight starvation in DMEM/high glucose without FBS. Cells were then stimulated with or without insulin (50 nM) for 20 minutes, and protein lysates were collected for Western blot analysis. (A) Total AKT, p-AKT (ser473), and their respective loading control ERK1/2 are shown. The left panel corresponds to the basal condition (-Insulin), and the right panel to the insulin-stimulated condition (+Insulin). Quantification of total AKT/ERK1/2 (B), p-AKT/ERK1/2 (C), and p-AKT/total AKT (D) are presented as fold change relative to the (-) group under basal conditions. Data = mean ± SEM (n = 3). One-way ANOVA was used for statistical analysis. #, ##, ### indicate p < 0.05, p < 0.01, and p < 0.001, respectively, compared to the (-) group. *, **, *** indicate p < 0.05, p < 0.01, and p < 0.001, respectively, compared to the DMSO group.
[image: A screenshot of a graph

Description automatically generated]
[bookmark: _Ref200808803][bookmark: _Toc204847370]Figure 4.12 Fold changes in insulin sensitivity markers following insulin and resveratrol treatment in the differentiated ADSCs from male and female WT and db/db mice.
(A) Fold changes of p-AKT/ERK and (C) p-AKT/AKT in response to insulin were calculated for all groups. (B) Fold changes of p-AKT/ERK and (D) p-AKT/AKT in response to RES relative to the DMSO group under basal and insulin-stimulated conditions were calculated. Data = mean ± SEM (n = 3). One-way ANOVA was used for statistical analysis in (A) and (C), and two-way ANOVA was used in (B) and (D). ## indicate p < 0.01 for comparisons between males and females, while ** indicate p < 0.01 for comparisons between WT and db/db mice. †, †† indicate p < 0.05 and p < 0.01 for comparisons between basal and insulin conditions.


[bookmark: _Toc200810442][bookmark: _Toc204848680]CHAPTER V BROWNING AND INSULIN SIGNALING IN 3T3-L1 ADIPOCYTES: EVALUATING THE CONTRIBUTION OF UCP1


[bookmark: _Toc200810443][bookmark: _Toc204848681]Abstract
Uncoupling protein 1 (UCP1) is a central marker of browning in white adipose tissue and plays an important role in thermogenic function. Rosiglitazone (ROSI), a PPAR agonist used to treat insulin resistance, is known to promote adipocyte differentiation and browning, which includes increased UCP1 expression. In the previous chapter, we observed that ROSI enhanced both UCP1 expression and insulin-stimulated AKT phosphorylation in the adipose-derived stromal cells, suggesting a possible connection between browning and improvement of insulin signaling. To examine whether UCP1-mediated browning contributes to enhanced insulin signaling by ROSI, we generated a 3T3-L1 cell line with Ucp 1 knockout (KO) using CRISPR/Cas9 technology. Ucp1 KO attenuated ROSI-induced differentiation of adipocytes but did correlate with the absence of proton leak and uncoupling process in mitochondria. Notably, ROSI failed to enhance insulin-stimulated AKT phosphorylation in UCP1 KO adipocytes. These findings indicate that UCP1-dependent thermogenesis is likely involved in the insulin-sensitizing actions of rosiglitazone and also support the potential implication of adipocyte browning in the modulation of insulin sensitivity and responsiveness to rosiglitazone.


[bookmark: _Toc200810444][bookmark: _Toc204848682]Introduction
Brown and beige adipocytes are specialized types of fat cells that dissipate energy as heat instead of storing it as fat, a process known as non-shivering thermogenesis 447–449. This process is mediated by uncoupling protein 1 (UCP1), a mitochondrial protein that allows protons to flow across the inner mitochondrial membrane, producing heat instead of synthesizing ATP 450,451. UCP1 expression can be strongly induced by cold exposure and β-adrenergic stimulation 452,453, which contributes to systemic energy expenditure and thermoregulation 454. Recently, increasing evidence from rodent and human studies suggests that activation of thermogenic fat not only increases energy expenditure but also improves glucose metabolism, as indicated by increased insulin sensitivity and glucose uptake 455,456.
Rosiglitazone (ROSI) is one of the thiazolidinedione (TZD) medicines that have been used for treating type 2 diabetes mellitus 457. It primarily acts through the activation of the nuclear receptor peroxisome proliferator-activated receptor gamma (PPARγ), an important transcriptional regulator of lipid metabolism and adipocyte differentiation 458–460. By activation of PPARγ, ROSI stimulates the formation of insulin-responsive adipocytes by increasing the expression of GLUT4, glucose uptake, and secretion of adiponectin, which is an adipose tissue-derived cytokine that enhances the sensitivity of the body to insulin 461–464. ROSI decreases the production of pro-inflammatory cytokines  TNF-α and IL-6, thus decreasing inflammation in adipose tissue 465–467. ROSI has also been reported to induce browning of the white adipose tissue 468,469. Mechanistically, ROSI activates PPARγ, which increases the expression of PGC1α, a transcriptional coactivator that enhances mitochondrial biogenesis and oxidative metabolism 470. PGC1α, in collaboration with PPARγ, activates the thermogenic gene Ucp1 to promote the browning of white adipocytes and increase mitochondrial thermogenesis 471. 
In the previous chapter, we found that ROSI induced both UCP1 expression and insulin-stimulated AKT phosphorylation in adipose-derived stromal cells (ADSCs) from mice. However, whether UCP1 is essential in the insulin-sensitizing effects of ROSI or is a co-induced effect through PPARγ activation is unclear. To answer this question, we created a CRISPR/Cas9-generated Ucp1 knockout 3T3-L1 cell model to directly test the hypothesis that UCP1 is required for enhancing insulin signaling in adipocytes by ROSI.
[bookmark: _Toc200810445][bookmark: _Toc204848683]Materials and Methods
[bookmark: _Toc200810446][bookmark: _Toc204848684]Generation of Ucp1 Knockout 3T3-L1 Preadipocytes
To investigate the role of UCP1 in insulin signaling in browning, the Ucp1 knockout (KO) 3T3-L1 cells were generated using the Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/CRISPR-associated protein (Cas) 9 genome-editing approach. We first developed 3T3-L1 preadipocytes with stable expression of Cas-9 enzyme. Briefly, 3T3-L1 cells were seeded at ~70% confluency and transduced with lentiviral particles that carry the CP-LvC9NU-09 plasmid (GeneCopoeia, Rockville, MD) in the presence of 6 µg/mL polybrene (Santa Cruz Biotechnology, Dallas, TX). The diagram of the Cas9-expressing plasmid co-expressing a GFP reporter is shown in Figure 5.1. 24 hr later, the viral particle-containing media was removed, and the cells were maintained in normal cell culture media. 48 hours later, cells were selected with 600 μg/mL G418 for about two to three weeks.
[bookmark: _Toc200810447][bookmark: _Toc204848685]sgRNA Design and Lentiviral Transfection
Subsequently, single-guide RNAs (sgRNAs) were introduced into the stable cell line of Cas-9 generated above. We employed a tandem guide RNA-based strategy to enhance the efficiency of genome editing by deleting approximately 90 nucleotides between the two sgRNAs 472. Two sgRNAs targeting Ucp1 exon 1 were designed. The sequences of the two sgRNA were:
sgRNA-a:
5’-AACCCGACAACTTCCGAAGTGCAACCCACCATGGGGGTCAAGATCTTCTC-3’
sgRNA-c:
5’-CTGCCAAAGTCCGCCTTCAGGTAGAGTTAGTGACATTGATGAGGCTTCTC-3’
Each sgRNA was cloned into a lentiviral expression plasmid as shown in Figure 5.4. To introduce sgRNAs, Cas9-expressing 3T3-L1 cells were seeded at ~70% confluency and transduced with sgRNAs in the presence of 6 µg/mL polybrene (Santa Cruz Biotechnology, Dallas, TX). 24 hours later, the viral particle-containing media was removed, and the cells were maintained in normal cell culture media. 48 hours later, cells were selected with 2 μg/mL puromycin and 400 μg/mL G418 for about one week. These cells were then expanded and used in parallel with the scrambled control cells in the downstream experiments.
[bookmark: _Toc200810448][bookmark: _Toc204848686]Generation of Scrambled Control Cells
The scrambled shRNA lentiviral plasmid (Cat# CSHCTR001-LVRU6P) purchased from GeneCopoeia (Rockville, MD, USA), as shown in Figure 5.3, was transduced into stable Cas9-expressing 3T3-L1 cells under the same conditions described above. Cells were then selected with 2 μg/mL puromycin and 400 μg/mL G418 for one week. These cells were expanded and used in parallel with Ucp1 KO cells in the downstream experiments.
The sequence of scrambled control:
5’-GATCCGNNNNNNNNNNNNNNNNNTCAAGAGNNNNNNNNNNNNNNNNNTTTTTTGGAATT-3’
[bookmark: _Toc200810449][bookmark: _Toc204848687]Single Cell Cloning and Validation
The sgRNA transduced cells were grown under both G418 and puromycin selections until they reached confluence in a 35 mm plate. Single-cell clones were then isolated by serial dilution in 96-well plates. Expanded clones were screened by fluorescence microscopy to confirm co-expression of Cas9 (green) and sgRNA (cherry red), respectively. Approximately 40 single-cell clones were screened for their co-expression of Cas-9 (green) and sgRNA (cherry red). Individual clones with co-expression of both green and red fluorescence were further expanded and used for subsequent indel verification. Briefly, the genomic DNA was extracted from the cells, and PCR was performed using Ucp1-specific primers (1259 bp product), as shown Table 2. A second set of primer pairs was used to detect indel with the reverse primer designed within the cutting site of the second sgRNA to verify the absence of the PCR band on the agarose gel (the PCR product of intact Ucp1 is expected to be ~ 496 bp). 
PCR amplification was performed using an Eppendorf Master cycler X50 (Eppendorf North America, Enfield, CT). 12.5 µl of PCR reaction system contained 2 μl of crude extraction supernatant (approximately 28–36 ng of DNA), 6.25 μl of DreamTaq 2× PCR master mix (ThermoFisher Scientific, Waltham, MA, USA), 0.25 µl of each primer (10 μM) (to reach final concentration of 0.2 μM). The PCR parameters were as follows: initial denaturation at 95 °C for 3 min, followed by 31 cycles of denaturation at 95 °C for 30 s, annealing at 60 °C for 40 s, and extension at 72 °C for 1 min. The final elongation step was 72 °C for 7 min. PCR products were resolved on a 1% agarose gel. A control PCR detecting the murine soluble epoxide hydrolase (sEH) gene was used to confirm DNA integrity. The primer of sEH is shown in Table 2. The image was captured by Bio-Rad ChemiDoc XRS+ with Image Lab image acquisition and analysis software (Image LabTM Software, Version 5.2.1, Bio-Rad, Hercules, CA, USA). Individual clones with co-expression of Cas-9 (green) and gRNAs (cherry red) and no detectable Ucp1 band were considered putative Ucp1 knockouts.
[bookmark: _Toc204848688]2.5. Sanger Sequencing
To confirm gene disruption at the nucleotide level, PCR products were purified using a ZymoCleanTM Gel DNA Recovery Kit (Zymo Research, Tustin, CA) and submitted for Sanger sequencing (Eurofins, Lancaster, PA). Sequences were aligned to the reference Ucp1 locus using the Nucleotide Blast of the National Library of Medicine (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Clones with Indel in Ucp1 exon-1 on the sequencing chromatogram were used to confirm the success of Ucp1 knockout. One validated clone (Clone 8B) was selected for the subsequent experiments. 
[bookmark: _Toc200810450][bookmark: _Toc204848689]Adipogenic Differentiation 
Ucp1 KO 3T3-L1 preadipocytes (Clone 8B) and scrambled control (SCR) cells were differentiated using the protocol described in Chapter IV. Briefly, differentiation was induced with an induction medium (DMEM with 10% FBS, 5 μg/ml insulin, 1 μM Dex, 0.5 mM IBMX, 125 μM Indo, and 1 nM T3) for 3 days followed by 4 days in maintenance medium (DMEM with 10% FBS, 1% P/S, 5 ug/ml insulin, and 1 nM T3). During differentiation, cells were treated with either 1 μM rosiglitazone (ROSI), 0.1% DMSO (vehicle control), or no treatment (negative control). On day 7, half of the cells were stimulated with 1 µM isoproterenol (ISO) for 6 hours to assess β-adrenergic responsiveness. ISO is a non-selective β-adrenergic agonist that mimics cold exposure in vitro383.
[bookmark: _Toc200810451][bookmark: _Toc204848690]Semi-Quantitative Real-time PCR (qRT-PCR)
On day 7 of differentiation, total RNA was extracted via TRI Reagent (Molecular Research Center, Inc., Cincinnati, OH). Quantification and quality evaluation of the RNA were processed on a NanoDrop spectrophotometer (ThermoFisher Scientific, Waltham, MA). 2 µg of total RNA was reverse-transcribed to cDNA with the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). The expression levels of Pgc1α, Ucp1, Pparγ, and Adiponectin were quantified using SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA) on a 7300 Real-Time PCR System (Applied Biosystems, Foster City, CA). Results are presented as folds of differences from the negative control group, while the 2^-ΔΔCt method was used to calculate the relative expression of target genes normalized by the housekeeping gene 36B4.
[bookmark: _Toc200810452][bookmark: _Toc204848691]Mitochondrial Stress Test 
Mitochondrial respiration on differentiated adipocytes was measured using a Seahorse XFe24 Analyzer (Agilent Technologies, Santa Clara, CA). Cells were plated in 24-well microplates for three hours in a maintenance medium. The cell was washed and replaced with Seahorse XF assay medium with 10 mM glucose, 2 mM glutamine, and 1 mM sodium pyruvate. The cells were then placed in a 37°C incubator for one hour in a non-CO₂ incubator.
Basal respiration, ATP-linked respiration, maximal respiration, and non-mitochondrial respiration were measured sequentially after adding oligomycin (1.5 μM), FCCP (6.5 μM), and rotenone/antimycin A (1 μM each). Measurement results from the experiments were exported as oxygen consumption respiration (OCR) over time data and calculated as OCR-linked basal and maximal respiration, proton leak, and ATP-linked respiration and coupling efficiency, based on the manufacturer’s instructions. 
[bookmark: _Toc200810453][bookmark: _Toc204848692]Insulin Signaling Study and Western Blot Analysis
At day 7 of differentiation, cells were serum starved for 15-16 hr followed by insulin (50 nM) stimulation for 20 minutes at 37°C. Post-stimulation cells were lysed in RIPA buffer (Cell Signaling Technology, Danvers, MA) containing protease and phosphatase inhibitor cocktails. Protein concentration was determined using the Pierce™ BCA Protein Assay Kit (ThermoFisher Scientific). Equal amounts of protein were loaded onto SDS-PAGE gels and transferred to PVDF membranes. Membranes were blocked with 5% non-fat milk, followed by incubation with primary antibodies anti-phospho-AKT Ser473 (1:1000; Cell Signaling Technology; Cat# 4060S), anti-total AKT (1:1000; Cell Signaling Technology; Cat# 9272), anti-ERK1/2 (1:2000; Cell Signaling Technology; Cat# 4695S) or anti-ERK1/2 (1:2000; Cell Signaling Technology; Cat# 9102S) at 4°C overnight. ERK1/2 was used as a loading control. Subsequently, membranes were washed and incubated with HRP-conjugated secondary antibodies (1:4000; Cell Signaling Technology; Cat# 7074S) for 1 hr at room temperature. Protein bands were detected using the chemiluminescent substrate SuperSignal™ West Pico PLUS or West Femto Maximum Sensitivity Substrate (ThermoFisher Scientific, Waltham, MA) and imaged with the ChemiDoc XRS+ (Bio-Rad, Hercules, CA). Band intensity was quantified using ImageJ (NIH, Bethesda, MD). AKT phosphorylation was calculated as the ratio of p-AKT to total AKT.
[bookmark: _Toc200810454][bookmark: _Toc204848693]Statistical Analysis
Data are presented as mean ± standard error of the mean (SEM). Different statistical methods were applied as appropriate based on the experimental design and data distribution. Two-way ANOVA was used for Figure 5.5 (B, C); Figure 5.6B and Figure 5.7. Student’s t-tests were used for Figure 5.5 (E-I). One-way ANOVA was used for Figure 5.6A. A p-value < 0.05 was considered statistically significant. All statistical analyses were performed using GraphPad Prism 9 (GraphPad Software, San Diego, CA).
[bookmark: _Toc200810455][bookmark: _Toc204848694]Results
[bookmark: _Toc200810456][bookmark: _Toc204848695]Validation of Ucp1 Knockout in 3T3-L1 Cells
Fluorescence microscopy confirmed co-expression of Cas9-GFP and sgRNA-cherry red prior to individual clone selection through serial dilution (Figure 5.4A-D). Genomic PCR demonstrated the absence of the Ucp1 band in clone 8B, while the housekeeping gene sEH was consistently amplified, confirming DNA integrity (Figure 5.4E-F). To confirm disruption of the Ucp1 locus, PCR amplicons were subjected to Sanger sequencing (Figure 5.4G). Sequences were aligned to the reference Ucp1 locus using the Nucleotide BLAST tool of the National Library of Medicine. We attempted to use flow cytometry to sort individual cells with both green and cherry red expression into single wells of a 96-wells plate. However, we found that co-transfected 3T3-L1 cells were unable to survive beyond 3-4 days when cultured individually. We then adopted a serial dilution approach. However, in practice, the level of clonality assurance after a single round of limiting dilution remained low, likely due to insufficient cell-cell interactions and signaling required to support cell proliferation when cells were cultured individually. We finally were able to establish a few mixed clones from wells with 3-4 cells seeded. Subsequent Sanger sequencing indicated that one of these mixed clones had the expected indel at the expected locus. Therefore, it was used for all the subsequent experiments. Clone 8B showed deletion mutations in exon 1 of the Ucp1 gene; therefore, it was considered a successful knockout cell population and used for all subsequent experiments.
[bookmark: _Toc200810457][bookmark: _Toc204848696]Ucp1 Knockout Affected Adipogenic Differentiation and Proton Leak
To evaluate adipogenic gene expression, mRNA levels of Pparγ and AdipoQ were measured on day 7 of differentiation in both the Ucp1 KO and the scrambled control (SCR) cells. In the SCR cells, ROSI significantly increased Pparγ and AdipoQ mRNA expression compared to the negative and DMSO groups (Figure 5.5B, C). In contrast, both induction of Pparγ and Adipoq expression by ROSI was markedly blunted in Ucp1 KO cells (Figure 5.5B, C). Although basal and maximal respiration were slightly reduced in Ucp1 KO cells, these differences were not statistically significant (Figure 5.5E, F). Notably, KO cells exhibited a significant reduction in proton leak and an increase in mitochondrial coupling efficiency, consistent with loss of UCP1-dependent uncoupling (Figure 5.5G, I). In addition, ATP-linked respiration was unchanged between the SCR and Ucp1 KO cells (Figure 5.5H).
[bookmark: _Toc200810458][bookmark: _Toc204848697]Ucp1 Knockout Attenuated the Browning Effect by Rosiglitazone
Ucp1 mRNA expression was induced by ROSI under both basal and ISO stimulations in the SCR cells. As expected, Ucp1 mRNA expression was absent in the Ucp1 KO cells (Figure 5.6A). Pgc1α mRNA expression was induced by ROSI under ISO stimulation in the SCR cells, but this induction was absent in the Ucp1 KO cells. Moreover, Pgc1α mRNA expression under basal conditions was lower in the Ucp1 KO cells compared to the SCR controls (Figure 5.6B).
[bookmark: _Toc200810459][bookmark: _Toc204848698]Ucp1 Knockout Attenuated Rosiglitazone-Enhanced Insulin Signaling
In the SCR cells, ROSI significantly enhanced insulin-stimulated phosphorylation of AKT at serine 473 residue, indicated by both p-AKT/ERK and p-AKT/AKT levels, compared to both vehicle and negative controls (Figure 5.7C, D). In contrast, Ucp1 KO cells exhibited no increase in insulin-stimulated AKT phosphorylation in response to ROSI treatment, suggesting that UCP1 is required for the insulin-sensitizing effects of ROSI in this model (Figure 5.7C, D).
[bookmark: _Toc200810460][bookmark: _Toc204848699]Discussion
To evaluate the effects of UCP1 in adipocyte differentiation, mRNA expression of two differentiation markers Pparγ and AdipoQ was examined. Pparγ is a master transcriptional regulator of adipocyte differentiation, which is necessary to drive the conversion of precursor cells into adipocytes 473. It controls the expression of genes involved in lipid and glucose metabolism in adipocytes 474. AdipoQ is one of the most abundant adipocyte-secreted proteins and is expressed especially in mature adipocytes 475. Together, the expression of Pparγ and AdipoQ serves as a reliable indicator of adipocyte differentiation. ROSI upregulated both Pparγ and AdipoQ expression in both scrambled and Ucp1 KO cells, while ROSI-induced induction was markedly reduced in the Ucp1 KO cells compared to the SCR cells (Figure 5.5B, C). These results demonstrated that UCP1 is important for the full transcriptional response to ROSI, especially for genes involved in adipocyte differentiation and function (Pparγ and AdipoQ). Without UCP1, the adipogenic effects of ROSI are markedly attenuated. Recent evidence suggests that UCP1 KO causes widespread mitochondrial dysfunction in BAT, such as reduced electron transport chain protein expression, impaired calcium buffering, and greater vulnerability to ROS-induced permeability transition 476. These mitochondrial dysfunctions caused by UCP1 KO may disrupt the transcriptional environment needed for full PPARγ activation, providing a possible explanation for the diminished ROSI-induced Pparγ and AdipoQ mRNA expression observed in our study.
To evaluate mitochondrial uncoupling and confirm the functional impact of UCP1 knockout, we performed mitochondrial stress tests in the SCR and Ucp1 KO adipocytes. Mitochondrial stress test results reveal that compared to the scrambled controls, Ucp1 KO 3T3-L1 adipocytes exhibited significantly reduced proton leak and increased coupling efficiency (Figure 5.5G, I). Proton leak represents oxygen consumption not coupled to ATP synthesis and is a major readout of UCP1 activity in thermogenic adipocytes 477. Coupling efficiency quantifies the percentage of respiration used for ATP production 478. The decreased proton leak and increased coupling efficiency are consistent with the known role of UCP1 in dissipating the proton gradient to generate heat, rather than to support ATP synthesis479. Although the differences were not statistically significant, a trend toward reduced basal and maximal respiration was observed in the Ucp1 KO cells (Figure 5.5E, F). Moreover, ATP production was unchanged between the KO and the SCR cells (Figure 5.5H). Together, these results suggest that Ucp1 deletion disrupts mitochondrial uncoupling without affecting mitochondrial ATP synthesis. 
Regarding the browning effect, ROSI induced the mRNA expression of thermogenic genes in the SCR cells; however, this effect was either absent or attenuated in the Ucp1 KO cells. In the SCR cells, Ucp1 mRNA expression was significantly upregulated by ROSI not only under both basal conditions and β-adrenergic stimulation (ISO) (Figure 5.6A). This is consistent with a previous report that ROSI upregulated the thermogenic regulator Ucp1 in white adipocytes 480. Pgc1α mRNA expression was also elevated by ROSI in response to ISO stimulation in the SCR control cells, in line with its role as a coactivator of PPARγ and regulator of mitochondrial gene expression 481. PGC1α is also a well-known upstream regulator of UCP1 410. Both genes are often co-induced by stimuli such as cold or β-adrenergic agonists, reflecting the coordinated activation of the browning program 482,483. However, ROSI failed to induce the mRNA expression of Pgc1α in the Ucp1 KO cells under both basal and ISO conditions, suggesting that deletion of Ucp1 disrupts the transcriptional programs underlying browning responses.
ROSI has been shown to enhance both thermogenesis and insulin sensitivity 484–486. To examine whether these two effects are mechanistically linked, we evaluated insulin signaling in the Ucp1 KO adipocytes compared to the SCR controls. Phosphorylation of AKT at Ser473 was measured following acute insulin stimulation as a functional indicator of insulin signaling in adipocytes. In the SCR control cells, ROSI significantly enhanced insulin-stimulated AKT phosphorylation (Figure 5.7), consistent with previous findings that ROSI induced glucose uptake and AKT phosphorylation in insulin-resistant 3T3L1 adipocytes 487. In contrast, Ucp1 KO cells showed no enhancement in insulin-stimulated AKT phosphorylation following ROSI treatment under the same conditions (Figure 5.7). This difference suggests that ablation of UCP1 may interfere with the signaling pathway involved in ROSI's insulin-sensitizing effect in adipocytes.
Previous in vivo studies have also shown that activation of brown or beige adipose tissue improves systemic insulin sensitivity 488,489, while Ucp1 KO mice often maintain normal or improved insulin responsiveness under certain conditions, likely due to compensatory mechanisms of elevated FGF21 and remodeling of iWAT 39. In contrast, our in vitro model enables us to examine the direct effects of Ucp1 KO on adipocytes in the absence of systemic regulation, providing direct evidence that UCP1 facilitates the ROSI-induced enhancement in insulin signaling in adipocytes.
While this study provides insight into the potential role of UCP1 in ROSI-induced enhancement of insulin signaling, several limitations should be considered when interpreting the findings. The use of 3T3-L1 cells, although well established for adipocyte studies, may not fully represent the complexity of in vivo adipose tissue environment. While CRISPR/Cas9-based gene knockout enables precise perturbation of target gene function in cells, this requires a lengthy process of isolating KO subclones 490. The use of a tandem two sgRNAs approach helped achieve our near 100% indel rate. Although clone 8B was still considered a KO clone pool, it has been reported that KO cell pools generated with the tandem gRNAs can exhibit clearly identifiable phenotypes 490. Additionally, although Ucp1 knockout was confirmed at the genomic and transcript levels, this study did not assess any potential off-target effects of CRISPR editing 491. Moreover, the functional impact of insulin signaling was only evaluated through AKT phosphorylation. Further studies are needed to determine whether other markers of insulin signaling or insulin-induced downstream events, such as glucose uptake, are similarly affected. To evaluate the effects of UCP1 in adipocyte differentiation, two differentiation markers Pparγ and AdipoQ mRNA levels were examined. Pparγ is a master transcriptional regulator of adipocyte differentiation, which is necessary to drive the conversion of precursor cells into adipocytes 473. It controls the expression of genes involved in lipid and glucose metabolism in adipocytes 474. AdipoQ is one of the most abundant adipocyte-secreted proteins and is expressed especially in mature adipocytes 475. Together, the expression of Pparγ and AdipoQ serves as a reliable indicator of adipocyte differentiation. ROSI treatment upregulated both Pparγ and AdipoQ expression in both scrambled and UCP1 KO cells, while ROSI-induced induction was markedly reduced in UCP1 KO cells compared to SCR cells (Figure 5.5B, C). These results demonstrated that UCP1 is important for the full transcriptional response to ROSI, especially for genes involved in adipocyte differentiation and function (Pparγ and AdipoQ). Without UCP1, the adipogenic effects of ROSI are markedly attenuated. Recent evidence suggests that UCP1 KO causes widespread mitochondrial dysfunction in BAT, such as reduced electron transport chain protein expression, impaired calcium buffering, and greater vulnerability to ROS-induced permeability transition 476. These mitochondrial dysfunctions caused by UCP1 KO may disrupt the transcriptional environment needed for full PPARγ activation, providing a possible explanation for the diminished ROSI-induced Pparγ and AdipoQ mRNA expression observed in our study.
While this study provides insight into the potential role of UCP1 in ROSI-induced enhancement of insulin signaling, several limitations should be considered when interpreting the findings. The use of 3T3-L1 cells, although well established for adipocyte studies, may not fully represent the complexity of in vivo adipose tissue environment. While CRISPR/Cas9-based gene knockout enable precise perturbation of target gene function in human cells, this requires the lengthy process of isolating KO subclones 490. We used a tandem two sgRNAs approach which is fast and could give close to 100% of indel rate. Although clone 8B was still considered a KO clone pool, it has been reported that using KO cell pools generated with the tandem gRNAs can lead to more clearly identifiable phenotypes 490. Additionally, although UCP1 knockout was confirmed at the genomic and transcript levels, this study did not assess potential off-target effects of CRISPR editing 491. Moreover, the functional impact of insulin signaling was only evaluated through AKT phosphorylation. Further studies are needed to determine whether other markers of insulin signaling or glucose metabolism are similarly affected. 
[bookmark: _Toc200810461][bookmark: _Toc204848700]Conclusion
Using a CRISPR-based Ucp1 KO 3T3-L1 adipocyte model, we observed that compared to the SCR cells, Ucp1 KO cells had attenuated adipocyte differentiation, decreased proton leak, and increased coupling efficiency. As expected, Ucp1 KO adipocytes had impaired ROSI-induced browning. Moreover, ROSI-induced enhancement of insulin signaling was blunt in the Ucp1 KO adipocytes. These results, together with the findings from adipose-derived stromal cells from mice in Chapter IV, strongly suggest that UCP1 may facilitate the insulin-sensitizing effect of ROSI in adipocytes. Our studies shed light on the interaction between UCP1-mediated browning and enhancement of insulin signaling by ROSI and suggest the possibility that UCP1 may contribute to ROSI’s beneficial effects in adipocytes.
[bookmark: _Toc200810463][bookmark: _Toc204848701]
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[bookmark: _Ref204595373][bookmark: _Toc204847371]Figure 5.1 Vector map of Cas9-expressing plasmid.
This vector is used for stable expression of Cas9 in 3T3-L1 cells.
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[bookmark: _Toc204847372]Figure 5.2 Vector map for mouse Ucp1 sgRNA-a and c.
This vector is used for generating Ucp1 Knockout 3T3-L1 cells.
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[bookmark: _Ref204595921][bookmark: _Toc204847373]Figure 5.3 Vector map for mouse scrambled shRNA plasmid.
This vector is used for generating scrambled control 3T3-L1 cells. 
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[bookmark: _Ref200808866][bookmark: _Toc204847374]Figure 5.4 Validation of Ucp1 knockout in 3T3-L1 cells by fluorescence microscopy, genomic PCR, and Sanger sequencing.
(A–D) Fluorescence microscopy of Ucp1 KO 3T3-L1 cells after co-transfection with Cas9 and sgRNA. (A) Phase contrast image of transduced cells. (B) Green fluorescence showed Cas9 expression. (C) Cherry red fluorescence showed sgRNA expression. (D) The merged image showed the co-expression of Cas9 and sgRNA in the same cells, confirming successful delivery of CRISPR/Cas9 components. (E–F) Genomic PCR validation of Ucp1 knockout in clonal populations. (E) PCR using Ucp1-specific primers designed to amplify a 496 bp region flanking the CRISPR cut sites showed no detectable band in edited clones (8B-1, 8B-4, 8B-5, 8B-6), but a clear band for non-related sEH gene amplicons, indicating deletion of the target sequence. (F) PCR for the sEH gene served as a genomic DNA control and showed consistent amplification across all samples tested. (G) Sanger sequencing chromatogram of Clone 8B confirms the presence of insertions and/or deletions (Indels) near the expected Cas9 cut sites.
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[bookmark: _Ref200808972][bookmark: _Toc204847375]Figure 5.5 Ucp1 KO affected adipogenic differentiation and reduced proton leak in 3T3L1 adipocytes.
The scrambled control (SCR) and Ucp1 KO 3T3-L1 cells were differentiated for 7 days using a brown adipogenic protocol and treated with 1 µM of rosiglitazone (ROSI), 0.1% DMSO (vehicle), or no treatment (negative control). (A) Representative phase contrast images on day 7 show lipid droplet accumulation in the two groups. Relative mRNA expression of (B) Pparγ and (C) Adipoq was assessed. Data are presented as mean ± SEM (n=3). (D)-(I) Both SCR and Ucp1 KO 3T3-L1 preadipocytes were first differentiated for 7 days, then reseeded into a Seahorse XFe assay plate. The cells underwent real-time oxygen consumption rate (OCR) measurements for a mitochondrial stress test 3 hr after reseeding. Oxygen consumption rate (OCR) was measured under basal conditions and following sequential injections of oligomycin (Oligo), FCCP, and rotenone/antimycin A (R/A). (D) OCR over time, (E) Basal respiration, (F) Maximal respiration, (G) Proton leak, (H) ATP production, and (I) Coupling efficiency are shown. Data = mean ± SEM (n = 5). Two-way ANOVA was used for statistical analysis in (B) and (C). Student’s t-test was used for statistical analysis in (D)-(I). # indicates the comparison of ROSI vs. (–) within genotype and condition for (B, C). Red * indicates the comparison of ROSI vs. DMSO within genotype and condition for (B, C). Black * indicates the comparison of SCR vs. Ucp1 KO (B, C). #, ##, ### indicate p < 0.05, p < 0.01 and p < 0.001; *, **, *** indicate p < 0.05, p < 0.01, and p < 0.001, respectively.
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[bookmark: _Ref200809085][bookmark: _Toc204847376]Figure 5.6 Ucp1 KO attenuated the browning response to rosiglitazone in 3T3-L1 adipocytes.
The scrambled control and Ucp1 KO 3T3-L1 preadipocytes were differentiated for 7 days using a brown adipogenic protocol and treated with 1 µM of rosiglitazone (ROSI), 0.1% DMSO (vehicle control), or without treatment (negative control). Relative mRNA expression of (A) Ucp1 and (B) Pgc1α was assessed under basal or 1 µM isoproterenol (ISO) stimulation for 6 hr. Data are presented as mean ± SEM (n=3). One-way ANOVA was used for statistical analysis in (A). Two-way ANOVA was used for statistical analysis in (B). # indicates the comparison of ROSI vs. (–) within genotype and condition; * indicates the comparison of ROSI vs. DMSO within genotype and condition. ##, ### indicate p < 0.01 and p < 0.001; **, *** indicate p < 0.01 and p < 0.001.
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[bookmark: _Ref200809100][bookmark: _Toc204847377]Figure 5.7 Ucp1 KO attenuated the enhancement of insulin signaling by rosiglitazone in 3T3-L1 adipocytes.
The scrambled control and Ucp1 KO 3T3-L1 adipocytes were differentiated for 7 days in the presence of ROSI (1 µM), 0.1% DMSO (vehicle control), or without treatment (negative control). On day 7, cells were starved overnight in DMEM/high glucose without FBS. Cells were then stimulated with or without insulin (50 nM) for 20 minutes, and protein lysates were collected for Western blot analysis. (A) Representative western blots showing expression of total AKT, phospho-AKT (s473), and ERK1/2 (loading control). (B) Quantification of total AKT/ERK1/2, (C) p-AKT/ERK1/2, and (D) p-AKT/total AKT presented as fold change relative to basal negative control (-) in the SCR cells. Data = mean ± SEM (n = 3). Two-way ANOVA was used for statistical analysis. ##, ### indicate p < 0.01 and p < 0.001 compared to the negative control group (-); red * indicates the comparison of ROSI vs. DMSO within genotype and condition; black * indicates the comparison of SCR vs. Ucp1 KO. ##, ### indicate p < 0.01 and p < 0.001.*, **, *** indicate p < 0.05, p < 0.01, and p < 0.001, respectively. 

[bookmark: _Toc204698499]Table 1. Primer sequences for qRT-PCR using SYBR green.
	36b4
	Forward
	GCTTCGTGTTCACCAAGGAGGA

	
	Reverse
	GTCCTAGACCAGTGTTCTGAGC

	Pgc1
	Forward
	GAATCAAGCCACTACAGACACCG

	
	Reverse
	CATCCCTCTTGAGCCTTTCGTG

	Ppar
	Forward
	GTACTGTCGGTTTCAGAAGTGCC

	
	Reverse
	ATCTCCGCCAACAGCTTCTCCT

	Ucp1
	Forward
	GCTTTGCCTCACTCAGGATTGG

	
	Reverse
	CCAATGAACACTGCCACACCTC

	Ucp1 (Chapter V)
	Forward
	TTTCAGCTTGCCTGGCAGAT

	
	Reverse
	AGACCGCTGTACAGTTTCGG

	Adipoq
	Forward
	AGATGGCACTCCTGGAGAGAAG

	
	Reverse
	ACATAAGCGGCTTCTCCAGGCT




[bookmark: _Ref203552830][bookmark: _Ref203552771][bookmark: _Ref203552825][bookmark: _Toc204698500]Table 2. Primer sequences for Sanger sequencing, Ucp1 deletion verification, and genomic DNA quality.
	Gene name
	Primer sequences

	Ucp1
	Forward
	ATCAGAGGTGATGTGGCCAG

	
	Reverse
	ATCTGCCAGGCAAGCTGAAA

	sEH
	Forward
	TGGCACGACCCTAATCTTAGGTTC

	
	Reverse
	TGCACGCTGGCATTTTAACACCAG




[bookmark: _Toc200810464][bookmark: _Toc204848702]CHAPTER VI CONCLUSION AND FUTURE DIRECTIONS
[bookmark: _Toc289175845]

[bookmark: _Toc200810465][bookmark: _Toc204848703]Conclusion
Three interrelated research projects advance our understanding of thermogenic dysfunction in obesity, the therapeutic potential of resveratrol (RES) in browning and insulin sensitization, and the role of UCP1-mediated browning in adipocyte insulin sensitivity.
Chapter III focuses on the physiological and molecular thermogenic phenotype of leptin receptor-deficient (db/db) mice in comparison to wild-type controls. It was found that db/db mice have impaired thermogenesis, as evidenced by lower core body temperatures during cold exposure, reduced metabolic efficiency, and decreased expression of thermogenic proteins (PGC1α and UCP1) in both BAT and sWAT. Notably, although obesity abolished sex differences in weight, female db/db mice had greater cold intolerance and increased sWAT accumulation compared to males. These differences, however, did not appear to be linked to differences in PGC1 and UCP1 protein expression, as there do not appear to be significant differences in those protein expressions between female and male db/db mice. These findings suggest that db/db mice possess systemic defects in thermogenesis and highlight sex-specific vulnerability in cold defense mechanisms in these mice.
Chapter IV focuses on the browning capacity and insulin sensitizing effect of the ADSCs isolated from the sWAT of db/db and WT mice in response to RES or ROSI. Similar to ROSI, RES significantly upregulated the mRNA levels of thermogenic genes (Ucp1 and Pgc1α) in the ADSCs from both lean and diabetic mice, regardless of sex. RES also enhanced mitochondrial proton leak, decreased coupling efficiency, and improved insulin-induced AKT phosphorylation, although the levels of improvement differed by diabetic status and sex. Together, these data suggest that although diabetic mice exhibit thermogenic impairment, their ADSCs remain responsive to browning stimuli, and that RES acts as both a browning agent and an insulin sensitizer. Furthermore, this study demonstrates sexually dimorphic responsiveness to RES in diabetic ADSCs.
Chapter V aims to determine the functional contribution of UCP1-mediated browning to the insulin-sensitizing effects of ROSI. Using a CRISPR-generated Ucp1 KO 3T3-L1 adipocyte model, we demonstrated that 3T3-L1 cells with Ucp1 KO show attenuated adipogenic differentiation, decreased mitochondrial proton leak and increased coupling efficiency, and no enhancement of insulin-stimulated AKT phosphorylation by ROSI. Our work highlights the extent to which UCP1 contributes to the metabolic benefits of pharmacological browning and underscores the requirement of UCP1 functionality in developing adipose-targeted insulin sensitizers.
In summary, this dissertation demonstrates that thermogenic deficiencies in db/db mice are deep at the physiological and molecular levels, although they are not entirely irreparable. Both ROSI and RES can induce browning and improve insulin signaling in the diabetic stromal cells. Importantly, UCP1 plays an important role in mediating these effects, and its absence compromises the insulin-sensitizing effect of ROSI. These findings offer new insights into sex-specific thermogenic regulation, highlight RES as a potential candidate for metabolic therapy, and clarify the functional significance of UCP1 in mediating insulin-sensitizing effects in adipocytes.
[bookmark: _Toc200810466][bookmark: _Toc204848704]Significance of the Studies
This dissertation contributes to the understanding of thermogenesis, adipocyte function, and insulin action in the context of obesity and T2DM. Through the study of db/db mice, this work provides a comprehensive physiological and molecular profiling of thermogenic deficiency, identifies sex-specific vulnerabilities in cold tolerance, and demonstrates that the ADSCs retain the potential to undergo functional browning even in diabetic conditions. In the ADSCs from diabetic mice, RES also induced browning and insulin sensitization, indicating its therapeutic potential in a metabolically compromised context. Furthermore, ROSI's insulin-sensitizing effects are dependent on UCP1 in adipocytes, providing direct evidence that mitochondrial uncoupling contributes to ROSI’s insulin-sensitizing effects in adipocytes. Collectively, these studies highlight the potential of browning adipocytes as therapeutic approaches to obesity and T2DM, while emphasizing the need to consider biological sex, diabetic status, and thermogenic function of the host.
[bookmark: _Toc200810467][bookmark: _Toc204848705]Limitations and Future Directions
While the findings presented in this dissertation provide important advances in understanding adipose tissue thermogenesis and insulin sensitivity, several limitations need to be acknowledged. First, although db/db mice serve as a well-established genetic model for obesity and T2DM, the complete absence of leptin signaling in these animals may not fully replicate the complexity of human obesity and T2DM. Thus, future studies are needed to confirm key findings using alternative models, such as diet-induced obesity or leptin-resistant mice. In addition, although sex differences were a central focus of the research, we did not assess hormone levels or the activity of the sympathetic nervous system, both of which likely influence the sex-specific thermogenic responses. Future studies should evaluate these variables using hormonal assays and neuroanatomical analyses to determine whether they contribute to the observed sex-specific thermogenic responses. In the CRISPR-based UCP1 knockout model, challenges arose from technical difficulties in clonal selection. Specifically, the difficulty in obtaining a stable single-cell clone and the observed batch-to-batch variability posed risks of confounding. Moreover, while phosphorylated AKT signaling is a reliable readout of insulin signaling, more comprehensive profiling of other downstream insulin-responsive processes, such as GLUT4 translocation and glucose uptake, would yield a more thorough evaluation of functional insulin sensitivity. Collectively, these approaches will enhance our understanding of the relationship between adipose tissue plasticity and metabolic health, and facilitate the development of novel and effective therapies for obesity and T2DM.
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