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Abstract

Obesity and metabolic disorders are a major health concern in all developed countries and a 

primary focus of current medical research is to improve our understanding treatment of metabolic 

diseases. One avenue of research that has attracted a great deal of recent interest focuses upon 

understanding the role of miRNAs in the development of metabolic diseases. miRNAs have been 

shown to be dysregulated in a number of different tissues under conditions of obesity and insulin 

resistance, and have been demonstrated to be important regulators of a number of critical 

metabolic functions, including insulin secretion in the pancreas, lipid and glucose metabolism in 

the liver, and nutrient signaling in the hypothalymus. In this review we will focus on the important 

role of miRNAs in regulating the differentiation and function of white and brown adipose tissue 

and the potential importance of this for maintaining metabolic function and treating metabolic 

diseases.
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Introduction

White adipose tissue (WAT) is critical for maintaining energy homeostasis, especially under 

conditions of obesity. An inability of WAT to take up and store circulating lipids can lead to 

the accumulation of lipid droplets in non-adipose tissues, thereby promoting diseases, such 

as type II diabetes and atherosclerosis [1, 2]. Recently, WAT has also been shown to play an 
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additional role in the maintenance of metabolic function through the release of signaling 

molecules, such as adiponectin and leptin, that regulate appetite and insulin sensitivity [3, 4]. 

Prolonged nutrient overload stimulates adipocyte hypertrophy and hyperplasia leading to the 

development of obesity, which is commonly associated with the development of insulin 

resistance, dyslipidemia and hypertension [5]. However, expansion of adipose tissue does 

not always promote metabolic syndrome, and mutations that impair the expansion or 

differentiation of WAT (lipodystrophy) can cause severe insulin resistance and metabolic 

dysfunction [6]. In short, impaired WAT function, whether due to excessive lipid 

accumulation or genetic abnormalities, can lead to the development of metabolic syndrome.

Unlike WAT, the primary function of BAT is not lipid storage, but the generation of heat for 

the purpose of thermoregulation. To accomplish this, brown adipocytes contain a large 

number of mitochondria and have high expression of mitochondrial uncoupling protein 1 

(UCP1). UCP1, and other mitochondrial uncoupling proteins, facilitate the transfer of 

protons across the mitochondrial membrane independently of ATP synthase, thus separating 

oxidative phosphorylation from ATP production, and dissipating energy in the form of heat. 

Adult humans have been shown to have thermogenically active adipose tissue depots that 

can be induced by exposure to cold [7]. Regulation of BAT has garnered a great deal of 

interest due to its ability to mediate whole body energy expenditure. Additionally, cold 

exposure or genetic modifications can induce WAT browning, a process whereby expression 

of genes involved in BAT function are induced in WAT resulting in “bright” or “beige” 

adipocytes. Importantly, induction of thermogenesis in BAT or WAT has been demonstrated 

to increase energy expenditure, and impede the development of diet induced obesity and 

metabolic dysfunction.

Recently, miRNAs have been demonstrated to play a critical role in regulating differentiation 

and function in both WAT and BAT. Indeed, adipocyte specific disruption of miRNA 

processing, by knockout of DGCR8 or DICER, has been demonstrated to both alter WAT 

accumulation and promote the whitening of BAT, leading to impaired metabolic function [8, 

9]. Additionally, numerous studies have identified individual miRNAs that play critical roles 

in the regulation of adipogenesis in WAT and BAT. In this review we will attempt to 

summarize the work that has been done on miRNAs regulating adipogenesis, with a specific 

emphasis on those miRNAs that have been demonstrated to regulate WAT or BAT in vivo, be 

dysregulated under conditions of obesity and metabolic syndrome, or target critical 

regulators of adipocyte differentiation.

miRNAs regulating differentiation and function of white adipose tissue

Differentiation of pre-adipocytes into mature adipocytes is a multi-stage process involving 

cell fate determination, clonal expansion, and terminal differentiation/lipid accumulation. 

Over the years a great deal of work has gone into identifying those factors involved in 

regulating the different stages of adipogenesis, and recently miRNAs have been shown to 

target many of the key factors involved in mediating these processes. As such, numerous 

miRNAs have been identified whose expression is altered during adipocyte differentiation, 

and many of these have been demonstrated to be important regulators of adipogenesis. 

Specifically, the miRNA cluster miR-17–92, miR-21, miR-26b, miR-30, miR-103, miR-143, 
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miR-146b, miR-148a, miR-181, miR-199a, miR-204/211, miR-210, miR-320, miR-371, 

miR-375, miR-378, and miR-637 have been shown to promote adipogenesis [10–28], while 

let-7, miR-15a, miR-22, miR-27a/b, miR-33b, miR-93, miR-125a, miR-130, miR-138, 

miR-145, miR-155, mirR-193a/b, miR-194, miR-205, miR-221, miR-222, miR-224, 

miR-344, miR-363, miR-365, miR-369, miR-448, and miR-709 have been reported to 

impair adipocyte differentiation [26, 29–51]. Importantly, miRNA expression analysis in 

WAT of human patients has identified numerous miRNAs that are dysregulated during 

conditions of obesity and metabolic syndrome, including many of those known to be 

involved in regulation of adipogenesis [52–54]. While the exact mechanisms by which many 

miRNAs regulate adipogenesis are still under investigation, this is largely due to the ability 

of miRNAs to target numerous mRNAs, including multiple targets within the same or 

similar pathways. Nevertheless, it has been clearly demonstrated that miRNAs play a critical 

role in regulating adipogenesis through direct targeting of key factors involved in all phases 

of adipocyte differentiation (Figure 1).

miRNAs regulate cell fate determination toward adipocyte lineage

One of the first reported roles of miRNAs was in the regulation of cellular plasticity and cell 

fate determination during development. Since then, specific miRNAs have been identified 

that are important regulators of cell fate determination in a variety different cell types. 

Importantly, pre-adipocytes are derived from mesenchymal stem cells (MSCs), which can 

also differentiate into other mesenchymal lineages including osteoblasts, and miRNAs have 

been identified as important regulators of this cell fate determination. Runt-related 

transcription factor 2 (RUNX2) is considered the master regulator of osteoblast 

differentiation and is one of the main sites of miRNA-mediated adipocyte/osteoblast cell fate 

determination. Indeed, miR-30a/d, miR-204, miR-211, and miR-320 have all been found to 

target RUNX2, resulting in impaired osteogenesis and improved adipogenesis [15, 16, 28]. 

Similarly, miR-17 and miR-106a have been shown to inhibit osteoblast differentiation and 

promote adipogenesis by targeting BMP2 [55]. Conversely, miR-22 and miR-194 have been 

shown to promote osteoblast differentiation and reduce adipogenesis by targeting histone 

deacetylase 6 (HDAC6) [37], which acts as a co-repressor of RUNX2, and chicken 

ovalbumin upstream promoter-transcription factor II (COUP-TFII) [47], respectively. 

Osterix also plays an important role in promoting osteoblast differentiation, and miR-637 

has been found to disrupt osteogenesis by targeting osterix, thereby increasing 

differentiation into adipocytes [19]. Importantly, following injection into nude mice, 

miR-637-transduced human MSCs showed enhanced adipose tissue expansion and impaired 

osteoblast differentiation. MSCs are found in multiple tissues, including bone marrow, and 

accumulation of bone marrow fat may contribute to the development of age-related bone 

loss. Taken together, these findings highlight the potential for novel miRNA-based 

therapeutics for the treatment of both metabolic syndrome and osteoporosis.

miRNAs regulating pre-adipocyte clonal expansion

Prior to terminal differentiation, stimulated pre-adipocytes undergo clonal expansion, a 

necessary step in adipocyte differentiation. miRNAs have been demonstrated to be key 

regulators of cellular proliferation under a variety of different conditions, including during 
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development and tumor growth. Consistent with this, miRNAs have also been shown to 

regulate pre-adipocyte proliferation during the clonal expansion phase of adipogenesis. In 

addition to their role in regulating cell fate determination between osteoblast and adipocyte 

lineages, the miR-17–92 miRNA cluster was previously found to be increased upon 

induction of adipocyte differentiation, and to promote clonal expansion and adipocyte 

differentiation by targeting the tumor suppressor RB2/p130 [11]. Interestingly, miR-17 

expression has been shown to be reduced in WAT under conditions of obesity and insulin 

resistance in humans [52, 54] and circulating levels of miR-17 have been shown to be altered 

in a number of metabolic diseases [52, 56, 57]. Alternatively, the targeting of E2F3 and T-

Box 3 (TBX3), positive regulators of clonal expansion, by miR-363 and miR-93, 

respectively, has been demonstrated to impair pre-adipocyte proliferation and differentiation 

[46, 50].

High-mobility group AT-hook 2 (HMGA2) has also been shown to play an important role in 

the clonal expansion phase of adipogenesis, and has been reported to be the primary target 

for let-7-mediated inhibition of adipocyte differentiation [30]. Interestingly, let-7-mediated 

repression of adipogenesis was also found to promote osteogenesis [58]. HMGA2 and let-7 

have been found be important regulators of tumor growth and are known to be dysregulated 

in lipomas and liposarcomas from human patients [59, 60]. Recently, miR-33b was also 

shown to regulate HMGA2 in human pre-adipocytes, leading to impaired proliferation and 

differentiation. Moreover, miR-33b expression was also highly induced during adipocyte 

differentiation, consistent with its co-transcription with its host gene, sterol regulatory 

element-binding protein 1 (SREBP1) [51]. While miR-33b is lost in mice and other small 

mammals, knockout mice for the other family member, miR-33a, results in increased 

susceptibility to diet induced obesity and metabolic dysfunction [61]. These findings suggest 

that miR-33 may be an important regulator of WAT in vivo. Additionally, miR-33b may be 

an important factor in the development of metabolic diseases in humans, as transcriptional 

regulation of SREBP1 is known to be repressed under conditions of insulin resistance [62, 

63].

As the clonal expansion phase of adipogenesis is transient, it has also been demonstrated 

that miRNAs, which inhibit clonal expansion, can promote adipocyte differentiation. This is 

the case for miR-146b, which has been demonstrated to impair pre-adipocyte proliferation, 

thus promoting the transition to terminal differentiation and enhancing adipogenesis through 

direct targeting of KLF7 [25]. These findings demonstrate that miRNAs play an important 

role in both the induction and conclusion of the clonal expansion phase of adipogenesis as 

part of a complex and tightly regulated series of events required for proper adipocyte 

differentiation.

miRNAs regulating adipocyte terminal differentiation and lipid metabolism

The final and most studied phase of adipocyte differentiation involves terminal 

differentiation and the induction of a signaling cascade to promote the expression of genes 

necessary for adipocyte function. These gene expression changes are mediated by a number 

of key transcription factors including, peroxisome proliferator-activated receptor gamma 

(PPARγ), SREBP1, and CCAAT/enhancer-binding protein alpha/beta (C/EBPα/β). miRNAs 
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have been demonstrated to regulate adipocyte differentiation through both direct and indirect 

targeting of these critical transcription factors, as well as their downstream targets. PPARγ is 

considered the master regulator of adipocyte differentiation and is a direct target of 

miR-27a/b [29, 42, 43] and miR-130 [38]. Overexpression of miR-130 has been 

demonstrated to inhibit differentiation of human pre-adipocytes by targeting PPARγ, and 

expression of miR-130b was found to be reduced in obese patients compared to lean 

controls. Interestingly, it was recently reported that treatment of porcine pre-adipocytes with 

microvesicles produced from cells overexpressing miR-130b caused impaired adipocyte 

differentiation and repression of PPARγ [64]. Moreover, intravenous injection of these 

miR-130b-laden microvesicles into mice was sufficient to elevate miR-130b levels in 

adipose tissue resulting in decreased expression of PPARγ and protection from diet induced 

obesity [65].

miR-27a and mir-27b have also been demonstrated to be important negative regulators of 

both mouse and human adipogenesis [29, 42, 43] and levels of miR-27a/b were found to be 

decreased in adipocytes of obese mice compared to lean controls [66]. While these effects 

are primarily attributed to the ability of miR-27 to target PPARγ, additional targets 

including prohibitin (PHB) [67], and cAMP response element binding protein (CREB) [66] 

have also been suggested to be at least partially involved in mediating these effects. These 

findings highlight the capacity of a single miRNA to target numerous factors involved in 

similar processes, with the ultimate outcome being impairment of many facets of 

adipogenesis. Similarly, miR-155 has been shown to directly target CREB, as well as C/

EBPβ, a critical transcription factor induced early in the process of adipogenesis [35]. 

Induction of C/EBPβ has also been shown to be regulated in part by early growth response 2 

(EGR2), which can be disrupted by targeting of EGR2 by miR-224 [41]. C/EBPβ in turn 

regulates the expression of PPARγ both directly and through induction of another 

transcription factor, Kruppel-like factor-5 (KLF5), which is a direct target of miR-448 [32]. 

Similarly, miR-138 was also found to impair adipocyte differentiation by disrupting 

activation of PPARγ through targeting E1A-like inhibitor of differentiation (EID-1) [36]. 

miR-27, miR-130 and miR-155 have all been reported to be induced in response to tumor 

necrosis factor alpha (TNF-α), suggesting that induction of specific anti-adipogenic 

miRNAs may contribute to TNF-α induced inhibition of adipogenesis [35, 66, 68]. 

Conversely, miR-181a has been shown to promote adipogenesis by directly targeting TNF-α 
[20].

Similar to the targeting of TNF-α by miR-181a, many miRNAs that promote adipogenesis 

do so by targeting factors and pathways known to suppress adipocyte differentiation. 

Transforming growth factor beta (TGF-β) is known to inhibit adipogenesis both in vitro and 

in vivo. miR-21 has been shown to disrupt this negative regulatory signal by targeting TGF-

β receptor type II (TGFBR2) [14]. In addition to promoting adipogenesis in vitro, miR-21 

was positively correlated with body mass index (BMI) in subcutaneous adipose tissue [53]. 

Similarly, pleiotrophin (PTN), a growth factor known to impair adipocyte differentiation, 

was recently shown to be targeted by miR-143 [22]. miR-143 expression was also found to 

be reduced in mice fed a high fat diet, and in response to treatment with TNF-α [12]. 

Despite these in vitro findings, whole body overexpression of miR-143 was found to 

promote high fat diet induced insulin resistance, while knockout of the miR-143/145 locus 
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improved insulin sensitivity [69]. PTN regulates adipogenesis through the PI3K/AKT 

pathway, which has been shown to crosstalk with wingless-type MMTV integration site 

family (WNT) signaling to impair adipogenesis. WNT signaling has also been demonstrated 

to be a target for miRNA mediated regulation of adipogenesis. Expression of miR-148 was 

elevated with obesity in mice and humans, and miR-148a was found to promote 

adipogenesis and impair WNT-mediated repression of adipogenesis by targeting WNT1 

[24]. miR-210 has also been shown to help promote adipocyte differentiation by targeting 

transcription factor 7 like 2 (Tcf7l2), which acts downstream of WNT signaling [13]. 

Conversely, miR-344 and miR-709 directly target glycogen synthase kinase 3 beta (GSK3β), 

leading to activation of WNT signaling and impaired adipogenesis [39, 48].

In addition to targeting PTN, miR-143 has previously been shown to promote adipocyte 

differentiation through targeting of extracellular signal regulated kinase 5 (ERK5) [10]. 

ERK5, and other members of the ERK family are known to directly regulate PPARγ 
phosphorylation, leading to its inactivation. Similarly, miR-375 was found to promote 

adipogenesis by ERK1/2 signaling [18]. The protein deacetylase sirtuin 1 (SIRT1) has also 

been shown to impair differentiation and promote lipolysis in adipocytes [70]. In addition to 

its role in mediating the transition between clonal expansion and terminal differentiation, 

miR-146b has previously been shown to promote adipogenesis by targeting SIRT1. This led 

to a decrease in the active (deacetylated) form of the SIRT1 target forkhead box O1 

(FOXO1) [27], which has also previously been shown to impair adipocyte differentiation 

[71]. Knockdown of miR-146b in vivo led to upregulation of SIRT1, decreased body weight 

and fat mass, and protection from high fat diet induced metabolic dysfunction [27]. 

Conversely, miR-93 was recently demonstrated to impair adipogenesis by promoting SIRT1 

activity through targeting of sirtuin 7 (SIRT7). As such, loss of miR-93 was found to 

promote weight gain and insulin resistance [50].

In addition to regulating adipocyte differentiation, miRNAs have also been demonstrated to 

target downstream factors necessary for WAT function. These include miR-224, which can 

disrupt fatty acid metabolism in differentiating adipocytes by targeting acyl-CoA synthetase 

long-chain family member 4 (ACSL4) [41] and miR-369, which disrupts fatty acid 

trafficking by targeting fatty acid binding protein 4 (FABP4) [26]. Additionally, a number of 

miRNAs have been identified that regulate the ability of WAT to respond to insulin. 

Circulating factors including free fatty acids, adipokines and cytokines have been shown to 

induce insulin resistance in WAT. Treatment with these factors caused a reduction in 

miR-26b, miR-103 and miR-143 and an increase in miR-335 and miR-378, suggesting that 

these miRNAs may be involved in propagating the effects of insulin resistance in WAT [12, 

72–75]. Similarly, expression of miR-222 was found to be elevated in patients with 

gestational diabetes, and in vitro studies indicate that miR-222 may promote estrogen 

induced insulin resistance by targeting estrogen receptor alpha (ER-α) [76]. The expression 

of miR-222 was also found to be elevated in diabetic mice and in the plasma of obese human 

patients [77–80]. Expression of miR-103 and miR-107 were increased in obese mice leading 

to downregulation of their target gene caveolin-1 (CAV-1), destabilization of the insulin 

receptor, and impaired insulin stimulated glucose uptake [81]. Similarly, miR-29 was found 

to disrupt insulin stimulated glucose uptake [82], while miR-320 regulates induction of the 

insulin receptor [83], and miR-145 targets insulin receptor substrate 1 (IRS1) [44]. Overall 
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miRNAs have been demonstrated to be key regulators of adipocyte differentiation and 

function (Figure 1). Considering WAT’s critical role in regulating fuel availability in 

response to changes in insulin and other cues, these miRNA therapies may provide 

promising options for treatment of metabolic diseases.

miRNAs regulating differentiation and function of brown adipose tissue

Unlike WAT, the primary function of BAT is to carry out uncoupled respiration to produce 

heat to regulate body temperature. Stimulation of BAT, or induction of browning in WAT, 

has been shown to increase whole body energy expenditure and protect against diet induced 

metabolic dysfunction [84–86]. Differentiation of BAT involves many of the same signaling 

pathways as WAT differentiation, and not surprisingly, most changes in miRNA expression 

were also found to be similar during differentiation of WAT and BAT [87]. As such, some of 

the miRNAs previously identified as regulators of adipogenesis in WAT have also recently 

been demonstrated to be involved in the regulation of BAT, including miR-27, miR-155, 

miR-193, miR-365, and miR-378 [21, 88–90]. Alternatively, expression of miR-143 was 

specific to WAT, while other miRNAs including the myogenic miR-1, miR-133 and 

miR-206, were expressed only in BAT [87].

The pre-cursor cells that give rise to classical BAT are derived from skeletal muscle 

progenitor cells. As such, miR-193 and miR-365 have been shown to promote BAT 

differentiation, through targeting of runt-related transcription factor 1; translocated to, 1 

(Runx1t1), which promotes myogenesis [21]. Importantly, introduction of miR-365 was 

sufficient to promote expression of UCP1 in DICER knockout mice [9]. Alternatively, the 

transition of muscle progenitor cells to brown adipocytes is mediated by the transcription 

factor PR domain containing 16 (Prdm16), which has also been shown to play an important 

role in promoting the browning of WAT [86]. Interestingly, recent work has shown that 

muscle-enriched miR-133 directly targets Prdm16 to prevent differentiation of BAT and that 

expression of miR-133 in both muscle satellite cells and WAT is decreased in response to 

cold exposure [91, 92]. Consistent with this, inhibition or knockout of miR-133 results in an 

induction of genes involved in BAT function and improved metabolic regulation [93].

In response to cold exposure or pharmacologic stimulation of browning, miR-196a 

expression is induced and is involved in promoting the induction of BAT genes in WAT. In 
vivo, fat specific overexpression of miR-196a results in browning of WAT, increased energy 

expenditure, and protection from diet induced obesity and metabolic dysfunction [94]. These 

effects have been shown to be mediated through direct targeting of homeotic gene 8 

(HOX8), a negative regulator of C/EBPβ. C/EBPβ is a positive regulator of BAT 

differentiation, and this function is enhanced by miR-196a-mediated repression of HOX8 

[94]. Conversely, miR-155 has been demonstrated to directly target C/EBPβ and is induced 

upon treatment with TGFβ, indicating it may help mediate TGFβ induced repression of 

adipogenesis in BAT. Consistent with these findings, the size of BAT depots was found to be 

reduced in miR-155 transgenic mice, while loss of miR-155 was found to enhance BAT 

differentiation and improve responsiveness to cold exposure in WAT [90].
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Similarly, miR-27 has been shown to be induced by glucocorticoids, and may be responsible 

for the ability of glucocorticoids to impair browning. Indeed, inhibition of miR-27 in 

glucocorticoid treated mice was found to increase energy expenditure, reduce body weight 

and improve regulation of glucose homeostasis [95]. These effects are likely mediated 

through targeting of PRDM16, although numerous other factors involved in promoting BAT 

function including CREB, PPARα, and peroxisome proliferator-activated receptor gamma 

coactivator 1-beta (PGC-1β) have also been identified as targets of miR-27 [88]. 

Interestingly, miR-378 is an intronic miRNA encoded within the PGC-1β gene, which has 

also been shown to be an important regulator of BAT. miR-378 has been shown to target 

phosphodiesterase 1b (PDE1B), thus elevating cAMP levels and promoting BAT activity. 

Consistent with this, fat specific overexpression of miR-378 resulted in increased BAT mass 

and activity, and improved metabolic function [89].

PGC-1β and PGC-1α are the primary regulators of mitochondrial biogenesis and function, a 

critical process in BAT. Recently, miRNAs have been shown to regulate browning of WAT 

through regulation of PGC-1α activity. Full activation of PGC-1α requires both 

phosphorylation by AMP-activated protein kinase (AMPK) and deacetylation by SIRT1. 

Recently, miR-455 was shown to be induced upon cold exposure, and to increase browning 

of WAT both in vitro and in vivo when overexpressed exclusively in adipose tissue. This was 

attributed to the ability of miR-455 to target hypoxia-inducible factor 1 alpha inhibitor 

(HIF1an), a negative regulator of AMPK [96]. Conversely, miR-34a has been shown to 

prevent browning of WAT by preventing activation of PGC-1α. Fibroblast growth factor 1 

(FGF21) is a circulating factor that has been shown to induce browning and improve 

metabolic function by inducing SIRT1-mediated deacetylation of PGC-1α. However, these 

effects can be attenuated by targeting of FGF receptor 1 (FGFR1) by miR-34a. miR-34a 

expression is decreased in response to cold exposure, and inhibition of miR-34a increased 

browning of WAT and resulted in an improved metabolic profile. Together these results 

establish the important role of miRNAs in regulating BAT differentiation and function and 

the browning of WAT, and demonstrate that dysregulation of these miRNAs can have 

dramatic effects on whole body metabolic function (Figure 2).

Concluding Remarks

Overall miRNAs have been shown to play a critical role in regulating the differentiation and 

function of both WAT and BAT, and therapeutic regulation of individual miRNAs can have 

dramatic effects on lipid storage, thermoregulation and overall metabolic function. Because 

miRNAs are dysregulated under conditions of obesity and metabolic dysfunction and can be 

stably transported in plasma, they have the potential to serve as important mediators of 

metabolic crosstalk between different organs. Indeed, circulating levels of miR-130b have 

been reported to regulate crosstalk between adipose tissue and muscle during conditions of 

obesity [97], and more recent work has demonstrated that administration of miR-130b laden 

microvesicles can prevent high fat diet induced obesity and metabolic dysfunction [65]. 

Circulating miRNAs may also serve as useful biomarkers of metabolic disease states. While 

many miRNAs have been identified that are dysregulated in the plasma of patients with 

obesity or metabolic syndrome [98], the amount of variability between studies raises 

questions about the use of miRNAs as biomarkers for metabolic diseases. Overall, the 
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dysregulation of miRNAs during metabolic disease, and their ability to regulate critical 

genes involved in the differentiation and function of WAT and BAT highlight the promise of 

miRNAs as therapeutic targets for obesity and metabolic syndrome.
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Highlights

• miRNAs are critical regulators of all phases of adipogenesis in WAT

• miRNAs regulate the differentiation and function of BAT and browning 

of WAT

• Therapeutic targeting of miRNAs in WAT and BAT may prevent 

obesity and metabolic dysfunction
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Figure 1. 
miRNAs regulating differentiation of White Adipose Tissue (WAT)
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Figure 2. 
miRNAs regulating differentiation of Brown Adipose Tissue (BAT)
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