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Abstract 

Brown adipose tissue (BAT) is increasingly recognized as a metabolically active organ in 

adult humans that contributes to systemic energy homeostasis and represents a potential 

therapeutic target for obesity-associated metabolic diseases. However, effective strategies 

to increase BAT mass or thermogenic activity in humans have not yet been established. 

Although β-adrenergic receptors have traditionally been viewed as the principal drivers 

of adaptive thermogenesis and adipocyte browning, β-adrenergic stimulation alone may 

be insufficient to safely enhance BAT thermogenic capacity due to systemic adverse ef-

fects. Emerging evidence suggests that alternative receptor-mediated signaling pathways 

contribute to the regulation of brown adipocyte function, including both UCP1-depend-

ent and UCP1-independent thermogenic mechanisms, and systemic metabolic homeosta-

sis. These pathways include G protein-coupled receptors, receptor tyrosine kinases, and 

nuclear receptors, which enable brown adipocytes to integrate endocrine, immune, nutri-

tional, and thermal cues. In this review, we discuss recently characterized non-adrenergic 

receptor signaling pathways and their potential roles in regulating adipocyte browning 

and thermogenic activity in human adipose tissues. This review highlights the concept of 

selective modulation of non-adrenergic receptor signaling as a strategy to enhance adipo-

cyte browning and thermogenic capacity while minimizing systemic adverse effects. Un-

derstanding these integrated signaling networks may facilitate the development of safer 

and more selective therapeutic strategies targeting brown adipocyte function in metabolic 

disease. 
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1. Introduction 

1.1. Brown Adipose Tissue as a Metabolic Regulator 

Obesity and its associated metabolic complications, including insulin resistance, type 

2 diabetes, dyslipidemia, and cardiovascular disease, remain major global health chal-

lenges [1,2]. Therapeutic strategies have traditionally focused on reducing caloric intake 

or improving insulin sensitivity; however, increasing energy expenditure represents an 

attractive complementary approach. In this context, brown adipose tissue (BAT) has 

emerged as a metabolically active organ capable of dissipating chemical energy as heat 

and thereby contributing to systemic metabolic regulation [3,4]. Originally regarded as 
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functionally relevant only in rodents and human neonates, BAT was rediscovered in adult 

humans through imaging studies employing 18F-fluorodeoxyglucose positron emission 

tomography (FDG-PET) [5–7]. These studies demonstrated cold-induced glucose uptake 

and revealed metabolically active BAT depots in adult individuals, primarily located in 

the supraclavicular, cervical, and paravertebral regions. These findings indicated that 

BAT persists into adulthood and is associated with systemic glucose and lipid metabolism 

[8,9]. Importantly, human BAT differs from rodent BAT in anatomical distribution, devel-

opmental origin, receptor expression profiles, and pharmacological responsiveness [10,11]. 

These species-specific differences underscore the necessity of focusing on human brown 

adipocyte biology when considering therapeutic translation. Epidemiological analyses 

have shown inverse correlations between BAT activity and body mass index, blood glu-

cose, and triglycerides, while positively correlating with high-density lipoprotein levels 

[12]. Accordingly, BAT activity has been associated with a lower prevalence of type 2 di-

abetes, dyslipidemia, coronary artery disease, cerebrovascular disease, congestive heart 

failure, and hypertension, suggesting its protective role against obesity-associated meta-

bolic diseases. 

The thermogenic capacity of BAT is primarily mediated by uncoupling protein 1 

(UCP1), a mitochondrial inner membrane protein that dissipates the proton gradient gen-

erated by oxidative phosphorylation [13,14]. Instead of driving ATP synthesis, proton leak 

through UCP1 releases stored chemical energy as heat, thereby increasing substrate oxi-

dation and energy expenditure. This process not only contributes to cold adaptation but 

also enhances glucose uptake and fatty acid clearance, positioning BAT as a metabolic 

sink capable of buffering nutrient excess [15]. Although UCP1 is the canonical mediator 

of thermogenesis in human brown adipocytes, accumulating evidence indicates the pres-

ence of UCP1-independent heat-producing mechanisms [16]. These alternative pathways 

include Ca2+ cycling [17], creatine-driven substrate cycling [18–20], futile lipid cycling [21], 

and peroxisome-dependent futile cycling of monomethyl branched-chain fatty acids 

(mmBCFA) [22], each capable of dissipating chemical energy as heat without direct reli-

ance on mitochondrial proton leak through UCP1. Receptor-mediated signaling may con-

tribute to the regulation of these pathways as well, suggesting that thermogenic mecha-

nisms in human BAT are more diverse than previously appreciated. 

The rediscovery of active BAT in adults has stimulated substantial research interest, 

particularly because of its potential role in combating obesity and metabolic diseases [23]. 

Human brown adipocytes exhibit considerable plasticity in response to environmental 

and hormonal stimuli [15]. Inducible beige (or brite) adipocytes can emerge within white 

adipose depots under specific physiological conditions [24]. Individuals with higher BAT 

activity have been shown to display improved glucose tolerance, enhanced insulin sensi-

tivity, and lower body mass index [5,25,26]. Conversely, reduced BAT activity is associ-

ated with obesity, aging, and type 2 diabetes [12]. Cold exposure, dietary factors, and 

pharmacological agents can induce BAT activation [27–29], suggesting that brown adipo-

cyte function is tightly regulated by complex signaling networks. These observations have 

driven growing interest in targeting BAT activation or inducing adipocyte browning as 

therapeutic strategies for metabolic disorders. 

1.2. Integration of Cell Surface and Nuclear Receptor Signaling Networks 

Recent transcriptomic analyses of human BAT have identified the expression of mul-

tiple receptor classes beyond β-adrenergic receptors. These include G protein-coupled re-

ceptors (GPCRs) [30,31], receptor tyrosine kinases (RTKs) [32], and nutrient- and metabo-

lite-sensing nuclear hormone receptors (Figure 1) [33,34]. These receptor systems regulate 

brown adipocyte function through distinct but interconnected signaling mechanisms that 

converge on transcriptional networks regulating mitochondrial biogenesis, lipid metabo-
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lism, glucose utilization, and thermogenic gene expression. Importantly, dysregulation of 

these receptor-mediated signaling pathways has been associated with obesity, insulin re-

sistance, and adipose tissue inflammation and metabolic dysfunction. Thus, understand-

ing how these receptor networks contribute to brown adipocyte biology is relevant to the 

development of targeted interventions. 

Membrane receptors can initiate intracellular signaling cascades involving cAMP sig-

naling, calcium signaling, Mitogen-activated protein kinase (MAPK) signaling, phospha-

tidylinositol 3-kinase (PI3K)–AKT signaling, SMAD signaling, JAK–STAT signaling, and 

RhoA–Rho-associated coiled-coil containing protein kinase (ROCK) signaling [35,36]. 

These pathways often converge on nuclear transcriptional regulators such as PPARγ, 

PGC-1α, PRDM16, and thyroid hormone receptors, which coordinate thermogenic gene 

programs and mitochondrial biogenesis [37]. These receptor-mediated signaling path-

ways do not function independently; instead, they frequently interact through cross-talk, 

feedback regulation, and context-dependent modulation [38]. For example, GPCR activa-

tion can enhance mitochondrial gene expression via cAMP–PKA–CREB signaling, 

whereas growth factor signaling through RTKs may regulate mitochondrial remodeling 

and oxidative metabolism via PI3K-AKT pathways [39,40]. Nutrient-sensing nuclear re-

ceptors adjust cellular metabolism in response to circulating steroids, retinoids, bile acids, 

and fatty acid metabolites, thereby linking nutrient availability to thermogenic output 

[41,42]. The modulation of specific receptor pathways may therefore allow more selective 

enhancement of browning and thermogenesis while minimizing systemic side effects. A 

comprehensive understanding of receptor subtype expression, downstream signaling 

specificity, and transcriptional integration within human BAT will be important for future 

therapeutic development. 

 

Figure 1. Overview of alternative receptor signaling regulating adipocyte browning and thermo-

genic activity in human brown adipocytes. Human brown adipocytes have been reported to ex-

press diverse classes of cell-surface and nuclear receptors beyond β-adrenergic receptors, including 

G protein-coupled receptors (GPCRs), receptor tyrosine kinases (RTKs), and nuclear receptors 
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(NRs). These alternative receptors engage distinct but interconnected intracellular signaling path-

ways that regulate UCP1-dependent and UCP1-independent thermogenesis, brown adipogenesis, 

mitochondrial biogenesis, oxidative metabolism, and systemic metabolism. 

1.3. Canonical β-Adrenergic Thermogenesis and Species Differences 

Cold-induced thermogenesis has traditionally been attributed to sympathetic activa-

tion of β-adrenergic receptors (β-ARs) in BAT [43]. In response to cold exposure, the sym-

pathetic nervous system releases norepinephrine, which activates β-adrenergic signaling 

in brown adipocytes and stimulates thermogenesis through cyclic AMP-dependent path-

ways [14,15]. In this canonical pathway, norepinephrine binds to Gs-coupled β-ARs on 

brown adipocytes, leading to activation of adenylyl cyclase, elevation of intracellular cy-

clic AMP (cAMP), and activation of protein kinase A (PKA). PKA phosphorylates key 

downstream targets, including hormone-sensitive lipase (HSL) and perilipin, promoting 

lipolysis and the liberation of fatty acids. These fatty acids serve both as substrates for 

mitochondrial oxidation and as allosteric activators of uncoupling protein 1 (UCP1), the 

hallmark thermogenic protein of brown adipocytes. In parallel, PKA activates down-

stream transcriptional programs involving cAMP response element-binding protein 

(CREB) and activating transcription factor 2 (ATF2), as well as the transcriptional coacti-

vator PGC-1α that promote thermogenic gene expression and mitochondrial biogenesis. 

Despite mechanistic conservation, species differences significantly impact transla-

tional relevance. Among the β-AR subtypes (β1, β2, and β3), the relative contribution of 

each receptor differs between species. While murine BAT exhibits high β3-AR expression 

and robust thermogenic responsiveness to selective agonists, human BAT appears to rely 

more heavily on β2-adrenergic signaling than murine BAT, with lower levels of β3-AR 

expression [11]. Moreover, pharmacological studies demonstrated that administration of 

a selective β2-agonist stimulated BAT glucose uptake and whole-body energy expendi-

ture in healthy individuals. Consistent with these observations, a recent review discussed 

the limitations and translational challenges associated with targeting the β3-adrenoceptor 

for human obesity and type 2 diabetes [44]. These discrepancies highlight the limitations 

of extrapolating murine findings directly to humans. Providing additional pharmacolog-

ical evidence in humans, another study demonstrated that salbutamol-mediated β2-ad-

renergic stimulation increases BAT activity in vivo [45]. Recent genetic evidence also sug-

gests the β2-adrenergic receptor (ADRB2)—rather than β3—as a potential mediator of 

BAT activation in humans [46]. However, because ADRB2 is broadly expressed in the car-

diovascular system, the potential cardiovascular side effects associated with systemic β2-

agonism further support the need to develop alternative targeting strategies. 

In addition to β-adrenergic receptors, other cAMP-coupled receptor systems have 

also been implicated in BAT activation. Indeed, adenosine receptors, particularly A2A and 

A2B subtypes, are expressed in human brown adipocytes and couple primarily to Gs pro-

teins, leading to increased cAMP production [47,48]. Both adenosine receptor subtypes 

have been shown to potentiate thermogenic activation and enhance UCP1 expression, 

suggesting a synergistic role with β-adrenergic pathways. In contrast, A1 receptors couple 

to Gi proteins and may exert inhibitory effects on lipolysis, highlighting subtype-specific 

regulatory complexity [49]. Similar to β-adrenergic agonists, the clinical translation of tar-

geting adenosine receptors for BAT activation may be limited by potential systemic side 

effects. Because these receptors are broadly expressed across multiple tissues, their sys-

temic modulation may cause cardiovascular and nervous system effects. 

1.4. Clinical Limitations of Systemic β-Adrenergic Activation 

Despite promising metabolic effects of BAT activation, strategies to safely and effec-

tively increase BAT mass or thermogenic activity in humans remain limited [4,14,50]. 
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Chronic cold exposure can activate BAT and induce the browning of white adipose tissue; 

however, this approach is challenging to implement and poorly tolerated as a long-term 

therapeutic intervention [51,52]. Pharmacological activation of BAT using β-adrenergic 

agonists has therefore been explored as a therapeutic strategy. Although β-adrenergic ag-

onists can acutely enhance BAT activity, clinical application has been constrained by sev-

eral limitations [52,53]. First, systemic β-adrenergic stimulation can induce tachycardia, 

hypertension, and arrhythmias, limiting tolerability [54]. Second, β-adrenergic receptor 

desensitization following chronic stimulation reduces efficacy over time [55]. Third, spe-

cies differences between rodents and humans complicate translational interpretation, par-

ticularly with respect to receptor subtype expression and downstream signaling [10,11]. 

These challenges highlight the need to identify alternative receptor systems capable of 

modulating brown adipocyte function without inducing adverse cardiovascular effects. 

By examining alternative receptor signaling in human BAT, this review aims to provide a 

conceptual framework for the development of targeted therapies that can reduce depend-

ence on systemic sympathetic activation to modulate human BAT thermogenic function. 

A deeper mechanistic understanding of these signaling networks will be important for 

advancing BAT-targeted therapeutic strategies for obesity and related metabolic diseases. 

2. Non-Adrenergic G Protein-Coupled Receptor Signaling in  

Human BAT 

2.1. Expanding the GPCR Landscape Beyond β-Adrenergic Receptors 

G protein-coupled receptors (GPCRs) constitute the largest family of membrane re-

ceptors in mammalian cells and regulate diverse physiological processes, including me-

tabolism, inflammation, and endocrine signaling [31,56]. While β-adrenergic receptors 

represent the canonical GPCR mediators of thermogenesis, transcriptomic analyses of hu-

man BAT and primary brown adipocytes have identified numerous additional GPCR sub-

types [30,57,58]. These receptors respond to ligands such as prostaglandins, purines, pep-

tide hormones, bile acids, chemokines, fatty acids, and phospholipids, suggesting that 

brown adipocytes respond to a broad range of extracellular cues beyond sympathetic 

stimulation. These GPCRs signal through distinct heterotrimeric G proteins, including Gs, 

Gi, Gq, and G12/13, which can activate intracellular pathways such as cAMP–PKA, phos-

pholipase C (PLC)–inositol trisphosphate (IP3)–Ca2+ signaling, MAPK cascades, and 

RhoA–ROCK [31]. The diversity of GPCR coupling likely enables context-dependent reg-

ulation of mitochondrial function, energy metabolism, and thermogenic transcriptional 

programs. Importantly, targeting GPCRs enriched in human brown adipocytes may pro-

vide opportunities to modulate adipocyte browning and thermogenic activity with 

greater tissue selectivity than systemic β-adrenergic stimulation, potentially minimizing 

cardiovascular side effects (Table 1). 

Table 1. Non-Adrenergic GPCRs Associated with Human Brown Adipocyte Regulation. 

Receptor 
Major  

Ligand(s) 

G- 

Protein 
Effect on Thermogenic Function 

Potential Relevance to  

Human BAT * 
Ref. 

PTGER3 

(EP3) 

Prostaglandin E2 

(PGE2) 
Gi 

May suppress cAMP-dependent ther-

mogenic signaling, potentially reducing 

UCP1 expression and mitochondrial ac-

tivity; acts as a negative regulator of 

brown and beige adipocyte thermogen-

esis 

Expressed in human BAT; EP3 signal-

ing is associated with reduced energy 

expenditure and may contribute to 

obesity by suppressing thermogenic 

capacity; 

[59,60] 

PTGER4 

(EP4) 

Prostaglandin E2 

(PGE2) 
Gs 

Stimulates cAMP production and 

CREB-dependent transcription, poten-

tially promoting UCP1 expression and 

Expressed in human primary brown 

adipocytes; obesity-associated inflam-

mation and prostaglandin imbalance 

[61,62] 
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mitochondrial biogenesis with addi-

tional anti-inflammatory signaling 

properties. 

may modify EP4 signaling, potentially 

influencing BAT activation and meta-

bolic flexibility. 

PTGIR (IP) 
Prostacyclin 

(PGI2) 
Gs 

Activates cAMP-dependent signaling 

and is particularly linked to adipocyte 

differentiation and browning programs, 

potentially enhancing mitochondrial ca-

pacity and thermogenic gene expres-

sion. 

Expressed in human primary brown 

adipocytes; impaired prostacyclin sig-

naling in obesity may reduce brown-

ing capacity and limit adaptive ther-

mogenesis 

[63,64] 

PTGFR 

(FP) 

Prostaglandin F2α 

(PGF2α) 
Gq 

Activates Gq–Ca2+ signaling and down-

stream pathways such as PKC, which 

may counteract cAMP-driven thermo-

genesis and modulate mitochondrial 

dynamics in a context-dependent man-

ner. 

Expressed in human BAT; elevated 

PGF2α signaling in obesity may con-

tribute to suppressed thermogenic ac-

tivity and altered adipose tissue re-

modeling. 

[65,66] 

P2RY2/ 

P2RY4/ 

P2RY6 

ATP, UTP 

(P2RY2/4), UDP 

(P2RY6) 

Gq 

Activation of these receptors primarily 

induces Gq–Ca2+ signaling, integrating 

extracellular nucleotide stress signals to 

influence mitochondrial dynamics and 

fine-tune thermogenic gene expression 

in brown adipocytes. 

Expressed in human primary brown 

adipocytes; obesity-associated altera-

tions in extracellular nucleotide re-

lease and inflammation may dysregu-

late their signaling, potentially impair-

ing BAT metabolic adaptation. 

[49,67] 

P2RY11 ATP Gs and Gq 

Uniquely exhibits dual Gs/Gq coupling, 

enabling simultaneous activation of 

cAMP and Ca2+ pathways, which may 

synergistically affect mitochondrial ac-

tivity and thermogenic gene expression 

in brown adipocytes. 

Expressed in human primary brown 

adipocytes, but absent in rodents; obe-

sity-related changes in purinergic sig-

naling may alter its activity, with po-

tential implications for human-specific 

regulation of BAT thermogenesis. 

[68,69] 

GCGR Glucagon Gs 

Activates Gs–cAMP signaling to pro-

mote lipolysis and increase substrate 

availability, potentially supporting mi-

tochondrial respiration and thermo-

genic programming in brown adipo-

cytes. 

Expressed in human primary brown 

adipocytes; obesity-associated altera-

tions in glucagon sensitivity and sig-

naling may influence BAT activation 

and systemic energy expenditure 

[70,71] 

GIPR 

Glucose-depend-

ent insulinotropic 

polypeptide (GIP), 

long-acting GIP 

analogs 

Gs 

GIPR activation has been reported to af-

fect lipid uptake, lipid handling, and 

fatty acid oxidation in brown adipose 

tissue, suggesting a context-dependent 

role in supporting thermogenic metabo-

lism; however, its direct effect on UCP1-

driven thermogenesis remains less 

clearly defined 

Expressed in human BAT; GIPR sig-

naling contributes to systemic meta-

bolic regulation; recent studies indi-

cate that pharmacological activation 

(e.g., tirzepatide) modulates adipocyte 

nutrient metabolism and may im-

prove metabolic function partly via 

BAT 

[72,73] 

GPBAR1 

(TGR5) 

Primary and sec-

ondary bile acids, 

bile acid deriva-

tives 

Gs 

Acts as a bile acid sensor that activates 

cAMP signaling, promoting UCP1 ex-

pression, mitochondrial respiration, and 

energy dissipation in brown adipocytes. 

Expressed in human BAT; obesity-as-

sociated changes in bile acid composi-

tion and signaling may influence 

GPBAR1 activity, thereby affecting 

BAT-mediated energy expenditure. 

[73,74]  

CCR5 
CCL3, CCL4, 

CCL5 
Gi 

Activates Gi-dependent chemokine sig-

naling linked to immune cell recruit-

ment and inflammatory cascades, 

which may suppress cAMP signaling 

and inhibit thermogenic gene expres-

sion in brown adipocytes. 

Expressed in human adipocytes; obe-

sity-associated chronic inflammation 

enhances CCR5 signaling, contrib-

uting to immune infiltration and im-

paired thermogenic capacity. 

[75] 

CXCR4 
CXCL12 

(SDF-1) 

Gi, 

p38 and 

ERK signal-

ing 

CXCR4 signaling has been reported to 

support thermogenic gene expression 

and mitochondrial function; adipocyte-

specific CXCR4 deficiency impairs BAT 

thermoregulation and reduces thermo-

genic gene expression 

Expressed in human adipocytes; 

CXCR4 signaling potentially protects 

against diet-induced obesity, pre-

serves insulin sensitivity, and main-

tains brown adipocyte activity during 

metabolic stress 

[76,77] 
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AGTR1 

(AT1R) 
Angiotensin II Gq 

Activates Gq–PLC–Ca2+ signaling and 

downstream oxidative stress and profi-

brotic pathways, potentially leading to 

mitochondrial dysfunction and sup-

pression of thermogenic activity. 

Expressed in human primary brown 

adipocytes; upregulated in obesity via 

local renin–angiotensin system activa-

tion, contributing to BAT dysfunction 

and reduced energy expenditure 

[78] 

MAS1  
Angiotensin- 

(1–7) 
Gi 

Counteracts AGTR1 signaling by pro-

moting anti-inflammatory and vasodila-

tory pathways, which may support mi-

tochondrial function and enhance ther-

mogenic gene expression. 

Expressed in human primary brown 

adipocytes; its protective axis is di-

minished in obesity, potentially con-

tributing to reduced BAT activity and 

metabolic inefficiency. 

[78,79] 

GPR120 

(FFAR4) 

Long-chain un-

saturated fatty ac-

ids (omega-3 FA 

such as DHA, 

EPA) 

Gq and β-

arrestin 

Acts as a lipid sensor mediating anti-in-

flammatory and insulin-sensitizing sig-

naling via β-arrestin, which may en-

hance mitochondrial activity and ther-

mogenic gene expression. 

Expressed in human BAT; impaired 

signaling or loss-of-function variants 

in obesity are linked to metabolic dys-

function and reduced BAT-mediated 

energy expenditure. 

[80,81] 

GPR3 

Oleic acid 

(Constitutively ac-

tive) 

Gs 

Exhibits ligand-independent constitu-

tive activity, contributing to basal 

cAMP levels that sustain UCP1 expres-

sion and intrinsic thermogenic pro-

gramming. 

Expressed in human primary brown 

adipocytes; reduced expression in 

obesity may contribute to decreased 

basal thermogenesis and impaired en-

ergy balance. 

[82–84] 

GPR84 

Medium-chain 

fatty acids (C9–

C14 fatty acids) 

Gi 

Functions as a nutrient and inflamma-

tion-responsive receptor, activating Gi-

mediated pro-inflammatory pathways 

that may suppress cAMP signaling and 

thermogenic programs. 

Expressed in human primary brown 

adipocytes; upregulated in obesity-as-

sociated inflammation, potentially 

contributing to reduced thermogenic 

capacity. 

[85,86] 

S1PR2 S1P 
Gi, Gq, 

G12/13 

Preferentially activates RhoA/ROCK 

signaling, which may lead to cytoskele-

tal remodeling and inhibition of mito-

chondrial function and thermogenic 

gene expression. 

Expressed in human primary brown 

adipocytes; obesity-associated sphin-

golipid accumulation enhances S1PR2 

signaling, potentially contributing to 

metabolic dysfunction, with inhibition 

improving metabolic phenotypes. 

[87,88] 

S1PR3 S1P 
Gi, Gq, 

G12/13 

Integrates multiple G-protein pathways 

to regulate calcium signaling, vascular 

tone, and inflammatory responses, ex-

erting context-dependent effects on mi-

tochondrial activity and thermogenesis. 

Expressed in human primary brown 

adipocytes; obesity-driven alterations 

in sphingolipid signaling and inflam-

mation may dysregulate S1PR3 activ-

ity and impair BAT function. 

[89] 

* mechanistic evidence is derived primarily from rodent studies unless otherwise indicated. 

2.2. Prostaglandin Receptors 

Prostaglandins derived from arachidonic acid regulate adipose tissue remodeling 

and thermogenic function [90]. Among prostaglandin receptors, the Gs-coupled EP2 and 

EP4 receptors promote cAMP production and have been implicated in adipocyte brown-

ing, mitochondrial biogenesis, and UCP1 expression [61,91,92]. In contrast, the Gi-coupled 

EP3 receptor generally suppresses cAMP signaling and thermogenic pathways, although 

recent evidence suggests additional roles in BAT differentiation through post-transcrip-

tional mechanisms [59,60]. These findings highlight the importance of receptor subtype-

specific effects within the PGE2 signaling network. 

Other prostanoid pathways also influence adipocyte plasticity. Prostacyclin (PGI2) 

signaling through the IP receptor promotes browning of human white adipocytes via 

cAMP-dependent mechanisms [63,64], whereas thromboxane A2 (TXA2) has been re-

ported to antagonize these pro-thermogenic effects [93]. In contrast, PGF2α signaling 

through the FP receptor suppresses browning and UCP1 expression via calcium- and 

ERK-dependent pathways [65]. Together, these findings indicate that prostanoid receptor 

signaling exerts both positive and negative effects on thermogenic adipocyte function and 

may represent a targetable non-adrenergic regulatory pathway [66]. 
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2.3. Purinergic Receptors 

Extracellular nucleotides released during cellular stress or sympathetic co-transmis-

sion activate purinergic ligand-gated ion channels (P2X receptors) and GPCRs (P2Y re-

ceptors). In brown adipocytes, purinergic signaling has been implicated in regulating mi-

tochondrial activity and metabolic adaptation to stress [49]. Although P2RX5 is a ligand-

gated ion channel rather than a GPCR, it is discussed here because purinergic signaling in 

BAT involves coordinated actions of both P2X and P2Y receptor families. The P2RX5 re-

ceptor shows enriched expression in mature brown adipocytes isolated from BAT and has 

been identified as a novel modulator of glucose homeostasis and thermogenic gene ex-

pression in brown adipocytes [94,95]. 

As purinergic GPCRs, the Gq-coupled P2RY2, P2RY4, and P2RY6 receptors—acti-

vated by specific nucleotides such as ATP, UTP, and UDP—may function as metabolic 

sensors [67]. In brown adipocytes, activation of these P2RY receptor subtypes can differ-

entially regulate intracellular calcium mobilization, contributing to metabolic responses 

[96]. P2Y11 (P2RY11) is a human-specific purinergic GPCR activated by extracellular ATP 

that uniquely couples to both Gs and Gq proteins, leading to activation of cAMP and Ca2+ 

signaling pathways [68,69,97]. Transcriptomic analyses indicated that the pro-thermo-

genic hormone T3 upregulates the transcription of the P2RY11 receptor, potentially inter-

acting with cAMP–PKA-dependent thermogenic signaling. P2RY11 may modulate both 

metabolic and inflammatory signaling in human tissues and has been proposed as a po-

tential regulator of human adipocyte browning. However, current knowledge regarding 

P2 receptors in human BAT remains scarce, necessitating further comprehensive studies 

to elucidate the exact underlying mechanisms. 

2.4. Glucagon and Incretin Receptors 

The glucagon receptor (GCGR) signaling can stimulate energy expenditure and 

brown adipocyte thermogenesis by activating cAMP-dependent pathways in adipose tis-

sue [98]. Collectively, these findings support the potential of targeted GCGR agonists, par-

ticularly in the context of novel multi-receptor (GLP1R/GIPR/GCGR) co-agonists (e.g., Re-

tatrutide), as a strategy for metabolic intervention involving BAT-associated pathways. 

Supporting this pathway, a study demonstrated that the loss of endogenous glucagon sig-

naling impairs the browning of white adipose tissue [70]. The researchers showed that 

disrupting GCGR signaling downregulated UCP1 expression and blunted cold-induced 

browning of WAT. These findings suggest that endogenous GCGR signaling contributes 

to adipocyte plasticity and thermogenic remodeling. Although modern multi-receptor 

therapies yield systemic metabolic benefits, their direct actions on adipocyte thermogen-

esis are receptor-specific. A study that demonstrated the direct activation of BAT and lo-

calized energy expenditure achieved by Glucagon-like peptide 1 receptor (GLP1R)/GCGR 

dual agonism appeared to be largely attributable to GCGR signaling [71]. A recent report 

suggested relatively limited GLP1R expression in primary human adipocytes compared 

with Glucose-dependent insulinotropic polypeptide receptor (GIPR) [72], although 

GLP1R agonist liraglutide promotes mitochondrial respiration and biogenesis through 

GLP1R expressed in human SGBS adipocytes [99]. This functional distribution suggests 

that the GCGR may contribute more directly to adipocyte thermogenic regulation than 

GLP1R. 

Consistent with the limited direct role of GLP1R in adipose tissue, a recent study 

evaluating the dual agonist tirzepatide for GLP1R/GIPR revealed that its direct regulation 

of adipocyte nutrient metabolism is primarily mediated by the GIP receptor [72]. Because 

mature adipocytes show limited functional GLP1R signaling, the metabolic remodeling 

associated with incretin therapies relies in part on GIPR signaling. Together with GCGR, 

these findings suggest that GIPR signaling may contribute to adipocyte metabolic regula-

https://doi.org/10.3390/ijms27146267


Int. J. Mol. Sci. 2026, 27, 6267 9 of 34 
 

https://doi.org/10.3390/ijms27146267 

tion and remodeling. Another study demonstrated that acute administration of exogenous 

acyl-GIP enhances lipid handling and fatty acid oxidation specifically by engaging brown 

fat [73]. These findings indicate that GIPR signaling may contribute to thermogenic lipid 

metabolism independent of GLP-1R. Collectively, GCGR and GIPR signaling pathways 

may represent potential non-adrenergic mechanisms that influence cAMP-associated 

thermogenic and metabolic regulation. 

2.5. Bile Acid Receptors 

Bile acids function not only in lipid digestion but also as endocrine signaling mole-

cules [100]. Brown adipocytes express the bile acid receptor TGR5 that couples to Gs pro-

teins, supporting cAMP production and promoting thermogenic gene expression [101]. 

Acute administration of chenodeoxycholic acid (CDCA) has been shown to enhance BAT 

activity and whole-body energy expenditure in humans. Mechanistically, the binding of 

bile acids to TGR5 triggers the intracellular cAMP-PKA signaling pathway, a cascade that 

promotes the expression of UCP1 and type 2 deiodinase (DIO2), thereby potentially am-

plifying local thyroid hormone signaling. Supporting a thermogenic role for bile acid sig-

naling in vivo, a complementary study revealed that bile acids induce UCP1-dependent 

thermogenesis and elevate energy expenditure in mice even under thermoneutral condi-

tions [102]. Together, these findings suggest that the TGR5/cAMP/PKA signaling axis con-

tributes to the regulation of adipocyte browning and systemic energy metabolism. In ad-

dition to its direct effects on thermogenic signaling, TGR5 also influences systemic metab-

olism through adipose–liver crosstalk [103]. This study indicates that the loss of adipocyte 

TGR5 impairs thermogenic activity and significantly reduces the secretion of adiponectin, 

an insulin-sensitizing hormone. The resulting decline in adiponectin levels may exacer-

bate hepatic steatosis. In a recent study, a secondary analysis of the ACTIBATE study in-

dicates that cold-induced changes in circulating bile acid levels were significantly associ-

ated with BAT activity and volume in humans [74]. These findings are consistent with a 

potential contribution of bile acid signaling to adaptive thermogenic response to cold 

stress in a human cohort. In obesity, altered bile acid composition and impaired receptor 

responsiveness may blunt these thermogenic effects. 

2.6. Chemokine Receptors 

Chemokine receptors, many of which couple to Gi proteins, are frequently upregu-

lated in inflamed adipose tissue [104]. Chemokine receptors are predominantly expressed 

in immune cells within adipose tissue; however, several receptors, including CXCR4 and 

CCR5, are also expressed in human adipocytes and have been implicated in the regulation 

of thermogenic signaling [75,77]. Activation of these receptors can initiate MAP kinase 

and NF-κB signaling, promoting inflammatory gene expression while potentially impair-

ing mitochondrial function and thermogenic activity. Chronic activation of proinflamma-

tory chemokine receptors in obesity may contribute to impaired browning capacity by 

suppressing cAMP-dependent transcriptional programs. Augmented CCL5/CCR5 signal-

ing has been found to inhibit adaptive thermogenesis in BAT [75]. This study suggests 

that in the context of obesity, the overactivation of the CCL5-CCR5 pathway is associated 

with impaired UCP1 expression and worsened insulin resistance. The CXCL12-CXCR4 

signaling axis has been proposed as a non-adrenergic regulator of brown fat thermogenic 

capacity and systemic metabolic health. Research using adipocyte-specific models demon-

strated that disruption of CXCL12–CXCR4 signaling impairs BAT thermogenic function, 

reduces UCP1 expression, and exacerbates diet-induced metabolic dysfunction under 

high-fat diet conditions [76,77]. Together, these findings suggest that CXCR4 may function 

as a protective regulator of thermogenic function that preserves mitochondrial function 

and glucose homeostasis during metabolic stress. Thus, selective modulation of chemo-
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kine receptors expressed in brown adipocytes may represent a strategy to improve ther-

mogenic function in dysfunctional BAT, as different receptor subtypes exert either inhib-

itory or protective effects. 

2.7. Angiotensin Receptors 

The renin–angiotensin system (RAS) has also been implicated in the regulation of 

metabolic homeostasis beyond its classical cardiovascular roles. In adipose tissues, locally 

produced angiotensin II acts through the angiotensin II type 1 receptor (AGTR1, AT1R) 

and the angiotensin II type 2 receptor (AGTR2, AT2R) [105]. A recent study suggests that 

Ang II signaling, through its type 1 receptor (AT1R), increases glycolytic flux, which may 

provide metabolic substrates for enhanced mitochondrial respiration and UCP1-mediated 

heat production [78]. These findings suggest that Ang II signaling links systemic cardio-

vascular regulation with brown adipocyte metabolic reprogramming. Beyond its role in 

cardiovascular homeostasis, the ACE2-Angiotensin-(1–7) signaling axis has been pro-

posed as a non-adrenergic regulator of thermogenesis and energy expenditure. Several 

studies have suggested that ACE2 serves as an upstream regulator of metabolic rate and 

thermoregulation [106], in part by generating Angiotensin-(1–7). This peptide, in turn, has 

been reported to promote the browning of white adipose tissue and thermogenic gene 

expression through the Mas receptor in beige and brown adipocytes [79]. Together, these 

findings suggest that the ACE2–Angiotensin-(1–7)–Mas axis may contribute to thermo-

genic regulation and metabolic homeostasis beyond classical β-adrenergic signaling. 

2.8. Free Fatty Acid Receptors (FFARs) 

Free fatty acids (FFAs) are both substrates and signaling molecules in brown adipo-

cytes. Free fatty acid receptors may act as lipid sensors, modulating brown adipocyte ac-

tivity in response to circulating nutrient levels [107]. In addition to activating UCP1 within 

mitochondria, FFAs bind to membrane receptors that modulate intracellular signaling 

pathways. The free fatty acid receptor 4 (GPR120, also known as FFAR4) has emerged as 

a potential non-adrenergic modulator of adipocyte biology [80]. Activated primarily by 

long-chain omega-3 polyunsaturated fatty acids, GPR120 signaling has been proposed to 

modulate thermogenic programs through intracellular calcium mobilization and the reg-

ulation of UCP1 expression, potentially in a manner partially independent of classical β-

adrenergic signaling. The pharmacological regulation of GPR120 via the agonist TUG-891 

triggers intracellular calcium release, associated with mitochondrial depolarization and 

fission [107,108]. This shift in mitochondrial dynamics has been associated with increased 

uncoupled respiration, potentially through mechanisms distinct from classical adrenergic 

signaling, suggesting a promising therapeutic strategy to enhance mitochondrial thermo-

genesis. Recent evidence expands this regulatory axis by demonstrating that hepatic 

ACOX1 activity influences the levels of specific circulating signaling lipids, which act as 

endogenous ligands to promote adipose remodeling and thermogenic function via 

GPR120 [81]. 

The orphan receptor GPR3 has been identified as a non-adrenergic regulator of en-

ergy expenditure due to its unique constitutive activity. Early studies demonstrated that 

GPR3-deficient mice develop late-onset obesity characterized by significantly impaired 

thermogenic function in BAT [82]. Building on this, recent research reveals that GPR3 ex-

pression is dynamically driven by intracellular lipolysis, creating a feed-forward loop that 

sustains UCP1-mediated thermogenesis independently of continuous β-adrenergic input 

[83]. Further identifying lipid-sensing mechanisms, the medium-chain fatty acid receptor 

GPR84 has been implicated in the regulation of metabolic function and brown adipocyte 

activity [86]. Although initially demonstrated to regulate mitochondrial metabolism in 

https://doi.org/10.3390/ijms27146267


Int. J. Mol. Sci. 2026, 27, 6267 11 of 34 
 

https://doi.org/10.3390/ijms27146267 

skeletal muscle, the medium-chain fatty acid receptor GPR84 may also enhance mitochon-

drial function and thermogenesis in brown adipocytes [85]. 

2.9. Sphingosine 1-Phosphate Receptors (S1PRs) 

Bioactive sphingolipids are emerging as modulators of adipose health, particularly 

in the context of aging and overnutrition. Altered sphingolipid metabolism has been as-

sociated with BAT dysfunction during aging [88]. In parallel, the S1P2 receptor signaling 

axis has been implicated in obesity-associated metabolic deterioration; its blockade has 

been shown to attenuate adipocyte hypertrophy and glucose intolerance induced by a 

high-fat diet [87]. Together, these findings suggest that sphingolipid signaling may con-

tribute to adipose tissue dysfunction and metabolic impairment, highlighting this path-

way as a potential non-adrenergic target for further investigation. In contrast to the detri-

mental role of S1P2, the S1P/S1PR3 signaling axis has been proposed as a protective mech-

anism against obesity-induced metabolic dysfunction [89]. This study suggests that S1PR3 

activation was associated with increased thermogenic gene expression and improved in-

sulin sensitivity, indicating differential roles within sphingosine-1-phosphate signaling. 

By selectively engaging the S1PR3 pathway, S1PR3 signaling may contribute to the 

maintenance of adipose metabolic function under conditions of metabolic stress. 

2.10. Therapeutic Implications of Targeting Non-Adrenergic GPCRs 

Non-adrenergic GPCRs broaden the regulatory network of human brown adipocytes 

by integrating hormonal, immune, and metabolic signals through diverse G protein-me-

diated pathways, potentially interacting with β-adrenergic signaling and other receptor 

systems (Table 1) [30]. Gi-coupled receptors can attenuate β-adrenergic cAMP generation, 

whereas Gq-mediated calcium signaling can interact with cAMP-dependent pathways to 

modulate mitochondrial function and thermogenic gene expression [69,97]. Dysregula-

tion of GPCR signaling has been associated with impaired BAT function in obesity, while 

selective targeting of specific GPCR subtypes represents a promising strategy to enhance 

browning and metabolic health, potentially with reduced adverse effects. 

Obesity has been associated with altered expression of multiple GPCR subtypes in 

adipose tissues, including BAT [30,109]. Chronic nutrient excess, low-grade inflammation, 

and hyperinsulinemia can shift GPCR signaling toward inhibitory or inflammatory path-

ways, thereby disrupting metabolic regulation. Reduced cAMP responsiveness, enhanced 

chemokine receptor activation, and impaired mitochondrial signaling have each been as-

sociated with diminished thermogenic capacity [75,110]. However, significant challenges 

remain, including receptor redundancy, broad tissue distribution beyond BAT, and spe-

cies-specific differences in receptor expression patterns. Rigorous characterization of hu-

man BAT-specific GPCR signatures will therefore be essential for successful therapeutic 

translation. 

3. Receptor Kinase Signaling in Human BAT 

3.1. RTKs as Regulators of Adipocyte Differentiation and Metabolic Plasticity 

Receptor tyrosine kinases (RTKs) constitute a major class of membrane receptors that 

regulate cell growth, differentiation, metabolism, and survival [111]. Unlike GPCRs, 

which primarily modulate second messenger systems, RTKs initiate signaling through 

ligand-induced receptor dimerization and autophosphorylation of intracellular tyrosine 

residues. These phosphorylated residues serve as docking sites for adaptor proteins and 

enzymes, triggering cascades such as phosphoinositide 3-kinase (PI3K)-Akt, Ras-MAPK, 

phospholipase Cγ (PLCγ), and Janus kinase (JAK)-STAT pathways. In brown adipocytes, 

RTK signaling contributes to early adipogenic commitment while also modulating mito-
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chondrial function, oxidative metabolism, and thermogenic responsiveness [32,112]. Al-

tered RTK signaling has been implicated in BAT dysfunction associated with obesity and 

insulin resistance. Several RTK-associated pathways converge on transcriptional regula-

tors central to brown adipocyte identity. Downstream signaling pathways, such as PI3K-

Akt and MAPK, influence the activity and stability of transcriptional regulators such as 

PPARγ, PGC-1α, PRDM16, and FOXO [113]. Akt-mediated phosphorylation of FOXO 

proteins excludes them from the nucleus, modulating oxidative gene expression [114]. 

MAPK signaling can phosphorylate PPARγ, altering its transcriptional activity [115]. Fur-

thermore, RTK signaling can activate mTORC1, which regulates protein synthesis, ribo-

somal biogenesis, and mitochondrial metabolic programs. Although much of the mecha-

nistic evidence derives from rodent or in vitro models, emerging transcriptomic and func-

tional studies suggest similar RTK networks may also function in human BAT. Through 

these mechanisms, RTKs integrate extracellular growth and nutrient signals with tran-

scriptional programs that regulate brown adipocyte differentiation, metabolic activity, 

and thermogenic capacity (Table 2). 

Table 2. Receptor Tyrosine Kinases Associated with Human Brown Adipocyte Regulation. 

Receptor 
Major  

Ligand(s) 

Downstream Sig-

naling 

Effect on Thermogenic Func-

tion 

Potential Relevance to Hu-

man BAT * 
Ref. 

INSR (Insu-

lin Recep-

tor) 

Insulin 
PI3K–AKT, 

MAPK, mTOR 

Coordinates glucose uptake 

and anabolic metabolism, 

providing substrates for mito-

chondrial respiration and sup-

porting aspects of brown adi-

pocyte function. 

Expressed in human brown 

adipocytes; insulin resistance 

in obesity impairs glucose uti-

lization and metabolic flexibil-

ity, which may contribute to 

reduced thermogenic capacity. 

[116] 

FGFR1 

FGF21 (β-

Klotho de-

pendent), 

FGF9, FGF6 

MAPK/ERK, 

PI3K–AKT, PLCγ 

Functions as an important en-

docrine signaling modulator, 

where FGF21–FGFR1 signaling 

enhances UCP1 expression, mi-

tochondrial biogenesis, and 

browning of adipocytes. 

Expressed in human brown 

adipocytes; pharmacological 

activation has been shown to 

improve metabolic parameters 

in preclinical and some clini-

cal studies, although obesity is 

associated with FGF21 re-

sistance. 

[32] 

EGFR 

(ERBB1) 

EGF, TGF-α, 

Amphiregulin  

MAPK/ERK, 

PI3K–AKT 

Primarily regulates adipose tis-

sue remodeling and inflamma-

tory signaling rather than di-

rectly promoting thermogene-

sis, with potential inhibitory ef-

fects on adipocyte differentia-

tion under sustained activation. 

Expressed in adipose tissue-

resident immune cells, includ-

ing those within human BAT; 

obesity-associated EGFR acti-

vation in immune cells con-

tributes to inflammation and 

insulin resistance. 

[117] 

ERBB4 
Neuregulins 

(NRG1, NRG4) 

PI3K–AKT, 

MAPK/ERK 

Mediates NRG4-dependent sig-

naling associated with en-

hanced mitochondrial function, 

lipid utilization, and thermo-

genic gene expression in brown 

adipocytes. 

Expressed in human BAT; 

BAT-derived NRG4 acts as an 

endocrine factor protecting 

against obesity-associated 

metabolic dysfunction and he-

patic steatosis in mouse mod-

els. 

[118,119] 

TGFBR1 

(ALK5)/TG

FBR2 

TGF-β1, TGF-

β2, TGF-β3 

SMAD2/3 signal-

ing, MAPK 

Functions as a negative regula-

tor of thermogenesis by inhibit-

ing brown/beige adipocyte dif-

ferentiation and repressing 

UCP1 expression. 

Expressed in human BAT; 

TGF-β signaling is elevated in 

obesity, promoting fibrosis 

and suppressing BAT thermo-

genic capacity. 

[120,121] 
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BMPR1A 

(ALK3)/BM

PR2 

BMP4, BMP7, 

BMP9 

SMAD1/5/8 sig-

naling, 

p38 MAPK 

Regulates lineage commitment 

toward brown/beige adipocytes 

and activates thermogenic gene 

programs in a ligand- and con-

text-dependent manner. 

Expressed in human BAT; 

BMP signaling plays an im-

portant role in adipose devel-

opment, and its dysregulation 

may impair thermogenic re-

modeling in obesity. 

[122,123] 

PDGFRα 

PDGF-AA, 

PDGF-AB, 

PDGF-CC 

PI3K–AKT, 

MAPK/ERK, JAK–

STAT 

Regulates adipocyte progenitor 

proliferation and lineage speci-

fication; increased signaling is 

associated with fibrotic remod-

eling and reduced thermogenic 

differentiation. 

Expressed in stromal progeni-

tors within human BAT; obe-

sity-associated activation is as-

sociated with fibrosis and sup-

presses brown/beige adipo-

cyte formation. 

[124,125] 

PDGFRβ 

PDGF-AB, 

PDGF-BB, 

PDGF-DD 

PI3K–AKT, 

MAPK/ERK, JAK–

STAT 

Controls vascular and peri-

vascular cell function, contrib-

uting to regulation of adipose 

microenvironment that may in-

fluence thermogenic function. 

Expressed in human BAT-as-

sociated vasculature; in-

creased signaling in obesity 

contributes to tissue remodel-

ing and metabolic dysfunc-

tion. 

[126,127] 

VEGFR1 

(FLT1)/VE

GFR2 

(KDR) 

VEGF-A, 

VEGF-B,  

PlGF 

PI3K–AKT, 

MAPK/ERK 

Primarily regulates angiogene-

sis and vascular permeability, 

which may indirectly support 

thermogenesis by facilitating 

oxygen and nutrient delivery to 

metabolically active BAT. 

Expressed in human BAT vas-

culature; impaired VEGF sig-

naling in obesity disrupts vas-

cularization, limiting BAT ex-

pansion and thermogenic 

function. 

[128,129] 

AXL  

(TAM re-

ceptor fam-

ily) 

Growth arrest-

specific 6 

(GAS6) 

PI3K–AKT, 

MAPK/ERK, JAK–

STAT 

AXL signaling has been re-

ported to suppress UCP1 ex-

pression and mitochondrial oxi-

dative metabolism in brown 

adipocytes. 

Expressed in preadipocytes 

within human BAT; AXL defi-

ciency enhances BAT thermo-

genic activity and energy ex-

penditure and protects against 

diet-induced obesity in mouse 

models; AXL signaling has 

been reported to be upregu-

lated in obesity-associated in-

flammatory states. 

[130] 

* mechanistic evidence is derived primarily from rodent studies unless otherwise indicated. 

3.2. Insulin Receptor Signaling: Metabolic Support for Thermogenesis 

The insulin receptor (IR) is a prototypical RTK that regulates glucose uptake and an-

abolic metabolism [131]. Upon insulin binding, autophosphorylation of the receptor re-

cruits insulin receptor substrates (IRS proteins), which activate PI3K and subsequently 

Akt. Akt promotes translocation of glucose transporter 4 (GLUT4) to the plasma mem-

brane, enhancing glucose uptake. In brown adipocytes, glucose serves as an important 

substrate for both glycolysis and de novo lipogenesis, providing intermediates that sup-

port mitochondrial respiration and may facilitate thermogenic activity [132]. Akt signal-

ing influences mitochondrial function indirectly through modulation of transcription fac-

tors such as FOXO and through activation of mTOR complexes [35]. Balanced mTOR sig-

naling is important for mitochondrial biogenesis and protein synthesis; however, chronic 

hyperactivation may promote lipogenesis at the expense of oxidative metabolism [133]. In 

obesity, insulin resistance impairs PI3K-Akt signaling in adipose tissue, including BAT 

[134,135]. Reduced Akt activation diminishes glucose uptake and may compromise mito-

chondrial substrate flexibility. Furthermore, impaired insulin signaling can alter FOXO 

localization, affecting transcriptional programs that regulate the balance between oxida-
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tive metabolism and lipid storage [136]. Understanding this canonical insulin-mediated 

nuclear exclusion of FOXO provides a conceptual framework for evaluating how alterna-

tive receptor pathways might rewire lipid and glucose metabolism in human brown adi-

pocytes. In addition, chronic hyperinsulinemia may induce receptor desensitization and 

promote inflammatory signaling pathways, which may reduce thermogenic capacity in 

BAT [137]. A previous study demonstrated that the fat-specific deletion of both insulin 

and IGF-1 receptors leads to a near-complete failure of BAT development and severe cold 

intolerance [116]. This study underscores that while adrenergic signaling triggers thermo-

genesis, insulin and IGF-1 receptor-mediated pathways provide essential metabolic sup-

port for brown adipocyte differentiation and development. These pathways also contrib-

ute to the induction of thermogenic programs including UCP1 expression. Although 

much of this evidence derives from studies in rodents and cultured adipocytes, insulin 

signaling is also active in human BAT and is thought to support substrate utilization and 

metabolic flexibility in vivo. 

3.3. Fibroblast Growth Factor Receptors (FGFRs): Endocrine Control of Browning 

Fibroblast growth factor 21 (FGF21) is an endocrine hormone that exerts pleiotropic 

metabolic effects associated with increased energy expenditure and promotion of adipose 

tissue browning [138]. FGF21 signals primarily through FGFR1c in complex with the ob-

ligate co-receptor β-Klotho (KLB) [139]. Activation of FGFRs triggers intracellular phos-

phorylation cascades involving the MAPK/ERK and PI3K–Akt pathways, which regulate 

metabolic gene expression. In brown adipocytes, FGF21 enhances expression of thermo-

genic genes, including UCP1 and PGC-1α, and promotes mitochondrial biogenesis and 

oxidative metabolism in mice [140]. FGF21 signaling may also increase fatty acid oxidation 

and improve systemic insulin sensitivity, supporting its role as an important endocrine 

regulator of BAT activity. In human BAT, FGFR1 and β-Klotho are expressed, although 

the functional contribution of FGF21 signaling remains less well defined compared with 

rodent models. 

BAT itself can produce FGF21 during thermogenic stimulation, suggesting potential 

autocrine or paracrine amplification mechanisms within BAT [141]. In obesity and meta-

bolic disease, circulating FGF21 concentrations are often elevated, yet target tissue respon-

siveness appears reduced, a phenomenon often referred to as “FGF21 resistance.” Recent 

findings suggest that FGF21 has been proposed as an important non-adrenergic mediator 

that contributes to the browning of white adipose tissue [32,142]. In this context, FGF21 

enhances UCP1 expression and thermogenic capacity during cold exposure through the 

FGFR1-β-Klotho complex. These findings suggest that FGF21 acts synergistically with 

classical sympathetic activation. Understanding FGFR expression levels and downstream 

signaling integrity in human BAT is therefore important for the development of therapeu-

tic strategies targeting the FGF21–FGFR–β-Klotho axis to enhance thermogenic activity. 

3.4. Epidermal Growth Factor Receptor (EGFR) and Related Pathways 

Epidermal growth factor receptor (EGFR) and other members of the ErbB receptor 

tyrosine kinase family regulate diverse cellular processes including proliferation, differ-

entiation, and survival [143]. In pathological conditions such as obesity, dysregulated 

EGFR signaling within the adipose niche has been associated with adipose tissue inflam-

mation, remodeling, and fibrosis, processes that may indirectly impair BAT thermogenic 

capacity [117]. These findings suggest that EGFR signaling represents a potentially detri-

mental non-adrenergic pathway within the adipose niche, where its activation in macro-

phages promotes chronic inflammation and contributes to the development of obesity and 

insulin resistance. These findings highlight that RTK signaling in non-adipocyte immune 

https://doi.org/10.3390/ijms27146267


Int. J. Mol. Sci. 2026, 27, 6267 15 of 34 
 

https://doi.org/10.3390/ijms27146267 

cells within the BAT niche can indirectly influence overall adipose tissue thermogenesis 

and metabolic health. 

Neuregulin 4 (NRG4) has emerged as an important batokine that links thermogenic 

adipose tissue to systemic metabolic health [144]. NRG4 is expressed in human adipose 

tissue and has been proposed as a marker of brown/beige adipocytes; its expression is 

positively correlated with UCP1 levels [145]. ErbB4, a member of the EGFR (ErbB) super-

family of receptor tyrosine kinases, is the primary receptor for NRG4. The genetic deletion 

of ErbB4 in mice is associated with increased susceptibility to metabolic dysfunction, char-

acterized by increased adiposity and impaired glucose homeostasis [118]. These findings 

support a role for the NRG4–ErbB4 axis in systemic metabolic regulation. They also sug-

gest that this pathway contributes to the regulation of brown adipocyte function, includ-

ing in human BAT. A recent study further expands this role, demonstrating that NRG4 

has also been shown to mediate the metabolic benefits of mild cold exposure by promoting 

beige fat thermogenesis [119]. Together, these studies suggest that the NRG4–ErbB4 sig-

naling axis functions as an important non-adrenergic regulator that may coordinate both 

local thermogenic activity and inter-organ crosstalk. 

3.5. Transforming Growth Factor-β (TGF-β) Superfamily Signaling 

Members of the TGF-β superfamily, including activins and bone morphogenetic pro-

teins (BMPs), signal through serine/threonine kinase receptors and Smad transcription 

factors [146]. Although structurally distinct from classical cytokine receptors, these path-

ways play key roles in adipose tissue remodeling. TGF-β signaling can inhibit adipocyte 

differentiation and promote fibrosis [147]. Elevated TGF-β levels in obesity contribute to 

extracellular matrix deposition and impaired tissue plasticity, potentially limiting brown-

ing capacity. The TGF-β signaling pathway functions as a negative regulator of thermo-

genic adipocyte development and tissue health. A previous study demonstrated that 

pharmacological inhibition of the TGF-β receptor via the small molecule RepSox promotes 

brown adipogenesis and white fat browning [120]. Recent evidence suggests a synergistic 

interaction: TGF-β antagonism not only enhances beige adipogenesis but also cooperates 

with PPARγ activation to alleviate adipose tissue fibrosis [121]. Together, these studies 

suggest that inhibition of TGF-β signaling may represent a dual-action strategy to enhance 

thermogenic capacity while remodeling the fibrotic, dysfunctional environment of obese 

adipose tissue. 

Conversely, BMPs have been shown to promote brown adipocyte differentiation and 

mitochondrial gene expression. Activation of BMP receptors stimulates Smad1/5/8 signal-

ing, enhancing expression of thermogenic transcriptional regulators [146,148]. In progen-

itor cells, BMP signaling biases lineage commitment toward brown adipocytes. BMPs rep-

resent a distinct class of non-adrenergic regulators that modulate both adipocyte identity 

and functional output. A recent study showed that BMP4 and BMP9 exhibit depot-specific 

signaling dynamics that distinguish brown from white adipocyte responses [122]. BMP4 

and BMP9 were found to control a specialized transcriptional program in brown adipo-

cytes that is not fully replicated in white adipocytes. These findings suggest that a special-

ized epigenetic landscape contributes to the selective amplification of BMP signaling to-

ward a thermogenic fate. Subsequent findings indicate that BMP4 and BMP7 act as im-

portant non-adrenergic regulators of thermogenesis in human adipose tissues [123]. No-

tably, this study utilized primary human adipocytes to show that treatment with these 

proteins increases UCP1 expression and enhances mitochondrial respiratory capacity. 

Collectively, these studies suggest the therapeutic potential of fine-tuning BMP signaling 

dynamics to enhance thermogenic activity in human adipose tissue. TGF-β signaling 

through TGFBR1/2 suppresses browning and thermogenic gene expression, whereas BMP 

signaling via BMPR1A/BMPR2 promotes brown adipocyte differentiation and mitochon-
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drial biogenesis. Together, these pathways illustrate the balance between inhibitory and 

activating growth factor signaling in thermogenic adipocytes. In human adipose tissue, 

components of the TGF-β superfamily are expressed, and balanced TGF-β superfamily 

signaling likely contributes to maintaining BAT functionality. 

3.6. Platelet-Derived Growth Factor Receptors (PDGFRs) and Adipose Lineage Commitment 

PDGFR signaling influences mesenchymal stem cell fate decisions, modulating dif-

ferentiation toward adipogenic versus fibrotic lineages [149]. While much focus has been 

placed on pro-thermogenic pathways, the PDGFR signaling axis represents a non-adren-

ergic regulatory pathway that influences adipose tissue thermogenesis. A previous study 

provided insights into how the PDGFRα signaling pathway regulates the pathological re-

modeling of adipose tissue [124]. Their research demonstrated that sustained activation 

of PDGFRα in adipose progenitor cells (APCs) induces a shift in cellular plasticity. As a 

result, APCs transition from an adipogenic phenotype toward a pro-fibrotic, myofibro-

blast-like state. Another study demonstrated vascular-adipose crosstalk, showing that an-

giogenic endothelial cells contribute to the regulation of white adipose tissue browning 

by secreting PDGF-CC [125]. This study demonstrates that endothelial-derived PDGF-CC 

signals through PDGFRα on adipose progenitor cells to increase UCP1 and promote beige 

adipocyte differentiation. While chronic PDGFRα activation is classically associated with 

fibrosis, the specific, angiogenesis-coupled delivery of PDGF-CC may function as a non-

adrenergic regulator for thermogenesis. These findings suggest that the biological out-

come of PDGFRA signaling is highly context-dependent. In thermogenic fat, this fibrotic 

transformation appears to be detrimental; it creates a microenvironment that impairs the 

recruitment and functional expansion of UCP1-positive beige and brown adipocytes. 

Recent lineage-tracing studies have redefined the origins of thermogenic fat, high-

lighting the perivascular niche as an important cellular reservoir [126]. This study showed 

that Trpv1-expressing vascular smooth muscle cells—a subpopulation within the PDG-

FRβ-expressing perivascular lineage—serve as a distinct source of cold-induced brown 

adipocytes. Expanding the understanding of developmental constraints, another recent 

study suggested that the Notch-PDGFRβ axis functions as an inhibitory mechanism that 

suppresses the differentiation of brown adipocyte progenitors during the early postnatal 

phase [127]. This research suggests that the interplay between Notch and PDGFRβ signal-

ing acts as a regulatory mechanism, maintaining the progenitor pool in an undifferenti-

ated, quiescent state and preventing premature thermogenic activation. 

3.7. Vascular Endothelial Growth Factor Receptors (VEGFRs): Coupling Angiogenesis  

and Thermogenesis 

BAT is highly vascularized, reflecting its substantial oxygen and nutrient demands 

required for sustained thermogenic activity [150]. Vascular endothelial growth factor 

(VEGF) signaling through VEGF receptors (VEGFRs) promotes angiogenesis and en-

hances blood flow within BAT depots. Increased vascularization improves delivery of ox-

ygen and metabolic substrates, thereby supporting mitochondrial respiration and ther-

mogenesis. VEGF signaling may support BAT thermogenesis indirectly through vascular 

remodeling and modulation of the local adipose microenvironment. An early mouse 

study demonstrated that BAT-derived VEGF-A plays an important role in promoting lo-

cal angiogenesis to meet the increased oxygen and nutrient demands during cold-induced 

thermogenesis [128]. In addition, a recent study suggests a neuro-immune mechanism for 

VEGF-B in mice [129]. This study provides evidence suggesting that VEGF-B is associated 

with increased thermogenesis by modulating adipose tissue macrophage function, 

thereby reducing norepinephrine clearance. VEGF signaling components are expressed in 

human BAT, suggesting potential relevance to human thermogenic regulation. 
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3.8. AXL Signaling: An Emerging Negative Regulator of Thermogenesis 

AXL is a member of the TAM (Tyro3, AXL, Mer) family of receptor tyrosine kinases, 

primarily activated by its ligand GAS6 [151]. A recent study identified the AXL receptor 

tyrosine kinase as a negative regulator of thermogenesis in mice [130]. This study demon-

strated that either genetic ablation or pharmacological inhibition of AXL enhances BAT 

thermogenic activity and systemic energy expenditure in mice. Consequently, the poten-

tial repurposing of AXL inhibitors—which are already undergoing clinical evaluation in 

oncology—represents a potential therapeutic approach to relieve inhibitory constraints on 

brown adipocyte activation, although further validation in human BAT and clinical set-

tings is required. 

3.9. Therapeutic Potential of Targeting RTKs in BAT 

Dysregulated growth factor signaling in obesity may favor adipose tissue expansion 

over thermogenic remodeling. Targeting RTK pathways offers several potential transla-

tional opportunities. NRG4–ERBB4 signaling influences systemic metabolism and has 

been implicated in the regulation of BAT innervation and metabolic activity, suggesting 

that modulation of this pathway may enhance BAT thermogenic capacity and systemic 

metabolism [119]. Activation of TGF-β/SMAD pathways promotes adipose tissue fibrosis 

and suppresses beige adipocyte differentiation, whereas pharmacological inhibition of 

TGF-β receptor signaling has been shown to enhance beige adipogenesis and improve 

metabolic parameters in experimental models [120]. In contrast, activation of the BMP–

BMPR axis represents a potential strategy to enhance the recruitment of thermogenic ad-

ipocytes and improve systemic energy metabolism [123]. PDGFR-positive progenitor 

populations contribute to beige adipocyte formation. These findings suggest that PDGFR 

signaling may represent a therapeutic target linking angiogenesis, progenitor cell activa-

tion, and thermogenic adipocyte recruitment. Moreover, targeting AXL with specific an-

tagonists represents a potential therapeutic approach to enhance BAT activity [130]. Col-

lectively, these RTK pathways highlight multiple avenues to therapeutically modulate 

thermogenic adipose tissue. However, much of the current evidence derives from rodent 

models, and further studies are required to validate these strategies in human BAT. Strat-

egies that activate pro-thermogenic receptor signaling pathways (FGFR1, ERBB4, BMPR) 

or inhibit anti-thermogenic signaling pathways (TGFBR, AXL) may enhance BAT activity 

and energy expenditure, providing a conceptual framework for future anti-obesity strat-

egies. 

4. Nuclear Receptor Integration and Transcriptional Networks in  

Human BAT 

4.1. Nuclear Receptors as Key Integrators of Thermogenic Identity 

While membrane receptors initiate rapid signaling cascades in brown adipocytes, nu-

clear receptors (NRs) play central roles in coordinating transcriptional reprogramming 

associated with the maintenance of brown adipocyte phenotype and thermogenic capac-

ity [33,34,152]. These ligand-activated NRs function as metabolic sensors, integrating hor-

monal, nutrient, and intracellular cues into coordinated gene expression programs that 

regulate oxidative metabolism, mitochondrial biogenesis, and adaptive thermogenesis 

[153]. Acting as ligand-activated transcription factors, nuclear receptors bind specific 

DNA response elements and recruit coactivators or corepressors to regulate transcription 

of metabolic genes. In human BAT, nuclear receptors likely integrate endocrine signals—

including thyroid hormones, glucocorticoids, retinoids, and bile acids—as well as nutri-

ent-derived fatty acids and related metabolites. These inputs are further modulated by 

intracellular pathways downstream of GPCRs and RTKs, such as PI3K–Akt and MAPK 
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[154]. In turn, NR activity is regulated through post-translational modifications and cofac-

tor recruitment, enabling coordinated regulation of mitochondrial biogenesis, lipid oxida-

tion, glucose utilization, and UCP1 expression. Importantly, nuclear receptor signaling 

contributes to the activation of thermogenic gene programs and the maintenance of brown 

adipocyte lineage identity and may limit reversion toward white adipocyte-like pheno-

types (Table 3). 

Table 3. Nuclear Receptors Associated with Human Brown Adipocyte Regulation. 

Receptor 
Major  

Ligand(s) 

Downstream Sig-

naling 

Effect on Thermogenic Func-

tion 

Potential Relevance to Human 

BAT * 
Ref. 

PPARγ 

(NR1C3) 

Fatty acids, 

prostaglandin 

derivatives, 

thiazolidinedi-

ones 

PPARγ–RXR heter-

odimer, recruit-

ment of PGC-1α 

A key regulator of adipogen-

esis that contributes to the es-

tablishment of brown adipo-

cyte identity and UCP1 ex-

pression in cooperation with 

PGC-1α. 

Expressed in human brown ad-

ipocytes; a pharmacological tar-

get in diabetes, but excessive 

activation promotes adiposity, 

although it supports aspects of 

thermogenic programming. 

[37,155] 

PPARα 

(NR1C1) 

Long-chain 

fatty acids, 

eicosanoids, fi-

brates 

PPARα–RXR tran-

scriptional regula-

tion of fatty acid 

oxidation (FAO) 

genes 

Promotes mitochondrial fatty 

acid β-oxidation and sup-

ports fatty acid utilization 

and oxidative metabolism in 

thermogenic adipocytes. 

Expressed in human brown ad-

ipocytes; activation improves li-

pid metabolism and may en-

hance BAT oxidative capacity 

in metabolic disease. 

[156,157] 

PPARδ 

(NR1C2) 

Polyunsatu-

rated fatty ac-

ids 

PPARδ–RXR tran-

scriptional regula-

tion of oxidative 

metabolism genes 

Supports mitochondrial bio-

genesis and oxidative metab-

olism, thereby contributing to 

thermogenic function and en-

ergy expenditure. 

Expressed in human BAT; has 

been associated with resistance 

to obesity by promoting lipid 

utilization and increasing 

whole-body energy expendi-

ture in a mouse model. 

[158] 

LXRα/LXR

β 

(NR1H3/N

R1H2) 

Oxysterols 

LXR–RXR tran-

scriptional regula-

tion of lipogenic 

genes 

Favors lipid storage path-

ways and has been associated 

with suppression of UCP1 ex-

pression and thermogenic 

gene programs. 

Expressed in human BAT; acti-

vation is associated with 

dyslipidemia and may impair 

BAT-mediated energy dissipa-

tion in obesity. 

[159,160] 

FXR  

(NR1H4) 

Bile acids (e.g., 

chenodeoxy-

cholic acid) 

FXR–RXR tran-

scriptional regula-

tion of metabolic 

genes 

Primarily modulates systemic 

energy metabolism via bile 

acid signaling, with context-

dependent effects on thermo-

genesis. 

Expressed in human BAT; al-

tered bile acid–FXR signaling in 

obesity influences metabolic 

homeostasis and energy bal-

ance. 

[142,161] 

TRα/ 

TRβ 

(NR1A1/ 

NR1A2) 

Triiodothyro-

nine (T3), thy-

roxine (T4) 

TR–RXR transcrip-

tional regulation of 

thermogenic and 

mitochondrial 

genes 

Promotes UCP1 expression, 

mitochondrial biogenesis, 

and oxidative phosphoryla-

tion, supporting thermogenic 

function. 

Expressed in human brown ad-

ipocytes; play an important role 

in endocrine regulation of BAT 

activation and systemic energy 

expenditure. 

[162,163] 

RARα/ 

RARβ/ 

RARγ 

(NR1B1/ 

NR1B2/NR

1B3) 

All-trans retin-

oic acid 

(ATRA) 

RAR–RXR tran-

scriptional regula-

tion via retinoic 

acid-responsive 

metabolic genes 

Regulates UCP1 expression 

and mitochondrial oxidative 

metabolism, contributing to 

thermogenic gene activation. 

Expressed in human brown ad-

ipocytes; retinoid signaling reg-

ulates adipocyte differentiation 

and energy expenditure, with 

potential implications for obe-

sity-related metabolic regula-

tion. 

[164,165] 

RXRα/ 

RXRβ/ 

RXRγ 

9-cis retinoic 

acid 

Heterodimerization 

with multiple nu-

clear receptors 

Functions as a transcriptional 

integrator through heterodi-

merization with multiple nu-

Expressed in human brown ad-

ipocytes; participates in multi-

ple nuclear receptor pathways 

[166,167] 
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(NR2B1/ 

NR2B2/NR

2B3) 

(PPARs, LXRs, 

RARs, TRs)  

clear receptors, thereby con-

tributing to coordinated reg-

ulation of thermogenic and 

metabolic gene networks. 

involved in adipocyte function 

and systemic metabolism. 

ERRα 

ERRγ 

(NR3B1/ 

NR3B3) 

Orphan recep-

tors 

ERR–PGC-1α tran-

scriptional regula-

tion of mitochon-

drial biogenesis 

and oxidative genes 

Important regulators of mito-

chondrial biogenesis, oxida-

tive metabolism, and respira-

tory capacity in brown adipo-

cytes. 

Expressed in human BAT; they 

have been implicated in adap-

tive thermogenesis and mainte-

nance of oxidative capacity. 

[168,169] 

AR  

(NR3C4) 

Testosterone, 

dihydrotestos-

terone 

AR homodimer 

transcriptional reg-

ulation of andro-

gen-responsive 

metabolic signaling 

pathways 

Potentially suppresses ther-

mogenic gene expression and 

mitochondrial activity, which 

may limit thermogenic adipo-

cyte differentiation and activ-

ity. 

Expressed in human BAT; con-

tributes to sex differences in ad-

ipose distribution and meta-

bolic phenotype. 

[170,171] 

GR 

(NR3C1) 

Cortisol, corti-

costerone 

GRE-dependent 

transcription regu-

lating stress-re-

sponsive metabolic 

gene programs 

Can inhibit UCP1 expression 

and thermogenic activation, 

particularly under chronic 

exposure conditions. 

Expressed in human BAT; 

chronic glucocorticoid exposure 

has been associated with re-

duced BAT activity and meta-

bolic dysfunction in rats and 

mice. 

[172,173] 

MR 

(NR3C2) 

Aldosterone, 

corticosterone 

MRE-dependent 

transcription regu-

lating mineralocor-

ticoid-responsive 

metabolic gene pro-

grams 

Has been associated with 

suppression of thermogenic 

gene expression and adipose 

inflammation, although con-

text-dependent effects on 

BAT function have also been 

reported. 

Expressed in human BAT; MR 

overactivation in obesity has 

been associated with metabolic 

dysfunction, while antagonism 

has been reported to improve 

adipose browning and meta-

bolic phenotypes in mice. 

[174,175] 

* mechanistic evidence is derived primarily from rodent studies unless otherwise indicated. 

4.2. Peroxisome Proliferator-Activated Receptor γ (PPARγ): Central Regulator of  

Adipocyte Identity 

PPARγ is essential for adipocyte differentiation in both white and brown adipose 

lineages [34]. In brown adipocytes, PPARγ cooperates with transcriptional cofactors such 

as PRDM16, EBF2, and PGC-1α to promote thermogenic gene expression, including UCP1 

and mitochondrial oxidative programs [153]. Pharmacological activation of PPARγ can 

induce browning in human adipocyte models [176,177], although its therapeutic applica-

tion is limited by systemic adverse effects. In addition, interactions between PPARγ and 

RXRγ have been implicated in the regulation of adipocyte browning and thermogenic 

transcriptional programs [166]. Thus, PPARγ contributes to the regulation of brown adi-

pocyte identity and thermogenic function through interactions with brown fat-selective 

transcriptional cofactors. 

4.3. PPARα and PPARδ: Drivers of Oxidative Metabolism 

PPARα and PPARδ support thermogenic programs by promoting fatty acid oxida-

tion and mitochondrial oxidative metabolism in brown adipocytes [155]. PPARα contrib-

utes to thermogenic gene regulation through the control of PGC-1α and other metabolic 

regulators, thereby supporting thermogenic capacity in BAT [156,157]. PPARδ also pro-

motes oxidative remodeling and can be activated by lipid-derived signals generated 

through nutrient-sensing pathways such as the VLDL–VLDLR axis, linking extracellular 

lipid availability to transcriptional programs associated with thermogenic function [158]. 
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Together, PPARα and PPARδ function as metabolic regulators that support oxidative and 

thermogenic programs in brown adipocytes. 

4.4. Liver X Receptors (LXRs) 

In addition to classical regulators such as PPARs and retinoid receptors, other lipid- 

and metabolite-sensing nuclear receptors may contribute to the transcriptional network 

governing brown adipocyte metabolism [178]. Liver X receptors (LXRα/β), which are ac-

tivated by oxysterols, are key regulators of cholesterol and lipid homeostasis and can in-

fluence lipogenic gene expression through LXR–RXR transcriptional complexes. Alt-

hough LXR signaling has been associated with increased lipid storage programs, its inter-

action with PPAR-dependent transcriptional pathways suggests a context-dependent role 

in shaping substrate utilization and thermogenic metabolism in brown adipocytes [179]. 

Pharmacological activation of LXR suppresses UCP1 expression and adipocyte browning, 

indicating that LXR signaling negatively regulates thermogenic gene programs [159,160]. 

Consistently, previous work provided evidence that the loss of both LXR isoforms re-

sulted in increased energy expenditure and BAT activity [159]. Subsequent research sug-

gested that LXRβ participates in thyroid hormone-associated pathways involved in white 

adipose tissue browning. Collectively, these findings suggest that LXRs integrate meta-

bolic and endocrine signals to modulate adipocyte thermogenic programs in a context-

dependent manner. Consequently, isoform-specific modulation of LXR signaling may 

represent a potential strategy to regulate adipose tissue metabolism. However, the thera-

peutic implications of selectively modulating LXR signaling require further investigation, 

especially in humans. 

4.5. Farnesoid X Receptor (FXR) 

Farnesoid X receptor (FXR), a bile acid-activated nuclear receptor, primarily regu-

lates bile acid metabolism and enterohepatic signaling, but accumulating evidence indi-

cates that bile acid–nuclear receptor pathways can influence systemic energy expenditure 

and adipose tissue metabolism. Expanding the landscape of non-adrenergic regulators, a 

recent study investigated a gut–microbiota–adipose axis in which FXR mediates microbi-

ota-derived bile acid signaling [142]. The authors reported that dietary factors influence 

microbial bile acid metabolism, which in turn modulates FXR activity in adipocyte pro-

genitor cells. This microbiota-driven FXR signaling may contribute to the regulation of 

beige adipocyte recruitment through mechanisms that are at least partially independent 

of classical sympathetic activation. Consistent with the emerging role of FXR signaling in 

adipose regulation, a recent study implicated the FXR-ApoC2 axis as a potential non-ad-

renergic regulator of thermogenesis [161]. FXR activation was associated with increased 

browning-related gene expression in white adipose tissue by modulating ApoC2-depend-

ent lipid metabolism. These findings suggest that systemic metabolic signals and nuclear 

receptor pathways contribute to the regulation of UCP1 expression and thermogenic ac-

tivity. They also highlight the potential relevance of FXR-associated pathways for meta-

bolic disease intervention. Another recent review discussed the therapeutic potential of 

fexaramine, a gut-restricted farnesoid X receptor (FXR) agonist, for obesity and metabolic 

disorders [33]. Preclinical studies summarized in the review suggest that intestine-specific 

FXR activation improves glucose and lipid homeostasis, insulin sensitivity, and energy 

expenditure by promoting white adipose tissue browning and enhancing brown and 

beige adipocyte thermogenesis. The review highlights mechanisms involving interactions 

with β-adrenergic signaling, TGR5/GLP-1 pathways, and FGF-19/15 induction. These 

findings suggest that intestinal FXR activation may represent a potential therapeutic strat-

egy for obesity and metabolic disorders by modulating adipose thermogenesis and sys-

temic metabolism. 
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4.6. Thyroid Hormone Receptors (TRs) 

Thyroid hormones are pivotal regulators of thermogenesis [180]. Thyroid hormone 

receptors (TRα and TRβ) bind triiodothyronine (T3) and regulate transcription of genes 

involved in mitochondrial respiration and UCP1 expression by binding to thyroid re-

sponse elements within the UCP1 enhancer region. In human BAT, local conversion of 

thyroxine (T4) to T3 by type II iodothyronine deiodinase (DIO2) enhances intracellular 

thyroid signaling. TR activation cooperates with cAMP-mediated pathways, amplifying 

β-adrenergic responses and increasing mitochondrial gene transcription through recruit-

ment of coactivators such as PGC-1α [181]. Thyroid receptor signaling exemplifies cross-

talk between endocrine and sympathetic systems and contributes to mitochondrial bio-

genesis, expression of oxidative phosphorylation genes, and thermogenic responsiveness 

in brown adipocytes. 

Several recent studies support the idea that thyroid hormone (TH) signaling, acting 

through specific nuclear receptor isoforms, is an important endocrine regulator of ther-

mogenesis. It contributes to multiple stages of thermogenic adipocyte development and 

function. At the earliest stages of life, TH signaling influences the thermogenic progenitor 

pool; for instance, maternal activation of thyroid hormone receptor β (TRβ) has been re-

ported to promote long-term enhancement of thermogenic function in offspring [182]. 

Complementing this developmental priming, locally available T3 signals primarily 

through the TRα isoform to drive adipocyte progenitor cell proliferation, potentially con-

tributing to brown fat hyperplasia and increased thermogenic potential [162]. Importantly, 

the requirement for cell-autonomous TH signaling extends well beyond early develop-

ment and into adulthood. Intact local TH responsiveness within mature brown adipocytes 

is required to mount an efficient adaptive thermogenic response to environmental chal-

lenges [183]. Furthermore, this importance is not restricted to classical brown fat; TH also 

contributes to efficient induction of thermogenic programs during white fat browning, 

even when the process is induced by genetic inactivation of the adipogenic repressor 

Zfp423 [163]. Together, these findings suggest that distinct TR isoforms contribute to ther-

mogenic regulation at different developmental and physiological stages. Through its ef-

fects on progenitor expansion and thermogenic gene regulation, TH signaling interacts 

extensively with sympathetic pathways. It also directly regulates the transcription of ther-

mogenic genes. However, systemic thyroid hormone administration induces cardiovas-

cular side effects, limiting therapeutic application. Tissue-selective TR agonists or ap-

proaches designed to minimize off-target effects may represent more clinically viable ther-

apeutic strategies for metabolic disorders. 

4.7. Retinoid Receptors (RARs and RXRs) 

Retinoic acid receptors (RARs) and retinoid X receptors (RXRs) regulate adipocyte 

differentiation and thermogenic gene expression [179]. RXR functions as a heterodimeri-

zation partner for multiple nuclear receptors, including PPARs, LXRs, RARs, and TRs. 

However, retinoid effects in human BAT are complex and dose-dependent, with potential 

adverse effects on systemic metabolism. In the pursuit of clinically viable non-adrenergic 

targets, it is important to consider species-specific translational challenges. An influential 

study highlighted this by demonstrating that retinoic acid exerts divergent effects on 

UCP1 expression when comparing mouse and human adipocytes [164]. While retinoid 

signaling promotes thermogenic programs in murine models, its regulatory impact ap-

pears to differ substantially in human adipocytes. This observation highlights the im-

portance of utilizing human-derived experimental models when evaluating retinoid path-

ways and other alternative receptor signaling networks for therapeutic modulation of ad-

ipose browning. Building upon the pharmacological targeting of retinoid networks, a re-

cent study reported that the RARβ agonist adapalene acts as a potential inducer of adipo-
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cyte browning through non-classical signaling pathways [165]. Adapalene promoted 

white adipocyte browning and mitochondrial biogenesis involving activation of the 

RARβ–p38 MAPK–ATF2 signaling pathway. By identifying a candidate signaling mech-

anism, the study suggests the potential utility of repurposing existing clinical compounds 

to modulate thermogenic pathways and metabolic gene programs. 

In support of pharmacological modulation of thermogenic pathways, another study 

identified the RXR agonist bexarotene as an inducer of brown adipogenic reprogramming 

[167]. Through high-throughput screening, this study demonstrated that pharmacological 

RXR activation promoted conversion of committed myoblasts into brown adipocyte-like 

cells expressing thermogenic markers. This chemically induced reprogramming initiated 

browning-related pathways partially independent of classical adipogenic regulators, sug-

gesting that selective pharmacological activation of nuclear receptors can modulate ther-

mogenic capacity in vivo. In addition, a recent study reported that RXRγ physically and 

functionally interacts with PPARγ to promote thermogenic differentiation programs dur-

ing adipose tissue differentiation [166]. This mechanistic insight suggests that specific nu-

clear receptor heterodimers function as regulators of differentiation-associated thermo-

genic responses. Collectively, these findings indicate that targeting the RAR/RXR tran-

scriptional complex may provide a potentially selective approach to modulating brown 

fat activity through mechanisms that may complement sympathetic signaling pathways. 

4.8. Estrogen-Related Receptors (ERRs) 

Estrogen-related receptors (ERRs), particularly ERRα and ERRγ, are orphan nuclear 

receptors that play important roles in regulating mitochondrial oxidative metabolism 

[184]. Although no endogenous ligand has been definitively identified, ERR activity is 

enhanced through interaction with the coactivator PGC-1α, a key regulator of thermo-

genic gene expression. The ERR–PGC-1α transcriptional complex promotes the expres-

sion of genes involved in mitochondrial biogenesis, oxidative phosphorylation, and fatty 

acid oxidation, thereby supporting the high oxidative capacity associated with brown ad-

ipocyte thermogenesis. A recent study established a transcriptional link between ERR sig-

naling and GPR3-associated thermogenic regulation [168]. The study reported that cold 

exposure activates ERRα and ERRγ-dependent transcriptional programs to increase GPR3 

expression, a G-protein coupled receptor that promotes cyclic AMP production in a lig-

and-independent manner. By positioning ERRs upstream of GPR3 regulation, this study 

suggests a ligand-independent regulatory mechanism that may support oxidative and 

thermogenic gene programs in brown adipocytes beyond canonical β-adrenergic signal-

ing. In addition to transcriptional regulation, a recent study reported that the protease 

SENP2 contributes to regulation of thermogenic gene expression through modulation of 

ERRα activity [169]. SENP2 directly deSUMOylates ERRα, thereby enhancing ERRα-as-

sociated transcriptional activity and increasing UCP1 expression in brown adipocytes. 

This post-translational regulatory mechanism suggests that modulation of specific nuclear 

receptor signaling pathways may influence thermogenic gene expression through mech-

anisms that complement sympathetic signaling. Thus, ERRs coordinate metabolic tran-

scriptional networks that support oxidative metabolism in thermogenic adipocytes and 

serve as important regulators linking mitochondrial metabolism to thermogenic function. 

4.9. Androgen Receptors, Glucocorticoid Receptors, and Mineralocorticoid Receptors (ARs, GRs, 

MRs) 

Within the nuclear receptor network, the steroid hormone receptors—specifically the 

androgen receptors (ARs), glucocorticoid receptors (GRs), and mineralocorticoid recep-

tors (MRs)—constitute an important class of endocrine regulators that modulate brown 

and beige adipocyte function, often through inhibitory effects on thermogenic programs. 
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While GR classically represses UCP1 expression to conserve energy during physiological 

stress, both AR and MR signaling have similarly been shown to suppress thermogenic 

reprogramming and promote adipose tissue whitening. Collectively, these three receptors 

function as endogenous modulators that can restrain thermogenic activity and energy ex-

penditure, highlighting that targeted steroid receptor antagonism could represent a po-

tential pharmacological strategy to enhance brown fat activity. 

Adding a crucial layer of sex-specific endocrine regulation, a study identified AR as 

a negative regulator of beige adipogenesis [170]. AR activation directly suppresses the 

expression of PRDM16, a key transcriptional regulator of thermogenic cell fate. This find-

ing highlights how non-adrenergic steroid hormone signaling can suppress the browning 

of white fat, providing a potential mechanism that may contribute to sex-dependent dif-

ferences in adipose tissue plasticity. 

In addition to the role of AR signaling in thermogenesis, a study detailed the inhibi-

tory role of the glucocorticoid receptor (GR) in white adipose tissue beiging [172]. The 

authors outlined how elevated glucocorticoid signaling represses UCP1 expression and 

mitochondrial biogenesis, suppressing adipocyte browning-associated gene expression. 

This positions GR as an important endocrine regulator of thermogenic adaptation that 

contributes to energy conservation during physiological stress, suggesting that modula-

tion of this pathway may influence thermogenic responses and adipose tissue remodeling. 

Supporting the role of glucocorticoid signaling in thermogenic regulation, the selective 

glucocorticoid receptor antagonist CORT125281 increased BAT activity in male mice [173]. 

This targeted pharmacological blockade enhanced BAT activity and altered systemic lipid 

distribution, highlighting GR antagonism as a potential therapeutic strategy. 

MR, traditionally known for regulating electrolyte balance, has emerged as an im-

portant modulator of adipocyte biology [42]. MR activation promotes oxidative stress and 

inflammation in adipose tissue, stimulates white adipocyte differentiation, and sup-

presses brown adipocyte development and thermogenic activity in mice [174]. Consist-

ently, pharmacological MR antagonism has been reported to improve adipose tissue func-

tion and enhance BAT thermogenic activity, suggesting that MR signaling may represent 

a potential therapeutic target for obesity and metabolic disorders. 

4.10. Therapeutic Potential of Targeting Nuclear Receptors in BAT 

NRs represent an important class of transcriptional regulators that integrate hormo-

nal, nutritional, and metabolic cues to control BAT function. Several NRs, including 

PPARγ, PPARα/δ, and TRs, directly promote thermogenic gene expression and mitochon-

drial activity, supporting their potential as therapeutic targets to enhance energy expendi-

ture. Pharmacological activation of these receptors has demonstrated beneficial metabolic 

effects in experimental models; however, their pleiotropic roles—particularly the adipo-

genic effects of PPARγ—pose challenges for selective therapeutic application [185]. Con-

versely, NRs such as LXRs, GR, MR, and AR have generally been associated with sup-

pression of thermogenic programs by promoting lipogenesis, stress signaling, or inflam-

matory pathways. Inhibition or modulation of these pathways may therefore represent an 

alternative strategy to enhance BAT activity by reducing inhibitory signaling, particularly 

in obesity where these signaling axes are often dysregulated. For instance, MR antagonism 

and selective GR modulation have been associated with improved metabolic phenotypes 

and enhanced thermogenic responses [42,173]. 

Additional regulatory complexity is introduced by RXR, which functions as a central 

heterodimerization partner, and ERRs, which coordinate mitochondrial biogenesis 

through coactivation with PGC-1α. Targeting these integrative nodes may influence mul-

tiple aspects of BAT metabolic regulation, although achieving tissue specificity remains a 

key challenge. Notably, many of these NRs are expressed in human BAT, and their activity 
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has been reported to be altered in obesity, suggesting potential translational relevance. 

Future therapeutic strategies will likely require selective modulators that enhance BAT-

selective thermogenic activation without eliciting adverse systemic effects, potentially 

through tissue-targeted delivery or pathway-biased signaling approaches. 

5. Conclusions and Future Directions 

Non-adrenergic signaling pathways, including GPCRs, RTKs, and NRs, comprise in-

terconnected regulatory pathways that control human brown adipocyte function beyond 

classical β-adrenergic stimulation (Figure 2). Many of these pathways converge on pro-

cesses involved in cAMP signaling, calcium dynamics, mitochondrial activity, and tran-

scriptional control of thermogenic gene programs, thereby fine-tuning BAT activation in 

response to diverse hormonal, metabolic, and inflammatory cues [15]. Importantly, accu-

mulating evidence indicates that many of these receptors are expressed in human BAT 

and some have been reported to exhibit altered expression or activity in obesity, support-

ing their potential physiological and translational relevance, as described above. 

Targeting alternative receptor signaling offers a promising avenue to overcome some 

limitations of β-adrenergic-based therapies, which have shown restricted efficacy and 

safety concerns in humans. However, the functional outcomes of these pathways are 

highly context-dependent, with some receptors promoting thermogenesis while others 

exert inhibitory or modulatory effects. This highlights the need for a more nuanced un-

derstanding of receptor-specific signaling, ligand bias, and cell-type-specific actions 

within the heterogeneous cellular environment of BAT. 

Future studies should prioritize the identification of human-specific regulatory 

mechanisms, including receptors that exhibit species-specific expression, signaling, or 

functional properties, as well as the integration of multi-omics and single-cell approaches 

to better characterize cellular heterogeneity. Systematic validation using human primary 

cells, organoid systems, and in vivo imaging will be essential to determine whether these 

receptor signaling pathways play functionally relevant roles in human BAT biology and 

whether they represent potential targets for metabolic intervention. In addition, develop-

ing tissue-targeted or pathway-selective modulators will be critical to enhance thermo-

genic activity while minimizing systemic side effects. Ultimately, a comprehensive under-

standing of non-adrenergic receptor signaling in human BAT may facilitate the develop-

ment of next-generation therapeutics for obesity and related metabolic disease. 
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Figure 2. Pharmacological strategies for modulating thermogenic activity in human brown adi-

pocytes. Agonism or antagonism of various non-adrenergic receptor pathways has been implicated 

in the regulation of adipocyte browning and thermogenic capacity in human brown adipocytes. 

Selective modulation of these receptor pathways may influence thermogenic gene expression pro-

grams with potentially reduced systemic adverse effects. Further studies are needed to clarify mech-

anistic links between findings from preclinical models and observations in humans. In addition, the 

development of selective agonists, antagonists, or allosteric modulators may facilitate the evaluation 

of these pathways as therapeutic targets for regulating adipocyte browning and thermogenic capac-

ity of human brown adipocytes. Combinatorial modulation of receptor signaling pathways repre-

sents an area of active investigation and may provide an additional strategy for modulating brown 

adipocyte function in humans. 
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