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ABSTRACT

Obesity-driven type 2 diabetes mellitus (T2DM) is a global health challenge characterized by insulin resistance,
chronic inflammation, and impaired glucose metabolism. White adipose tissue (WAT) accumulation and
dysfunction are central to the pathogenesis of obesity and T2DM. Browning of WAT, a process in which white
adipocytes acquire features of thermogenically active brown adipocytes, represents a promising therapeutic
target for metabolic disorders. Browning enhances energy expenditure and improves glucose homeostasis via
increased mitochondrial activity and expression of uncoupling protein 1 (UCP1). Natural compounds, including
polyphenols, flavonoids, and other bioactive phytochemicals, have emerged as potent inducers of WAT
browning, exerting beneficial effects on obesity and associated metabolic dysfunctions. This review
comprehensively discusses the molecular mechanisms underlying WAT browning, highlights key natural
compounds capable of promoting this process, and evaluates their potential implications in managing obesity-
driven T2DM. Understanding these natural agents’ roles may pave the way for novel, safe, and effective
therapeutic strategies targeting adipose tissue plasticity in metabolic diseases.
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INTRODUCTION

Obesity and type 2 diabetes mellitus (T2DM) are closely interconnected metabolic disorders that have become
global health challenges due to their rising prevalence and associated complications[ 1-387. Both conditions are
characterized primarily by excess accumulation of adipose tissue, disrupted insulin signaling, and impaired
regulation of glucose metabolism. White adipose tissue (WAT), the predominant form of fat in the body, serves
as the main reservoir for energy storage by accumulating triglycerides[ 1, 47]. However, in the state of obesity,
WAT undergoes significant pathological changes, including hypertrophy (enlargement of fat cells) and
dysfunction[57. These changes lead to a chronic, low-grade inflammatory state marked by increased secretion
of pro-inflammatory cytokines and altered adipokine profiles. Such inflammatory processes contribute to
systemic insulin resistance, whereby the body's cells fail to respond eftectively to insulin, causing elevated blood
glucose levels—a hallmark of T2DM[6, 77. The dysfunctional WAT thus plays a pivotal role not only in energy
imbalance but also in driving the metabolic disturbances that underlie the progression of obesity to insulin
resistance and eventually T2DM.

In contrast to WAT, brown adipose tissue (BAT) functions primarily to dissipate energy rather than store it.
BAT is specialized in non-shivering thermogenesis, a process that generates heat by burning calories, which is
largely mediated by the presence of uncoupling protein 1 (UCP1) in its abundant mitochondria[87]. This unique
ability of BAT to convert stored chemical energy into heat contributes significantly to overall energy
expenditure and helps maintain metabolic homeostasis[87]. The presence and activity of BAT are inversely
correlated with body mass index and metabolic disease risk, indicating its protective role against obesity and
related metabolic dysfunctions. Moreover, BAT activation has been shown to improve insulin sensitivity and
glucose metabolism, positioning it as an attractive target for therapeutic strategies aimed at combating
metabolic diseases. Despite its potential, BAT is relatively scarce in adult humans compared to WAT, which
limits its direct impact on energy balance and metabolism[97].

Emerging research has identified a fascinating process whereby certain white adipocytes can convert into beige
or brite adipocytes, which exhibit characteristics similar to brown adipocytes, including UCP1 expression and
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thermogenic capacity[[107]. This phenomenon, referred to as "browning" of white adipose tissue, represents a
significant paradigm shift in understanding adipose tissue plasticity and its metabolic potential[107]. Browning
enhances energy expenditure and insulin sensitivity, offering a promising strategy to counteract obesity and
T2DM by increasing the body's capacity to burn excess calories and improve glucose regulation[9, 117. Recent
studies have focused on identifying natural compounds and bioactive molecules capable of inducing WAT
browning, which could be harnessed as safer and more accessible therapeutic options[[127]. These compounds,
derived from plants, foods, and other natural sources, may activate key molecular pathways involved in
thermogenesis and mitochondrial biogenesis within adipocytes. This review aims to explore the mechanisms by
which natural compounds promote WA'T browning, assess their efficacy in experimental models, and discuss
their potential implications for managing obesity-driven T2DM, highlighting the growing interest in
leveraging adipose tissue plasticity for metabolic health interventions.
‘White Adipose Tissue Browning: Mechanisms and Significance
Adipose Tissue Types and Plasticity
Adipose tissue is a dynamic and metabolically active organ that plays crucial roles in energy homeostasis,
endocrine function, and thermoregulation[[13, 147]. It primarily exists in two major forms: white adipose tissue
(WAT) and brown adipose tissue (BAT), each with distinct morphological and functional characteristics[15,
167]. WAT is the predominant form in adults and serves mainly as an energy reservoir. It is composed of large
adipocytes containing a single, large unilocular lipid droplet that occupies most of the cell volume[17, 187.
These adipocytes have relatively few mitochondria and limited oxidative capacity, reflecting their primary role
in storing triglycerides for energy release during periods of caloric deficit. WAT also functions as an endocrine
organ, secreting adipokines such as leptin, adiponectin, and inflammatory cytokines, which influence systemic
metabolism. In contrast, BAT is specialized for energy dissipation through non-shivering thermogenesis. Brown
adipocytes contain multiple small, multilocular lipid droplets and a high density of mitochondria, which are
enriched with uncoupling protein 1 (UCP1)[19, 207. UCP1 uncouples oxidative phosphorylation from ATP
production, allowing protons to re-enter the mitochondrial matrix without generating ATP and instead
releasing energy as heat. This thermogenic process is vital for maintaining body temperature, especially in
neonates and during cold exposure in adults[20, 217. In addition to classical WAT and BAT, there is a third
category of adipocytes known as beige or brite (brown-in-white) adipocytes. These cells reside within WAT
depots but can acquire thermogenic properties under specific stimuli such as chronic cold exposure, exercise, or
certain hormonal signals. Beige adipocytes express UCP1 and exhibit enhanced mitochondrial biogenesis,
thereby increasing energy expenditure and contributing to metabolic health[[22, 237. This plasticity of adipose
tissue, the ability of WAT to convert into thermogenically active beige fat, is an area of intense research interest
due to its potential for combating obesity and metabolic diseases.
Molecular Mechanisms of Browning
The process of browning, or the conversion of white adipocytes into thermogenically active beige adipocytes, is
controlled by a complex network of molecular signaling pathways, transcription factors, and coactivators [ 24].
Central to this regulation are the peroxisome proliferator-activated receptors (PPARs), particularly PPARY,
which governs adipocyte differentiation and function. PPARY coactivator-1 alpha (PGC-1a) is a master
regulator of mitochondrial biogenesis and oxidative metabolism and plays a pivotal role in initiating the
browning program by enhancing the transcriptional activity of PPARY and other nuclear receptors[24-].
PR domain containing 16 (PRDM16) is another crucial transcriptional regulator that determines the
thermogenic fate of adipocytes by interacting with PGC-1a and PPARYy to promote brown fat-specific gene
expression, including UCP1. PRDM16 is often considered the molecular switch that distinguishes brown and
beige adipocyte lineages from white adipocytes[257. Activation of B-adrenergic receptors by catecholamines
such as norepinephrine triggers a signaling cascade starting with the production of cyclic AMP (¢cAMP) and the
activation of protein kinase A (PKA)[257. PKA phosphorylates downstream targets leading to increased
expression of UCP1 and mitochondrial genes, thus promoting thermogenesis. This pathway is fundamental for
the acute activation of browning in response to cold or stress[257].
Moreover, energy-sensing pathways such as AMP-activated protein kinase (AMPK) and sirtuin 1 (SIRT1)
integrate nutritional and metabolic signals to regulate thermogenic gene expression[267]. AMPK activation
enhances fatty acid oxidation and mitochondrial function, while SIRT1 deacetylates and activates PGC-1q,
linking cellular energy status to the browning process. Together, these pathways orchestrate a coordinated
response that enhances mitochondrial biogenesis, fatty acid metabolism, and uncoupled respiration in beige
adipocytes[267].
Natural Compounds Promoting Browning of WAT
Recent research has increasingly focused on natural compounds capable of stimulating the browning of white
adipose tissue, as this phenomenon represents a promising therapeutic target for obesity and related metabolic
disorders. These bioactive molecules, many derived from plants and dietary sources, modulate key molecular
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pathways involved in adipocyte differentiation, mitochondrial biogenesis, and thermogenesis, thereby enhancing
energy expenditure and improving metabolic health[27—-297. Among these natural compounds, polyphenols
have garnered significant attention due to their potent bioactivities and favorable safety profiles. Resveratrol, a
stilbene found in grapes, berries, and red wine, is one of the most extensively studied polyphenols[30, 317. It
activates AMPK and SIRT1, thereby promoting mitochondrial biogenesis and increasing UCP1 expression in
white adipocytes. This activation enhances thermogenic capacity and has been shown to improve insulin
sensitivity and glucose metabolism in various animal models of obesity and diabetes[32, 337. Curcumin, the
principal bioactive compound in turmeric, also induces browning of WAT by upregulating PGC-1a and
UCP1[ 34, 35]. Its effects are partly mediated through activation of AMPK and suppression of pro-inflammatory
signaling pathways, which often impair adipose tissue function. Curcumin’s anti-inflammatory properties may
further support the maintenance of a healthy adipose microenvironment conducive to browning[36].
Epigallocatechin gallate (EGCG), a catechin predominantly found in green tea, exerts thermogenic effects by
stimulating B-adrenergic receptor signaling, which increases cAMP levels and activates PKA[26, 87, 387. This
cascade leads to elevated expression of thermogenic genes and enhanced mitochondrial function. EGCG
supplementation has been linked to increased energy expenditure and improved glucose homeostasis in both
animal studies and human trials. In sum, these natural polyphenols demonstrate significant potential in
promoting WAT browning, thereby offering novel dietary or pharmacological strategies to combat obesity and
metabolic syndrome.
Flavonoids

Flavonoids are a diverse group of polyphenolic compounds widely found in fruits, vegetables, and other plant-
based foods, and they have gained significant attention for their beneficial effects on metabolic health,
particularly through the induction of adipose tissue browning[[39, 407. Among these, quercetin and naringenin
have been extensively studied for their roles in promoting the browning of white adipose tissue (WAT), a
process that enhances energy expenditure and mitigates obesity-related metabolic dysfunctions[41, 427.
Quercetin, a flavonoid abundant in onions, apples, berries, and tea, exerts its browning effects primarily by
activating key metabolic regulators such as AMP-activated protein kinase (AMPK) and peroxisome proliferator-
activated receptor gamma (PPARy)[437. Activation of AMPK, a cellular energy sensor, stimulates
mitochondrial biogenesis and fatty acid oxidation, enhancing thermogenic capacity. PPARY, a nuclear receptor
critical in adipocyte differentiation, further supports the conversion of white adipocytes to a beige phenotype
characterized by increased uncoupling protein 1 (UCP1) expression and mitochondrial content[44]. In addition
to metabolic activation, quercetin exerts potent antioxidant and anti-inflammatory effects, reducing oxidative
stress and chronic inflammation in adipose tissues, which are major contributors to metabolic diseases. These
combined actions promote a healthier adipose tissue profile and improved systemic metabolism, suggesting that
quercetin-rich diets or supplements could be valuable in obesity and diabetes management[44].
Naringenin, predominantly found in citrus fruits such as oranges, grapefruits, and lemons, also facilitates the
browning process by enhancing beige adipocyte differentiation and mitochondrial function[45, 467. Research
has demonstrated that naringenin improves insulin sensitivity by upregulating genes involved in mitochondrial
biogenesis and fatty acid oxidation, such as PGC-1a and CPT1[47]. This flavonoid’s ability to boost
mitochondrial efficiency helps increase energy expenditure, reducing fat accumulation and improving glucose
homeostasis. Moreover, naringenin exhibits anti-inflammatory properties by downregulating pro-inflammatory
cytokines, thus protecting adipose tissue from inflammation-induced insulin resistance. Its dual action of
promoting thermogenesis and improving insulin sensitivity positions naringenin as a promising natural
compound for metabolic disease intervention[477].
Together, these flavonoids underscore the therapeutic potential of plant-derived compounds in modulating
adipose tissue plasticity and metabolic health. Their multifaceted mechanisms—ranging from molecular
signaling to anti-inflammatory effects highlight their utility as adjuncts to lifestyle interventions for combating
obesity and type 2 diabetes.

Other Bioactive Compounds
Beyond flavonoids, other bioactive natural compounds such as capsaicin and berberine have demonstrated
significant potential in promoting white adipose tissue browning and enhancing metabolic health[ 16, 487. These
compounds engage distinct molecular targets and pathways, offering complementary mechanisms to flavonoids
in mitigating obesity-related disorders. Capsaicin, the spicy alkaloid found in chili peppers, activates the
transient receptor potential vanilloid 1 (TRPV1) receptor, a non-selective cation channel expressed in sensory
neurons[497]. TRPV1 activation leads to an increase in intracellular calcium, triggering a cascade of events that
stimulate the sympathetic nervous system. This sympathetic activation enhances the release of norepinephrine,
which binds to B-adrenergic receptors on adipocytes, promoting the browning of white fat through upregulation
of thermogenic genes such as UCP1[497]. Capsaicin-induced browning increases energy expenditure and lipid
oxidation, contributing to reduced adiposity and improved metabolic profiles. Additionally, capsaicin has been
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shown to improve glucose metabolism and insulin sensitivity, making it a natural candidate for metabolic
syndrome management. Its effects on enhancing fat oxidation and thermogenesis align with the goal of
increasing basal metabolic rate and combating obesity-driven metabolic diseases[ 507]. Berberine, an isoquinoline
alkaloid isolated from Berberis species and other medicinal plants, has attracted considerable interest for its
broad-spectrum metabolic benefits. Berberine exerts its action primarily by activating AMPK, similar to
quercetin, which leads to enhanced glucose uptake, increased fatty acid oxidation, and mitochondrial biogenesis
in adipose tissue[ 51, 527]. The activation of AMPK also stimulates the expression of thermogenic genes such as
UCP1 and PGC-1q, promoting the browning of WAT and improving overall energy metabolism. Berberine’s
ability to improve glucose metabolism extends to reducing hepatic gluconeogenesis and increasing insulin
receptor expression, contributing to better glycemic control. Its anti-inflammatory and antioxidant properties
further alleviate chronic adipose tissue inflammation, a driver of insulin resistance[53, 54]. Despite its low
bioavailability, advances in formulation and delivery are enhancing berberine’s clinical applicability. Together,
capsaicin and berberine exemplify the diverse molecular targets and pathways through which natural bioactive
compounds can induce beneficial browning and metabolic improvements.

Implications for Obesity-Driven Type 2 Diabetes
Obesity-driven type 2 diabetes mellitus (T2DM) is a complex metabolic disorder characterized by insulin
resistance, chronic inflammation, and impaired glucose homeostasis[ 1, 557. The induction of white adipose
tissue browning presents a promising therapeutic strategy to counteract these pathological features by
enhancing energy expenditure, improving insulin sensitivity, and reducing inflammation, key factors in T2DM
progression and management.
Firstly, browning-induced thermogenesis substantially increases energy expenditure by converting energy-
storing white adipocytes into energy-dissipating beige adipocytes rich in mitochondria and UCP1
expression[567. This increase in basal metabolic rate facilitates weight loss or prevents further weight gain,
which is crucial for T2DM management since excess adiposity is a primary driver of insulin resistance. By
promoting lipolysis and fatty acid oxidation, browning reduces fat mass, thereby decreasing the metabolic
burden on insulin-sensitive tissues such as skeletal muscle and liver. Natural compounds that stimulate
browning pathways, such as flavonoids and alkaloids, enhance this energy-dissipating process, providing an
additional mechanism to complement diet and exercise interventions. Consequently, the resulting weight
management benefits can lower blood glucose levels and improve overall metabolic health[57-597.
Secondly, browning positively influences insulin sensitivity by enhancing glucose uptake and insulin signaling
in adipocytes and peripheral tissues. Beige adipocytes exhibit improved mitochondrial function and increased
secretion of beneficial adipokines, such as adiponectin, which enhance systemic insulin action[(607]. Additionally,
natural browning agents mitigate the release of pro-inflammatory cytokines that otherwise impair insulin
receptor signaling pathways. This reduction in chronic inflammation further alleviates insulin resistance, which
is a hallmark of T2DM[617]. Improved mitochondrial efficiency and reduced oxidative stress in browning
adipocytes also contribute to better metabolic flexibility, allowing tissues to switch between glucose and fatty
acid oxidation as energy sources. Together, these changes foster enhanced glycemic control and reduce the risk
of diabetes-related complications. Lastly, the anti-inflammatory properties of many natural compounds inducing
browning play a vital role in T2DM management. Chronic low-grade inflammation in white adipose tissue
promotes insulin resistance by activating stress kinases and impairing insulin receptor signaling[607]. Browning
agents such as quercetin and berberine reduce oxidative stress and inflammatory cytokine production, restoring
adipose tissue homeostasis. This immunomodulatory effect not only improves insulin sensitivity but also
protects pancreatic B-cells from inflammatory damage, preserving insulin secretion capacity. Hence, targeting
inflammation alongside metabolic pathways offers a comprehensive approach to managing obesity-driven
T2DM. In summary, the induction of adipose tissue browning by natural compounds provides multifaceted
benefits in combating obesity-associated insulin resistance, offering promising avenues for therapeutic
development in T2DM.

Challenges and Future Perspectives

While the preclinical data supporting natural compounds as inducers of white adipose tissue browning and
metabolic improvement are promising, significant challenges remain in translating these findings into clinical
applications for obesity-driven type 2 diabetes management. A primary challenge is the bioavailability and
effective dosing of many natural compounds. Flavonoids like quercetin and naringenin, as well as alkaloids like
berberine, often suffer from poor absorption, rapid metabolism, and limited systemic availability when
administered orally. This reduces their therapeutic potential despite potent in vitro effects. To overcome this,
advanced delivery systems such as nanoparticles, liposomes, or prodrugs are being explored to enhance
bioavailability and targeted delivery to adipose tissue. Optimizing dosing regimens to balance efficacy and safety
without adverse effects is also essential for clinical success. Furthermore, human clinical studies remain limited
and often yield inconsistent results compared to animal models. Differences in metabolism, genetics, and
environmental factors make it challenging to replicate the robust browning and metabolic improvements
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observed in preclinical settings. Large-scale, well-controlled clinical trials are needed to confirm efficacy,
establish optimal dosing, and evaluate long-term safety. These studies should include diverse populations to
assess the broad applicability of browning agents in metabolic diseases. Another major hurdle is the incomplete
mechanistic understanding of how these natural compounds exert their effects in humans. Although key
pathways such as AMPK activation and PPARY modulation are implicated, off-target effects, potential drug
interactions, and interindividual variability in response require further elucidation. Detailed molecular
investigations will help identify biomarkers predictive of response and safety profiles, enabling personalized
treatment approaches. Looking ahead, future research should focus on combinational therapies that synergize
different natural compounds or pair them with existing pharmacological agents to enhance efficacy. The
development of synthetic analogs with improved potency, stability, and bioavailability also holds promise.
Advances in systems biology and precision medicine approaches could allow tailoring browning therapies based
on an individual's genetic and metabolic profile, maximizing therapeutic outcomes. While the concept of natural
compound-induced adipose tissue browning offers exciting potential for obesity and diabetes treatment,
overcoming challenges related to bioavailability, clinical validation, and mechanistic insights is crucial.
Continued interdisciplinary research will pave the way for innovative and personalized metabolic therapies that
harness adipose tissue plasticity for improved health.
CONCLUSION
Browning of white adipose tissue represents a compelling therapeutic target for combating obesity-driven type
2 diabetes. Natural compounds such as polyphenols, flavonoids, and other phytochemicals demonstrate
significant potential to induce browning, enhance thermogenesis, and improve metabolic health. Leveraging
these natural agents could lead to innovative, safe, and effective treatments for metabolic disorders, addressing
the rising global burden of obesity and T2DM.
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