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The concerning worldwide increase of obesity and chronic metabolic diseases, such as T2D, dyslipidemia, and

cardiovascular disease, motivates further investigations into preventive and alternative therapeutic approaches. Over the

past decade, there has been growing evidence that the formation and activation of thermogenic adipocytes (brown and

beige) may serve as therapy to treat obesity and its associated diseases owing to its capacity to increase energy

expenditure and to modulate circulating lipids and glucose levels. Thus, understanding the molecular mechanism of brown

and beige adipocytes formation and activation will facilitate the development of strategies to combat metabolic disorders. 
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1. Introduction

Obesity is the main driver of insulin resistance (IR), type two diabetes (T2D), and metabolic syndrome. Obese subjects,

especially the ones with a high percentage of intra-abdominal fat, have a greater risk of developing cardiovascular

disease (CVD), the leading cause of death in industrial countries . The prevalence of obesity is multifactorial and

includes socioeconomic, educational status, issues concerning mental health, genetics, sedentarism, and diet . It is now

appreciated that obesity develops when energy consumption (food intake) overcomes energy expenditure. This induces

white adipose tissue (WAT) expansion followed by reduced mass and activity of brown/beige adipocytes (fat cells),

thereby contributing to the development of metabolic disorders during obesity .

WAT is the principal site for energy storage, while brown and beige adipocytes are the sites for energy expenditure (EE)

due to their thermogenic capacity . Adipose tissue (AT) is also an important endocrine organ responsible for the

secretion of many molecules, including lipids , proteins , and miRNAs . These factors serve as paracrine-

endocrine signals, critical for the function of AT itself, as well as non-adipose tissues, regulation of whole-body

metabolism, and insulin sensitivity . Therefore, interventions that can induce the formation and activation of brown and

beige adipocytes such as cold exposure , pharmacological activation of the adrenergic pathways , or even genetic

manipulation of adipocytes  are attractive therapies to improve metabolic health in obese humans.

2. Brown and Beige Adipose Tissue in Obesity, Aging and Metabolic
Disease

Obesity is the major contributor to the development of metabolic diseases such as IR, T2D, dyslipidemia, and CVD. These

metabolic disorders are also observed during aging  raising the hypothesis that unhealthy excess of body fat may

accelerate the aging processes. In this regard, diet-induced obese mice are shorter-lived compared to their controls .

Similarly, in obese humans, the risk of premature death is increased by 1.45 to 2.76 folds . The pathophysiology of

obesity and aging-associated diseases are complex and share dysregulations at the cellular level . Consistent with

this, robust evidence suggests that changes in AT distribution and metabolic dysfunction are implicated in the

development and disease progression during obesity and aging . Here we discuss how obesity changes AT

biology and its implication for the development of the metabolic syndrome. Some factors altering the AT and contributing

to obesity and aging are summarized in Figure 1.
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Figure 1. The leading causes of obesity and aging are driven by adipose tissue distribution, function, and environment.

Contributions of the central nervous system (CNS), sexual dimorphism, diet, life style, and adipose tissue distribution to

obesity and aging are well known. In addition, the composition of adipose tissue itself with increased collagen, extra

cellular matrix (ECM), reactive oxygen species (ROS), immune cells, macrophages, and senescent cells is another major

contributor to obesity and aging. Furthermore, the functionality of mitochondria and endoplasmic reticulum (ER) in

adipocytes plays an important role in preventing obesity and aging complications. Figure created with ©BioRender.io.

2.1. Adipose Tissue Distribution

In humans, AT distribution can be influenced by sexual hormones, diet, and aging. In general, females exhibit higher

scWAT (gynoid fat deposition) and BAT mass, while vWAT is more preeminent in men (android fat deposition) . During

obesity, even though AT expansion is observed in all types of fat depots, female subjects very often present lower visceral

and larger subcutaneous AT compared with males . This sexual dimorphism is also observed in BAT, where BAT mass

, and Ucp1 mRNA expression are still higher in women . Genetics and hormones are the major players in sexual

dimorphism , however, some evidence suggests that these differences persist even after menopause . Interestingly,

this dimorphism is associated with a lower risk to develop metabolic diseases in women and may contribute to a longer

lifespan compared to men .

2.2. Metabolic Function

It is now appreciated that AT function is also regulated in a sex-dependent manner that is widely reviewed elsewhere 

. Here we will give an overall view of some biological processes that are impaired in the AT of obese mice and

humans. These processes are interconnected and mediate the development of obesity-associated diseases.

2.2.1. Sympathetic Nervous System (SNS)

Overactivation of the sympathetic nervous system is often observed in obese subjects which contributes to the

development of high blood pressure and cardiovascular diseases . In AT, hyperactivation of the SNS

pathway induces negative feedback, and downregulates the abundance of adrenergic receptors, decreasing the lipolytic

, and thermogenic capacity . This contributes to an increased WAT expansion, whitening of beige adipocytes ,

and decreased basal EE. Additionally, whitening of beige fat induces macrophage infiltration, brown adipocyte death and

increased senescent cells, crown-like structure (CLS) formation, fibrosis, and local inflammation .

2.2.2. Endoplasmic Reticulum Stress (ER)

This organelle is composed of a membranous network responsible for the synthesis, maturation, and trafficking of

proteins. It is also highly sensitive to nutrient availability. Upon nutrient overload, the increased protein synthesis followed

by their misfolding and accumulation in the ER lumen induces ER stress. As a result, proteins from the unfolded protein

response (UPR) Atf6, Perk, and Ire1 are recruited to reestablish the ER homeostasis . In obesity, this process is

hyperactivated in multiples tissues including adipose. This contributes to AT inflammation and insulin resistance .

Mechanistically, Atf6 and Perk acts through activation of NF-kB which translocate to the nucleus and induces the

expression of pro-inflammatory cytokines such as IL-1 and TNFα, while Ire1a interacts with the tumor necrosis factor-a
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(TNFα)-receptor-associated factor 2 (Traf2), activates Jnk and IkB kinase (IKK) and downstream mediators of

inflammation . Adipocyte ER stress also leads to increased basal lipolysis through downregulation of perilipin and

insulin receptor, decrease adiponectin assembling and secretion, as well as decrease in leptin release .

2.2.3. Mitochondrial Dysfunction

As the central contributors to energy metabolism, mitochondria play key roles in the production of ATP, oxidative

phosphorylation, production of reactive oxygen species (ROS), and Ca  homeostasis. Mitochondria also play an

important role in AT homeostasis and remodeling . The rate-limiting steps of oxidative reaction that regulate the

thermogenesis in the beige adipocytes take place in mitochondria. Brown and beige fat depots are packed with

mitochondria (the cells’ tiny power plants) with high expression of Ucp1 across the mitochondria inner membrane which

uncouples the respiratory chain from ATP (energy) and thereby, it increases thermogenesis by heat production. The

browning of the WAT is accompanied by an increase in the number of mitochondria caused by de novo biogenesis of

mitochondria as well as mitochondrial fission (fission separates one into two) . Contrarily, a reduced number of

mitochondria resulted from mitochondrial fusion (fusion joins two mitochondria together), and mitochondrial

disappearance (mitophagy) is reported during beige to white fat transition . Mitochondrial dysfunction is present in

many organs including WAT and BAT. It is characterized by increased mitochondrial DNA (mtDNA) mutations and

damage, decreased oxidative phosphorylation (OXPHOS), reduced activity of metabolic enzymes, as well as changes in

mitochondrial morphology, dynamics, and biogenesis . In line with this, multiple symmetric lipomatosis (MSL), an

adipose disorder (AD) characterized by upper body lipomatous masses, is frequently linked to multiple mutations in

mitochondrial genes such as Mttk (gene encoding mitochondrial tRNA lysine involved in the assembly of proteins that

carry out oxidative phosphorylation), and Mfn2 (gene encoding mitofusin 2 that helps to regulate the morphology of

mitochondria by controlling the fusion process) .

2.2.4. Inflammation and Endocrine Dysfunction

During obesity, adipocytes increase in size and number to accommodate the excess of nutrients in form of lipids.

Excessive expansion of WAT followed by capillary rarefaction triggers a cascade of the biological processes including,

ER-stress, mitochondrial dysfunction, hypoxia, changes in extracellular matrix mobility, and adipocyte death which are

thought to contribute to inflammation . Activation of the inflammatory response leads to the secretion of several pro-

inflammatory factors TNFα, Il-1b, Il-6, and monocyte chemoattractant protein (Mcp-1) from adipocytes . This is

accompanied by infiltration of immune cells such as M1 macrophages , Cd8+ T cells , B cells , and eosinophils

, thereby enhancing local and systemic inflammation . The chronic low-grade inflammatory state observed in obesity

is an important contributor to AT insulin resistance (IR). This is important because impaired insulin signaling in adipocytes

leads to uncontrolled basal lipolysis, which can induce cell death, and also increase the circulating levels of FFAs. In turn,

this leads to lipids accumulation in non-adipose organs inducing systemic IR and increasing the risk to develop

cardiovascular disease and T2D .

3. Activation of Thermogenesis as Therapy for Obesity-Associated
Metabolic Diseases

Over the years, the development of drugs to treat obesity was mainly focused on weight loss, primarily due to a reduction

in food intake. Many of these molecules failed to meet the desired efficacy and some of them were even withdrawn from

the market because of their limited success and harmful side effects . This, with the observation that adult humans

have BAT with the capability to dissipate energy, activation of BAT and thermogenesis began to be envisioned as therapy.

Ever since the development of interventions that can stimulate browning of WAT as well as BAT mass increase and

activation have gained greater attention and will be discussed here. A summary of the potential therapeutic interventions

for obesity and metabolic disorders accompanied by aging is shown in Figure 2.
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Figure 2. Illustration of the potential therapeutic interventions for the therapy of obesity. Induction of the browning

process, the transition from white to brown-like or beige adipocytes, holds a promising therapeutic potential to combat

obesity and its complications. Several pharmacological (small molecules, synthetic peptides, hormonal analogs) and non-

pharmacological (natural products) interventions are known to induce browning. The role of environmental challenges

such as cold exposure on white adipose tissue browning and thermogenesis is also identified. In addition, molecular-

based therapies including CRIPR-based genome editing, RNA therapy, and 3D bioprinting are evolving approaches to

alter the white adipocytes as a therapeutic target in obesity. Figure created with ©BioRender.io.

3.1. Cold-Induced Thermogenesis

Currently, cold exposure is the most effective intervention to activate BAT in obese humans improving whole-body insulin

sensitivity and weight loss . Some candidates have been strongly suggested to mediate the metabolic effect of BAT

activation. One of the most well-investigated molecules is FGF21. This protein is mainly present in the liver, but it is also

expressed in, skeletal muscle, pancreas, WAT, and BAT. Upon short-term cold exposure, FGF21 expression in adipocytes

is significantly increased . FGF21 induces browning of WAT in an autocrine manner  and enhances insulin

signaling in the same cell . Moreover, cold exposure also increases the circulating levels of FGF21  which

activates the SNS enhancing EE and weight loss .

Most recently, another member from the FGF family, FGF9, was also demonstrated to be upregulated in the scWAT and

BAT of cold-exposed mice. Exerting an autocrine-paracrine regulation, FGF9 binds to FGFR3 receptor in adipocytes to

regulate Ucp1 expression . In addition to proteins, cold exposure induces the secretion of lipid species from BAT

including 12,13-diHOME and 12-HEPE, which enhance BAT fatty acids  and glucose uptake  respectively. Altogether,

cold exposure triggers an intricate metabolic network between the central nervous system (CNS) and AT which redirects

the utilization of circulating glucose and FFAs to support heat production ultimately improving WAT and BAT function and

whole-body metabolism.

3.2. Natural Thermogenic Compounds

3.2.1. Berberine

Berberine is a plant-based alkaloid compound traditionally used in Chinese medicine to treat diarrhea and some infectious

diseases . Berberine has been extensively studied due to its potential as a cardioprotective, anti-hyperlipidemic, and

antidiabetic compound . Most recently, berberine was shown to induce Ucp1 gene expression in brown and white

adipocytes through activation of 5′ AMP-activated protein kinase (AMPK) leading to an increased BAT activity, improved

EE, and decreased weight gain in db/db mice . More importantly, 1 month of berberine supplementation increased BAT

volume and activity, reduced body weight, improved insulin sensitivity in patients with non-alcoholic fatty liver .

3.2.2. Capsaicin and Capsinoids

Capsaicin and its analog capsinoids are compounds found in red peppers . Several studies have shown the anti-

obesity, anti-diabetic, and anti-inflammatory effects of these compounds. In rodents, capsinoids supplementation improves

glucose metabolism, hepatic lipid content and enhances cold-induced EE and WAT browning . In humans, chronic

supplementation with capsinoids over six weeks decreased body weight and enhanced cold-induced thermogenesis in

healthy adult men lacking detectable BAT, suggesting that cold exposure in combination with capsinoid ingestion recruits

the activation of brown and beige adipocytes . These adaptations occur through activation of the transient receptor

potential cation channel subfamily V member 1 TRPV1 receptor (transient receptor potential cation channel subfamily V

member 1) in the gut which sends signals to the CNS leading to β2-AR signaling activation in AT .

3.2.3. Curcumin

Curcumin is a well-known flavonoid found in turmeric root. It has many therapeutic properties including, antioxidant, anti-

inflammatory, anti-diabetic, and anti-obesity . This is corroborated by the observation that curcumin supplementation

reduces BMI, percentage of body fat, lower circulating leptin, and increased adiponectin levels in obese humans . Part

of these effects may be explained by the induction of browning in WAT via AMPK activation  and inhibition of

preadipocyte differentiation by downregulating the Pparγ and C/ebpα . In mice, supplementation with curcumin for 50

days induces higher expression of mitochondrial and thermogenic genes, higher NE levels, increased β3-AR expression

in scWAT, improved cold tolerance, and lower body fat .

3.2.4. Green Tea
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Green tea is made from the leaves of Camellia sinensis and contains several different catechins, especially

epigallocatechin gallate (EGCG), which accounts for about 50% to 70% of green tea catechins, and caffeine . Green

tea extract has several metabolic properties such as antioxidant, anti-hypertensive, anti-carcinogenic,

hypocholesterolemia, and has also been shown to induce weight loss . This evidence is supported by the reduction

of body weight, mainly due to loss of vWAT mass, in obese women and men subjects submitted to catechins

supplementation . There are several potential mechanisms proposed to explain the anti-obesity effects of green tea

compounds such as inhibition of de novo lipogenesis, increased FA oxidation, browning of WAT, and activation of BAT 

. The effect of thermogenesis seems to be dependent on the interaction between catechins, caffeine, and NE. At the

cellular level, catechins inhibit catechol-O-methyltransferase, one of several enzymes that degrade catecholamines, and

caffeine inhibits phosphodiesterase resulting in higher levels of cyclic AMP (cAMP). This results in higher levels of NE and

cAMP leading to fat oxidation and thermogenic activation .

3.2.5. Resveratrol

3,5,4′-trihydroxy-trans-stilbene (Resveratrol) is a natural compound that belongs to polyphenols’ group. It is found in more

than 70 different plants including grapes and has gained greater attention over the years due to its biological properties

including the weight loss effect . Consistent with this, resveratrol supplementation was shown to reduce the weight gain

in diet-induced obese mice. This effect was mediated by improved oxidative capacity in muscle and AT and increased EE

. Moreover, resveratrol inhibits adipocyte differentiation and lipid accumulation  and induces browning of WAT .

The molecular effect of resveratrol is not completely understood, but some evidence suggests that interaction between

AMPK activation and NAD-dependent protein deacetylase sirtuin-1 (Sirt1) leads to increased expression of Pgc1α,

thereby inducing mitochondrial biogenesis . In humans, the effect on weight loss and thermogenesis is not clear and

differences in dose and duration of resveratrol supplementation across studies have yielded inconsistent results. Despite

this limitation, some beneficial effects including improved HOMA-index have been observed 30 days after resveratrol

supplementation, suggesting positive effects on insulin sensitivity .

3.3. Pharmacological Intervention

3.3.1. Beta 3-Agonist Drugs

In mice, pharmacological activation of BAT using β3-adrenoreceptor agonist drugs increases EE, reduces circulating

insulin levels and body fat . However, the translational potential of this approach is debatable since human β3-

adrenoceptor have different binding characteristics compared to rodents and drug bioavailability also varies across

species, which limits the capacity to effectively activate BAT . Despite these limitations, a new FDA-approved drug,

referred to as Mirabegron, developed to treat overreactive bladder, has been shown to improve glucose tolerance and FA

oxidation. At its maximal concentration (200 mg), a single dose of Mirabegron increased BAT glucose uptake and WAT

lipolysis . Moreover, chronic Mirabegron treatment enhances BAT activity, induces WAT loss, increases HDL, and

improves insulin sensitivity in lean and obese subjects . Nevertheless, a recent study performed by Blondin et al.

raises some concerns regarding the use of Mirabegron . According to the authors, in human adipose tissue,

Mirabegron seems to work mainly through b2-adrenoceptor, since b3-adrenoceptor is quite low expressed. This

suggesting that this drug lacks receptor selectivity  and may explain some of its effects on heart rate and blood

pressure .

3.3.2. GLP-1 Receptor Agonist

Glucagon-like peptide 1 is a molecule secreted in response to the absorption of nutrition by the L-cells in the

gastrointestinal tract. Innumerous clinical studies have demonstrated its capacity to reduce food intake, enhance insulin

secretion, inhibit gluconeogenesis and improve skeletal muscle IR. Besides, recent evidence suggests that GLP-1

increased browning of WAT and BAT activation via GLP-1 binding to its receptor GLP-1R in the hypothalamus .

Since GLP-1 has a short half-life, GLP-1 analogs have been developed and approved as therapies to treat obesity and

T2D . In mice, GLP-1 analogs have the potential to induce WAT browning and BAT activation . In obese and T2D

humans, GLP-1 analogs enhance body weight loss and improve overall metabolism, whether this is dependent on

decreased food intake or increased BAT activation yet needs to be addressed.

3.4. Gene Therapy

3.4.1. Ex Vivo Gene Therapy

The revolutionary approach of cellular-based therapy combined with gene editing has been considered an alternative to

treat metabolic diseases and a pre-clinical study performed has shown promising results. Wang et al. used the CRISPR-

Cas9 system (CRISPR-SAM) to overexpress Ucp1 in human white preadipocytes to generate the human beige/brown-like
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adipocytes (HUMBLE). These cells exhibit gene signatures and metabolic function similar to human brown adipocytes.

Upon transplantation into mice, the HUMBLE cells differentiate into mature and functional adipocytes. Importantly,

transplantation of HUMBLE cells into diet-induced obese mice resulted in increased heat production, decreased weight

gain, improved insulin sensitivity, and glucose tolerance. Most strikingly, these metabolic effects were induced by the

communication between the HUMBLE cells and the endogenous BAT via nitric oxide . Looking forward one could

envision the generation of personalized HUMBLE cells, where adipocyte progenitor cells would be isolated from the

patient’s scWAT, cultivated in vitro, transformed into HUMBLE, and placed back into the patient.

3.4.2. In Vivo Gene Therapy

A more straightforward alternative to modulating the expression of a gene or a protein is the delivery of nucleotides (DNA

or RNA species) to the cell of interest. Over the years, a variety of viral and non-viral methods have been developed to

deliver DNA, RNA, or protein to human cells to treat different types of diseases. Currently, 12 gene therapy-based drugs

are available in the market and many others are being tested in clinal trials , however, none of them were developed

with the intent to treat obesity and its associated disease.

Hopefully, in the near future, with the use of viral vectors, we will be able to target specific tissues and overexpress a

protein of interest. In line with this, one could envision the transfection of white and brown AT with the Ucp1 mRNA. A

second approach will be to use the same CRISPR-Cas9 system used to generate the HUMBLE cells  to induce

endogenous Ucp1 overexpression. The advantage of this technique compared to the others discussed earlier relies on

the fact that it can be personalized, it may induce more persistent therapeutic outcomes reducing or eliminating the need

for medication and avoiding any complication related to the cell transplantation.

3.5. 3D Bioprinting

3D bioprinting technology, allowing the construction of biological tissue in an accurate and reproducible manner is a

potential approach for tissue engineering and regenerative medicine. AT bioprinting has particular needs, including

morphology, composition, and heterogeneity, as well as the microenvironment, and crosstalk with other cells such as

immune cells, vascularization, and ECM. 3D bioprinting of brown and beige AT aiming to create an optimal size and

function and transplanting it to the patients seems like a potential strategy in the treatment of obesity and metabolic

diseases. This could also be used for testing chemical and pharmaceutical products as well as evaluating the toxicity of

the new drugs. Kuss et al. used 3D printed gels to test the effects of stiff vs. soft gels on immortalized human white and

brown AT precursor cells and showed that white progenitors prefer soft gels to differentiate as compared to brown

progenitors that their differentiation reaches an optimal level interacting with stiffer gels . The feasibility of bioprinting

the breast structure including the AT and mammary glands has been discussed by Chen et al., and despite several

challenges including poor vascularization, it is a promising strategy to count on for the treatment of patients with breast

cancer . Nonetheless, most of the bioprinted tissue and organs are yet at the level of laboratory uses and there is a

long way till they will be clinically applicable.
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