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Abstract: Obesity, characterized by the excessive accumulation of adipose tissue, has emerged as
a major public health concern worldwide. To develop effective strategies for treating obesity, it is
essential to comprehend the biological properties of different adipose tissue types and their respective
roles in maintaining energy balance. Adipose tissue serves as a crucial organ for energy storage and
metabolism in the human body, with functions extending beyond simple fat storage to encompass
the regulation of energy homeostasis and the secretion of endocrine factors. This review provides
an overview of the key characteristics, functional differences, and interconversion processes among
white adipose tissue (WAT), brown adipose tissue (BAT), and beige adipose tissue. Moreover, it
delves into the molecular mechanisms and recent research advancements concerning the browning of
WAT, activation of BAT, and whitening of BAT. Although targeting adipose tissue metabolism holds
promise as a potential approach for obesity treatment, further investigations are necessary to unravel
the intricate biological features of various adipose tissue types and elucidate the molecular pathways
governing their interconversion. Such research endeavors will pave the way for the development of
more efficient and targeted therapeutic interventions in the fight against obesity.
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1. Introduction

Obesity is a condition characterized by excessive fat accumulation that arises when
energy intake consistently surpasses energy expenditure [1]. Although the symptoms of
obesity may not be immediately apparent, its long-term consequences are severe. As a
key player in various physiological processes, recent studies have reported that obesity-
related metabolic complications are intertwined with multiple mechanisms, including
epigenetics [2–8], immune regulation [9–13], gut microbiota metabolism [14–16], aging,
and cancer [17–21]. While not all obese individuals develop severe complications, those
who are metabolically obese are more prone to metabolic disorders, whereas metabolically
healthy obese individuals rarely experience such issues [22]. This may be related to the
accumulation of different types of adipose tissue (WAT or BAT) in different regions of
the body (visceral adipose tissue (VAT) or subcutaneous adipose tissue (SAT)) and the
associated metabolic changes they induce. Therefore, effective obesity treatment is a
public health priority, with a focus on fundamental research into adipose tissue biology
and plasticity.

Various methods for preventing obesity have been developed, with lifestyle changes,
including modifications to dietary habits and physical exercise [23,24], being the most
common starting points for weight loss. However, the success rate is relatively low, possibly
due to poor long-term adherence [25]. Pharmacotherapy is a major treatment intervention;
for example, glucagon-like peptide-1 (GLP-1) receptor agonists such as liraglutide and
semaglutide have been approved for the treatment of obesity [26,27]. Nevertheless, their
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invasiveness, high cost, and potential side effects (such as chronic malnutrition) hinder
their widespread adoption in the population. The plasticity of adipose tissue, exemplified
by the interconversion between different types, namely, WAT, BAT, and beige adipose
tissue, holds promise for therapeutic interventions in obesity management [28]. In this
review, we will explore some of the potential molecules and their mechanisms that may
influence the interconversion between different types of adipose tissue.

2. The Roles of Different Types of Adipose Tissue in Metabolism

Adipose tissue can be classified into three distinct types: white adipose tissue (WAT),
beige adipose tissue, and brown adipose tissue (BAT) [29,30]. WAT primarily consists of
unilocular adipocytes that function as energy storage depots, accumulating triglycerides
during periods of caloric excess. In response to major lipolytic hormonal stimuli such as
insulin, catecholamines, and glucagon, white adipocytes can either store or mobilize energy
substrates into the circulatory system to maintain systemic energy homeostasis. Intriguingly,
even within a single adipose depot, WAT comprises heterogeneous subpopulations of white
adipocytes with distinct physiological phenotypes [29].

Beige adipocytes are characterized by their multilocular lipid droplets, enriched mi-
tochondrial content, and abundant uncoupling protein 1 (UCP1). The formation and
activation of beige adipocytes, a process termed “browning”, represent an intermediate
state in the transition of white adipocytes to brown-like cells and can be induced by a
plethora of environmental factors. Beige adipocytes contribute to energy expenditure and
thermoregulation in response to specific stimuli through their thermogenic capacity me-
diated by UCP1. Brown adipocytes are distinguished by their multilocular lipid droplets,
abundant mitochondria, and high UCP1 content, enabling them to generate heat through
thermogenesis in response to environmental stimuli. Beige and brown adipocytes are
the two primary types of thermogenic fat cells, possessing remarkable energy expendi-
ture capabilities and contributing to the maintenance of overall metabolic homeostasis
and health [31–35]. The development of thermogenic fat cells involves profound changes
in cellular composition and metabolic pathways [36,37]. These changes encompass the
differentiation of various subtypes of beige precursor cells, as well as the activation and
remodeling of dormant beige and brown adipocytes. In contrast, the research on the de-
generation of thermogenic fat cells, namely, the “whitening” process of beige and brown
adipocytes, is relatively limited.

The remarkable plasticity of adipose tissue, exemplified by the ability of adipocytes to
interconvert between white and brown phenotypes, endows organisms with an enhanced
adaptive capacity to swiftly respond to fluctuations in nutrient availability and environ-
mental conditions without necessitating substantial changes in adipocyte number [38].
This interconversion is orchestrated by a complex network of molecular regulators, which
collectively modulate the expression of genes involved in adipocyte differentiation, lipid
metabolism, and thermogenesis, ultimately shaping the functional identity of adipocytes.
These molecular players are not only associated with peroxisome proliferator-activated re-
ceptors (PPARs) and CCAAT/enhancer-binding proteins (CEBPs) [4,5,39] but also involve
epigenetic modifications such as DNA methylation, which serves as a crucial regulatory
factor for adipose tissue function [6].

Numerous published studies emphasize the significant impact of thermogenic fat cell ac-
tivity on energy expenditure, glucose homeostasis, and cholesterol metabolism [13,35,36,38–40].
Cold exposure is the most well-known stimulus for thermogenesis [24,41–43]. When ex-
posed to cold environments, sympathetic nerve terminals release catecholamines, triggering
intracellular signals that activate the differentiation of brown and beige adipocytes. It has
been shown that adenosine and A2A receptor (A2AR) agonists not only activate BAT in
rodents, but adenosine, released by the sympathetic nervous system or secreted by brown
adipocytes themselves, can also promote browning of subcutaneous white adipose tissue
and enhance the thermogenic function of human brown adipocytes upon activation of
A2A receptors. [44]. UCP1 is widely acknowledged as a core factor for thermogenesis in
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brown adipose tissue, and the expression of regulatory factors such as estrogen-related
receptor gamma (ESRRG) and proliferator-activated receptor-gamma coactivator 1 (PGC1)
and ESRR-induced regulator in muscle 1 (PERM1) can stimulate mitochondrial UCP-1-
mediated thermogenesis [45], supporting the formation of brown or beige adipocytes both
in vitro and in vivo and enhancing the overall thermogenic effect.

The recent research has identified non-UCP1-dependent thermogenic pathways in
thermogenic fat cells. For instance, the futile cycle between creatine and phosphocreatine is
part of a new thermogenic pathway [46].Tissue-nonspecific alkaline phosphatase (TNAP),
previously unobserved on mitochondria in thermogenic fat cells, is now found to be lo-
calized in these thermogenic cells [47]. Importantly, the thermogenic pathways of brown
and beige adipocytes are distinct. The discovery of non-UCP1-dependent thermogenic
mechanisms offers new opportunities for improving obesity and type 2 diabetes [48]. Ad-
ditionally, as endocrine organs [49,50], thermogenic fat cells produce various cell factors
and substances that regulate physiological activities such as metabolism, including peptide
factors like fibroblast growth factor-21 (FGF21) [51], neuregulin-4 (NRG4) [52], leptin [53],
and lipids [54–56], as well as bone morphogenetic protein 8b (BMP8b) [31,57], etc. The
recent studies suggest that in the progression of type 2 diabetes (T2D) animal models,
the gene expression levels of cell factors regulating sympathetic nerve sprouting, angio-
genesis, and glucose metabolism are consistently impaired [58]. Metabolites can mediate
cell signaling and crosstalk between organs, regulating local metabolism and systemic
physiology [59].

Furthermore, caloric restriction methods such as fasting can prevent the development
of insulin resistance and metabolic diseases like type 2 diabetes [16,60–62]. These meth-
ods are associated with changes in the composition and metabolic functions of the gut
microbiota, as well as immune system responses. However, our understanding of the
complex interactions between food intake, the microbiota, and the immune system remains
limited. These unknown areas will be essential components of future research directions.
Increasingly, studies are reporting the health benefits of BAT in combating obesity [63–66].
Investigating strategies to reduce WAT while correspondingly increasing beige cells and
BAT, i.e., the conversion between adipocyte types, holds great research value.

3. Interconversion between Different Adipose Tissues

The conversion between different types of adipocytes is illustrated in Figure 1. This
diagram demonstrates the remarkable plasticity of adipocytes [67]. When exposed to certain
metabolic or environmental triggers, white adipose tissue exhibits characteristics similar to
brown adipose tissue through the “browning” process, while brown adipocytes transform into
white adipocytes through the “whitening” process. The influencing factors include dietary
composition [68], environmental temperature fluctuations [69], fasting [48,62,70,71], physical
activity [23,72,73], and changes in circadian rhythm [74]. For example, a high-fat diet
and a constant temperature environment inhibit the “browning” process and promote the
“whitening” process, while factors such as fasting, exercise, cold exposure, and a proper
circadian rhythm have the opposite effect.
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Figure 1. Three types of adipocyte relationships and “browning”. Note: Created with BioRender.com.

3.1. Browning of White Adipose Tissue

WAT is primarily categorized into three subtypes in various studies: subcutaneous
WAT (sWAT), including inguinal WAT (iWAT), visceral WAT (vWAT), and gonadal WAT
(eWAT) [75,76]. Among these, inguinal subcutaneous fat exhibits the most potent browning
capability, while the browning capacity of visceral and mesenteric fat is comparatively
weaker [77]. WAT functions as an endocrine organ in the body, synthesizing various
molecules such as leptin, growth hormone, and irisin while storing fat [78]. Exercise can
induce browning of white adipose tissue [72,73], involving multiple mechanisms: reactive
oxygen species (ROS), metabolites, nervous system, exerkines, and lipolysis. High-intensity
interval training (HIIT) and hypoxic exercise are the most recommended exercises for
treating obesity through adipose browning. However, when selecting the type, intensity,
and duration of exercise, other factors, such as an individual’s physiological and pathophys-
iological conditions, should be considered to achieve safe and effective exercise outcomes.

Taurine and its synthesizing enzyme, cysteine dioxygenase 1 (CDO1), have been
demonstrated to promote the browning of white cells, enhancing cold tolerance in mice,
ameliorating diet-induced obesity (DIO), and improving fat breakdown capacity [79]. The
histological analysis of OPG knockout mice (OPG/) reveals that their subcutaneous white
adipose tissue (sWAT) undergoes more pronounced browning compared to wild-type (WT)
mice, displaying better resistance to high-fat diet-induced weight gain [80]. The role of
Y-box binding protein 1 (YBX1) in regulating a series of genes to promote the differentia-
tion of thermogenic fat cells has been confirmed in subcutaneous white adipocytes [81].
YBX1 has been identified as a key factor in orchestrating the transition of pre-adipocytes
to beige fat cells within a novel genomic mechanism. Peroxisome proliferator-activated
receptor gamma (PPARγ) is highly expressed in adipose tissue [79,82–84], playing a critical
regulatory role in adipocyte differentiation and closely correlating with the regulation
of inflammation in adipose tissue [85]. Chromatin-binding protein high-mobility group
nucleosome-binding domain (HMGN) has been shown to regulate the rate of browning in
white adipose tissue [86]. The previous studies have confirmed that insulin resistance leads
to endoplasmic reticulum stress and mitochondrial oxidative stress, with both endoplasmic
reticulum and mitochondrial stress associated with functional impairment in fat during
obesity and metabolic diseases [87]. Inositol-requiring enzyme 1α (IRE1α), a key endoplas-
mic reticulum stress sensor and signal transducer [88], potentially regulates adaptive fat
remodeling in a fat cell type-specific manner to inhibit cold-induced browning in iWAT.

BioRender.com
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Receptor activator of nuclear factor-κB (NF-κB) (RANK) plays a crucial role in the browning
of white adipose tissue through the RANK-RANKL-OPG signaling pathway [89,90]. Inter-
mittent fasting every other day selectively induces browning of white adipose tissue but
does not activate brown adipose tissue. The gut microbiota–fat axis plays a significant role
in the metabolic improvements induced by intermittent fasting [71]. Alternate-day fasting
selectively induces beige adipogenesis of white adipose tissue without activating brown
adipose tissue, and the gut microbiota–adipose axis plays an important role in alternate-
day fasting-induced metabolic improvements [71]. Additionally, peptidoglycan (PGN)
suppresses the beige adipogenesis of white adipose tissue by promoting M1 polarization
of macrophages to induce adipose tissue inflammation and by directly activating TLR2
receptors on adipocytes [91].

3.2. Browning of Beige Adipose Tissue

An increasing number of studies have confirmed the health benefits of the “browning”
process of adipocytes, particularly in combating obesity [65,66]. In light of this, some
selective markers of adipose tissue have been identified and used as potential biomarkers
for obesity, as reviewed by the team of Pilkington. [31]. The initial step in the browning
of WAT is the transformation into beige adipose tissue, during which the adipose state is
transient and unstable. Without proper maintenance, the adipose tissue may gradually
revert to its original white state. Due to the instability of beige adipocytes, the browning
process can be classified into two subtypes: the transformation of white adipocytes into
beige adipocytes and the transition of beige adipocytes into brown adipocytes. The myosin
phosphatase target subunit 1- protein phosphatase 1β (MYPT1-PP1β) plays a crucial role
in regulating the downstream pathways of the β-adrenergic receptor (β-AR) signal, col-
lectively controlling the mechanism for beige adipocyte formation. This finding unveils
the critical connection between epigenetic regulation and direct transcriptional mecha-
nisms in controlling the thermogenic process. It suggests that MYPT1 and its interacting
proteins may serve as potential molecular targets to induce beige adipocyte generation,
thereby promoting thermogenesis, which is beneficial in both physiological and therapeutic
contexts [92]. The mitochondrial cristae biogenesis protein optic atrophy 1 (Opa1) can up-
regulate cyclic adenosine monophosphate (cAMP) levels in preadipocytes, activate cAMP
response element-binding protein (CREB), and stimulate carbamoyl phosphate synthetase-1
(CPS1), a key enzyme in the urea cycle, promoting the accumulation of citrulline, driving
the Ucp1 transcriptional pathway mediated by the Jumonji family histone demethylase
Kdm3a, and ultimately promoting the autonomous browning of beige adipocytes [80].
In addition to cold stimulation, beige fat can sense local mild heat effects through HSF1 and
activate thermogenesis through the browning process, safely and effectively resisting and
treating obesity and improving metabolic disorders such as insulin resistance and hepatic
lipid deposition [93]. Moreover, precursor adipocytes derived from the stromal vascular
fraction of WAT are among the most common cellular sources for adipocyte generation.
While purified precursor adipocytes or adipocyte populations can induce the formation
of beige adipocytes, they may not be the ideal choice for constructing functional tissues.
Human microvascular fragments (MVFs) have emerged as a promising alternative, serving
as a single autologous cell source that can be isolated from adult patients. Upon transplan-
tation, MVFs induce the functional reconstruction of beige adipose tissue and promote the
browning of beige adipocytes [94].

3.3. Activation of Brown Adipose Tissue

BAT plays a pivotal role in promoting metabolic health, particularly in the context of
cardiovascular metabolism [95]. The primary energy substrate for BAT thermogenesis is
mobilized through sympathetic nerve-stimulated intracellular triglyceride lipolysis [96].
Remarkably, even a small amount of BAT can exert a significant impact on systemic
metabolism. However, despite its high metabolic activity, elucidating the precise influence
of BAT on glucose metabolism and insulin sensitivity remains a complex task. In BAT, apop-
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tosis is a continuous process, and conditions like chronic inactivation due to overheating or
denervation can lead to decreased activity and abundance of brown adipocytes. There is
evidence that suggests that obesity and aging are associated with functional decline and
adaptive thermogenic impairment in human BAT [97]. BAT releases various factors under
different stimuli [98]. Cold exposure increases insulin-like growth factor-1 (IGF-1) gene
expression and peptide content in BAT. Neuregulin-4 (NRG4), a member of the epidermal
growth factor (EGF) family, is highly expressed in BAT. When released from BAT, NRG4
targets the liver, enhancing hepatic fatty acid oxidation and suppressing de novo lipogene-
sis [52]. Sirtuin 1 (SIRT1) not only increases PR domain-containing zinc finger protein 16
(PRDM16) expression and brown adipocyte activation through deacetylation [99] but also
reduces apoptosis and endoplasmic reticulum stress in mouse brown adipocytes under
high-fat diet (HFD) conditions [100]. Notably, even apoptotic BAT can release specific
patterns of metabolites, such as purine metabolites, acting as danger signals and triggering
immune responses in the body. After adipocyte-specific knockout of adipose triglyceride
lipase (ATGL) gene expression, the generation of serum ketone bodies and FGF21 in fast-
ing mice is blocked due to the lack of fatty acids that activate hepatocyte PPARα activity,
and BAT is activated [101].

It is widely acknowledged that both brown adipose tissue (BAT) and beige adipose
tissue are susceptible to the whitening effect frequently observed in obesity. During this
process, these tissues acquire a unilocular appearance, gradually losing their brown charac-
teristics and exhibiting features of white adipose tissue (WAT). Furthermore, in conjunction
with the whitening of adipose tissue, lipids accumulate due to reduced substrate oxidation
and loss of mitochondria, as the molecular mechanisms regulating thermogenesis, au-
tophagy, and mitosis become impaired [76,102]. Peroxisome proliferator-activated receptor-
γ (PPAR-γ) and CCAAT/enhancer-binding proteins (C/EBPs) play pivotal roles in the
differentiation of brown adipocytes [54,55]. Notably, acetylation of PPARγ in adipocytes
exacerbates the whitening of BAT [82], aggravating age-related metabolic dysfunction. Al-
though synthetic ligands of PPARγ, such as thiazolidinediones (TZDs) [83], improve insulin
resistance and suppress macrophage infiltration, inflammatory mediators, and vascular
active substance synthesis, they also induce a whitening phenotype in BAT, characterized
by lipid accumulation and suppressed BAT markers, accompanied by adverse effects like
bone loss. Moreover, testosterone can stimulate the local conversion of cortisone in adi-
pose tissue, contributing to the glucocorticoid-induced whitening phenotype of BAT [103].
Given the metabolic implications, understanding the mechanisms underlying the whiten-
ing of BAT and identifying strategies to prevent or reverse this process are of paramount
importance in maintaining the metabolic benefits of BAT and combating obesity-related
metabolic disorders.

Investigating novel strategies to activate BAT, including accurate identification and
quantitative analysis of inactive and active BAT, is crucial for harnessing its role in metabolic
regulation and developing targeted therapies for metabolic disorders [104].

3.4. Bioactive Compounds

Adipose tissue cells not only directly influence systemic energy metabolism but also
play a crucial role in this process through the involvement of numerous natural compounds.
Many natural chemicals, such as resveratrol, menthol, curcumin, and theobromine, can
promote the conversion of WAT into BAT. [64]. Resveratrol, a polyphenolic compound, has
been proven to combat obesity through the regulation of the gut microbiota–adipose tissue
axis. In animal studies, dietary resveratrol supplementation reduced body weight and
relative abdominal, epididymal, and perirenal fat weight in mice exposed to a high-fat diet
compared to the control group. Furthermore, resveratrol significantly decreased serum low-
density lipoprotein cholesterol (LDL), liver total cholesterol (TC), and triacylglycerol (TAG)
levels while inducing browning of adipose tissue. These research findings collectively
confirm the potential of resveratrol as a therapeutic agent for the management of obesity and
its associated metabolic disorders [60,105,106]. The activation of transient receptor potential
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melastatin 8 (TRPM8) by the terpenoid compound menthol enhanced the expression of
thermogenic genes in WAT [107]. The alkaloid compound curcumin induced browning
of primary white adipocytes by enhancing the expression of brown-fat-specific genes
and proteins involved in fat oxidation and increasing mitochondrial biogenesis [108].
Theobromine (TB), an alkaloid found in cocoa plants, significantly induced UCP1 protein
expression in both in vivo mouse models and in vitro primary adipocyte experiments,
demonstrating the potential to induce brown adipogenesis [84]. Additionally, L-theanine,
a non-protein amino acid with various benefits, can also induce the formation of brown
adipocyte characteristics [109]. Hyperoside (HPF), an anti-obesity drug, stimulates AMPK
and PGC-1α through a Ucp1-dependent pathway. HPF administration effectively mimics
cold-induced activation of adipose tissue thermogenesis, reducing lipid deposition and
body weight in white adipose tissue (WAT), thereby effectively promoting thermogenesis.
Dihydrolipoamide S-acetyltransferase (Dlat) has been confirmed as a direct molecular target
of HPF, and ablation of Dlat both in vitro and in vivo significantly attenuates HPF-mediated
adipose tissue browning [110]. Melatonin is a natural substance primarily produced and
secreted by the pineal gland, well-known for its role in regulating circadian rhythms.
However, the research has found that high doses of melatonin also promote a shift in the
size distribution of adipocytes towards smaller sizes in a dose-dependent manner, with the
most pronounced brown phenotype observed at a melatonin dose of 10 mg/kg, reducing
obesity and improving metabolic outcomes in obesity models by activating BAT [111].
Extracts from atractylodes macrocephala (AE) and its active compound atractylodin III
(AIII) have been reported to regulate glucose and lipid metabolism, possibly through BAT
activation [112]. In general, these bioactive compounds play a significant role in regulating
fat metabolism, particularly in promoting the browning of adipocytes. This review provides
a brief summary of the mentioned bioactive compounds, as shown in Table 1.

Table 1. Bioactive molecules involved in adipose tissue plasticity.

Biomolecule Species Function Tissue Methods Citation

A2AR human + WAT/BAT/muscle CE [44]
NRG4 mice + WAT/BAT HFD/HIEC [52]
CDO1 mice + iWAT/eWAT/BAT HFD/CE [79]
Opa1 mice + WAT/BAT HFD/CE [80]
YBX1 mice + scWAT CE [81]
TZD mice + WAT/BAT HFD/HIEC [83]
TB mice + WAT/beige AT CE [84]
HMGN mice + iWAT/eWAT HFD [86]
IRE1α mice + iWAT/eWAT/beige AT HFD/CE/β3-adrenergic [88]
PGN mice - iWAT/eWAT HFD [91]
MYPT1 mice + scWAT/beige AT HFD/CE [92]
HSF1 human/mice + iWAT/BAT HFD/CE [93]
Sirt1 mice + WAT/BAT HFD/CE/β3-adrenergic [99,100]
ATGL mice + BAT Fasting/CE/β3-adrenergic [101]
Resveratrol mice + pWAT/abWAT/eWAT HFD [105,106]
Menthol mice + sWAT/beige AT/WAT HFD [107]
Curcumin mice + WAT None [108]
L-theanine mice + iWAT HFD [109]
HPF human/mice + iWAT/BAT HFD/CE [110]
Melatonin rat + iBAT CE [111]
AE mice + iWAT/BAT CE [112]

Abbreviations: A2A receptor (A2AR), neuregulin 4 (NRG4), cysteine dioxygenase 1 (CDO1), optic atrophy 1
(Opa1), Y box-binding protein 1 (YBX1), thiazolidinediones (TZDs), theobromine (TB), high mobility group N
(HMGN), inositol-requiring enzyme 1α (IRE1α), peptidoglycan (PGN), myosin phosphatase target subunit 1
(MYPT1), sirtuin 1 (Sirt1), adipose triglyceride lipase (ATGL), hyperforin (HPF); inguinal white adipose tissue
(iWAT), epididymal white adipose tissue (eWAT), subcutaneous white adipose tissue (scWAT), perirhemtric
adipose tissue (abWAT), abdominal adipose tissue (abWAT), interscapular brown adipose tissue (iBAT); cold
exposure (CE), high-fat diet (HFD), hyperinsulinemic-euglycemic Clamp (HIEC).
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As shown in Table 1, the “Biomolecule” column refers to the proteins or compound
molecules that the mentioned papers focus on, while the “Species” column indicates the
species that the corresponding papers focus on. The “Function” column represents the
positive or negative effects of the object on the browning process of adipose tissue. “Tissue”
refers to the adipose tissue selected for the experiment, and “Method” indicates the main
treatment methods used in the paper.

4. Conclusions

This review provides a comprehensive overview of the roles of different adipose
tissue types in regulating energy homeostasis, focusing on the molecular mechanisms that
influence adipocyte generation, function, and interconversion. Despite the recent progress,
a deeper understanding of regulatory networks, individual variations, and interactions
between tissues is necessary. Single-cell omics and multi-omics approaches offer new
perspectives for exploring adipose tissue heterogeneity and metabolism.

The recent studies have revealed the interconnections and transformation mechanisms
between different adipose types, highlighting novel molecules, genes, and pathways
associated with obesity and metabolic disorders. However, the impact of genetic variations
on human brown and beige adipocytes and individual differences in brown adipose tissue
quantity and activity require further investigation.

The future research should adopt a multidisciplinary approach to explore the molec-
ular mechanisms regulating adipose tissue metabolism, identify new therapeutic targets,
and elucidate the interactions between adipose tissue and other factors. Utilizing emerging
technologies such as single-cell transcriptomics and lipidomics will provide new insights
into adipose tissue biology and its role in metabolic health. A comprehensive understand-
ing of adipose tissue plasticity is crucial for developing personalized therapies for obesity
and related metabolic disorders.

Funding: This research was supported by the National Natural Science Foundation of China [grant
numbers 81960171, 82360167] and Guizhou Provincial Science and Technology Program (Guizhou
Science and Technology Foundation-ZK[2022] General 620).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zhang, X.; Ha, S.; Lau, H.C.-H.; Yu, J. Excess Body Weight: Novel Insights into Its Roles in Obesity Comorbidities. Semin. Cancer

Biol. 2023, 92, 16–27. [CrossRef] [PubMed]
2. Feinberg, A.P.; Levchenko, A. Epigenetics as a Mediator of Plasticity in Cancer. Science 2023, 379, eaaw3835. [CrossRef] [PubMed]
3. Fitzgerald, K.N.; Hodges, R.; Hanes, D.; Stack, E.; Cheishvili, D.; Szyf, M.; Henkel, J.; Twedt, M.W.; Giannopoulou, D.; Herdell, J.;

et al. Correction for: Potential Reversal of Epigenetic Age Using a Diet and Lifestyle Intervention: A Pilot Randomized Clinical
Trial. Aging 2022, 14, 5959. [CrossRef] [PubMed]

4. Tanimura, K.; Suzuki, T.; Vargas, D.; Shibata, H.; Inagaki, T. Epigenetic Regulation of Beige Adipocyte Fate by Histone Methylation.
Endocr. J. 2019, 66, 115–125. [CrossRef] [PubMed]

5. Nanduri, R. Epigenetic Regulators of White Adipocyte Browning. Epigenomes 2021, 5, 3. [CrossRef] [PubMed]
6. You, D.; Nilsson, E.; Tenen, D.E.; Lyubetskaya, A.; Lo, J.C.; Jiang, R.; Deng, J.; Dawes, B.A.; Vaag, A.; Ling, C.; et al. Dnmt3a Is an

Epigenetic Mediator of Adipose Insulin Resistance. eLife 2017, 6, e30766. [CrossRef] [PubMed]
7. Inagaki, T.; Sakai, J.; Kajimura, S. Transcriptional and Epigenetic Control of Brown and Beige Adipose Cell Fate and Function.

Nat. Rev. Mol. Cell. Biol. 2016, 17, 480–495. [CrossRef] [PubMed]
8. Bradford, S.T.; Nair, S.S.; Statham, A.L.; Van Dijk, S.J.; Peters, T.J.; Anwar, F.; French, H.J.; Von Martels, J.Z.H.; Sutcliffe, B.;

Maddugoda, M.P.; et al. Methylome and Transcriptome Maps of Human Visceral and Subcutaneous Adipocytes Reveal Key
Epigenetic Differences at Developmental Genes. Sci. Rep. 2019, 9, 9511. [CrossRef]

9. Zhou, H.; Zhang, W.; Li, H.; Xu, F.; Yinwang, E.; Xue, Y.; Chen, T.; Wang, S.; Wang, Z.; Sun, H.; et al. Osteocyte Mitochondria
Inhibit Tumor Development via STING-Dependent Antitumor Immunity. Sci. Adv. 2024, 10, eadi4298. [CrossRef]

10. Cox, S.L.; O’Siorain, J.R.; Fagan, L.E.; Curtis, A.M.; Carroll, R.G. Intertwining Roles of Circadian and Metabolic Regulation of the
Innate Immune Response. Semin. Immunopathol. 2022, 44, 225–237. [CrossRef]

11. Kawada-Horitani, E.; Kita, S.; Okita, T.; Nakamura, Y.; Nishida, H.; Honma, Y.; Fukuda, S.; Tsugawa-Shimizu, Y.; Kozawa, J.;
Sakaue, T.; et al. Human Adipose-Derived Mesenchymal Stem Cells Prevent Type 1 Diabetes Induced by Immune Checkpoint
Blockade. Diabetologia 2022, 65, 1185–1197. [CrossRef] [PubMed]

http://doi.org/10.1016/j.semcancer.2023.03.008
http://www.ncbi.nlm.nih.gov/pubmed/36965839
http://dx.doi.org/10.1126/science.aaw3835
http://www.ncbi.nlm.nih.gov/pubmed/36758093
http://dx.doi.org/10.18632/aging.204197
http://www.ncbi.nlm.nih.gov/pubmed/35907207
http://dx.doi.org/10.1507/endocrj.EJ18-0442
http://www.ncbi.nlm.nih.gov/pubmed/30606913
http://dx.doi.org/10.3390/epigenomes5010003
http://www.ncbi.nlm.nih.gov/pubmed/34968255
http://dx.doi.org/10.7554/eLife.30766
http://www.ncbi.nlm.nih.gov/pubmed/29091029
http://dx.doi.org/10.1038/nrm.2016.62
http://www.ncbi.nlm.nih.gov/pubmed/27251423
http://dx.doi.org/10.1038/s41598-019-45777-w
http://dx.doi.org/10.1126/sciadv.adi4298
http://dx.doi.org/10.1007/s00281-021-00905-5
http://dx.doi.org/10.1007/s00125-022-05708-3
http://www.ncbi.nlm.nih.gov/pubmed/35511238


Biomolecules 2024, 14, 483 9 of 13

12. Schmidt, V.; Hogan, A.E.; Fallon, P.G.; Schwartz, C. Obesity-Mediated Immune Modulation: One Step Forward, (Th)2 Steps Back.
Front. Immunol. 2022, 13, 932893. [CrossRef]

13. Ma, Y.; Jun, H.; Wu, J. Immune Cell Cholinergic Signaling in Adipose Thermoregulation and Immunometabolism. Trends Immunol.
2022, 43, 718–727. [CrossRef] [PubMed]

14. Latteri, S.; Sofia, M.; Puleo, S.; Di Vincenzo, A.; Cinti, S.; Castorina, S. Mechanisms Linking Bariatric Surgery to Adipose Tissue,
Glucose Metabolism, Fatty Liver Disease and Gut Microbiota. Langenbecks Arch. Surg. 2023, 408, 101. [CrossRef]

15. Sankararaman, S.; Noriega, K.; Velayuthan, S.; Sferra, T.; Martindale, R. Gut Microbiome and Its Impact on Obesity and
Obesity-Related Disorders. Curr. Gastroenterol. Rep. 2023, 25, 31–44. [CrossRef]

16. Sbierski-Kind, J.; Grenkowitz, S.; Schlickeiser, S.; Sandforth, A.; Friedrich, M.; Kunkel, D.; Glauben, R.; Brachs, S.; Mai, K.;
Thürmer, A.; et al. Effects of Caloric Restriction on the Gut Microbiome Are Linked with Immune Senescence. Microbiome 2022,
10, 57. [CrossRef]

17. Sung, H.; Siegel, R.L.; Torre, L.A.; Pearson-Stuttard, J.; Islami, F.; Fedewa, S.A.; Goding Sauer, A.; Shuval, K.; Gapstur, S.M.;
Jacobs, E.J.; et al. Global Patterns in Excess Body Weight and the Associated Cancer Burden. CA Cancer J. Clin. 2019, 69, 88–112.
[CrossRef] [PubMed]

18. Bosello, O.; Vanzo, A. Obesity Paradox and Aging. Eat. Weight. Disord. 2021, 26, 27–35. [CrossRef]
19. Lv, M.; Zhang, S.; Jiang, B.; Cao, S.; Dong, Y.; Cao, L.; Guo, S. Adipose-derived Stem Cells Regulate Metabolic Homeostasis and

Delay Aging by Promoting Mitophagy. FASEB J. 2021, 35, e21709. [CrossRef]
20. Feng, X.; Wang, L.; Zhou, R.; Zhou, R.; Chen, L.; Peng, H.; Huang, Y.; Guo, Q.; Luo, X.; Zhou, H. Senescent Immune Cells

Accumulation Promotes Brown Adipose Tissue Dysfunction during Aging. Nat. Commun. 2023, 14, 3208. [CrossRef]
21. Mau, T.; Yung, R. Adipose Tissue Inflammation in Aging. Exp. Gerontol. 2018, 105, 27–31. [CrossRef]
22. Fabbrini, E.; Yoshino, J.; Yoshino, M.; Magkos, F.; Tiemann Luecking, C.; Samovski, D.; Fraterrigo, G.; Okunade, A.L.; Patterson,

B.W.; Klein, S. Metabolically Normal Obese People Are Protected from Adverse Effects Following Weight Gain. J. Clin. Investig.
2015, 125, 787–795. [CrossRef]

23. Stanford, K.I.; Middelbeek, R.J.W.; Goodyear, L.J. Exercise Effects on White Adipose Tissue: Beiging and Metabolic Adaptations.
Diabetes 2015, 64, 2361–2368. [CrossRef]

24. Scheel, A.K.; Espelage, L.; Chadt, A. Many Ways to Rome: Exercise, Cold Exposure and Diet—Do They All Affect BAT Activation
and WAT Browning in the Same Manner? Int. J. Mol. Sci. 2022, 23, 4759. [CrossRef]

25. Hall, K.D.; Kahan, S. Maintenance of Lost Weight and Long-Term Management of Obesity. Med. Clin. 2018, 102, 183–197.
[CrossRef] [PubMed]

26. Rubino, D.M.; Greenway, F.L.; Khalid, U.; O’Neil, P.M.; Rosenstock, J.; Sørrig, R.; Wadden, T.A.; Wizert, A.; Garvey, W.T.; STEP 8
Investigators; et al. Effect of Weekly Subcutaneous Semaglutide vs Daily Liraglutide on Body Weight in Adults With Overweight
or Obesity Without Diabetes: The STEP 8 Randomized Clinical Trial. JAMA 2022, 327, 138. [CrossRef] [PubMed]

27. Wilding, J.P.H.; Batterham, R.L.; Calanna, S.; Davies, M.; Van Gaal, L.F.; Lingvay, I.; McGowan, B.M.; Rosenstock, J.; Tran, M.T.D.;
Wadden, T.A.; et al. Once-Weekly Semaglutide in Adults with Overweight or Obesity. N. Eng. J. Med. 2021, 384, 989–1002.
[CrossRef] [PubMed]

28. Maurer, S.; Harms, M.; Boucher, J. The Colorful Versatility of Adipocytes: White-to-brown Transdifferentiation and Its Therapeutic
Potential in Humans. FEBS J. 2021, 288, 3628–3646. [CrossRef]

29. Lee, K.Y.; Luong, Q.; Sharma, R.; Dreyfuss, J.M.; Ussar, S.; Kahn, C.R. Developmental and Functional Heterogeneity of White
Adipocytes within a Single Fat Depot. EMBO J. 2019, 38, e99291. [CrossRef]

30. Tang, H.; Wang, J.; Deng, P.; Li, Y.; Cao, Y.; Yi, B.; Zhu, L.; Zhu, S.; Lu, Y. Transcriptome-Wide Association Study-Derived Genes as
Potential Visceral Adipose Tissue-Specific Targets for Type 2 Diabetes. Diabetologia 2023, 66, 2087–2100. [CrossRef]

31. Ahmad, B.; Vohra, M.S.; Saleemi, M.A.; Serpell, C.J.; Fong, I.L.; Wong, E.H. Brown/Beige Adipose Tissues and the Emerging Role
of Their Secretory Factors in Improving Metabolic Health: The Batokines. Biochimie 2021, 184, 26–39. [CrossRef] [PubMed]

32. Cheng, L.; Wang, J.; Dai, H.; Duan, Y.; An, Y.; Shi, L.; Lv, Y.; Li, H.; Wang, C.; Ma, Q.; et al. Brown and Beige Adipose Tissue: A
Novel Therapeutic Strategy for Obesity and Type 2 Diabetes Mellitus. Adipocyte 2021, 10, 48–65. [CrossRef] [PubMed]

33. Gonzalez Porras, M.A.; Stojkova, K.; Acosta, F.M.; Rathbone, C.R.; Brey, E.M. Engineering Human Beige Adipose Tissue. Front.
Bioeng. Biotechnol. 2022, 10, 906395. [CrossRef] [PubMed]

34. Castro, É.; Silva, T.E.O.; Festuccia, W.T. Critical Review of Beige Adipocyte Thermogenic Activation and Contribution to
Whole-Body Energy Expenditure. Horm. Mol. Biol. Clin. Investig. 2017, 31, 20170042. [CrossRef] [PubMed]

35. Yuko, O.-O.; Saito, M. Brown Fat as a Regulator of Systemic Metabolism beyond Thermogenesis. Diabetes Metab. J. 2021,
45, 840–852. [CrossRef] [PubMed]

36. Angueira, A.R.; Sakers, A.P.; Holman, C.D.; Cheng, L.; Arbocco, M.N.; Shamsi, F.; Lynes, M.D.; Shrestha, R.; Okada, C.;
Batmanov, K.; et al. Defining the Lineage of Thermogenic Perivascular Adipose Tissue. Nat. Metab. 2021, 3, 469–484. [CrossRef]
[PubMed]

37. Sakers, A.; De Siqueira, M.K.; Seale, P.; Villanueva, C.J. Adipose-Tissue Plasticity in Health and Disease. Cell 2022, 185, 419–446.
[CrossRef]

38. Wu, J.; Jun, H.; McDermott, J.R. Formation and Activation of Thermogenic Fat. Trends Genet. 2015, 31, 232–238. [CrossRef]
[PubMed]

http://dx.doi.org/10.3389/fimmu.2022.932893
http://dx.doi.org/10.1016/j.it.2022.07.006
http://www.ncbi.nlm.nih.gov/pubmed/35931611
http://dx.doi.org/10.1007/s00423-023-02821-8
http://dx.doi.org/10.1007/s11894-022-00859-0
http://dx.doi.org/10.1186/s40168-022-01249-4
http://dx.doi.org/10.3322/caac.21499
http://www.ncbi.nlm.nih.gov/pubmed/30548482
http://dx.doi.org/10.1007/s40519-019-00815-4
http://dx.doi.org/10.1096/fj.202100332R
http://dx.doi.org/10.1038/s41467-023-38842-6
http://dx.doi.org/10.1016/j.exger.2017.10.014
http://dx.doi.org/10.1172/JCI78425
http://dx.doi.org/10.2337/db15-0227
http://dx.doi.org/10.3390/ijms23094759
http://dx.doi.org/10.1016/j.mcna.2017.08.012
http://www.ncbi.nlm.nih.gov/pubmed/29156185
http://dx.doi.org/10.1001/jama.2021.23619
http://www.ncbi.nlm.nih.gov/pubmed/35015037
http://dx.doi.org/10.1056/NEJMoa2032183
http://www.ncbi.nlm.nih.gov/pubmed/33567185
http://dx.doi.org/10.1111/febs.15470
http://dx.doi.org/10.15252/embj.201899291
http://dx.doi.org/10.1007/s00125-023-05978-5
http://dx.doi.org/10.1016/j.biochi.2021.01.015
http://www.ncbi.nlm.nih.gov/pubmed/33548390
http://dx.doi.org/10.1080/21623945.2020.1870060
http://www.ncbi.nlm.nih.gov/pubmed/33403891
http://dx.doi.org/10.3389/fbioe.2022.906395
http://www.ncbi.nlm.nih.gov/pubmed/35845420
http://dx.doi.org/10.1515/hmbci-2017-0042
http://www.ncbi.nlm.nih.gov/pubmed/28862985
http://dx.doi.org/10.4093/dmj.2020.0291
http://www.ncbi.nlm.nih.gov/pubmed/34176254
http://dx.doi.org/10.1038/s42255-021-00380-0
http://www.ncbi.nlm.nih.gov/pubmed/33846639
http://dx.doi.org/10.1016/j.cell.2021.12.016
http://dx.doi.org/10.1016/j.tig.2015.03.003
http://www.ncbi.nlm.nih.gov/pubmed/25851693


Biomolecules 2024, 14, 483 10 of 13

39. Smith, R.E. Thermoregulatory and Adaptive Behavior of Brown Adipose Tissue. Science 1964, 146, 1686–1689. [CrossRef]
40. Cohen, P.; Kajimura, S. The Cellular and Functional Complexity of Thermogenic Fat. Nat. Rev. Mol. Cell. Biol. 2021, 22, 393–409.

[CrossRef]
41. Abe, Y.; Fujiwara, Y.; Takahashi, H.; Matsumura, Y.; Sawada, T.; Jiang, S.; Nakaki, R.; Uchida, A.; Nagao, N.; Naito, M.; et al.

Histone Demethylase JMJD1A Coordinates Acute and Chronic Adaptation to Cold Stress via Thermogenic Phospho-Switch. Nat.
Commun. 2018, 9, 1566. [CrossRef] [PubMed]

42. Valdivia, L.F.G.; Castro, É.; Eichler, R.A.D.S.; Moreno, M.F.; De Sousa, É.; Jardim, G.F.R.; Peixoto, Á.S.; Moraes, M.N.; Castrucci,
A.M.D.L.; Nedergaard, J.; et al. Cold Acclimation and Pioglitazone Combined Increase Thermogenic Capacity of Brown and
White Adipose Tissues but This Does Not Translate into Higher Energy Expenditure in Mice. Am. J. Physiol.-Endocrinol. Metab.
2023, 324, E358–E373. [CrossRef]

43. Xiao, F.; Jiang, H.; Li, Z.; Jiang, X.; Chen, S.; Niu, Y.; Yin, H.; Shu, Y.; Peng, B.; Lu, W.; et al. Reduced Hepatic Bradykinin
Degradation Accounts for Cold-Induced BAT Thermogenesis and WAT Browning in Male Mice. Nat. Commun. 2023, 14, 2523.
[CrossRef] [PubMed]

44. Lahesmaa, M.; Oikonen, V.; Helin, S.; Luoto, P.; U Din, M.; Pfeifer, A.; Nuutila, P.; Virtanen, K.A. Regulation of Human Brown
Adipose Tissue by Adenosine and A2A Receptors—Studies with [15O]H2O and [11C]TMSX PET/CT. Eur. J. Nucl. Med. Mol.
Imaging 2019, 46, 743–750. [CrossRef] [PubMed]

45. Müller, S.; Perdikari, A.; Dapito, D.H.; Sun, W.; Wollscheid, B.; Balaz, M.; Wolfrum, C. ESRRG and PERM1 Govern Mitochondrial
Conversion in Brite/Beige Adipocyte Formation. Front. Endocrinol. 2020, 11, 387. [CrossRef] [PubMed]

46. Kazak, L.; Chouchani, E.T.; Jedrychowski, M.P.; Erickson, B.K.; Shinoda, K.; Cohen, P.; Vetrivelan, R.; Lu, G.Z.; Laznik-Bogoslavski,
D.; Hasenfuss, S.C.; et al. A Creatine-Driven Substrate Cycle Enhances Energy Expenditure and Thermogenesis in Beige Fat. Cell
2015, 163, 643–655. [CrossRef] [PubMed]

47. Sun, Y.; Rahbani, J.F.; Jedrychowski, M.P.; Riley, C.L.; Vidoni, S.; Bogoslavski, D.; Hu, B.; Dumesic, P.A.; Zeng, X.; Wang, A.B.; et al.
Mitochondrial TNAP Controls Thermogenesis by Hydrolysis of Phosphocreatine. Nature 2021, 593, 580–585. [CrossRef] [PubMed]

48. Kim, Y.H.; Lee, J.H.; Yeung, J.L.-H.; Das, E.; Kim, R.Y.; Jiang, Y.; Moon, J.H.; Jeong, H.; Thakkar, N.; Son, J.E.; et al. Thermogenesis-
Independent Metabolic Benefits Conferred by Isocaloric Intermittent Fasting in Ob/Ob Mice. Sci. Rep. 2019, 9, 2479. [CrossRef]
[PubMed]

49. Giordano, A.; Cinti, F.; Canese, R.; Carpinelli, G.; Colleluori, G.; Di Vincenzo, A.; Palombelli, G.; Severi, I.; Moretti, M.; Redaelli, C.;
et al. The Adipose Organ Is a Unitary Structure in Mice and Humans. Biomedicines 2022, 10, 2275. [CrossRef]

50. Gavaldà-Navarro, A.; Villarroya, J.; Cereijo, R.; Giralt, M.; Villarroya, F. The Endocrine Role of Brown Adipose Tissue: An Update
on Actors and Actions. Rev. Endocr. Metab. Disord. 2022, 23, 31–41. [CrossRef]

51. Lynch, L.; Hogan, A.E.; Duquette, D.; Lester, C.; Banks, A.; LeClair, K.; Cohen, D.E.; Ghosh, A.; Lu, B.; Corrigan, M.; et al. iNKT
Cells Induce FGF21 for Thermogenesis and Are Required for Maximal Weight Loss in GLP1 Therapy. Cell Metab. 2016, 24, 510–519.
[CrossRef] [PubMed]

52. Chen, Z.; Wang, G.-X.; Ma, S.L.; Jung, D.Y.; Ha, H.; Altamimi, T.; Zhao, X.-Y.; Guo, L.; Zhang, P.; Hu, C.-R.;et al. Nrg4 Promotes
Fuel Oxidation and a Healthy Adipokine Profile to Ameliorate Diet-Induced Metabolic Disorders. Mol. Metab. 2017, 6, 863–872.
[CrossRef]

53. Velickovic, K.; Leija, H.A.L.; Kosic, B.; Sacks, H.; Symonds, M.E.; Sottile, V. Leptin Deficiency Impairs Adipogenesis and Browning
Response in Mouse Mesenchymal Progenitors. Eur. J. Cell Biol. 2023, 102, 151342. [CrossRef] [PubMed]

54. Comeau, K.; Caillon, A.; Paradis, P.; Schiffrin, E.L. Determination of Interleukin-17A and Interferon-γ Production in γδ, CD4+,
and CD8+ T Cells Isolated from Murine Lymphoid Organs, Perivascular Adipose Tissue, Kidney, and Lung. Bio Protoc. 2023,
13, e4679. [CrossRef] [PubMed]

55. Ziqubu, K.; Dludla, P.V.; Moetlediwa, M.T.; Nyawo, T.A.; Pheiffer, C.; Jack, B.U.; Nkambule, B.; Mazibuko-Mbeje, S.E. Disease
Progression Promotes Changes in Adipose Tissue Signatures in Type 2 Diabetic (Db/Db) Mice: The Potential Pathophysiological
Role of Batokines. Life Sci. 2023, 313, 121273. [CrossRef] [PubMed]

56. Rodríguez, A.; Becerril, S.; Hernández-Pardos, A.W.; Frühbeck, G. Adipose Tissue Depot Differences in Adipokines and Effects
on Skeletal and Cardiac Muscle. Curr. Opin. Pharmacol. 2020, 52, 1–8. [CrossRef] [PubMed]

57. Zhang, P.; Wu, W.; Ma, C.; Du, C.; Huang, Y.; Xu, H.; Li, C.; Cheng, X.; Hao, R.; Xu, Y. RNA-Binding Proteins in the Regulation of
Adipogenesis and Adipose Function. Cells 2022, 11, 2357. [CrossRef] [PubMed]

58. Baca, P.; Barajas-Olmos, F.; Mirzaeicheshmeh, E.; Zerrweck, C.; Guilbert, L.; Sánchez, E.C.; Flores-Huacuja, M.; Villafán, R.;
Martínez-Hernández, A.; Carlos Sánchez, E.; et al. DNA Methylation and Gene Expression Analysis in Adipose Tissue to Identify
New Loci Associated with T2D Development in Obesity. Nutr. Diabetes 2022, 12, 50. [CrossRef] [PubMed]

59. MacCannell, A.D.; Roberts, L.D. Metabokines in the Regulation of Systemic Energy Metabolism. Curr. Opin. Pharmacol. 2022,
67, 102286. [CrossRef]

60. Zou, T.; Chen, D.; Yang, Q.; Wang, B.; Zhu, M.-J.; Nathanielsz, P.W.; Du, M. Resveratrol Supplementation of High-Fat Diet-Fed
Pregnant Mice Promotes Brown and Beige Adipocyte Development and Prevents Obesity in Male Offspring: Maternal Resveratrol
Promotes Beige Adipogenesis in Offspring. J. Physiol. 2017, 595, 1547–1562. [CrossRef]

61. Gong, H.; Sun, L.; Chen, B.; Han, Y.; Pang, J.; Wu, W.; Qi, R.; Zhang, T. Evaluation of Candidate Reference Genes for RT-qPCR
Studies in Three Metabolism Related Tissues of Mice after Caloric Restriction. Sci. Rep. 2016, 6, 38513. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.146.3652.1686
http://dx.doi.org/10.1038/s41580-021-00350-0
http://dx.doi.org/10.1038/s41467-018-03868-8
http://www.ncbi.nlm.nih.gov/pubmed/29674659
http://dx.doi.org/10.1152/ajpendo.00217.2022
http://dx.doi.org/10.1038/s41467-023-38141-0
http://www.ncbi.nlm.nih.gov/pubmed/37130842
http://dx.doi.org/10.1007/s00259-018-4120-2
http://www.ncbi.nlm.nih.gov/pubmed/30105585
http://dx.doi.org/10.3389/fendo.2020.00387
http://www.ncbi.nlm.nih.gov/pubmed/32595605
http://dx.doi.org/10.1016/j.cell.2015.09.035
http://www.ncbi.nlm.nih.gov/pubmed/26496606
http://dx.doi.org/10.1038/s41586-021-03533-z
http://www.ncbi.nlm.nih.gov/pubmed/33981039
http://dx.doi.org/10.1038/s41598-019-39380-2
http://www.ncbi.nlm.nih.gov/pubmed/30792482
http://dx.doi.org/10.3390/biomedicines10092275
http://dx.doi.org/10.1007/s11154-021-09640-6
http://dx.doi.org/10.1016/j.cmet.2016.08.003
http://www.ncbi.nlm.nih.gov/pubmed/27593966
http://dx.doi.org/10.1016/j.molmet.2017.03.016
http://dx.doi.org/10.1016/j.ejcb.2023.151342
http://www.ncbi.nlm.nih.gov/pubmed/37467572
http://dx.doi.org/10.21769/BioProtoc.4679
http://www.ncbi.nlm.nih.gov/pubmed/37251099
http://dx.doi.org/10.1016/j.lfs.2022.121273
http://www.ncbi.nlm.nih.gov/pubmed/36521548
http://dx.doi.org/10.1016/j.coph.2020.04.003
http://www.ncbi.nlm.nih.gov/pubmed/32387807
http://dx.doi.org/10.3390/cells11152357
http://www.ncbi.nlm.nih.gov/pubmed/35954201
http://dx.doi.org/10.1038/s41387-022-00228-w
http://www.ncbi.nlm.nih.gov/pubmed/36535927
http://dx.doi.org/10.1016/j.coph.2022.102286
http://dx.doi.org/10.1113/JP273478
http://dx.doi.org/10.1038/srep38513
http://www.ncbi.nlm.nih.gov/pubmed/27922100


Biomolecules 2024, 14, 483 11 of 13

62. Xin, H.; Huang, R.; Zhou, M.; Chen, J.; Zhang, J.; Zhou, T.; Ji, S.; Liu, X.; Tian, H.; Lam, S.M.; et al. Daytime-Restricted Feeding
Enhances Running Endurance without Prior Exercise in Mice. Nat. Metab. 2023, 5, 1236–1251. [CrossRef] [PubMed]

63. Blondin, D.P.; Labbé, S.M.; Noll, C.; Kunach, M.; Phoenix, S.; Guérin, B.; Turcotte, É.E.; Haman, F.; Richard, D.; Carpentier, A.C.
Selective Impairment of Glucose but Not Fatty Acid or Oxidative Metabolism in Brown Adipose Tissue of Subjects with Type 2
Diabetes. Diabetes 2015, 64, 2388–2397. [CrossRef] [PubMed]

64. Carey, A.L.; Kingwell, B.A. Brown Adipose Tissue in Humans: Therapeutic Potential to Combat Obesity. Pharmacol. Ther. 2013,
140, 26–33. [CrossRef] [PubMed]

65. Singh, R.; Barrios, A.; Dirakvand, G.; Pervin, S. Human Brown Adipose Tissue and Metabolic Health: Potential for Therapeutic
Avenues. Cells 2021, 10, 3030. [CrossRef] [PubMed]

66. Wang, C.-H.; Wei, Y.-H. Therapeutic Perspectives of Thermogenic Adipocytes in Obesity and Related Complications. Int. J. Mol.
Sci. 2021, 22, 7177. [CrossRef] [PubMed]

67. Paulo, E.; Wang, B. Towards a Better Understanding of Beige Adipocyte Plasticity. Cells 2019, 8, 1552. [CrossRef] [PubMed]
68. Li, B.; Zhang, M.; Duan, Y.; Shuai, L.; Jiang, H.; Li, J.; Nan, F.; Li, J. Pyrazolone Derivative C29 Protects against HFD-Induced

Obesity in Mice via Activation of AMPK in Adipose Tissue. Acta Pharmacol. Sin. 2021, 42, 964–974. [CrossRef] [PubMed]
69. Lundgren, P.; Sharma, P.V.; Dohnalová, L.; Coleman, K.; Uhr, G.T.; Kircher, S.; Litichevskiy, L.; Bahnsen, K.; Descamps, H.C.;

Demetriadou, C.; et al. A Subpopulation of Lipogenic Brown Adipocytes Drives Thermogenic Memory. Nat. Metab. 2023, 5,
1691–1705. [CrossRef]

70. Wu, D.; Bang, I.H.; Park, B.-H.; Bae, E.J. Loss of Sirt6 in Adipocytes Impairs the Ability of Adipose Tissue to Adapt to Intermittent
Fasting. Exp. Mol. Med. 2021, 53, 1298–1306. [CrossRef]

71. Li, G.; Xie, C.; Lu, S.; Nichols, R.G.; Tian, Y.; Li, L.; Patel, D.; Ma, Y.; Brocker, C.N.; Yan, T.; et al. Intermittent Fasting Promotes
White Adipose Browning and Decreases Obesity by Shaping the Gut Microbiota. Cell Metab. 2017, 26, 672–685.e4. [CrossRef]

72. Mu, W.-J.; Zhu, J.-Y.; Chen, M.; Guo, L. Exercise-Mediated Browning of White Adipose Tissue: Its Significance, Mechanism and
Effectiveness. Int. J. Mol. Sci. 2021, 22, 11512. [CrossRef]

73. Tam, B.T.; Siu, P.M. Autophagic Cellular Responses to Physical Exercise in Skeletal Muscle. Sport. Med. 2014, 44, 625–640.
[CrossRef] [PubMed]

74. Hepler, C.; Weidemann, B.J.; Waldeck, N.J.; Marcheva, B.; Cedernaes, J.; Thorne, A.K.; Kobayashi, Y.; Nozawa, R.; Newman, M.V.;
Gao, P.; et al. Time-Restricted Feeding Mitigates Obesity through Adipocyte Thermogenesis. Science 2022, 378, 276–284. [CrossRef]

75. Kaisanlahti, A.; Glumoff, T. Browning of White Fat: Agents and Implications for Beige Adipose Tissue to Type 2 Diabetes.
J. Physiol. Biochem. 2019, 75, 1–10. [CrossRef]

76. Ziqubu, K.; Dludla, P.V.; Mthembu, S.X.H.; Nkambule, B.B.; Mabhida, S.E.; Jack, B.U.; Nyambuya, T.M.; Mazibuko-Mbeje, S.E. An
Insight into Brown/Beige Adipose Tissue Whitening, a Metabolic Complication of Obesity with the Multifactorial Origin. Front.
Endocrinol. 2023, 14, 1114767. [CrossRef]

77. Park, W.Y.; Choe, S.-K.; Park, J.; Um, J.-Y. Black Raspberry (Rubus Coreanus Miquel) Promotes Browning of Preadipocytes and
Inguinal White Adipose Tissue in Cold-Induced Mice. Nutrients 2019, 11, 2164. [CrossRef] [PubMed]

78. Aladag, T.; Mogulkoc, R.; Baltaci, K.A. Irisin and Energy Metabolism and the Role of Irisin on Metabolic Syndrome. Mini-Rev.
Med. Chem. 2023, 23, 1942–1958. [CrossRef] [PubMed]

79. Guo, Y.-Y.; Li, B.-Y.; Xiao, G.; Liu, Y.; Guo, L.; Tang, Q.-Q. Cdo1 Promotes PPARγ-Mediated Adipose Tissue Lipolysis in Male
Mice. Nat. Metab. 2022, 4, 1352–1368. [CrossRef]

80. Bean, C.; Audano, M.; Varanita, T.; Favaretto, F.; Medaglia, M.; Gerdol, M.; Pernas, L.; Stasi, F.; Giacomello, M.; Herkenne, S.; et al.
The Mitochondrial Protein Opa1 Promotes Adipocyte Browning That Is Dependent on Urea Cycle Metabolites. Nat. Metab. 2021,
3, 1633–1647. [CrossRef]
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