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Abstract

Brown and beige adipose tissue share similar functionality, being both tissues specialized in producing heat through nonshiver-

ing thermogenesis and also playing endocrine roles through the release of their secretion factors called batokines. This review

elucidates the influence of physical exercise, and myokines released in response, on the regulation of thermogenic and secre-

tory functions of these adipose tissues and discusses the similarity of batokines actions with physical exercise in the remodeling

of adipose tissue. This adipose tissue remodeling promoted by autocrine and paracrine batokines or physical exercise seems to

optimize its functionality associated with better health outcomes.
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INTRODUCTION

Mammals have two main types of adipose tissue: white
adipose tissue (WAT) and brown adipose tissue (BAT) (1).
Although WAT serves as an energy storage tissue due to its
high triglyceride content within a large fat droplet and its
relatively low number of mitochondria, BAT is a tissue with
a smaller amount of triglycerides arranged in several small
fat droplets but with a greater number of mitochondria that
present uncoupling protein 1 (UCP-1), which is considered
themainmarker of BAT and is partly responsible for its ther-
mogenic function (1–3).

A third adipose tissue type called beige adipose tissue
shares functional and morphological similarities with BAT
and can be activated from white adipocytes when exposed to
specific stimuli like cold temperatures and physical exercise
to perform similar functions to brown adipocytes (1, 4).
Although BAT and beige adipose tissue present differences,
such as originating in different cell lineages (5), this review
will focus on their similar functionalities. Thus, herein we
will refer to these tissues collectively as BAT.

The activation of such adipose tissues has been pro-
posed as a therapeutic target in treating obesity and asso-
ciated diseases because of their thermogenic functions (1).
When activated, these tissues increase the oxidation of
energy substrates to sustain thermogenesis, leading to
greater utilization of fatty acids and glucose, decreasing
insulin resistance, and promoting energy homeostasis (4,
6).However, the scientific literature has recently shown
that the metabolic effects promoted by BAT are not limited
to thermogenesis.(7) Like WAT and skeletal muscle, BAT
also releases its secretion factors, known as batokines (7).
These molecules, which can be peptides, lipids, or miRNA,

can act in an autocrine and paracrine manner, supporting
tissue expansion and enhanced activation, or in an endo-
crine manner, reaching several target tissues, such as the
liver, heart, skeletal muscle, and WAT (8).

In these tissues, they play important roles in preventing
hepatic steatosis, reducing insulin resistance, providing car-
dioprotective effects, promoting muscle development, and
inducing the browning of WAT, among other metabolic ben-
efits (8).

Evidence in animals and humans demonstrates that phys-
ical exercise can activate thermogenic tissues by two possi-
ble mechanisms of action: 1) through b-adrenergic activation

and 2) through signaling myokines released by skeletal mus-
cle in response to exercise, such as irisin, interleukin 6 (IL6),
meteorin-like protein (METRNL), lactate, and vascular endo-
thelial growth factor A (VEGFA) (9).

The activation of thermogenic tissues through physical
exercise involves the recruitment of mature adipocytes and
other cell types residing in these tissues as well, such as pro-
genitor cells, stem cells, endothelial, neural, hematopoietic,
and immune cells, which collectively promote adipose tissue
remodeling, leading to increased thermogenic and/or secre-
tory activity (10).

The autocrine and paracrine action batokines act like-
wise on the resident cells of adipose tissue, promoting
angiogenesis, nerve outgrowth, modulation of the immune
system cell profile, and adipocyte biogenesis. (7) This
remodeling creates a microenvironment that favors the
expansion and activation of brown or beige adipose tissue
(10), as illustrated in Fig. 1. Some notable cytokines include
neuregulin 4 (NRG4), nerve growth factor (NGF), bone mor-
phogenetic protein 8 b (BMP8b), VEGFA, chemokine ligand
14 (CXCL14), and IL6 (11).
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Although the evidence for the activation of thermogen-
esis in BAT by physical exercise is not entirely conclu-

sive, the secretory function of these tissues has already
been demonstrated in thermoneutral conditions (12, 13).

Therefore, some authors suggest that this tissue does not
necessarily need to perform thermogenesis to promote

positive health impacts since batokines have great poten-
tial in promoting metabolic health, mainly in controlling

obesity and type 2 diabetes (8, 10, 11).
Most evidence on exercise’s potential to recruit thermo-

genic adipocytes focuses on increased genes and proteins

expression related to thermogenic function and lipid or glu-
cose oxidationmarkers (14–17). At the same time, few human

studies have investigated its secretory function in response
to exercise (13).

This review overviews physical exercise’s influence on

thermogenic tissues’ secretory function. In addition, we
gather clinical studies exploring physical exercise’s effects

on the thermogenic function in these tissues and describe
the role of exercise and batokines in remodeling white and

brown adipose tissue.

THE ROLE OF THERMOGENESIS IN
METABOLIC HEALTH

Due to its primary thermogenic function, when activated,
BAT increases the oxidation of energy substrates to sustain

thermogenesis, leading to greater oxidation of fatty acids
and glucose, reduced insulin resistance, and an increase in

energy expenditure (4).
It is estimated that only 50 g of BAT can account for

�20% of the daily energy expenditure when fully activated

(18) although the contribution of BAT thermogenesis to
energy expenditure shows high individual variability, and

it appears to be lower in individuals with higher body
mass index (BMI) (19).

Thermogenesis is primarily mediated by the UCP-1 pro-

teins, which are present in the innermembrane ofmitochon-
dria. These proteins interrupt the process of oxidative

phosphorylation, allowing the leakage of hydrogen ions

from the intermembrane space to the mitochondrial matrix,

generating heat (20). Therefore, it is a process where chemi-

cal energy is expended to produce thermal energy (20).
There is a strong correlation between the prevalence of

BAT activation and body mass index (18). Despite the robust

correlation, it is important to highlight the possibility that

the relationship may be influenced by confounding effects

that need to be better elucidated. Although there are chal-

lenges in understanding, which factor is the cause and which

is the effect, there is consistent evidence that BAT thermo-

genesis contributes to energy homeostasis (21–24).
Hamann et al. (21) developed a transgenic mouse model

with toxin annihilating UCP-1-positive cells. When these

mice were fed a high-fat diet, they experienced positive

energy balance and gained fat. At the same time, animals

with activated thermogenic tissue were protected against

weight gain, even when fed the same diet.
Observational studies provide evidence suggesting an

important role of BAT activation beyond energy regula-

tion (22, 23). Becher et al. (23) conducted a retrospective

analysis of various positron emission tomography/com-

puted tomography (FDG-PET/CT) scans to detect BAT,

and the amount of this tissue was independently associ-

ated with lower odds of cardiovascular diseases such as

coronary artery disease, hypertension, heart failure, and

dyslipidemias.
Despite reducing activity in obese individuals, some

human studies have observed metabolic improvements with

BAT activation through cold exposure in this population.

Hanssen et al. (24) conducted a study on overweight men

exposed to cold. The authors observed an increased glucose

uptake by BAT using FDG-PET/CT and clinically relevant

improvements in insulin sensitivity.
In addition to cold exposure, b-adrenergic receptor agonist

drugs also demonstrated the same effect in obese men,

improving glycated hemoglobin, oral glucose tolerance, in-

sulin sensitivity, and promoting the browning of subcutane-

ous adipose tissue (25).
The pharmacological approach using adrenergic agonists,

although proven effective in thermogenic tissue activation

NGF
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Beta-adrenergic 
activation 

Figure 1. Physical exercise through b-adrenergic activation or the release of myokines activates thermogenic tissues (brown or beige recruitment), which
in turn release their secretion factors (batokines), which, through autocrine and paracrine actions, remodel the tissue, promoting angiogenesis, growth

of sympathetic innervation, and modulation of immune system cells profile, creating a favorable microenvironment for greater activation and expansion

of the tissue and, consequently, greater thermogenic activity. Created with BioRender.com.
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(25), does not provide selectivity only to b-3-adrenergic adi-

pocyte receptors, leading to side effects such as tachycardia,

making its long-term safety debatable (26, 27).

Exposure to cold, although effective, is not efficient due to

its lack of sustainability, as the withdrawal of the stimulus

seems to interrupt the thermogenic activity of BAT (28).
Considering the informationmentioned above, it becomes

relevant to deepen our understanding of interventions with

the potential to activate BAT safely and sustainably. In this

review, we present a comprehensive discussion on the role

of physical exercise as an intervention for BAT activation.

THERMOGENIC TISSUES ACTIVATION IN
RESPONSE TO EXERCISE-INDUCED MYOKINES

Physical exercise promotes systemic health benefits. In

part, these benefits are mediated by secretion factors released

by the muscle in response to physical exercise, called myo-

kines (9, 29). In addition to acting in an autocrine and para-

crine manner in skeletal muscle, these proteins are released

into the blood in response to muscle contractile activity,

reachingmultiple organs, including adipose tissue (9, 29).
In WAT, myokines promote the development of beige adi-

pocytes, a process called WAT browning, in which white adi-

pocytes temporarily acquire the phenotype and functionality

of a brown adipocyte. This topic is currently under extensive

study in the scientific literature (30–34).
The adipose tissue browning involves morphological

changes in white adipocytes, including developing more mi-

tochondria rich in UCP-1 and lower lipid content, arranged

in multiple fat droplets (35). This process also leads to gene

expression changes, with increased expression of thermo-

genic genes like peroxisome proliferator-activated receptors

c (PPARc), transcriptional coactivator peroxisome prolifera-

tor-activated receptor-gamma coactivator 1 a (PGC-1 a), PR

domain containing 16 (PRDM16), cell death CIDE-A (CIDEA),

and UCP-1 (36, 37).
Bostr€om et al. (30) identified, in mice, that by activating

the PGC-1 a in skeletal muscle, the expression of a mem-

brane protein called FNDC5 is increased, and when cleaved,

it gives origin to a hormone called irisin. The plasma levels

of this hormone seem to be increased in humans and mice

in response to exercise, and it also appears to have actions

onWAT browning (30).
Rao et al. (31) observed the same effect on WAT for the

myokine METRNL, which seems to induce thermogenic and

anti-inflammatory genes in WAT through the stimulation of

interleukin 4 (IL4), that modulates the activation of anti-

inflammatory macrophages in WAT, a process that favors

the development of a beige phenotype.
Similarly, Knudsen et al. (32) identified that the increase

in UCP-1 expression in the WAT of mice in response to

exercise is dependent on the myokine IL6, as Carri�ere et al.

(33) also observed thermogenic gene upregulation (UCP-1,

CIDEA) in response to lactate, a metabolite released into

plasma in response to high-intensity exercise.

Animals treated with an intramuscular infusion of lactate

at concentrations similar to those released in response

to exercise showed adaptations in the WAT that resemble

thermogenic tissue characteristics (38). These adaptations

included the upregulation of proteins involved in lipolysis,

such as the protein kinase activated by adenosine mono-

phosphate (AMPK) and hormone-sensitive lipase (HSL) (38).

In addition, there was an increase in mitochondrial bio-

markers like PGC-1 a, through activation of protein kinase A

(PKA), and an increase in b-3-adrenergic receptors (38).

THERMOGENIC TISSUE ACTIVATION IN
RESPONSE TO b-ADRENERGIC STIMULATION
DURING EXERCISE

In addition to stimulatingmyokines andmetabolites, physi-

cal exercise can also activate thermogenic tissues via b-adre-

nergic activation (4). This mechanism of action is mediated by

noradrenaline, which binds to b-3-adrenergic receptors in the

adipocyte and stimulates cyclic adenosine monophosphate

(cAMP), which phosphorylates PKA and signals the regulation

of UCP-1 gene expression, as well as leading to the lipolysis of

stored triglycerides to sustain thermogenesis (39).
Regarding the activation of BAT in response to exercise,

fewer studies in humans are available in the literature than

in animals. Although it is possible to find similar outcomes

as in animal studies based on existing evidence, the findings

from human studies exhibit considerable diversity. This var-

iability could be attributed to heterogeneity in research

methodologies, the characteristics of the studied popula-

tions, variations in the type, intensity, and duration of the

exercise programs, as well as different approaches employed

to evaluate tissue browning.
Table 1 summarizes studies investigating the effect of dif-

ferent physical exercise protocols on thermogenic outcomes

in BAT and WAT browning in diverse populations. Although

the compilation of evidence demonstrates that exercise is a

possible tool to promote the beige phenotype in WAT, fur-

ther human studies are needed to better elucidate this issue

in different exercise modalities and populations. Despite the

limitations and conflicting results on the activation of ther-

mogenesis in BAT, the literature has already demonstrated

that physical exercise can activate another function in this

tissue, which will be described below.

PHYSICAL EXERCISE AND BATOKINE
SECRETION

Although some animal and human studies fail to find any

exercise-influenced thermogenic activity in BAT (45, 46),

emerging evidence demonstrates that effects on its secretory

function do not follow the same pattern. Recently, a lipokine (a

secretion factor of the lipid class) called 12,13-diHOME was dis-

covered, a metabolite of linoleic acid released by BAT in

response to physical exercise, which acts mainly on skeletal

muscle, increasing the oxidation of fatty acids in this tissue (13).
Stanford et al. (13) performed liquid chromatography-mass

spectrometry (LC-MS) and identified that an acute bout of

physical exercise increased plasma levels of 12,13-diHOME in

humans, independent of gender, age, BMI, or fitness level.

This finding was obtained from two different cohorts with

diverse populations that underwent moderate to intense aer-

obic exercise to evaluate circulating levels of a panel of 88

lipids. Among all these lipids, only 12,13-diHOME levels
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increased immediately after exercise and returned to base-
line 1 h later (13).

To identify the tissue of origin of this lipokine, a study was
carried out in mice submitted to physical exercise. The results
showed expressively lower plasma levels of 12,13-diHOME in
animals with the inguinal BAT removed through surgery than
in animals with conserved BAT, showing that this lipokine is a
batokine released by BAT in response to exercise (13).

Batokines are secretion factors released by BAT, which
can be proteins, lipids, or miRNAs (47). They have recently
been described in the literature, and their functions include

autocrine and paracrine as well as systemic actions, contrib-
uting to increased energy expenditure and glucose homeo-
stasis, pointed out as allies in the fight against obesity and
associated diseases (47).More details on their effects will be
discussed in subsequent sections of this review.

The identification of batokines in science is a recent discov-
ery, and the factors that stimulate their secretion are still
under investigation. Some stimuli identified in the literature
capable of producing the secretion of batokines include expo-
sure to cold, b-adrenergic activation, ingestion of nutraceuti-
cals such as capsinoids, and high levels of thyroid hormones
(48, 49). Although 12,13-diHOME is the only batokinewith evi-
dence of being secreted in response to physical exercise in an
in vivo environment (13), some in vitro studies suggest that iri-
sin and lactate, factors released by skeletal muscle in response
to physical exercise and with actions on WAT browning, also
stimulate the secretion of batokines (50, 51).

A study was conducted with human subcutaneous and
neck region adipocyte precursors, anatomical regions where
adipocytes with beige gene signatures can develop or be

found (52), to evaluate the effect of irisin, a myokine secreted
in response to physical exercise, on the differentiation to
thermogenic adipocytes and the secretome produced (50). In
the results, it was not possible to observe increased expres-
sion of thermogenic genes; however, during adipocyte differ-
entiation, there was significant secretion of chemokine
ligand 1(CXCL1), a batokine with angiogenic functions, sug-
gesting that irisin has a regulatory role in the secretory func-
tion of thermogenic adipose tissue (50).

Jeanson et al. (51) conducted an in vitro study to investi-
gate the effects of lactate on mature adipocytes differenti-

ated from the stromal vascular fraction of WAT in animals.
Besides observing an increase in UCP-1 expression, a well-
known effect of lactate on WAT browning, the study also
revealed a rapid increase in the expression and secretion of
fibroblast growth factor 21 (FGF21), a batokine with both
autocrine and systemic actions (51). This increase in FGF21
was found to be mediated through the signaling of p38 mito-
gen-activated protein kinase (p38-MAPK), a class of activated
proteins associated with cellular stress and involved in cell
differentiation processes. In addition to lactate, this study
suggested that other exercise metabolites, such as pyruvate
and ketone bodies, may promote the same effect (51).

The liver mostly secretes the FGF21 protein; however,
emerging evidence suggests that it is also secreted by skeletal
muscle, WAT, and BAT, thus, categorizing it as a batokine
(53). Like other batokines, it has been associated with positive
metabolic effects in several target tissues, such as the liver,
central nervous system, and adipose tissue, contributing sys-
temically to the regulation of energy and glucose homeostasis
through actions such as increased glucose oxidation and

Table 1. Clinical trials involving the effects of different physical exercise protocols on BAT outcomes and on WAT
browning

Physical Exercise Protocol Population Effects on BAT Effects on WAT Reference

Three times a week/ com-

bined exercise/16 wk

Overweight and T2D

individuals

Increased thermogenic

activity

Increased expression of

thermogenic genes

Bonfante et al. (15)

Three times a week/aero-

bic training 60 min per

session/12 wk

Sedentary adults, eutro-

phic, overweight, or

obese

NA Increased expression of

thermogenic genes

Otero-díaz et al. (16)

Six sessions/high-intensity
interval training or con-

tinuous moderate inten-

sity training/2 wk

Healthy eutrophic
middle-aged men

Decrease in glucose ox-
idation rate

NA Motiani et al. (40)

150 min per week of aero-
bic training and 80 min

per week of resistance

training/24 wk

Sedentary adults eutro-
phic and overweight

No change in BAT vol-
ume or glucose oxi-

dation rate

NA Martinez-Tellez et al. (41)

Five times a week/exercise
combined with caloric

restriction (�200 kcal/

day)/16 wk

Overweight and obese
women

NA No change in beige bio-
markers in WAT

Nakhuda et al. (42)

Three times a week/com-
bined exercise/12 wk

Sedentary, overweight,
and obese middle-

aged men

NA No change in beige adi-
pocyte morphology

and biomarkers in

WAT

Stinkens et al. (43)

Three times a week/com-
bined exercise associ-

ated or not with taurine

supplementation/8 wk

Sedentary obese adults
women

NA Increased expression of
beige adipocyte bio-

marker genes in WAT

De Carvalho et al. (17)

Four times a week/com-
bined exercise/12 wk

Healthy or prediabetic,
eutrophic or over-

weight adult men

NA Slightly increased
expression of beige

biomarker genes in

WAT

Norheim et al. (44)

BAT, brown adipose tissue; NA, not available; T2D, type 2 diabetes; WAT, white adipose tissue.
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thermogenesis by BAT, stimulating the oxidation of hepatic

fatty acids and acting on the hypothalamus to reduce sugar

consumption (54).

The evidence above suggests that physical exercise can

modulate the secretory activity of thermogenic tissues,

potentially providing additional benefits for metabolic

health by stimulating batokine secretion. Although stud-

ies in this area are promising, further advances are still

necessary to validate the hypotheses raised in the in vivo

environment. Moreover, comprehensive evaluations are

needed to investigate the behavior of myokines and

metabolites released in response to exercise on the secre-

tory function of thermogenic tissues, considering the

intricate complexity of the organism.

PHYSICAL EXERCISE AND ADIPOSE TISSUE
REMODELING

Adipose tissue remodeling in obesity is related to adipo-

cyte hypertrophy, low tissue vascularization, and the proin-

flammatory profile of immune system cells, conferring the

dysfunctionality of adipose tissue observed in the obesity

phenotype. Alternatively, the remodeling that the practice of

physical exercise can provide refers to alterations in themor-

phology of adipocytes, with lower lipid content, higher mito-

chondria content, greater vascularization, and immune

system cells with a predominantly anti-inflammatory pro-

file, providing a favorable microenvironment for the activa-

tion of beige adipocytes (10, 55, 56).
BAT activity and the brown phenotype in WAT are

maintained by nerve stimulation of the central nervous

system, and therefore, developing sympathetic innerva-

tion in these tissues is crucial for thermogenic tissue func-

tionality (57–60).
Several studies have identified that the activity of the cen-

tral nervous system and catecholamine levels are increased

during physical exercise (4, 61, 62), promoting actions in

white adipose tissue, such as browning of white adipocytes

(14, 63), and stimulating lipolysis of triglycerides through

binding with adipocyte b-adrenergic receptors (64).
In a recent animal study, it was observed that moderate

physical exercise promoted an increase in the content of b-3-

adrenergic receptors and sympathetic activity in BAT (65).

However, the role of physical exercise in promoting the

growth of sympathetic innervation in human adipose tissue

is still unclear, as no studies directly investigated this topic

in the literature.
In addition to sympathetic innervation, adequate tissue

perfusion is required to sustain thermogenic tissue meta-

bolic activity by providing oxygen and energetic substrates

(56). Unlike the outcome related to the growth of sympa-

thetic nerves, there is consistent evidence in the literature

regarding angiogenesis promoted by physical exercise in adi-

pose tissue (66–68). Kolahdouzi et al. (66) observed that

physical exercise was able to reverse the dysfunctionality of

WAT caused by diet-induced obesity in rats, increasing capil-

lary density and expression of type 2 macrophages to levels

even higher than those of animals with a control diet.

Macrophage polarization from type 1 (M1) to type 2 (M2) in

adipose tissue also appears to be a factor influencing the

ability of WAT to acquire a brown phenotype. Similar to the

investigation conducted by Kolahdouzi et al., other studies

have also observed this outcome in response to exercise (69).

In several human studies, both aerobic and resistance

exercise have demonstrated significant angiogenic potential

in individuals with insulin resistance and hypertension, as

well as in healthy individuals (70–72). This effect seems to be

associated with an increase in the angiogenic capacity of en-

dothelial progenitor cells (70–72). The same effect has al-

ready been observed in animal BAT (73).
Furthermore, physical exercise appears to be a significant

factor contributing to the healthy expansion of white adipose

tissue in a situation of chronic caloric surplus. This finding can

be attributed to the promotion of angiogenesis, and mitochon-

drial biogenesis, while also preventing adipocyte hypertrophy,

which makes the tissue dysfunctional and is associated with

chronic low-grade inflammation, insulin resistance, type 2 dia-

betes, and othermetabolic disorders (56, 74).
Just like physical exercise, the autocrine and paracrine

actions of batokines also exert the effect of remodeling ther-

mogenic adipose tissue to promote an environment that

favors its greater activation and consequently optimizes its

thermogenic and secretory functions. These actions will be

discussed in the following topic.

BATOKINES AND ADIPOSE TISSUE
REMODELING

As previously described, for thermogenesis to occur in

BAT, it is required not only the activity of mature UCP-1-pos-

itive thermogenic adipocytes but also the provision of

adequate blood supply to the tissue. This blood supply ena-

bles the arrival of the energy substrates and oxygen essential

to sustain thermogenesis efficiently (10).
Other crucial factors for BAT thermogenesis and WAT

browning involve the tissue’s sympathetic innervation and the

presence of immune system cells residing in the tissue that can

influence its functionality depending on its phenotype (10).
In light of this, the actions of autocrine and paracrine bato-

kines are targeted toward the endothelial, neuronal, or

immune cells within the thermogenic tissue, stimulating the

growth of peripheral nerves, angiogenesis, and modulating

resident immune cells, optimizing its thermogenic activity

and for this reason are important therapeutic targets for BAT

restoration in humans who have lost or have insignificant

amounts of this tissue, such as obese or older individuals (10)

Batokines Neurite Outgrowth Effects

Some proteins, such as NGF and NRG4, stimulate neurite

outgrowth, promoting the growth and differentiation of sym-

pathetic neurons in the tissue. These proteins are considered

important BAT markers, with a regulatory function of BAT

sympathetic innervation in response to cold (75, 76). NRG4

serum levels are decreased in pathological conditions such

as type 2 diabetes, metabolic syndrome, and coronary artery

disease in humans (77).

Batokines Angiogenic Effects

In addition to promoting sympathetic innervation, BAT

also secretes batokines with angiogenic capabilities, such as

PHYSICAL ACTIVITY AND BATOKINES

E614 AJP-Endocrinol Metab � doi:10.1152/ajpendo.00160.2023 � www.ajpendo.org
Downloaded from journals.physiology.org/journal/ajpendo at Univ Comp De Madrid Fac De Med (154.059.124.141) on November 4, 2023.

http://www.ajpendo.org


VEGFA. The VEGFA protein promotes the activation, prolif-

eration, and differentiation of vascular endothelial cells, act-

ing as a trigger for angiogenesis within adipose tissue (78).
Park et al. (79) further observed that VEGFA significantly

induced the browning of white adipocytes. In the same study,

transplantation of adipose tissue exhibiting high VEGFA

expression into mice with diet-induced obesity resulted in a

notable decrease in the inflammatory response.
Other studies also observed the action of VEGFA in pro-

moting the browning of adipose tissue, increasing the

expression of UCP-1 and PGC-1 a in this tissue (78, 80).

Furthermore, VEGFA can promote angiogenesis in the

BAT itself, stimulating its activation (81).
BMP8b belongs to the bone morphogenetic protein family

and is secreted by mature brown adipocytes in response to

b-adrenergic activation or other nonadrenergic stimuli, such

as estrogen. It appears to play a dual role: first, in promoting

tissue vascularization by stimulating angiogenic factors, and

second, indirectly promoting tissue innervation by stimulat-

ing the endogenous production of NRG4 (47, 82).

Batokines Immunomodulation Effects

The profile of cytokines and immune system cells residing

within the adipose tissue seems to interfere with its func-

tionality (83). In obesity, the infiltration of inflammatory

cytokines into BAT appears to impair the activation of ther-

mogenesis, negatively impacting its functionality (81) which

confers some similarity between BAT andWAT.
A chemokine from the CXC family, CXCL14, was identified

as a batokine capable of recruiting M2 macrophages to the

BAT itself, modulating the inflammatory phenotype (84). As

demonstrated by Cereijo et al. (84), CXCL14 secreted by BAT,

in addition to activating it, also promoted the browning of

WAT, reflecting improvement in glucose homeostasis in

diet-induced obese mice.
Other BAT secretion factors, such as METRNL and adipo-

nectin, also seem to modulate the profile of tissue-resident

macrophages through different mechanisms of action, favor-

ing an anti-inflammatory profile and stimulating the differ-

entiation of white adipocytes into beige (31, 85).
Growth differentiation factor 15 (GDF15), another bato-

kine that modulates the local inflammatory phenotype, is

secreted by BAT in response to exposure to cold and can

suppress the expression of proinflammatory genes in the

tissue (86).
Lastly and possibly most importantly, IL-6 is also recog-

nized as a batokine, perhaps the most extensively studied.

One of its actions takes place locally as a consequence of

BAT activation in response to a b-adrenergic stimulus, also

acting on the recruitment of M2 macrophages and promot-

ing the modulation of the profile of immune cells in the tis-

sue, which directly impacts its activation capacity (87).

Batokines Thermogenic Effects

Although thermogenesis in adipose tissue can be con-

trolled by b-adrenergic activation (88), the influence of bato-

kines appears capable of promoting this phenomenon

independently of this stimulus (89).
The newly discovered adipose tissue signaling protein

batokine (Adissp), highly expressed in BAT, appears to bind

to specific receptors on the adipocyte in a paracrine manner,

activating the PKA pathway and promoting the transcription

of glycolytic and thermogenic genes in thermoneutral condi-

tions and a b-3-adrenergic receptors independent manner
(61). These changes in gene expressions were accompanied

by improvements in glucose homeostasis (89).
These data suggest that the secretion of batokines may be

an alternative to exposure to cold or b-adrenergic agonists to
promote the browning of adipocytes and their thermogenic

activity (Fig. 2).
Data regarding the effects of physical exercise and auto-

crine/paracrine batokines point to a similarity in their roles

in adipose tissue remodeling, consequently contributing to
its functionality.

Dysfunctional adipose tissue is associated with the devel-

opment of metabolic diseases (56), thus awakening great in-

terest in the investigation of factors that trigger the secretion

of batokines since their local effects within adipose tissue
resemble the effects of physical exercise, potentially influ-

encing tissue remodeling and functionality (Fig. 3).

CHALLENGES AND FUTURE PERSPECTIVES

Although the relevance of BAT activation has been dem-

onstrated, there are still several gaps to be addressed in this

field of research. These include the investigation of different

pathways that drive BAT activation and pursuing new
approaches to stimulate this tissue in an effective, sustain-

able, and safe manner. The scientific community is actively

exploring this topic. Some animal studies have shown the
role of microbiota metabolites inducing BAT thermogenesis

(90, 91), whereas others have observed the potential of some

thyroid hormones and nutraceuticals (48, 92, 93).
But the evidence is still limited to in vitro and animal

models. The progress in this scientific area depends on con-
ducting research involving human subjects and striving to

observe whether these novel approaches to activate BAT will

be accompanied by clinically relevant effects. These efforts
should be the central focus of future studies, including more

clinical research to strengthen the role of physical exercise

in BAT activation, aiming to gather comparable studies in a

systematic review to obtain a robust estimative of its effects.
A significant concern to consider when evaluating the

metabolic health impacts of BAT activation is the restricted

duration of its effects. It has been suggested that the inter-

ruption of exposure to external stimuli may reduce the acti-
vation of BAT. This decrease is more pronounced in obese

individuals, whereas lean subjects may maintain higher heat

production after 1 h of rewarming, as demonstrated by

Claessens-van Ooijen et al. (19)
Similarly, the BAT-secreted 12,13-diHOME levels in response

to exercise returned to baseline after 1 h. After 3 h, the levels

remained elevated only in active young individuals compared

with older and sedentary individuals (13).
The information about how long physical exercise could

maintain the thermogenic or secretory function of BAT ac-

tivity still needs to be further explored in the literature. It

would be valuable in determining this intervention’s optimal

volume and frequency to achieve the desired outcomes. In
addition, it is important to investigate whether there are any

differences in the effects of exercise on diverse populations.
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Also, it is always relevant to highlight the complexity of
obesity and its associated diseases. Given their multifac-
eted nature, BAT activation may complement other inter-
ventions to counteract obesity rather than being used as a
standalone strategy. Furthermore, an important limita-
tion of the applicability of increasing energy expenditure
through BAT activation to promote a caloric deficit and
weight control is the possibility of triggering adaptive
mechanisms to restore homeostasis and preserve fat tis-
sue (94).

Another limitation in studying BAT is the lack of adequate
tools andmethods for its quantification. Although FDG-PET/
CT is commonly used to detect BAT in scientific research (18,
22), it relies on glucose oxidation activity, potentially leading
to underestimating the total BAT mass since it can also oxi-
dize other substrates.

Moreover, the tools currently available for identifying
beige adipocytes in WAT, such as biopsies (17), present chal-
lenges due to their high cost and invasive nature. Advancing
research efforts to explore more accessible methods for

cAMP

Protein 
kinase A

cAMP

Thermogenic genes

β3 adrenergic receptorBatokine receptor

Figure 2. Batokines promote thermogenic genes
transcription in a b-3-adrenergic independent man-

ner. Created with BioRender.com.

Obesity remodeling
Physical exercise 

remodeling Batokines remodeling

Figure 3. Different types of adipose tissue remodeling. Obesity is marked by dysfunctional tissue remodeling, with high infiltration of proinflammatory

cytokines, poor vascularity, and hypertrophied adipocytes, creating a chronic low-grade inflammatory environment that predisposes to metabolic dis-

eases. On the other hand, physical exercise and the action of autocrine and paracrine batokines share similar effects in the remodeling of adipose tis-
sue, providing greater vascularization, polarization of type 2 macrophages, increase in mitochondrial content, browning of white adipose tissue and

higher oxidative rates. Created with BioRender.com.
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detecting and quantifying these tissues, such as blood bio-

markers, would be a significant advancement in this field.
Regarding batokines, science still has a great deal of work

ahead to fill the several gaps in this topic. It is crucial to elu-

cidate whether BAT is the source of 12,13-diHOME secreted

in response to exercise in humans and which other batokines

are stimulated by physical exercise or its associated myo-

kines. Furthermore, modern techniques such as metabolo-

mics and proteomics may be useful in future research to

ascertain batokine circulating levels and establish further

associations between their release with adipose tissue

remodeling and improvements inmetabolic health.

CONCLUSIONS

The data gathered by this review suggest that physical

exercise and its released myokines have great potential to

stimulate the functionality of brown and beige adipose tis-

sue, either the thermogenic function or the secretory func-

tion that involves the release of batokines.
Given the evidence presented in this review, it is feasi-

ble to suggest that the effects of autocrine and paracrine

batokines are comparable to those of physical exercise on

white adipose tissue. These batokines have the potential to

remodel the tissue, leading to a phenotype inversely asso-

ciated with metabolic diseases and promoting a favorable

microenvironment for the formation of beige adipocytes, a

promising approach to restore thermogenic tissue in popu-

lations with low or negligible amounts, which would bene-

fit from its reactivation, such as individuals with obesity.
However, our full knowledge about secreted batokines and

their effects relies on preclinical evidence and remains far

from comprehensive. Nonetheless, the insights addressed by

currently available data indicate that further research and

investigation in this area hold great promise for potential

therapeutic applications in the future.
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