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Exercise-induced intertissue communication: adipose 
tissue and the heart
Jade A Blackwell1,2,* and Kristin I Stanford1,2,*

Exercise leads to numerous beneficial whole-body effects and 
can protect against the development of obesity, cardiometabolic, 
and neurodegenerative diseases. Recent studies have 
highlighted the importance of inter-tissue crosstalk with a focus 
on secretory factors that mediate communication among organs, 
including adipose tissue and the heart. Studies investigating the 
effects of exercise on brown adipose tissue (BAT) and white 
adipose tissue (WAT) demonstrated that adipokines are released 
in response to exercise and act on the heart to decrease 
inflammation, alter gene expression, increase angiogenesis, and 
improve cardiac function. This review discusses the exercise- 
induced adaptations to BAT and WAT and how these 
adaptations affect heart health and function, while highlighting 
the importance of tissue crosstalk.
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Introduction
Exercise is an important therapeutic tool that can pre
vent or delay the onset of obesity, type 2 diabetes, and 
cardiovascular disease [1–3]. Acute bouts of mod
erate intensity exercise can activate metabolic pathways 
that have a positive downstream effect for whole-body 
glucose homeostasis, improved insulin tolerance [4,5], 
and even play a role in cardiorespiratory fitness [6]. 
Exercise has beneficial effects on multiple tissues, and 
several studies have demonstrated the beneficial effects 

of exercise on adipose tissue. Most recently, studies have 
shown that exercise alters the endocrine capabilities of 
adipose tissue [5,7]. These exercise-induced secretions 
from adipose tissue facilitate inter-organ crosstalk, in
cluding communication from adipose tissue to skeletal 
muscle, liver, and the heart [7,8]. Here, we will discuss 
how the exercise adaptations to adipose tissue mediate 
heart health and function.

Adipose tissue
There are three distinct types of adipose tissue in hu
mans and rodents: brown adipose tissue (BAT), white 
adipose tissue (WAT), and beige adipocytes. For this 
review, we will primarily focus on exercise-induced 
adaptations to BAT and WAT and how those affect 
cardiovascular function and health (Fig. 1).

Brown adipose tissue (BAT)
BAT is highly vascularized with an abundance of sym
pathetic nerves [9]. It acts primarily as a thermogenic 
tissue that dissipates energy in the form of heat, and this 
is driven by the presence of uncoupling protein 1 
(UCP1) [10]. UCP1 resides in the inner membrane of 
mitochondria and works by displacing the proton gra
dient potential, and this discharge of the gradient results 
in the generation of energy in the form of heat [11,12]. 
In humans, BAT is found in the cervical, supraclavicular, 
axillary, and paravertebral regions [13], whereas, in ro
dents, BAT is found in cervical, interscapular, mediast
inal, perirenal, and axillary regions [14].

Recent studies have demonstrated the importance of 
BAT as a therapeutic target for cardiometabolic disease 
in humans and rodents [5,15–17]. While the mechanism 
for this has not been fully elucidated, work from our 
laboratory has identified the endocrine function of BAT 
to be critical in this response [18]. BAT releases lipo
kines or adipokines in response to stimuli, including cold 
or exercise that can improve cardiometabolic health 
[19,20], and these are discussed in detail below.

White adipose tissue
WAT is composed of white adipocytes as well as several 
other cell types, and its primary functions are insulation 
and energy storage [21]. There are multiple WAT depots, 
which can be broadly subdivided into subcutaneous adi
pose tissue (scWAT) and visceral adipose tissue (vWAT). 
These adipose tissue depots store lipids in the form of 
triglycerides, which can then be mobilized and used for 
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energy [22]. scWAT is located beneath the skin, and is 
associated with improved insulin sensitivity and glucose 
tolerance [23]. vWAT is predominantly found in the ab
dominal cavity, where it lines internal organs, and has 
been correlated with insulin resistance [24]. Similar to 
BAT, WAT also acts in an endocrine manner by secreting 
adipokines, micro-RNAs (miRNAs), and extracellular 
vesicles (EVs) [25,26], which is particularly important for 
communication with the heart.

Beige adipocytes
Beige adipocytes are found within WAT depots, and 
contain small lipid droplets, mitochondria, and express 
UCP1 [27]. Beige adipocytes stem from white adipo
cytes and are identified by beiging markers CD137, T- 
box transcription factor 1, and transmembrane protein 26 
[28]. In the absence of stimuli to induce beiging, they 
can return to white adipocytes, highlighting their plas
ticity. These adipocytes function similarly to brown 
adipocytes where they generate energy in the form of 
heat, and their ability to adapt is arguably important for 
mediating metabolic diseases.

Excercise and adipose tissue
Exercise is an important tool to prevent the develop
ment of cardiometabolic disease and induces adaptations 
to skeletal muscle and the heart. Different exercise in
tensities result in different adaptations, throughout this 
review, we will present data from studies investigating 
both moderate- and high-intensity exercise. Moderate- 
intensity exercise is when an individual is working at 
50–70% of the maximum heart rate, while high- or vig
orous-intensity exercise is considered to be 70–85% of 
maximum heart rate [29]. Adipose tissue is highly dy
namic and able to respond to changes in energy 

demands, such as exercise with acute and chronic ad
justments. These adaptations come as a result of ex
ercise stimulating adipose tissue to secrete the necessary 
adipokines, thus affect systemic homeostasis, and help 
prevent cardiometabolic diseases.

Effects of exercise on brown adipose tissue
Despite BAT being the most metabolically active adipose 
tissue, the studies investigating exercise-induced adap
tations to BAT have been conflicting. Exercise increases 
energy expenditure, and indirectly increases thermogen
esis, which results in the activation of BAT, but most 
studies indicate that exercise does not enhance glucose 
uptake in BAT. In humans, multiple studies have looked 
at various exercise intensities and found that moderate- 
but not high-intensity exercise improved glucose meta
bolism in BAT [30]. Vosselman et al. demonstrated that 
BAT activity, measured by cold-stimulated glucose up
take, was reduced in male endurance athletes compared 
with body mass index matched sedentary males [31]. 
These findings suggest that endurance exercise does not 
stimulate glucose uptake in BAT. Most recently, the 
ACTIBATE study investigated the effects of exercise on 
BAT in male and female human subjects using a rando
mized control trial to assess BAT activity after 24 weeks 
of combined endurance and resistance training protocol 
[32]. Similar to previous studies, there was no effect of 
exercise on BAT volume or glucose uptake.

In rodents, studies investigating the effects of exercise on 
BAT have also provided conflicting data. One study found 
that when high-fat diet-fed mice were given open access 
to voluntary wheel running cages, there was an increase in 
UCP1 expression and preadipocytes in BAT [33]. Fu 
et al. followed this with an observed increased expression 
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of vascular endothelial growth-factor A and increased BAT 
mass mice post exercise [33]. Previous work from our la
boratory assessed 14 AT depots in mice, including 5 BAT 
depots, after 3 weeks of exercise. Exercise affected each 
depot differently, but interscapular BAT (iBAT) was the 
tissue most affected by exercise. Gene expression re
vealed an increase in mitochondrial gene expression in 
iBAT, but functional data demonstrated a decrease in 
mitochondrial activity and as well reduced basal glucose 
uptake [34]. These data suggest that while exercise in
fluences BAT, exercise likely does not increase glucose 
uptake in BAT in humans or rodents.

It is important to note the fact that exercise does not 
stimulate glucose uptake in BAT is not surprising; ex
ercise should influence fuel utilization in other tissues 
such as skeletal muscle and the heart, and any exercise- 
induced adaptations to BAT would likely influence 
those tissues. Thus, recent studies have focused on the 
effects of exercise to mediate the endocrine role of BAT 
[35], which will be discussed later in this review.

Effects of exercise on white adipose tissue
There are several recent studies that have highlighted the 
importance of exercise-induced adaptations to WAT 
[36–38]. In humans, exercise has been shown to increase 
mitochondrial respiration of scWAT following six weeks 
of high-intensity exercise [37]. Exercise also improves 
whole-body glucose metabolism [39], and a previous 
study showed that a 12-week exercise regime in obese 
males improved peripheral insulin sensitivity [40]. More 
recently, a 12-week cycling intervention demonstrated 
increased expression of brown and beige genes in 
scWAT, independent of a change in insulin resistance 
[38]. scWAT is more sensitive to external stimuli and 
plays a role in insulin sensitivity and regulating the ex
pression and phosphorylation of more than 50% of the 
glucose uptake genes or proteins [41]. These data de
monstrate unique exercise-induced adaptations to glucose 
homeostasis in scWAT, which can have a distinct impact 
on whole-body glucose tolerance and insulin sensitivity.

There are several studies identifying exercise-induced 
changes in WAT in rodents. Unlike humans, a promi
nent exercise-induced adaptation in rodents is the bei
ging of scWAT [42]. Mitochondrial genes are also 
increased in rodents with exercise in both scWAT [43]
and vWAT [44], and other studies have also identified 
exercise-induced changes in scWAT that increase vas
cular density [45] and expression of genes involved in 
fatty acid oxidation [34], but these adaptations to 
scWAT are sex-specific [37]. Previous work from our 
laboratory has shown that transplantation of scWAT 
from exercise-trained mice improves skeletal muscle 
glucose uptake and whole-body insulin sensitivity [46], 
indicating that scWAT also acts in an endocrine manner 
to influence cardiometabolic health. These exercise- 

induced endocrine factors that mediate tissue crosstalk 
will be discussed in the next section.

Exercise induces secreted factors from 
adipose tissue that improve cardiovascular 
health and function
Adipose tissue acts as a major regulator of whole-body 
homeostasis through intertissue crosstalk via the secre
tion of adipokines, EVs, and small molecules, which 
communicate with the heart and skeletal muscle that are 
in higher energy demands with exercise. These various 
secreted factors, and how they influence cardiometabolic 
health, are discussed below.

12,13-Dihydroxy-9Z-octadecanoic acid
12,13-dihydroxy-9Z-octadecanoic acid (12,13-diHOME) 
is a lipokine released from BAT that has been identified 
as a molecule to improve cardiac function and overall 
metabolic health [8,35, 47]. In humans, prolonged bouts 
of cycling and high-intensity exercise in male athletes 
increased serum 12,13-diHOME [48], and acute exercise 
increased plasma 12,13-diHOME in both sedentary and 
active male and female human subjects [48]. In rodents, 
Pinckard et al. observed that an acute injection of 12,13- 
diHOME improved cardiac hemodynamics, and a sus
tained expression of 12,13-diHOME negated the effects 
of a high-fat diet on cardiac function [35]. These data 
identify a direct role for an exercise-induced lipokine 
from BAT to mediate cardiac function.

Adiponectin
Adiponectin is an adipokine secreted from adipose tissue 
that is abundant in the blood and alleviates insulin re
sistance by stimulating lipid oxidation and anti-in
flammatory responses [49–51]. Aerobic exercise 
increases adiponectin in patients who have pre-diabetes 
or type 2 diabetes [52]. Adiponectin receptors are ex
pressed in cardiomyocytes, and one study found that 
expression of adiponectin and its receptors was sig
nificantly increased after 12 weeks of training at 70% of 
the heart rate reserve in obese males and females [53]. 
The increase in adiponectin receptor expression with 
exercise increased circulating adiponectin levels in fe
males, but not males, suggesting that adiponectin may 
work in a sex-specific manner. Similarly, another study 
found that acute aerobic exercise in pre-menopausal 
females increased circulating adiponectin levels [54]. 
These data offer insights into potential target pathways 
via adiponectin receptors to mediate cardiometabolic 
health.

Fibroblast growth-factor 21
Fibroblast growth factor 21 (FGF21) is mainly expressed 
in the liver and BAT, with high expression of FGF re
ceptors in adipose tissue [55]. FGF21 has received at
tention for its role in regulating glucose and lipid 
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metabolism [56], and studies have found that when 
FGF21 was replenished, insulin and glucose intolerance 
was ameliorated [57,58]. In both humans and rodents, 
studies have indicated that FGF21 was increased after 
acute exercise bouts of voluntary running wheel, or on a 
bicycle ergometer or treadmill, respectively [56,59]. 
Besides the role of FGF21 as a metabolic regulator, it 
has been indicated to have a protective role in cardiac 
function.

Ma et al. investigated whether exercise training could 
increase FGF21 protein expression to alleviate cardiac 
fibrosis [60]. Mice were given a myocardial infarction 
(MI) and then underwent a five-week exercise inter
vention. Both aerobic and resistance training improved 
cardiac function post training and the authors stated 
that this was due to the exercise-induced upregulation of 
FGF21 expression and inhibition of the TGF- 
β1–Smad2/3–MMP2/9 pathway that ameliorated cardiac 
fibrosis [60]. Another study found that mice with ather
osclerosis treated with exogenous FGF21 had a sig
nificant reduction in lipid deposition in the aortic root, 
with clinical trials finding that FGF21 could predict 
cardiovascular disease development and improve prog
nosis [61].

FGF21 inhibits NOD-like receptor protein (NLRP3)- 
mediated pyroptosis [62], which has been shown to have 
a pathological influence on cardiovascular diseases [63]. 
Li et al. observed that aerobic exercise reduced aortic 
plaque in high-fat diet apolipoprotein E-deficient mice. 
Importantly, aerobic exercise increased the sensitivity of 
FGF21 and its serum levels, which had a downstream 
effect on NLRP3-mediated pyroptosis as those in
flammasomes were downregulated in the aorta [62]. 
These data provide insights into a mechanism through 
which aerobic exercise prevents atherosclerosis via the 
regulation of FGF21 and NLRP3-mediated pyroptosis. 
The studies discussed above highlight the established 
role FGF21 has in the regulation of metabolism and 
cardiovascular health, particularly in response to exercise 
training.

Transforming growth-factor β2
Transforming growth-factor β2 (TGF-β2) is part of the 
TGF-B family. Previous work has identified TGF-β2 as 
an adipokine that is secreted from adipose tissue in re
sponse to exercise in humans and rodents [64]. While 
previous transplantation of scWAT from wild-type ex
ercise-trained mice improved whole-body and skeletal 
muscle glucose metabolism [46], transplantation of ex
ercise-trained scWAT from mice that were deficient in 
adipose tissue TGF-β2 did not affect glucose tolerance 
or skeletal muscle glucose uptake, demonstrating the 
essential role of scWAT–TGF-β2 to mediate glucose 
uptake [64]. Moreover, when the mice were treated with 
TGF-β2 acutely, the effects of the high-fat diet were 

negated, suggesting that TGF-β2 protects against the 
effects of a high-fat diet on metabolic health. Expression 
of TGF-β2 was also increased in human adipocytes after 
exercise [61]. Although the direct effects of TGF-β2 on 
cardiac function have not been investigated, these data 
suggest that TGF-β2 is a potential therapeutic to combat 
obesity and type-2 diabetes.

Extracellular vesicles
EVs are lipid-bound vesicles secreted into the extra
cellular space that play a role in intertissue commu
nication [65,66]. There are three main subtypes of EVs: 
exosomes, microvesicles, and apoptotic bodies [67]. EVs 
are secreted from a wide variety of cells, including adi
pocytes [68–70] Recent studies have focused on ex
ercise-induced release of EVs and how they could 
mediate cardiometabolic health [71,72]. The secretion of 
small EVs from BAT after four weeks of aerobic exercise 
was cardioprotective by preventing myocardial ischemia/ 
reperfusion injury in the heart [73]. Similarly, high-fat 
diet (HFD) mice treated with these exosomes that were 
released from BAT after exercise had improved glucose 
tolerance and cardiac function [74]. The restoration of 
cardiac function included improvements in systolic and 
diastolic function as seen from echocardiography, as well 
as reduced cardiomyocyte hypertrophy in the 
HFD mice. These data offer a potential therapeutic 
target in the shape of EVs as a means to ameliorate 
cardiometabolic disease, but the mechanism by which 
EVs act still needs to be explored.

Non-coding RNAs
Within EVs are bioactive molecules, including long 
noncoding RNAs (lncRNAs), which play a critical role in 
the cardiovascular system and have emerged as reg
ulators of cell-to-cell communication [75,76], as well as 
miRNAs, which can be released with exercise and fa
cilitate tissue crosstalk [77]. While a direct role for 
lncRNAs released from adipose tissue to mediate car
diovascular function has not been elucidated, several 
studies have identified a role for miRNAs released from 
adipose tissue to affect the heart. miRNAs are differ
entially expressed in tissues, and adipocytes are known 
contributors to exosomal miRNAs [77]. miRNAs play a 
role in exercise-induced adaptations to the heart. A 
study observed after three weeks of voluntary wheel 
running that miRNA-222 was upregulated in the heart 
and induced cardiomyocyte growth and proliferation, 
which mitigated cardiac remodeling post ischemic injury 
[78]. More recently, Lew et al. found that in mice with 
diabetes, a moderate– to high-intensity eight-week ex
ercise regime prevented cardiac dysfunction and miRNA 
dysregulation, suggesting that tissue-specific miRNAs 
mediate exercise-induced adaptations [79]. Thus, mul
tiple miRNAs, including miRNA-222 and miR-126, have 
been identified to be released from adipose tissue in 
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response to 3–8 weeks of exercise and affect cardiac 
function [78,79].

Conclusion
Overall, these studies highlight the importance of ex
ercise-induced adaptations to activate inter-organ cross
talk between adipose tissue and the heart. This review 
discusses the role of adipose tissue in exercise-induced 
adaptations, with special attention given to the secretory 
nature of WAT and BAT. The endocrine function of 
adipose tissue is the driver of inter-tissue communica
tion as a pathway to improve metabolic health and car
diac function. However, the mechanisms behind 
exercise-induced tissue crosstalk are unknown, which 
provides avenues for future research. Future studies 
should explore the effects of age, sex differences, and 
how different types of exercise affect adipose tissue and 
its secretory factors.

Funding
This research was funded by National Institutes of 
Health Grants R01-HL138738 and R01-AG060542 
to K.I.S.

Author contributions
J.A.B and K.I.S designed, wrote, and edited the paper.

Conflict of interest statement
The authors have no potential conflicts of interest to 
disclose.

References and recommended reading
Papers of particular interest, published within the period of review, have 
been highlighted as:
• of special interest.

Data Availability

No data were used for the research described in the ar
ticle.

References and recommended reading
Papers of particular interest, published within the period of review, have 
been highlighted as: 

•• of special interest
•• of outstanding interest.

1. Elagizi A, Kachur S, Carbone S, Lavie CJ, Blair SN: A review of 
obesity, physical activity, and cardiovascular disease. Curr 
Obes Rep 2020, 9:571-581.

2. Li G, Li J, Gao F: Exercise and cardiovascular protection. Adv 
Exp Med Biol 2020, 1228:205-216.

3. Pan B, Ge L, Xun YQ, Chen YJ, Gao CY, Han X, et al.: Exercise 
training modalities in patients with type 2 diabetes mellitus: a 
systematic review and network meta-analysis. Int J Behav Nutr 
Phys Act 2018, 15:72.

4. Stanford KI, Goodyear LJ: Exercise and type 2 diabetes: 
molecular mechanisms regulating glucose uptake in skeletal 
muscle. Adv Physiol Educ 2014, 38:308-314.

5. Pinckard KM, Stanford KI: The heartwarming effect of brown 
adipose tissue. Mol Pharmacol 2022, 102:460-471.

6. Kaminsky LA, Arena R, Ellingsen O, Harber MP, Myers J, Ozemek 
C, et al.: Cardiorespiratory fitness and cardiovascular disease 
— the past, present, and future. Prog Cardiovasc Dis 2019, 
62:86-93.

7. Chen HJ, Meng T, Gao PJ, Ruan CC: The role of brown adipose 
tissue dysfunction in the development of cardiovascular 
disease. Front Endocrinol 2021, 12:652246.

8. Stanford KI, Goodyear LJ: Muscle-adipose tissue cross talk. 
Cold Spring Harb Perspect Med 2018, 8:a029801.

9. Coulier B, Montfort L, Richelle F, Brichant C: Brown Adipose 
Tissue (BAT) causing unusual cervical and scapular uptake of 
(18)F-FDG in a young patient with Hodgkin's Lymphoma. J Belg 
Soc Radiol 2015, 99:105-106.

10. Townsend KL, Tseng YH: Brown fat fuel utilization and 
thermogenesis. Trends Endocrinol Metab 2014, 25:168-177.

11. Ikeda K, Yamada T: UCP1 dependent and independent 
thermogenesis in brown and beige adipocytes. Front Endocrinol 
2020, 11:498.

12. Townsend K, Tseng YH: Brown adipose tissue: recent insights 
into development, metabolic function and therapeutic 
potential. Adipocyte 2012, 1:13-24.

13. Sacks H, Symonds ME: Anatomical locations of human brown 
adipose tissue: functional relevance and implications in obesity 
and type 2 diabetes. Diabetes 2013, 62:1783-1790.

14. Labbe SM, Caron A, Lanfray D, Monge-Rofarello B, Bartness TJ, 
Richard D: Hypothalamic control of brown adipose tissue 
thermogenesis. Front Syst Neurosci 2015, 9:150.

15. Becher T, Palanisamy S, Kramer DJ, Eljalby M, Marx SJ, Wibmer 
AG, et al.: Brown adipose tissue is associated with 
cardiometabolic health. Nat Med 2021, 27:58-65.

16.
•

Herz CT, Kulterer OC, Prager M, Schmoltzer C, Langer FB, Prager 
G, et al.: Active brown adipose tissue is associated with a 
healthier metabolic phenotype in obesity. Diabetes 2022, 
71:93-103. 

The authors assessed the metabolic function of BAT in obese in
dividuals. A lower visceral fat mass was associated with active BAT, 
alongside a reduction in insulin resistance and systemic inflammation. 
This study demonstrates that active BAT is associated with an improved 
metabolic phenotype in obese individuals.

17. Singh R, Barrios A, Dirakvand G, Pervin S: Human brown adipose 
tissue and metabolic health: potential for therapeutic avenues. 
Cells 2021, 10:3030.

18. Villarroya F, Cereijo R, Villarroya J, Giralt M: Brown adipose tissue 
as a secretory organ. Nat Rev Endocrinol 2017, 13:26-35.

19. Dewal RS, Stanford KI: Effects of exercise on brown and beige 
adipocytes. Biochim Biophys Acta Mol Cell Biol Lipids 2019, 
1864:71-78.

20.
•

Murphy RM, Watt MJ, Febbraio MA: Metabolic communication 
during exercise. Nat Metab 2020, 2:805-816. 

This review discussed the synchronization of inter-tissue metabolic 
communication between various tissues during exercise. The authors 
outline the importance of tissue crosstalk to meet physical demands and 
also highlight the need for future research in the field of EVs.

21. Cheng L, Wang J, Dai H, Duan Y, An Y, Shi L, et al.: Brown and 
beige adipose tissue: a novel therapeutic strategy for obesity 
and type 2 diabetes mellitus. Adipocyte 2021, 10:48-65.

22. Frayn KN, Karpe F: Regulation of human subcutaneous adipose 
tissue blood flow. Int J Obes 2014, 38:1019-1026.

23.
•

Stanford KI, Middelbeek RJ, Townsend KL, Lee MY, Takahashi H, 
So K, et al.: A novel role for subcutaneous adipose tissue in 
exercise-induced improvements in glucose homeostasis. 
Diabetes 2015, 64:2002-2014. 

This study demonstrated exercise-induced adaptations to scWAT. 
scWAT transplanted from exercise-trained mice into the visceral cavity 
of sedentary recipients led to improved glucose metabolism and insulin 
sensitivity. This improvement in glucose homeostasis was also seen 

Exercise, adipose tissue, and the heart Blackwell and Stanford 5

www.sciencedirect.com Current Opinion in Physiology 2023, 31:100626

http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref1
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref1
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref1
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref2
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref2
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref3
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref3
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref3
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref3
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref4
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref4
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref4
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref5
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref5
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref6
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref6
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref6
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref6
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref7
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref7
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref7
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref8
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref8
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref9
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref9
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref9
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref9
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref10
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref10
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref11
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref11
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref11
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref12
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref12
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref12
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref13
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref13
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref13
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref14
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref14
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref14
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref15
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref15
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref15
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref16
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref16
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref16
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref16
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref17
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref17
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref17
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref18
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref18
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref19
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref19
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref19
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref20
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref20
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref21
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref21
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref21
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref22
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref22
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref23
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref23
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref23
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref23


when high fat diet recipient mice were transplanted with scWAT from 
exercise-trained mice.

24. Rosenquist KJ, Pedley A, Massaro JM, Therkelsen KE, Murabito 
JM, Hoffmann U, et al.: Visceral and subcutaneous fat quality 
and cardiometabolic risk. JACC Cardiovasc Imaging 2013, 
6:762-771.

25. Huang Z, Xu A: Adipose extracellular vesicles in intercellular 
and inter-organ crosstalk in metabolic health and diseases. 
Front Immunol 2021, 12:608680.

26. Mei R, Qin W, Zheng Y, Wan Z, Liu L: Role of adipose tissue 
derived exosomes in metabolic disease. Front Endocrinol 2022, 
13:873865.

27. Vidal P, Stanford KI: Exercise-induced adaptations to adipose 
tissue thermogenesis. Front Endocrinol 2020, 11:270.

28. de Jong JM, Larsson O, Cannon B, Nedergaard J: A stringent 
validation of mouse adipose tissue identity markers. Am J 
Physiol Endocrinol Metab 2015, 308:E1085-E1105.

29. Taylor JL, Holland DJ, Spathis JG, Beetham KS, Wisloff U, Keating 
SE, et al.: Guidelines for the delivery and monitoring of high 
intensity interval training in clinical populations. Prog 
Cardiovasc Dis 2019, 62:140-146.

30. Motiani KK, Savolainen AM, Eskelinen JJ, Toivanen J, Ishizu T, Yli- 
Karjanmaa M, et al.: Two weeks of moderate-intensity 
continuous training, but not high-intensity interval training, 
increases insulin-stimulated intestinal glucose uptake. J Appl 
Physiol 2017, 122:1188.

31. Vosselman MJ, Hoeks J, Brans B, Pallubinsky H, Nascimento EB, 
van der Lans AA, et al.: Low brown adipose tissue activity in 
endurance-trained compared with lean sedentary men. Int J 
Obes 2015, 39:1696-1702.

32. Martinez-Tellez B, Sanchez-Delgado G, Acosta FM, Alcantara JMA, 
Amaro-Gahete FJ, Martinez-Avila WD, et al.: No evidence of 
brown adipose tissue activation after 24 weeks of supervised 
exercise training in young sedentary adults in the ACTIBATE 
randomized controlled trial. Nat Commun 2022, 13:5259.

33. Sakurai T, Fukutomi T, Yamamoto S, Nozaki E, Kizaki T: Physical 
activity attenuates the obesity-induced dysregulated 
expression of brown adipokines in murine interscapular brown 
adipose tissue. Int J Mol Sci 2021, 22:10391.

34. Lehnig AC, Dewal RS, Baer LA, Kitching KM, Munoz VR, Arts PJ, 
et al.: Exercise training induces depot-specific adaptations to 
white and brown adipose tissue. iScience 2019, 11:425-439.

35.
•

Pinckard KM, Shettigar VK, Wright KR, Abay E, Baer LA, Vidal P, 
et al.: A novel endocrine role for the BAT-released Lipokine 
12,13-diHOME to mediate cardiac function. Circulation 2021, 
143:145-159. 

This study highlighted the importance of exercise and the endocrine role 
of BAT via the release of the adipokine, 12,13-diHOME to mediate 
cardiac function. The sustained expression of 12,13-diHOME also ne
gated the effects of a high fat diet in mice.

36. Nigro P, Middelbeek RJW, Alves CRR, Rovira-Llopis S, 
Ramachandran K, Rowland LA, et al.: Exercise training promotes 
sex-specific adaptations in mouse inguinal white adipose 
tissue. Diabetes 2021, 70:1250-1264.

37. Dohlmann TL, Hindso M, Dela F, Helge JW, Larsen S: High- 
intensity interval training changes mitochondrial respiratory 
capacity differently in adipose tissue and skeletal muscle. 
Physiol Rep 2018, 6:e13857.

38. Otero-Diaz B, Rodriguez-Flores M, Sanchez-Munoz V, Monraz- 
Preciado F, Ordonez-Ortega S, Becerril-Elias V, et al.: Exercise 
induces white adipose tissue browning across the weight 
spectrum in humans. Front Physiol 2018, 9:1781.

39. Goodyear LJ, Kahn BB: Exercise, glucose transport, and insulin 
sensitivity. Annu Rev Med 1998, 49:235-261.

40. Stinkens R, Brouwers B, Jocken JW, Blaak EE, Teunissen- 
Beekman KF, Hesselink MK, et al.: Exercise training-induced 
effects on the abdominal subcutaneous adipose tissue 
phenotype in humans with obesity. J Appl Physiol 2018, 
125:1585-1593.

41. Verbrugge SAJ, Alhusen JA, Kempin S, Pillon NJ, Rozman J, 
Wackerhage H, et al.: Genes controlling skeletal muscle glucose 
uptake and their regulation by endurance and resistance 
exercise. J Cell Biochem 2022, 123:202-214.

42. Knudsen JG, Murholm M, Carey AL, Bienso RS, Basse AL, Allen TL, 
et al.: Role of IL-6 in exercise training- and cold-induced UCP1 
expression in subcutaneous white adipose tissue. PLoS One 
2014, 9:e84910.

43. Knuth CM, Peppler WT, Townsend LK, Miotto PM, Gudiksen A, 
Wright DC: Prior exercise training improves cold tolerance 
independent of indices associated with non-shivering 
thermogenesis. J Physiol 2018, 596:4375-4391.

44. Stephenson EJ, Lessard SJ, Rivas DA, Watt MJ, Yaspelkis BB 3rd, 
Koch LG, et al.: Exercise training enhances white adipose tissue 
metabolism in rats selectively bred for low- or high-endurance 
running capacity. Am J Physiol Endocrinol Metab 2013, 
305:E429-E438.

45. Min SY, Learnard H, Kant S, Gealikman O, Rojas-Rodriguez R, 
DeSouza T, et al.: Exercise rescues gene pathways involved in 
vascular expansion and promotes functional angiogenesis in 
subcutaneous white adipose tissue. Int J Mol Sci 2019, 20:2046.

46. Stanford KI, Middelbeek RJ, Goodyear LJ: Exercise effects on 
white adipose tissue: beiging and metabolic adaptations. 
Diabetes 2015, 64:2361-2368.

47. Macedo APA, Antunes GC, Vieira RFL, de Lima RD: Cross-talk 
muscle and brown adipose tissue: voluntary physical activity, 
aerobic training, time and temperature. J Physiol 2022, 
600:3901-3902.

48. Stanford KI, Lynes MD, Takahashi H, Baer LA, Arts PJ, May FJ, 
et al.: 12,13-diHOME: an exercise-induced lipokine that 
increases skeletal muscle fatty acid uptake. Cell Metab 2018, 
27:1111-1120 e3.

49. Choe SS, Huh JY, Hwang IJ, Kim JI, Kim JB: Adipose tissue 
remodeling: its role in energy metabolism and metabolic 
disorders. Front Endocrinol 2016, 7:30.

50. Lara-Castro C, Luo N, Wallace P, Klein RL, Garvey WT: 
Adiponectin multimeric complexes and the metabolic 
syndrome trait cluster. Diabetes 2006, 55:249-259.

51. Yamauchi T, Kamon J, Minokoshi Y, Ito Y, Waki H, Uchida S, et al.: 
Adiponectin stimulates glucose utilization and fatty-acid 
oxidation by activating AMP-activated protein kinase. Nat Med 
2002, 8:1288-1295.

52. Becic T, Studenik C, Hoffmann G: Exercise increases 
adiponectin and reduces leptin levels in prediabetic and 
diabetic individuals: systematic review and meta-analysis of 
randomized controlled trials. Med Sci 2018, 6:97.

53. Christiansen T, Paulsen SK, Bruun JM, Ploug T, Pedersen SB, 
Richelsen B: Diet-induced weight loss and exercise alone and in 
combination enhance the expression of adiponectin receptors 
in adipose tissue and skeletal muscle, but only diet-induced 
weight loss enhanced circulating adiponectin. J Clin Endocrinol 
Metab 2010, 95:911-919.

54. Sari I, Habipoglu S, Seydel GS, Ersan S, Gunturk I: The effect of 
acute step-aerobic exercise on adiponectin and leptin levels in 
premenopausal women. J Sports Med Phys Fit 2021, 61:725-731.

55. Cuevas-Ramos D, Mehta R, Aguilar-Salinas CA: Fibroblast growth 
factor 21 and browning of white adipose tissue. Front Physiol 
2019, 10:37.

56. Kim KH, Kim SH, Min YK, Yang HM, Lee JB, Lee MS: Acute 
exercise induces FGF21 expression in mice and in healthy 
humans. PLoS One 2013, 8:e63517.

57. Kharitonenkov A, Shiyanova TL, Koester A, Ford AM, Micanovic R, 
Galbreath EJ, et al.: FGF-21 as a novel metabolic regulator. J Clin 
Investig 2005, 115:1627-1635.

58. Li H, Wu G, Fang Q, Zhang M, Hui X, Sheng B, et al.: Fibroblast 
growth factor 21 increases insulin sensitivity through specific 
expansion of subcutaneous fat. Nat Commun 2018, 9:272.

6 Cardiac Exercise Physiology 

www.sciencedirect.com Current Opinion in Physiology 2023, 31:100626

http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref24
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref24
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref24
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref24
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref25
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref25
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref25
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref26
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref26
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref26
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref27
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref27
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref28
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref28
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref28
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref29
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref29
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref29
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref29
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref30
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref30
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref30
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref30
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref30
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref31
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref31
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref31
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref31
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref32
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref32
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref32
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref32
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref32
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref33
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref33
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref33
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref33
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref34
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref34
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref34
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref35
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref35
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref35
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref35
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref36
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref36
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref36
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref36
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref37
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref37
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref37
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref37
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref38
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref38
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref38
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref38
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref39
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref39
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref40
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref40
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref40
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref40
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref40
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref41
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref41
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref41
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref41
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref42
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref42
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref42
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref42
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref43
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref43
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref43
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref43
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref44
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref44
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref44
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref44
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref44
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref45
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref45
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref45
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref45
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref46
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref46
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref46
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref47
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref47
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref47
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref47
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref48
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref48
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref48
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref48
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref49
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref49
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref49
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref50
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref50
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref50
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref51
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref51
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref51
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref51
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref52
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref52
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref52
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref52
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref53
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref53
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref53
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref53
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref53
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref53
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref54
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref54
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref54
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref55
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref55
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref55
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref56
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref56
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref56
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref57
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref57
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref57
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref58
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref58
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref58


59. Tanimura Y, Aoi W, Takanami Y, Kawai Y, Mizushima K, Naito Y, 
et al.: Acute exercise increases fibroblast growth factor 21 in 
metabolic organs and circulation. Physiol Rep 2016, 4:12828.

60.
•

Ma Y, Kuang Y, Bo W, Liang Q, Zhu W, Cai M, et al.: Exercise 
training alleviates cardiac fibrosis through increasing fibroblast 
growth factor 21 and regulating TGF-beta1-Smad2/3-MMP2/9 
signaling in mice with myocardial infarction. Int J Mol Sci 2021, 
22:12341. 

The aim of this study was to identify the molecular mechanism by which 
exercise training alleviates cardiac fibrosis and dysfunction post MI. The 
authors identified that the inactivation of the TGF-β1–Smad2/3–MMP2/9 
signaling pathway reduced cardiac fibrosis, thus improved cardiac 
function in mice. This highlights the importance of exercise in MI pa
tients.

61. Liu C, Schonke M, Zhou E, Li Z, Kooijman S, Boon MR, et al.: 
Pharmacological treatment with FGF21 strongly improves 
plasma cholesterol metabolism to reduce atherosclerosis. 
Cardiovasc Res 2022, 118:489-502.

62. Li XH, Liu LZ, Chen L, Pan QN, Ouyang ZY, Fan DJ, et al.: Aerobic 
exercise regulates FGF21 and NLRP3 inflammasome-mediated 
pyroptosis and inhibits atherosclerosis in mice. PLoS One 2022, 
17:e0273527.

63. Yue R, Zheng Z, Luo Y, Wang X, Lv M, Qin D, et al.: NLRP3- 
mediated pyroptosis aggravates pressure overload-induced 
cardiac hypertrophy, fibrosis, and dysfunction in mice: 
cardioprotective role of irisin. Cell Death Discov 2021, 7:50.

64. Takahashi H, Alves CRR, Stanford KI, Middelbeek RJW, Nigro P, 
Ryan RE, et al.: TGF-beta2 is an exercise-induced adipokine that 
regulates glucose and fatty acid metabolism. Nat Metab 2019, 
1:291-303.

65. Raposo G, Stoorvogel W: Extracellular vesicles: exosomes, 
microvesicles, and friends. J Cell Biol 2013, 200:373-383.

66. Zaborowski MP, Balaj L, Breakefield XO, Lai CP: Extracellular 
vesicles: composition, biological relevance, and methods of 
study. Bioscience 2015, 65:783-797.

67. Doyle LM, Wang MZ: Overview of extracellular vesicles, their 
origin, composition, purpose, and methods for exosome 
isolation and analysis. Cells 2019, 8:727.

68. Connolly KD, Guschina IA, Yeung V, Clayton A, Draman MS, Von 
Ruhland C, et al.: Characterisation of adipocyte-derived 
extracellular vesicles released pre- and post-adipogenesis. J 
Extra Vesicles 2015, 4:29159.

69. Gao X, Salomon C, Freeman DJ: Extracellular vesicles from 
adipose tissue-A potential role in obesity and type 2 diabetes? 
Front Endocrinol 2017, 8:202.

70. Garcia-Martin R, Brandao BB, Thomou T, Altindis E, Kahn CR: 
Tissue differences in the exosomal/small extracellular vesicle 
proteome and their potential as indicators of altered tissue 
metabolism. Cell Rep 2022, 38:110277.

71. Ayala-Mar S, Rodriguez-Morales B, Chacon-Ponce P, Gonzalez-Valdez 
J: Potential applications and functional roles of exosomes in 
cardiometabolic disease. Pharmaceutics 2021, 13:2056.

72. de Freitas RCC, Hirata RDC, Hirata MH, Aikawa E: Circulating 
extracellular vesicles as biomarkers and drug delivery vehicles 
in cardiovascular diseases. Biomolecules 2021, 11:388.

73. Zhao H, Chen X, Hu G, Li C, Guo L, Zhang L, et al.: Small 
extracellular vesicles from brown adipose tissue mediate 
exercise cardioprotection. Circ Res 2022, 130:1490-1506.

74. Zhou X, Li Z, Qi M, Zhao P, Duan Y, Yang G, et al.: Brown adipose 
tissue-derived exosomes mitigate the metabolic syndrome in 
high fat diet mice. Theranostics 2020, 10:8197-8210.

75. Wang L, Wang J, Li G, Xiao J: Non-coding RNAs in physiological 
cardiac hypertrophy. Adv Exp Med Biol 2020, 1229:149-161.

76. Farsangi SJ, Rostamzadeh F, Sheikholeslami M, Jafari E, 
Karimzadeh M: Modulation of the expression of long non-coding 
RNAs H19, GAS5, and MIAT by endurance exercise in the 
hearts of rats with myocardial infarction. Cardiovasc Toxicol 
2021, 21:162-168.

77. de Mendonca M, Rocha KC, de Sousa E, Pereira BMV, Oyama LM, 
Rodrigues AC: Aerobic exercise training regulates serum 
extracellular vesicle miRNAs linked to obesity to promote their 
beneficial effects in mice. Am J Physiol Endocrinol Metab 2020, 
319:E579-E591.

78.
•

Liu X, Xiao J, Zhu H, Wei X, Platt C, Damilano F, et al.: miR-222 is 
necessary for exercise-induced cardiac growth and protects 
against pathological cardiac remodeling. Cell Metab 2015, 
21:584-595. 

This study observed the upregulation of miR-222 with exercise. The increased 
expression of miR-222 in cardiomyocytes was protected from cardiac dys
function and detrimental remodeling following ischemia injury.

79. Lew JK, Pearson JT, Saw E, Tsuchimochi H, Wei M, Ghosh N, et al.: 
Exercise regulates MicroRNAs to preserve coronary and 
cardiac function in the diabetic heart. Circ Res 2020, 
127:1384-1400.

Exercise, adipose tissue, and the heart Blackwell and Stanford 7

www.sciencedirect.com Current Opinion in Physiology 2023, 31:100626

http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref59
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref59
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref59
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref60
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref60
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref60
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref60
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref60
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref61
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref61
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref61
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref61
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref62
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref62
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref62
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref62
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref63
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref63
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref63
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref63
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref64
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref64
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref64
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref64
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref65
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref65
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref66
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref66
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref66
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref67
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref67
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref67
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref68
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref68
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref68
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref68
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref69
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref69
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref69
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref70
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref70
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref70
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref70
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref71
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref71
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref71
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref72
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref72
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref72
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref73
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref73
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref73
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref74
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref74
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref74
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref75
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref75
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref76
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref76
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref76
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref76
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref76
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref77
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref77
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref77
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref77
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref77
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref78
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref78
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref78
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref78
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref79
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref79
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref79
http://refhub.elsevier.com/S2468-8673(22)00144-4/sbref79

	Exercise-induced intertissue communication: adipose tissue and the heart
	Introduction
	Adipose tissue
	Brown adipose tissue (BAT)
	White adipose tissue
	Beige adipocytes

	Excercise and adipose tissue
	Effects of exercise on brown adipose tissue
	Effects of exercise on white adipose tissue

	Exercise induces secreted factors from adipose tissue that improve cardiovascular health and function
	12,13-Dihydroxy-9Z-octadecanoic acid
	Adiponectin
	Fibroblast growth-factor 21
	Transforming growth-factor β2
	Extracellular vesicles
	Non-coding RNAs

	Conclusion
	Funding
	Author contributions
	Conflict of interest statement
	References and recommended reading
	Data Availability
	References and recommended reading




