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ABSTRACT
Brown adipose tissue (BAT) is a metabolically active tissue that
improves glucose metabolism and protects against the devel-
opment of type 2 diabetes and obesity. However, the role of
BAT to improve cardiovascular health has only recently been
investigated. In this review, we discuss multiple mechanisms
through which both the thermogenic and endocrine functions
of BAT mediate cardiac health. b-adrenergic stimulation acti-
vates the thermogenic function of BAT, resulting in reduced cir-
culating lipids and glucose, and enhanced clearance of hepatic
cholesterol-enriched remnants leading to reduced atheroscle-
rotic region size. Additionally, the thermogenic role of BAT has
been implicated in activation of the protein kinase B-extracellular-
signal-regulated kinase (ERK) 1/2 pathway after myocardial infarc-
tion (MI), contributing to reduced injury size. The endocrine function

of BAT has also been implicated to improve both systemic meta-
bolic health and cardiac health. Specifically, the batokines fibro-
blast growth factor 21 (FGF21) and 12,13-diHOME improve
cardiovascular health via reduced hypertension, hypertrophy and
MI injury size (FGF21) or by directly improving cardiac function via
calcium cycling (12,13-diHOME). Finally, we discuss relevant
pharmacological treatment methods currently aiming to activate
BAT, typically through sympathetic activation.

SIGNIFICANCE STATEMENT
This mini-review discusses the role of BAT to improve cardiac
health via thermogenic and endocrine effects in both rodents
and humans and highlights the need for therapeutic methods
which activate or mimic BAT activity.

1. Introduction
Cardiovascular disease (CVD) is the leading cause of death

in the U.S. and worldwide (Prevention, 2018; Organization,
2018). The presence of obesity and type 2 diabetes (T2D) sig-
nificantly increase the risk for development of CVD (Van
Gaal, Mertens, and De Block 2006; Carbone et al., 2019).
Obesity, T2D, and CVD are increasing at rapid rates across
the United States and worldwide (Hales CM 2017; Moore,
Chaudhary, and Akinyemiju 2017); thus, determining poten-
tial tools to combat these diseases is of utmost importance.

An important tissue to combat both obesity and T2D is brown
adipose tissue (BAT); however, a role for BAT to provide a pro-
tective role in CVD has only recently been investigated. Recent
studies have now identified a direct role for BAT to mediate car-
diac function in mice and reduce CVD risk in rodents and
humans (Fig. 1) (Berb�ee et al., 2015; Ruan et al., 2018; Thoonen
et al., 2015; Pinckard et al., 2021; Becher et al., 2021).

2. Brown Adipose Tissue (BAT)
Adipose tissue is a specialized connective tissue consisting

of several cell types, including preadipocytes, adipose-derived
stem cells and immune cells, and lipid-rich adipocytes (Esteve
Rafols 2014). Adipose tissue functions in both lipid storage
and lipolysis and is a vital tissue for maintaining energy
intake and expenditure. There are three main types of adipose
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tissue found in rodents and humans, white adipose tissue
(WAT), brown adipose tissue (BAT), and beige, or brite (or
brown-in-white) adipose tissue. WAT and BAT differ mark-
edly in morphology and function. White adipocytes consist of a
single large lipid droplet and possess only a few mitochondria,
while brown adipocytes contain multiple lipid droplets per cell
and are packed with mitochondria (Betz and Enerback 2015).
BAT is densely innervated by the sympathetic nervous system
(SNS) and is highly vascularized. Beige adipocytes are found
in WAT depots, but have morphologic and functional similari-
ties to BAT, with high levels of mitochondria, increased
expression of uncoupling protein 1 (UCP1), and multi-locular
lipid droplets (Wu et al., 2012).
2.1 BAT in humans versus rodents. While the impor-

tance of BAT in rodents for thermogenesis and whole-body
metabolism is well-established, it was historically believed
that functional BAT only existed in human infants, rapidly
decreasing through childhood and disappearing in adulthood.
However, in the late 2000s, several studies identified func-
tional BAT in adult humans through the use of retrospective
analysis of nuclear medicine images of radiolabeled fluoro-
dexyglucose positron emission tomography (PET) and com-
puter tomography (CT) (Cypess et al., 2009; Nedergaard,
Bengtsson, and Cannon 2007; van Marken Lichtenbelt et al.,
2009; Virtanen et al., 2009). This “rediscovery” of BAT in
humans invigorated interest in BAT as a therapeutic target
and has led to several important studies which identified
BAT as a mediator of metabolic health in humans (Bakker
et al., 2014; van der Lans et al., 2013; Lee et al., 2014).
BAT differs markedly among humans and rodents.

Rodents possess five BAT depots, with the largest being a
large well-delineated interscapular BAT (iBAT) depot (Lehnig
et al., 2019). Conversely, human BAT depots are not well
defined and are located in the supraclavicular and neck

regions, as well as the paravertebral, mediastinal, para-aor-
tic, and suprarenal areas (Nedergaard, Bengtsson, and Can-
non 2007). Some human BAT depots have been described as
more similar in appearance to rodent beige adipocytes rather
than the traditional BAT depots; however, the gene expression
profile of human BAT is similar to classic rodent BAT (Cannon
et al., 2020; Cypess et al., 2009; Cypess et al., 2013).
In addition to differences in depot location, there is also a

large difference in the amount of BAT found in humans ver-
sus rodents. In humans, BAT accounts for 0.1% of an individ-
ual’s body weight, which is 5-10 times lower than that of the
mouse (van Marken Lichtenbelt and Schrauwen 2011; Virta-
nen et al., 2009). BAT is thus responsible for less of the rest-
ing metabolic rate in humans than in rodents. Despite this,
there is still a significant correlation between cold-induced
BAT activity, non-shivering thermogenesis, and insulin sen-
sitivity in humans (Bakker et al., 2014; van der Lans et al.,
2013; Lee et al., 2014). These data suggest that although the
BAT depots may be different in quantity and location
between rodents and humans, both have a profound effect on
systemic metabolism.
BAT activation also differs between mice and humans.

While b3-adrenergic receptors (ARs) are the predominant reg-
ulators of BAT thermogenesis in rodents (Zhao et al., 1994),
b1- and b2-ARs are the primary regulators of BAT metabo-
lism and thermogenesis in humans (Riis-Vestergaard et al.,
2020; Blondin et al., 2020). However, treatment with the b3-
AR agonist mirabegron is somewhat effective at eliciting a
response in human BAT. One study in humans found that
maximal oral treatment with mirabegron (200mg) increased
BAT oxidative metabolism, blood flow, and glucose uptake
in vivo, although at a much lower rate than cold exposure
(Blondin et al., 2020). In contrast, treatment with a therapeutic
dose of mirabegron (50 mg) did not affect BAT (Blondin et al.,
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2020). The authors suggest that at high enough doses, mirabe-
gron treatment induces non-specific adrenergic responses in
human tissues, as indicated by adrenergic response to 200 mg
mirabegron treatment in the heart (an organ primarily driven
by b1-ARs) (Blondin et al., 2020). In addition, an in vitro study
found that mirabegron treatment (10 lM) stimulated lipolysis
and thermogenesis in human brown/beige adipocytes in vitro,
although treatment with b1- and b2-AR agonist treatments had
stronger impacts on brown adipocyte respiration (Cero et al.,
2021). Together, these data suggest b1- and b2 are the main
ARs responsible for BAT activation in humans, but that b3-AR
agonist mirabegron treatment may still stimulate BAT in
humans at high doses.
There are several factors that contribute to the functionality

of BAT in humans. Human studies show that BAT is nega-
tively correlated with body mass index (BMI), fasting glucose,
and age (Cypess et al., 2009; Saito et al., 2009). Young lean
women have higher BAT mass (more BAT-positive PET-CT
scans) and activity (higher fluorodexyglucose uptake) compared
to men and older individuals in human studies (Cypess et al.,
2009). BAT mass and activity are therefore affected by sex,
age, and body composition, highlighting the need to find thera-
peutic methods to maintain BAT mass and activity in such
circumstances.
2.2 BAT thermogenic activity. BAT is a highly thermo-

genic tissue which dissipates chemical energy as heat by
uncoupling oxidative phosphorylation in the mitochondria
via UCP1 (Cannon and Nedergaard 2004). In both rodents
and humans, BAT is densely innervated by the sympathetic
nervous system (SNS), which controls BAT activation of ther-
mogenesis via norepinephrine. Norepinephrine binds to
b-adrenergic cell surface receptors (b1–3); all three subtypes
of which are expressed in brown adipocytes (Rohlfs et al.,
1995) although their relative abundance varies by location
and species (as discussed above) (Lafontan and Berlan 1993).
The signaling pathway invoked by b-stimulation is mediated
by cyclic adenosine monophosphate and protein kinase A
(Thoonen, Hindle, and Scherrer-Crosbie 2016; Pagnon et al.,
2012). Activation of hormone-sensitive lipase (HSL) and adi-
pose triglyceride lipase leads to lipolysis of intracellular tri-
glycerides (TGs), resulting in the release of fatty acids. The
fatty acids are metabolized in the mitochondria by b-oxida-
tion, and additionally activate UCP1.
UCP1 is a mitochondrial inner membrane protein and pro-

ton channel, which is stabilized by cardiolipin. This proton
pump allows thermogenic capacity to be controlled by the
central nervous system via norepinephrine. Fatty acids (FAs)
derived from TGs are the main energy source for BAT ther-
mogenesis, but glucose is also used by BAT for ATP genera-
tion (via glycolysis) (Carpentier et al., 2018).
Thus, increased BAT mass and activity decrease circulat-

ing FA and glucose, protecting against the development of
T2D and obesity (Cypess et al., 2013; Stanford et al., 2013;
Cannon and Nedergaard 2004). Because of its role in thermo-
genesis and energy expenditure, BAT is an attractive topic of
investigation for the regulation of both systemic metabolism
and cardiovascular diseases.
2.3 BAT endocrine activity. In rodents, BAT also has a

crucial secretory role which contributes to the systemic con-
sequences of BAT activity. BAT releases ‘batokines’, including
signaling lipids, proteins, metabolites or microRNAs (Villarroya
et al., 2019; Lee et al., 2019). These batokines can act in an

autocrine, paracrine, or endocrine manner to mediate systemic
physiology. Most paracrine factors released from BAT (adeno-
sine, nitric oxide, neuregulin-4, S100b protein, bone morphoge-
netic protein-8b, C-X-C motif chemokine ligand-14) function to
promote hypertrophy and hyperplasia of BAT. This can include
increased BAT vascularization, innervation, and blood flow, all
processes associated with BAT recruitment and thermogenic
activity (Villarroya et al., 2019; Villarroya, Cereijo, et al., 2017).
A multitude of studies have demonstrated the efficacy of

increased BAT mass or activity through transplantation, acti-
vation via cold exposure, or direct b-adrenergic stimulation to
improve human and rodent metabolic health is likely related
to the thermogenic or endocrine functions of BAT (Cypess
et al., 2013; Stanford et al., 2013; Cannon and Nedergaard
2004). The role of BAT to improve cardiac function, however,
has only recently become a topic of investigation.

3. BAT and Cardiovascular Disease
Studies in rodents show that increasing BAT mass or activ-

ity has the capacity to reduce many cardiovascular risk fac-
tors, including obesity (White et al., 2019; Wang et al., 2015c;
Yoneshiro et al., 2013), insulin resistance (Stanford et al.,
2013), and T2D (Cypess and Kahn 2010). However, BAT
mass and activity are known to decrease with increasing
BMI, fasting glucose, and age in humans (Cypess et al.,
2009)
Studies in humans and rodents have also identified

reduced BAT mass or activity in instances of cardiovascular
disease, independent of the presence of metabolic disease
(Takx et al., 2016; Thoonen et al., 2015). Here, we will dis-
cuss the impact of both the thermogenic and endocrine func-
tions of BAT on various cardiovascular diseases including
atherosclerosis, hypertension, and myocardial infarction, as
well as on general cardiac function (Fig. 1).
3.1 Atherosclerosis. Atherosclerosis or coronary artery

disease (CAD) is the most common form of CVD. Obesity and
hyperlipidemia are two of the main causes of atherosclerosis;
thus, BAT may be an attractive therapy for prevention of
CAD development (Rocha and Libby 2009; Berb�ee et al.,
2015; Becher et al., 2021). In a study of 443 human patients
(44% male, 56% female, mean age 55 years, mean BMI 26),
BAT activity (determined by 18F-FDG uptake in supraclavic-
ular BAT) was negatively correlated with arterial inflamma-
tion, even after correcting for age and BMI (Takx et al.,
2016). A longitudinal study in healthy human adults found
that cold-induced BAT activity was negatively correlated
with atherosclerosis markers and positively associated with
healthy vessel function 5 years after baseline BAT measure-
ments were recorded (Raiko et al., 2020). Together, these
studies indicate that BAT may be athero-protective in
healthy adults. However, whether the correlation between
BAT and reduced atherosclerotic risk is direct or indirect in
response to improved metabolic health in these individuals
(and therefore reduced risk for CVD) has not been deter-
mined.
Mouse studies also suggest that BAT thermogenic activity

is correlated with atherosclerosis; both C57BL6 wild-type
(WT) and apolipoprotein E (ApoE�/�) mice housed at thermo-
neutrality have accelerated onset of atherosclerosis (Tian
et al., 2016; Giles et al., 2016). It is not clear if lack of BAT
activity at thermoneutrality is causative or correlated to the

BAT Improves Cardiovascular Health 41



accelerated atherosclerosis development; studies measuring
BAT activity in thermoneutral versus ambient temperature
housed mice utilizing BAT transplant or inhibition methods
are necessary to investigate this mechanistic link.
Other rodent studies have investigated the mechanistic

roles of BAT to directly affect CAD. Berb�ee et al. used Apoli-
poprotein E3 human Cholesteryl Ester Transfer Protein
(E3L.CETP) mice, a well-established model for human-like
atherosclerosis that expresses functional ApoE and low-den-
sity lipoprotein receptor (LDLR), to study the role of BAT
activity in a model of CAD (Berb�ee et al., 2015). The authors
found that BAT activation by b3-AR stimulation enhanced
the selective uptake of fatty acids from TG-rich lipoproteins
into BAT, accelerating the hepatic clearance of the choles-
terol-enriched remnants (Berb�ee et al., 2015). As a result,
BAT activation reduced atherosclerotic lesion size and dis-
ease severity in Apolipoprotein E3 human Cholesteryl Ester
Transfer Protein (E3L.CETP) mice; however, this effect was
not seen in ApoE�/� or LDLR�/� mice. These exciting data
indicate that BAT mediates local lipolysis of TG-rich lipopro-
teins and stimulates hepatic clearance through the
ApoE–LDLR pathway (Berb�ee et al., 2015). Together, these
studies show a correlation between BAT activity and athero-
sclerosis in mice and humans (Tian et al., 2016; Giles et al.,
2016; Takx et al., 2016) and also indicate a mechanistic role
for BAT to directly mediate atherosclerosis development via
hepatic clearance of cholesterol-enriched remnants (Berb�ee et al.,
2015), indicating the potential therapeutic role of BAT as a treat-
ment of atherosclerosis.
3.2 Hypertension. Hypertension, or high blood pressure,

is one of the most common risk factors for CVD, causing path-
ologic cardiac remodeling eventually leading to heart failure
(Messerli, Rimoldi, and Bangalore 2017). A review of 18F-FDG
PET/CT reports conducted in 53,475 human patients found
lower rates of cardiometabolic diseases, including hyperten-
sion, among patients with active BAT (Becher et al., 2021).
Interestingly, the correlation between increased BAT activity
and reduced cardiometabolic diseases was more pronounced
in obese individuals, indicating that active BAT can offset the
detrimental effects of obesity in humans (Becher et al., 2021).
It is surprising that increased BAT activity is correlated with
reduced rates of hypertension, given that hypertension is asso-
ciated with increased sympathetic activity, which should be
associated with more active BAT. This suggests divergent
pathways of SNS activation to mediate hypertension versus
BAT activation.
To understand the relationship between BAT activity and

hypertension, Ruan, et al. used three mouse models of hyper-
tension: a WT deoxycorticosterone acetate (DOCA)-salt-sensi-
tive mouse, an adenosine 2A receptor (A2AR) knockout
mouse, and a combined DOCA-A2AR�/� mouse (Ruan et al.,
2018). The DOCA-salt model is commonly used to study
hypertension; in this model, DOCA is administered to the
animal (50 mg/pellet) creating an imbalance of renal sodium
handling with a high-salt diet [1% NaCl in drinking water
(Ruan et al., 2018)] incorporated to increase the onset of
hypertension (Basting and Lazartigues 2017). Adenosine is a
central nervous system neuromodulator and initiates vasodilation
when it binds to the A2AR (Khayat and Nayeem 2017); thus,
A2AR knockout [A2AR

�/�] mice exhibit high blood pressure
(Ledent et al., 1997). Unsurprisingly, DOCA-A2AR

�/� mice had
accelerated cardiac remodeling (fibrosis and hypertrophy)

compared with WT DOCA-hypertensive mice (Ruan et al., 2018).
Interestingly, A2AR

�/� mice had dysfunctional interscapular BAT
(iBAT) demonstrated by reduced Ucp1, Pparg, PR domain con-
taining 16 (Prdm16), and Cidea gene expression. Additionally,
surgical depletion of iBAT accelerated cardiac hypertrophy in WT
DOCA-hypertensive mice, but not in A2AR

�/� hypertensive mice.
Together, these data indicate that impaired BAT contributes to
salt-induced hypertension and cardiac dysfunction and suggest a
role for BAT to attenuate hypertension-induced cardiac hypertro-
phy via A2A receptors (Ruan et al., 2018).
To further elucidate the relationship between BAT and

hypertension, a recent study used Prdm16f/fAdipoCre1 mice.
The Prdm16f/f AdipoCre1 mice were investigated based on
transcriptomic profiling, indicating that murine beige fat
closely approximates the inducible brown fat detected by
PET/CT in adult humans (Becher et al., 2021). PRDM16 is
the master regulator of beiging and a coregulator of brown
adipocyte development, and mice deficient in adipose tissue
PRDM16 are unable to induce browning in their WAT
(Cohen et al., 2014). Additionally, the white and brown adi-
pose tissue of Prdm16f/f AdipoCre1 mice have severely
reduced thermogenic function (Cohen et al., 2014; Harms
et al., 2014). Blood pressure was elevated in adipocyte-spe-
cific Prdm16f/f AdipoCre1 mice compared with WT animals
(Becher et al., 2021). Mesenteric arteries isolated from
Prdm16f/f AdipoCre1 mice had increased contraction in
response to angiotensin II treatment, suggesting the hyper-
tension in these animals was the result of increased arterial
sensitivity to angiotensin II (Becher et al., 2021).
Together, these studies indicate that a role for beige and

BAT to mediate hypertension (via A2A receptors and angio-
tensin II type 1 receptors within the vasculature) and cardiac
remodeling, thus identifying BAT as a potential tool to com-
bat hypertension.
3.3 Myocardial infarction. Myocardial infarction (MI)

commonly results from CAD. As the arterial walls thicken and
plaque blocks or slows the blood flow through the coronary
arteries, cell death occurs in that area of the heart (Prabhu and
Frangogiannis 2016). The necrotized myocardium is eventually
replaced with fibrosis, resulting in impaired cardiac systolic and
diastolic function (Prabhu and Frangogiannis 2016), often cul-
minating in heart failure. A recent study in humans found that
higher BAT activity (measured by 18FDG/PET/CT) was associ-
ated with fewer cardiovascular events, including cardiac arrest
and MI, in both male and female patients (Takx et al., 2016).
While these human studies indicate a protective role for BAT
against CVD, it is unclear whether the correlation between
BAT and reduced CVD risk is direct or an indirect response due
to improved metabolic health in these individuals.
Rodent studies have indicated that BAT has a direct role to

minimize cardiac injury size in response to MI. WT mice have
been shown to have increasedUcp1 levels in BAT after MI, indi-
cating BAT activation (Thoonen et al., 2015). To elucidate the
role of BAT in cardiac recovery and repair after MI, Ucp1�/�

and WT mice underwent catecholamine-induced (isoproterenol)
cardiomyopathy (Thoonen et al., 2015). Ucp1�/� mice had a
more significant increase in cardiac fibrosis and hypertrophy,
higher mortality rates, and a larger decrease in fractional short-
ening in response to fourteen days of isoproterenol treatment
compared with WT mice.
Importantly, transplantation of WT BAT into Ucp1�/�

mice reduced myocardial injury size and increased mouse
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survival, while transplantation of Ucp1�/� BAT into either
Ucp1�/� or WT mice did not have protective effects. Addi-
tionally, the isoproterenol treatment was correlated with an
increase in phosphorylation of protein kinase B (AKT) and
extracellular-signal-regulated kinase (ERK) 1/2 in the left
ventricles of WT mice, but not Ucp1�/� mice. This is impor-
tant because ERK1/2 and AKT are cardioprotective in ische-
mia–reperfusion injury models (Murphy and Steenbergen
2008; van Berlo, Maillet, and Molkentin 2013), suggesting
that the cardioprotective effect of the AKT-ERK1/2 pathway
in mice after catecholamine-induced cardiomyocyte injury
may require BAT activation. These data indicate that BAT
thermogenic activity is vital for cardiac repair after MI.
Future studies are required to fully define the pathway of
BAT-activated AKT-ERK1/2 to determine targets for poten-
tial MI therapies.

4. Batokines
While several studies have focused on the thermogenic role

of BAT, BAT also has an important endocrine function which
can mediate systemic health benefits (Ahmad et al., 2021;
Lee, Lee, and Oh 2019; Villarroya et al., 2019). BAT releases
signaling molecules, such as lipids, proteins, metabolites, or
microRNAs, which can be broadly categorized as ‘batokines’
that act on other tissues and organs. These batokines have
significant effects on systemic metabolism, and more recently
have been identified to play a role in cardiac health (Fig. 1,
Table 1). Here, we will focus primarily on the batokines with
a role in cardiovascular health and function.
4.1 Interleukin 6 (IL-6). Interleukin 6 (IL-6) is a protein

which acts as both a pro-inflammatory cytokine and an anti-
inflammatory myokine. It is important to note that the tissue
source of IL-6 influences the nature of its action (Han et al.,
2020). Specifically, IL-6 has been identified as a batokine
that mediates the improved metabolic response after BAT
transplantation in mice (Stanford et al., 2013). BAT trans-
plantation increased insulin-stimulated glucose uptake
in vivo into endogenous BAT, WAT, and heart muscle. How-
ever, when BAT was transplanted from interleukin 6 (IL6)�/�

mice into WT mice, these beneficial effects on metabolism
were lost, demonstrating that BAT-derived IL-6 is required
for the profound effects of BAT transplantation on glucose
homeostasis and insulin sensitivity. In support of these
data, an increase of IL-6 by gene transfer (hydrodynamic
delivery of 1 lg pLIVE-IL6 plasmid) reverses weight gain
and hepatic steatosis in obese mice (Ma et al., 2015).
IL-6 also has a role in thermoregulation. Body temperature

is decreased in total body IL-6�/� mice and central nervous sys-
temic specific IL-6 receptor a [IL6Ra] knockdown (IL6RaNesCre)
mice, indicating impaired thermogenesis in these animals
(Egecioglu et al., 2018). However, the effects of IL-6 on the
heart are unclear; when IL-6 is produced acutely it is protec-
tive against MI or ischemia injury in rodents (Chandrasekar
et al., 1999; Yamauchi-Takihara et al., 1995), but when chroni-
cally released, IL-6 causes pathologic cardiac hypertrophy and
impaired cardiomyocyte contraction (Wollert et al., 1996; Terrell
et al., 2006; Prabhu 2004). It is important to note, however,
that these studies were specifically examining the effects of
cardiomyocyte-derived IL-6; therefore, the effects of BAT-
derived IL-6 on cardiac function remain elusive.

4.2 Fibroblast Growth Factor 21. Fibroblast growth
factor 21 (FGF21) is a metabolic regulator released from sev-
eral organs, including the liver and BAT. FGF21 is highly
expressed in human BAT (Di Franco et al., 2016) with circu-
lating levels increased upon cold exposure (Lee et al., 2014)
via activation of the c-AMP pathways (Hondares et al., 2011).
Although the role of FGF21 in human cardiovascular dis-

ease has not been investigated, it has been shown to have
both antihypertrophic and cardioprotective actions in mouse
models of hypertension (Ruan et al., 2018), hypertrophy
(Planavila et al., 2013; Ruan et al., 2018), and ischemia (Liu
et al., 2013).
Mouse studies have shown that Fgf21�/� animals have

increased heart weight, enhanced dilatation, and cardiac dys-
function compared with WT mice in response to isoproterenol
infusion, indicating development of pathologic hypertrophy, a
sign of heart failure (Planavila et al., 2013). Conversely,
FGF21 has been shown to be upregulated in response to myo-
cardial injury (in liver and WAT), with FGF receptor cofactor
b-Klotho upregulated in cardiomyocytes for 5 days post-MI
(Liu et al., 2013). FGF21 has been determined to interact
with FGF receptor 1 in cardiomyocytes, and to induce PI3K
phosphorylation, activating a cardioprotective signaling path-
way. While these effects on cardiac function are clearly medi-
ated by FGF21, the role of BAT-released FGF21 was not
specifically addressed.
A study using hypertensive mouse models (WT DOCA-salt

sensitive mice, adenosine 2A receptor (A2AR) knockout mice,
and DOCA-A2AR

�/� mice) has confirmed the role of batokine
FGF21 in cardiovascular health (Ruan et al., 2018). Surgical
removal of BAT in WT, DOCA-hypertensive mice resulted in
reduced serum FGF21 levels and increased cardiac remodeling;
however, these effects were absent in A2AR

�/� mice (Ruan
et al., 2018). Importantly, recombinant FGF21 treatment pre-
vented these adverse effects in abate-depleted DOCA-hyperten-
sive mice. Further investigation revealed that CGS21680 (A2AR
agonist) promotes FGF21 expression and release in brown adi-
pocytes, whereas KW6002 (A2AR antagonist) inhibits the
release of FGF21 from BAT (Ruan et al., 2018). Additionally,
FGF21 expression was decreased in A2AR

�/� brown adipocytes
compared with WT brown adipocytes. These data show that
A2AR activation may induce the release of BAT-derived FGF21,
resulting in reduced cardiac hypertrophy in response to
hypertension.
4.3 12-HEPE. Oxylipins are lipid metabolites of polyun-

saturated fatty acids and act as signaling molecules. There
are several oxylipins known to be released from BAT, some of
which have beneficial effects on metabolic and cardiac health.
12-HEPE is derived from arachidonate 12-lipoxygenase,
which catalyzes the oxidation of polyunsaturated fatty acids,
and has recently been identified to be released from BAT
in response to cold and b3-adrenergic stimulation. Both
cold and b3-adrenergic stimulation promote biosynthesis and
release of 12-lipoxygenase metabolites from BAT (Leiria
et al., 2019). 12-HEPE improves glucose metabolism by pro-
moting the PI3K/Akt/Glut pathway and stimulating glucose
uptake into adipocytes and skeletal muscle in a mouse model
(Leiria et al., 2019). Although not yet studied in the context
of cardiovascular function, 12-HEPE represents an exciting
potential for BAT activity to regulate metabolic health, and,
in turn, reduce risk factors for CVD.
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TABLE 1
Batokines and their known functions

Batokine Class
Endogenous
Tissue(s)

Confirmed
Stimulation Function(s) References

Adenosine Nucleoside — b-adrenergic
stimulation

Activates
thermogenesis in
BAT; induces
beiging in WAT;
reduces obesity in
mice

(Lee, Lee, and Oh
2019; Gnad
et al., 2014)

Adiponectin Protein hormone BAT, WAT Cold exposure Promotes WAT
beiging

(Ahmad et al.,
2021; Hui et al.,
2015)

Angiopoietin-Like8
(ANGPTL8)Or
Lipasin

Protein BAT, WAT, liver Cold exposure Not fully elucidated,
but assumed to
negatively
regulate BAT
thermogenesis

(Lee, Lee, and Oh
2019; Fu et al.,
2013)

BMP8-b Protein BAT,
hypothalamus

— Regulates
thermogenesis,
promotes
sympathetic
innervation of
adipose tissue via
NRG-4, enhances
lipolysis via HSL

(Ahmad et al.,
2021;
Pellegrinelli
et al., 2018;
Whittle et al.,
2012)

CXCL14 Cytokine BAT Cold exposure Promotes WAT
beiging,
alternatively
activated M2
macrophage
recruitment

(Ahmad et al.,
2021; Cereijo
et al., 2018)

Endothelin 1 21-amino acid
peptide

BAT, beige
adipocytes,
vascular
endothelial
cells, brain

Gq signaling,
inhibited by
b-adrenergic
stimulation

Suppresses UCP1
expression, beige
and brown
adipogenesis and
whole-body energy
expenditure

(Ahmad et al.,
2021; Klepac
et al., 2016;
Lee, Lee, and
Oh 2019)

EPDR1 Protein BAT, WAT — Thermogenic (beige/
brown) adipocyte
differentiation;
b-adrenergic
signal response,
important in BAT
mitochondrial
respiration and
whole body
metabolism

(Ahmad et al.,
2021;
Deshmukh
et al., 2019)

FGF21 Protein BAT, liver,
skeletal muscle,
heart

Cold exposure,
b-adrenergic
stimulation, BAT
Tx

Protection against
hypertension,
cardiac
hypertrophy and
MI injury.
Promotes WAT
beiging, increases
thermogenic
function in BAT,
and reduces
dyslipidemia and
insulin resistance
in T2D patients

(Ahmad et al.,
2021; Stanford
et al., 2013; Lee
et al., 2014;
Ruan et al.,
2018; Planavila
et al., 2013; Liu
et al., 2013;
Hondares et al.,
2011; Wang,
Tao, et al.,
2015; Gaich
et al., 2013;
Villarroya et al.,
2017b)

Follistatin (Fst) Glycoprotein BAT, nearly all
tissues

Cold exposure Inhibits TGF-
b/Smad3/
myostatin
signaling and
therefore
promotes BAT
function and
improves lipid
homeostasis and
whole body
metabolism.

(Lee, Lee, and Oh
2019; Singh,
Braga, and
Pervin 2014)

GDF-15 Cytokine BAT, liver, kidney,
heart, and lung

Cold exposure,
b-adrenergic
(requires FGF21)

Targets
macrophages;
anti-inflammatory

(Ahmad et al.,
2021;
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TABLE 1 continued

Batokine Class
Endogenous
Tissue(s)

Confirmed
Stimulation Function(s) References

Campderros
et al., 2019)

IL-6 Interleukin BAT, heart,
smooth muscle,
skeletal muscle

BAT Tx,
b-adrenergic

Promotes glucose
uptake into BAT,
WAT, and heart;
promotes
adipocyte
browning;
cardioprotection
against MI injury;
promotes
alternative M2
macrophage
activation

(Ahmad et al.,
2021; Stanford
et al., 2013;
Kristof et al.,
2019; Burysek
and Houstek
1997; Villarroya
et al., 2017b;
Mauer et al.,
2014)

IGF1 Protein hormone BAT, liver Cold exposure, BAT
Tx

Promotes b-cell
function, protects
against
cytotoxicity and
insulitis, anti-
inflammatory;
anti-diabetic

(Ahmad et al.,
2021;
Gunawardana
and Piston
2012, 2015;
Duchamp et al.,
1997; Villarroya
et al., 2017b)

IGFBP-2 Protein Beige adipocytes — Enhances the
differentiation of
osteoclasts and
increases bone
density

(Ahmad et al.,
2021; Rahman
et al., 2013;
DeMambro
et al., 2012;
Kawai et al.,
2011)

METRNL Cytokine Beige adipocytes,
mucosal tissues,
skin

Cold exposure Promotes activation
of eosinophils,
recruits
alternatively
activated M2
macrophages in
WAT

(Ahmad et al.,
2021; Rao et al.,
2014)

Myostatin Cytokine BAT, skeletal
muscle, heart

Activation of Agouti-
related peptide
neurons (by an
energy deficit)
promotes the
expression of
GFP8 in BAT
which activates
myostatin

Impairs skeletal
muscle function,
insulin stimulated
glucose uptake,
and brown
adipocyte
differentiation

(Ahmad et al.,
2021; Kong
et al., 2018;
Steculorum
et al., 2016;
Fournier et al.,
2012; Kim
et al., 2012;
Lee, Lee, and
Oh 2019)

Neuregulin 4
(NRG-4)

Protein BAT, liver Cold exposure Enhances WAT
beiging, represses
hepatic
lipogenesis,
protects against
obesity, insulin
resistance, and
hepatic steatosis

(Ahmad et al.,
2021; Rosell
et al., 2014;
Wang et al.,
2014; Christian
2014; Villarroya
2017b; Chen
et al., 2017)

NGF Protein BAT Cold exposure Increases
sympathetic
innervation and
promotes neurite
outgrowth

(Ahmad et al.,
2021; N�echad et
al., 1994; Zeng
et al., 2019)

Retinol binding
protein 4
(RBP4)

Protein BAT, WAT, liver Cold exposure, b3-
adrenergic
stimulation

Involved in the
transport of
vitamin A
derivatives

(Villarroya et al.,
2017b)

SLIT2-C Glycoprotein
(extracellular
matrix protein)

Beige adipocytes — Stimulates
thermogenesis
and improves
glucose
homeostasis;
promotes WAT
beiging

(Ahmad et al.,
2021; Kang
et al., 2017;
Svensson et al.,
2016; Lee, Lee,
and Oh 2019)

Triiodothyronine
(T3)

Protein hormone BAT Cold exposure, b3-
adrenergic

Required for
adaptive

(Ahmad et al.,
2021; de Jesus
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4.4 12,13-diHOME. The linoleic acid derivative 12,13-
diHOME is a batokine that is released in mice and humans
in response to cold (Lynes et al., 2017) and exercise (Stanford
et al., 2018). Mouse studies show that 12,13-diHOME
increases FA uptake into brown adipocytes, skeletal muscle,
and cardiomyocytes (Lynes et al., 2017; Stanford et al., 2018;
Pinckard et al., 2021). Studies in humans have shown that
12,13-diHOME is correlated with reduced fat mass, fasting
insulin, and TGs, improved mitochondrial function, and is
increased after an acute bout of exercise in both male and
female subjects (Stanford et al., 2018; Lynes et al., 2017;
Nayor et al., 2020; Vasan et al., 2019).
Recent work from our laboratory investigated the effects of

increasing BAT by transplantation on cardiac function and
determined that increasing BAT improved in vivo cardiac
hemodynamics and remodeling in mice (Pinckard et al.,
2021). To determine the mechanism behind these cardiac
improvements, non-targeted lipidomics were performed and
revealed 12,13-diHOME to be significantly upregulated in
mice after BAT transplantation. Acute injection of 12,13-
diHOME improved systolic and diastolic function, similar to
the effects of increasing BAT. Further investigation revealed
a direct role for 12,13-diHOME to increase cardiomyocyte
function (shortening, kinetics, and calcium cycling) and mito-
chondrial respiration. Sustained overexpression of 12,13-
diHOME via tissue nano-transfection (TNT) of mice fed a
high-fat diet (HFD) prevented HFD-induced impairments on
cardiac function, suggesting potential translatability of
12,13-diHOME as a clinical treatment of CVD. In humans,
both male and female patients with cardiovascular disease
had reduced circulating levels of 12,13-diHOME compared
with healthy individuals. Taken together, our data suggest
that the beneficial cardiac adaptions of BAT are dependent
on 12,13-diHOME, providing a possible translatable thera-
peutic for CVD.
Together, these studies indicate that in addition to its ther-

mogenic role, the endocrine function of BAT (specifically IL6,
FGF21, and 12-13-diHOME) can have vast systemic effects
on metabolism and cardiac health. Importantly, the role of

these batokines in cardiac disease (atherosclerosis, hyperten-
sion, and MI) have not been extensively investigated but will
likely be an avenue of future investigation.

5. Pharmacological strategies
BAT has significant potential as a preventive and thera-

peutic tool against CVD. However, BAT mass and activity
decrease with increasing CVD risk factors, including BMI,
insulin resistance, and age (Zoico et al., 2019; Cypess et al.,
2009; Vijgen et al., 2011). To use BAT for disease prevention
and treatment, translational approaches aimed toward
increasing BAT mass/activity or mimicking BAT endocrine
function must be addressed. Because of this, recent studies
have focused on pharmacological agents that activate BAT;
here, we will discuss their effects on CVD.
5.1 b3-adrenergic activators. As a potent activator of

BAT in both rodents and humans, sympathetic activation as
a possible therapeutic for metabolic diseases has been an
area of investigation for several years. However, there have
been varying results as to the effectiveness of these treat-
ments, possibly due to the specific focus on b3-AR agonists,
rather than b1- and b2-ARs, which are the primary regulators
of BAT activity in humans (Riis-Vestergaard et al., 2020;
Blondin et al., 2020). In mice, long-term treatment with b3-AR
agonist or thyroid hormone, both recognized BAT activators,
lowers plasma lipid and glucose levels (Peirce and Vidal-
Puig 2013; Wang, Li, and Guo 2013). Mirabegron, a b3-adre-
nergic receptor agonist, which has been shown to stimulate
BAT glucose uptake in humans (Baskin et al., 2018), is of par-
ticular interest. Several other b3-adrenergic agonists have
been investigated in both rodent studies and humans but
have shown minimal benefits and therefore are not current
topics of interest (Mukherjee, Baranwal, and Schade 2016).
A recent paper by O’Mara, et al. showed that chronic mira-

begron treatment increases BAT thermogenesis and
improves glucose effectiveness and insulin sensitivity in
healthy women. Women who had less BAT mass/activity
before treatment showed greater increases in both glucose

TABLE 1 continued

Batokine Class
Endogenous
Tissue(s)

Confirmed
Stimulation Function(s) References

stimulation
(stimulates
thyroxin
deiodinase type II,
the enzyme which
converts thyroxin
into the active
form of
Triiodothyronine)

thermogenesis in
BAT; several
systemic effects
including control
of metabolism,
cardiac and
digestive
functions, brain
development, and
bone maintenance

et al., 2001;
Silva and
Larsen 1985;
Villarroya et al.,
2017b)

12-HEPE Oxylipin BAT Cold exposure, b3-
adrenergic
stimulation

Promotes glucose
uptake into BAT
and skeletal
muscle

(Leiria et al.,
2019).

12,13-diHOME Oxylipin BAT, liver Cold, exercise, BAT
Tx

Promotes fatty acid
uptake into BAT
skeletal muscle,
and
cardiomyocytes,
increases CM
function and LV
hemodynamics

(Lynes et al., 2017;
Stanford et al.,
2018; Pinckard
et al., 2021)
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effectiveness and insulin sensitivity compared with women
who started with more BAT mass/activity (O'Mara et al.,
2020). Additionally, patients who underwent mirabegron
treatment had increased fasting high-density lipoprotein
(HDL) levels and a lower ApoB/ApoA1 ratio (a biomarker of
cardiovascular risk), suggesting the mirabegron treatment
may provide some cardiovascular benefits. In a separate
study, mirabegron also improved glucose tolerance, insulin
sensitivity, and beta cell function in obese, insulin-resistant
males and females (Finlin et al., 2020). These data suggest
mirabegron treatment has several beneficial effects, includ-
ing increased BAT mass and activity, improved glucose toler-
ance and insulin sensitivity, and improved cholesterol profile.
It is important to note that long-term SNS activation by

drugs such as mirabegron increase blood pressure, poten-
tially accelerating the risk for development of cardiac over-
load or heart failure (Zhang and Anderson 2014; Mancia and
Grassi 2014). The O’Mara study showed mirabegron treat-
ment caused both an acute and sustained increase in resting
heart rate, systolic blood pressure, and rate-pressure product
(an indirect measurement of myocardial oxygen consumption),
indicating chronic adrenergic stimulation. These data indicate
a promising role for BAT activators to improve cardiovascular
health, but more work is required to determine the potential
side effects of mirabegron and other b-AR agonists.
5.2 Norepinephrine reuptake inhibition. Inhibition of

norepinephrine (NE) reuptake can also increase BAT activ-
ity. Atomoxetine is a drug used clinically for attention deficit
hyperactivity disorder treatment in humans but has also
been shown to increase glucose uptake of BAT in fasted rats
(Mirbolooki et al., 2013). In mice, atomoxetine activation of
BAT was associated with higher BAT temperature and lower
blood glucose, indicating therapeutic potential. In humans,
atomoxetine treatment has been shown to contribute to mod-
est weight loss in adolescents (Wernicke and Kratochvil
2002) and adult women with obesity (Gadde et al., 2006).
However, this drug has similar side effects as SNS activators
on cardiac health, including increased heart rate and blood
pressure in humans (Habel et al., 2011).
5.3 Indirubin. A recent study used connectivity mapping

to identify a drug to study BAT activation focusing on Ucp1
upregulation rather than SNS activation (Wei et al., 2020).
The drug indirubin is currently used for treatment of chronic
myelogenous leukemia. Indirubin incubation increased mito-
chondrial respiration in C3H10T1/2 cells differentiated into
adipocytes, and injection protected against HFD-induced
weight gain, glucose-intolerance, and fatty liver in WT mice.
Immunohistochemistry and gene expression analysis indi-
cated that these improvements were in response to increased
BAT thermogenic activity (Ucp1, Pgc1a, Prdm16, Dio2,
Elovl3, Cidea, HSL). However, no cardiac parameters were
investigated in this study; determining if indirubin protects
against HFD-induced cardiovascular dysfunctions in mice is
an important area of future investigation.

Discussion
There is significant evidence for increased BAT mass or

activity as a potential therapeutic target for the prevention
and treatment of obesity and other metabolic diseases
(Stanford et al., 2013; Liu et al., 2015; Thoonen et al., 2015),
and in this review, we discuss the growing evidence

supporting a role for BAT as a therapeutic target for cardio-
vascular diseases (Berbee et al., 2015; Thoonen, Hindle, and
Scherrer-Crosbie 2016; Thoonen et al., 2015). Increased
BAT mass or activation in mice consistently results in dra-
matic improvements in cardiovascular health; this includes
reduction of the atherosclerotic region, reduced myocardial
injury size, and direct improvements on cardiac systolic and
diastolic function (Berbee et al., 2015; Ruan et al., 2018;
Thoonen et al., 2015; Pinckard et al., 2021). These benefits
are partially mediated by increased thermogenic function of
BAT, specifically in the case of atherosclerosis and MI: BAT
activation accelerates hepatic clearance of cholesterol-enriched
remnants (Berb�ee et al., 2015), improves TG clearance from the
blood stream, and increases activation of the AKT-ERK1/2
pathways during myocardial injury (Thoonen et al., 2015).
Additionally, several studies have now highlighted the endo-
crine action of BAT to protect against cardiovascular dysfunc-
tion and to act directly upon cardiomyocytes to improve cardiac
systolic and diastolic function, including through the release of
FGF21 and 12,13-diHOME (Ruan et al., 2018; Pinckard et al.,
2021).
As cardiovascular diseases continue to be the number one

cause of death across the globe, novel methods for preventing
and treating these diseases are vital (Benjamin EJ 2018; Pre-
vention 2017; Blacks 2018). Several studies highlight the
ability of BAT to mediate cardiac function. However, BAT
mass and activity decreases with increasing age and BMI,
two top risk factors for CVD, highlighting the need for fur-
ther investigation on the role of BAT and cardiac function in
an aged population (Zoico et al., 2019; Cypess et al., 2009;
Vijgen et al., 2011). It is additionally important to note that
several of the animal studies discussed in this review only
investigated male mice. This is an important omission since,
while functional BAT can be detected upon stimulation in
> 50% of adults (Cronin et al., 2012; Cypess et al., 2009;
Ouellet et al., 2011), young lean women have been shown to
possess BAT at a higher percentage compared with young,
lean men (Ouellet et al., 2011). Thus, future studies should
use mouse models of both sexes to fully understand the
potential sexual dimorphisms seen with BAT mass and
activation.
The data summarized in this review indicate that both the

thermogenic and endocrine function of BAT play an important
role in cardiovascular health. Importantly, these studies expand
on previous data by showing that BAT improves cardiovascular
health not only by improving systemic metabolism (Wang et al.,
2015a), clearing lipids from the bloodstream (Wang et al.,
2015c; Stanford et al., 2013), and reducing obesity (Thoonen et
al., 2016; Peres Valgas da Silva et al., 2019), but also by activat-
ing cardioprotective pathways (Berb�ee et al., 2015; Thoonen
et al., 2015), and directly affecting cardiomyocyte function
(Pinckard et al., 2021). As a relatively new field, there is a lot to
learn about the effects of BAT on cardiovascular function, spe-
cifically with regard to the endocrine role of BAT and
batokines.
Increased sympathetic activation of BAT poses a possible

therapeutic method; however long-term SNS activation is
known to increase blood pressure and risk of heart failure
(Zhang and Anderson 2014; Mancia and Grassi 2014). Mira-
begron (b3-adrenergic receptor agonist) has confounding
results in terms of cardiovascular risks/benefits; treatment
increased resting heart rate, systolic blood pressure, and
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rate-pressure product, but these patients also had increased
HDL levels and reduced ApoB/A1 ratio (O'Mara et al., 2020).
A possible method to bypass the off-target effects of SNS acti-
vation is the use of direct batokines as therapeutics, several
of which have been shown to have cardioprotective effects
when treated exogenously in mice. To our knowledge, no
studies to date have investigated the efficacy of batokine
treatment in humans.
In summary, BAT has exciting potential to prevent CVD

through both its thermogenic and endocrine functions (via
batokines). Thermogenic BAT activity increases TG clearance
from the bloodstream, accelerates hepatic clearance of choles-
terol-enriched remnants, improves TG clearance from the blood
stream, and activates the protective AKT-ERK1/2 pathway
during myocardial injury (Berb�ee et al., 2015; Thoonen et al.,
2015). A2AR-induced release of the batokine FGF21 results in
reduced cardiac hypertrophy in response to hypertension, while
the cold- and exercise-induced batokine 12,13-diHOME directly
improves cardiac systolic and diastolic function via increased
calcium cycling in cardiomyocytes (Ruan et al., 2018; Pinckard
et al., 2021). Sympathetic activation of BAT via b3-AR agonists
have been investigated as therapeutics for metabolic and car-
diovascular diseases with varying results; however, targeting
b1 or b2 -ARs (rather than b3) may be more effective at activat-
ing BAT in humans. Regardless, more research on the side
effects of SNS-activators is warranted, as sustained SNS acti-
vation can cause undesirable cardiovascular effects. Future
research may consider batokines or other BAT mimetics as
therapeutic methods to elucidate the beneficial effects of BAT
on CVD, rather than SNS-agonists.
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