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SUMMARY

Adipocytes play important roles in regulating cardio-
vascular health and disease. However, the molecular
mechanism underlying the endocrine role of brown
adipose tissue (BAT) in pathological cardiac remod-
eling remains unknown. Herein we show that adeno-
sine A,a receptor (AsaR) knockout (A;,ARKO) causes
interscapular BAT (iBAT) dysfunction, leading to
accelerated cardiac remodeling in hypertension
compared with wild-type (WT) mice. Surgical iBAT
depletion induces dramatic cardiac remodeling in
WT but not in A;nRKO hypertensive mice. AMPK/
PGC1a signaling-induced fibroblast growth factor
21 (FGF21) in brown adipocytes is required for
A>pR-mediated inhibition of hypertensive cardiac
remodeling. Recombinant FGF21 administration
improves cardiac remodeling in iBAT-depleted
hypertensive mice. More importantly, brown adipo-
cyte-specific A;pRKO inhibits FGF21 production
and accelerates cardiac damage in hypertension.
Consistently, brown adipocyte-specific FGF21
knockout abolishes the effects of A,pR agonism in
attenuating hypertensive cardiac remodeling. Our
findings reveal a distinctive endocrine role of BAT
in hypertensive cardiac remodeling via activating
Ao-nR/FGF21 pathway.

INTRODUCTION

Hypertensive cardiac remodeling is characterized by left ventric-
ular hypertrophy and interstitial fibrosis, which are the main
causes of heart failure (Berk et al., 2007; Drazner, 2011). Recent
studies show that adipocyte-derived adipokines are involved in
the regulation of hypertensive heart disease (Mattu and Ran-
deva, 2013; Mechanick et al., 2016). Hypertension is normally

associated with increased sympathetic activity and release of
catecholamines (Esler, 2015). These can activate brown adipose
tissue (BAT) (Bahler et al., 2015; Hankir et al., 2016). In contrast to
white adipose tissue (WAT), BAT dissipates energy though un-
coupled respiration and thermogenesis, and protects against
metabolic disorders (Kozak, 2010; Sidossis and Kajimura,
2015). Animal studies show that transgenic ablation of BAT is
associated not only with obesity but also with systemic hyper-
tension and cardiac fibrosis (Cittadini et al., 1999; Lowell et al.,
1993). However, the precise mechanism underlying the interac-
tion between BAT and cardiac remodeling is rarely investigated
and remains elusive in hypertension.

Adenosine, an endogenous purine nucleoside, mediates a
wide range of physiological and pathological functions through
interacting with four cell surface receptor subtypes: A4, Asa,
Aop, and Ag receptors (Borea et al., 2016). Among these, adeno-
sine Aoa receptor (AxaR), a Gs protein-coupled receptor, is abun-
dantly expressed in various cell types and participates in the
regulation of cardiovascular health and disease (Peleli and Carl-
strom, 2017). AsaR knockout (A,ARKO) mice show aggressive-
ness, hypoalgesia, and high blood pressure phenotype (Ledent
et al., 1997). Pharmacological activation of A,aR attenuates hy-
pertension-related cardiac remodeling (da Silva et al., 2017).
However, A;aR does not directly affect cardiac fibroblast func-
tion (Dubey et al., 1998). A recent report showed that pharmaco-
logical blockade or genetic deletion of A,sR in mice causes a
decrease in BAT-dependent thermogenesis, whereas treatment
with AR agonist significantly increases energy expenditure and
protects against high-fat diet-induced obesity (Gnad et al.,
2014). Therefore, we hypothesized that A,sR protects against
hypertensive cardiac remodeling via regulating BAT activity
and related endocrine roles.

In the past two decades, a number of WAT-secreted adipo-
kines have been identified after the initial discovery of leptin
(MacDougald et al., 1995). These factors contribute directly
to the regulation of chronic inflammation, vascular tone, and car-
diovascular complications (Lau et al., 2017). However, the main
adipokines released by WAT (e.g., leptin and adiponectin) are
poorly expressed in BAT, especially when it is thermogenically
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active (Villarroya et al., 2017). Recent studies have identified
several BAT-derived endocrine factors (called batokines),
including triiodothyronine (T3), neuregulin 4, fibroblast growth
factor 21 (FGF21), and so on (Villarroya et al., 2017). Among
these, FGF21, a member of the FGF superfamily, promotes
glucose oxidation and protects against obesity and type 2 dia-
betes (Coskun et al., 2008; Gaich et al., 2013; Kliewer and Man-
gelsdorf, 2010). Under physiological conditions, the liver ap-
pears to be the main site for FGF21 production (Markan et al.,
2014). However, thermogenic activation induces FGF21 gene
expression in BAT and triggers the secretion of FGF21 from
brown adipocytes (Lee et al., 2014). Besides the influence on
energy metabolism, FGF21 has been shown to prevent cardiac
hypertrophy, angiogenesis, atherosclerosis, and other cardio-
vascular disorders (Lin et al., 2015; Planavila et al., 2013; Yagoob
et al.,, 2014). However, whether A>aR-mediated thermogenic
activation of BAT promotes FGF21 production and whether
BAT-derived FGF21 plays an endocrine role on cardiac remodel-
ing in hypertension are still unknown.

In the present study, we examined the effect of A,ARKO on the
thermogenic activity and FGF21 expression in interscapular BAT
(iBAT), as well as cardiac remodeling in deoxycorticosterone ac-
etate (DOCA)-salt-induced hypertensive mice. We demon-
strated that iBAT depletion reduced serum FGF21 level and
induced dramatic cardiac remodeling in wild-type (WT) hyper-
tensive mice, but these two effects were absent in A;nRKO
mice. Administration of recombinant human FGF21 dramatically
improved cardiac remodeling in iBAT-depleted hypertensive
mice. More importantly, we provided direct evidence to support
the critical role of BAT ApaR/FGF21 pathway in hypertensive car-
diac remodeling by utilizing both brown adipocyte-specific A;aR
and FGF21 knockout mice. These findings demonstrate that
A>pR-mediated FGF21 release from BAT plays an endocrine pro-
tective role against hypertensive cardiac remodeling.

RESULTS

A>,RKO Aggravates Hypertensive Cardiac Remodeling
and Reduces BAT Activity

To determine the role of A>aR in hypertensive cardiac remodel-
ing, WT and A;aRKO mice were utilized to induce DOCA-salt-
sensitive hypertension and subjected to functional cardiac
phenotyping measurement. A,oRKO led to echocardiography-
detectable dysfunction in DOCA-salt-treated mice, as demon-
strated by decreases in ejection fraction (EF), fractional short-
ening (FS), and increases in diastolic left ventricular internal
dimension (LVID; D) and interventricular septum (IVS; D) (Figures
1A and 1B). Next, Masson’s trichrome (Masson), wheat germ
agglutinin (WGA), and immunohistochemical (IHC) staining for
collagen type | alpha 1 chain (Col1a1) and alpha smooth muscle
actin (#SMA) were performed to analyze cardiac hypertrophy
and interstitial fibrosis (Figures 1C and 1D). Histological analysis
revealed that A,pRKO increased cardiomyocyte size, fibrosis
area, and expression of Collal and aSMA compared with WT
mice after DOCA-salt treatment (Figure 1E). A,aRKO resulted
in increased mMRNA expression of hypertrophic markers,
including atrial natriuretic polypeptide (ANP), brain natriuretic
peptide (BNP), and myosin heavy chain beta (3MHC). Dramatic
cardiac interstitial fibrosis in A,ARKO mice was also evaluated
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by detecting elevated mRNA levels of fibrotic makers Col71at,
aSMA, and transforming growth factor 1 (TGFg) (Figure 1F).

Next, we determined whether A,4R directly regulated cardiac
myocytes and fibroblasts functions in vitro. Treatment of
neonatal mouse cardiac myocytes (NMCMs) and fibroblasts
(CFs) with aldosterone showed significantly increased expres-
sion of ANP, BNP, and BMHC, or Collal, TGFB, and aSMA.
However, neither A,aR agonist (CGS21680) nor antagonist
(KW6002) affected the expression of these hypertrophic and
fibrotic genes in NMCMs and CFs (Figures S1A and S1B).
Neither agent had an effect on aldosterone-induced CF migra-
tion and proliferation (Figures S1C and S1D). These results sug-
gest a likely indirect protective effect of A;aR activation against
hypertensive cardiac damage.

To identify potential target cells of A,aR in hypertension, we
detected A,aR expression in different organs or tissues. Interest-
ingly, A>aR is abundant in adipose tissue compared with heart
(Figure 2A). Especially, AspR expression was much higher in
iBAT than other adipose tissues (Figure 2B). Moreover, hyperten-
sion induced AgaR expression in iBAT, but not in heart (Fig-
ure 2C). Since A;aR does not affect cardiac cell functions, we
examined whether A;pRKO-acceralated hypertensive cardiac
remodeling is due to defect in iBAT thermogenesis. As expected,
DOCA-salt treatment significantly promoted iBAT thermogenic
activity including smaller-sized adipocyte and increased uncou-
pling protein 1 (UCP1) staining, but this effect was absent in
A>ARKO mice (Figures 2D and 2E). Consistently, hypertension
only induced expression of thermogenic genes (UCP1, PPARY,
PRDM16, and CIDEA) in the iBAT of WT mice, but not in
A>ARKO mice (Figure 2F). In addition, we also detected thermo-
genic genes expression in subcutaneous WAT (sWAT) and
visceral WAT (VWAT) of hypertensive mice. DOCA-salt treatment
caused a slight increase of expression of thermogenic genes in
sWAT of WT mice, but not in A,ARKO mice (Figures S2A and
S2B). However, these genes in the vWAT did not change after
DOCA-salt treatment (Figures S2C and S2D). In vitro treatment
with CGS21680 promoted, whereas KW6002 inhibited, brown
adipogenesis and thermogenic gene expression in primary
brown adipocytes (Figures 3A and 3B). More importantly, WT
brown adipocyte-conditioned medium attenuated aldosterone-
induced fibrotic marker expression in CFs, but this effect was
absent in A,ARKO brown adipocyte-conditioned medium (Fig-
ure 3C). These results clearly indicate a potential endocrine
role of BAT on cardiac remodeling in hypertensive mice.

A5,R Regulates FGF21 Expression in BAT

As an important metabolic regulator, FGF21 is known to improve
metabolic health by preventing lipid accumulation in adipose tis-
sues (Holland et al., 2013). Although FGF21 is poorly expressed
in WAT, thermogenic activation induces FGF21 expression in
brown adipocytes (Lee et al., 2014). Except for the autocrine
role of FGF21 on adipose tissue, the endocrine role of FGF21
may connect altered BAT function to cardiac remodeling. Recent
studies showed that FGF21 knockout accelerates pathological
cardiac damage in different animal models (Planavila et al.,
2015; Zhang et al., 2015). Therefore, we measured FGF21
expression in heart and iBAT and found that FGF21 expression
in iIBAT was almost 10-fold greater than that in heart in DOCA-
salt hypertensive mice (Figure 3D). To determine whether
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Figure 1. A;pRKO Accelerates Cardiac Remodeling in Hypertensive Mice
(A) Representative echocardiography images of WT or A,ARKO mice after SHAM or DOCA-salt treatment for 2 weeks.
(B) Quantitative analysis of ejection fraction (EF), fractional shortening (FS), left ventricular internal dimension (LVID; D), and interventricular septum (IVS; D) in

diastolic phase obtained from echocardiography.

(C) Representative cross-sections of heart stained for Masson or WGA, in WT or A;,oRKO SHAM and DOCA-salt hypertensive mice.

(D) Representative cross-sections of heart stained for Masson, Col1a1, and aSMA in WT or A;,ARKO SHAM and DOCA-salt hypertensive mice.
(E) Quantitative analysis of cardiomyocyte size (WGA staining), fibrotic area (blue area in Masson staining), Col1a1, and aSMA signals.

(F) gPCR analysis of mRNA expression levels of hypertrophic and fibrotic genes in the heart.

Data are presented as means = SEM; n = 6/group; *p < 0.05 versus SHAM WT group, *p < 0.05 versus DOCA WT group.

A>aR-mediated BAT activation promotes FGF21 expression, we
examined the effects of AaR agonist CGS21680 and AgaR
antagonist KW6002 on FGF21 expression in vitro. CGS21680
promoted, whereas KW6002 inhibited, FGF21 expression and
release in brown adipocytes (Figures 3E and 3F). In contrast,
the effect of AaR agonist or antagonist in altering FGF21 pro-
duction was not observed in NMCMs and CFs (Figures S3A

and S3B). Consistently, FGF21 expression in A;,aRKO brown ad-
ipocytes was much less than in WT adipocytes and adenosine-
induced FGF21 expression was absent in A,oRKO brown adipo-
cytes (Figure 3G). More importantly, we found that recombinant
FGF21 (rFGF21) attenuated aldosterone-induced hypertrophic
gene expression in NMCMs (Figure S3C) and it inhibited fibrotic
gene expression in CFs in vitro (Figure S3D). Since FGF21
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Figure 2. A;nRKO Reduces iBAT Activity in Hypertensive Mice

(A) gPCR analysis of A;sR MRNA expression levels in different tissues or organs (*p < 0.05 versus heart).

(B) gPCR analysis of A,aAR mMRNA expression levels in different adipose tissues, SWAT indicates subcutaneous WAT, iBAT indicates interspacular BAT, PVAT
indicates perivascular adipose tissue, VWAT indicates visceral WAT, iWAT indicates inguinal WAT ('p < 0.05 versus sWAT).

(C) gPCR analysis of A,AR mMRNA expression levels in iBAT and heart from SHAM and DOCA-salt-treated mice (°p < 0.05 versus SHAM).

(D) Representative H&E and UCP1 staining images of iBAT from WT or A,aRKO mice after SHAM or DOCA-salt treatment for 2 weeks.

(E) Quantitative analysis of UCP1 signal in WT or A;pARKO SHAM and DOCA-salt hypertensive mice.

(F) gPCR analysis of mRNA expression levels of thermogenic genes in the iBAT.

Data are presented as means + SEM; n = 6/group; For (E) and (F), *p < 0.05, **p < 0.01, **p < 0.001 versus SHAM WT group, *p < 0.05, *p < 0.01 versus DOCA

WT group.

functions by preferentially signaling through a receptor complex
composed of FGF receptors and co-receptor beta-klotho (KLB)
(Chen et al., 2017), we detected FGF21 receptor expression in
NMCMs and CFs, including KLB, FGFR1, FGFR2, FGFR3, and
FGFR4. Among these, rFGF21 notably stimulated KLB and
FGFR1 expression, but not others (Figures S3E and S3F). Co-
immunoprecipitation (colP) assay further showed that FGF21
directly interacted with KLB and FGFR1 (Figure S3G). In vivo,
A>ARKO inhibited FGF21 expression in iBAT, but not in the heart
and liver of hypertensive mice (Figure 3H). Besides, A,ARKO re-
sulted in decreased serum FGF21 level in hypertensive mice
(Figure 3l). Collectively, these studies provide strong evidence
suggesting that A;aR-mediated iBAT theromgenic activation
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promotes FGF21 production and thus protects against hyper-
tensive cardiac remodeling.

AMPK/PGC1qa Signaling Is Involved in A;,R-Mediated
FGF21 Expression in BAT

We next determined the signaling pathway that regulated A,AR-
mediated FGF21 expression in brown adipocytes. Previous
studies showed that AMPK, AKT, PKA, and MAPK are involved
in the regulation of FGF21 expression (Alonge et al., 2017;
Chau et al., 2010; Jeanson et al., 2016). Herein we showed
that adenosine or A,sR agonist CGS21680 quicklyy stimulated
AMPK phosphorylation (Figures 4A and S4A) and subsequently
promoted transcription factor coactivator PGC1a expression in
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Figure 3. A>AR Promotes FGF21 Expression in Brown Adipocytes

(A) Representative oil red O and UCP1 staining in CGS21680 (150 nM) or KW6002 (100 nM) treated primary brown adipocytes.

(B) gPCR analysis of thermogenic genes in brown adipocytes from WT mice with CGS21680 or KW6002 treatment (n = 6) (“‘p < 0.05, **p < 0.01 versus CON group).
(C) gPCR analysis of genes associated with fibrosis in cardiac fibroblasts after aldosterone (Aldo, 100 nM) stimulation with or without brown adipocyte-
conditioned medium infusion. BACM1 indicates brown adipocyte-conditioned medium of WT mice. BACM2 indicates brown adipocyte-conditioned medium of
A2aRKO mice (n = 6) (*p < 0.05 versus CON group, *p < 0.05, *p < 0.01 versus Aldo group, *p < 0.05 versus BACM1 group).

(D) Relative FGF21 mRNA level in iBAT and heart in adult WT mice (n = 5) (*“p < 0.01 versus iBAT).

(E) Western blot and gPCR analysis of FGF21 level of primary brown adipocytes from WT mice with CGS21680 or KW6002 treatment (n = 6) (*p < 0.05, **p < 0.01
versus Con group).

(F) FGF21 level in primary brown adipocyte-conditioned medium with CGS21680 or KW6002 treatment (n = 6) (*p < 0.05, **p < 0.01 versus Con group).

(legend continued on next page)
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Figure 4. Blockade of AMPK/PGC1« Signaling Pathway Attenuates A;,R-Mediated FGF21 Expression in Brown Adipocytes

(A) Western blot analysis of AMPK phosphorylation and PGC1a expression levels in WT or A;oRKO adipocytes treated with adenosine (100 nm). Quantitative
results are shown on the right (n = 6) (*p < 0.05 versus Con WT group, *p < 0.05, *#p < 0.01 versus WT adenosine group).

(B and C) Western blot analysis of p-AMPK, PGC1a, and FGF21 expression in primary adipocytes treated with AMPK inhibitor compound C (CC, 20 um).
Quantitative analysis of FGF21 is shown in the lower panel (n = 6) (*p < 0.05 versus Con group, *p < 0.05 versus CGS21680 group).

(D and E) Western blot analysis of p-AMPK, PGC1a, and FGF21 expression in primary adipocytes transfected with PGC1a shRNA lentivirus. Quantitative analysis
of FGF21 is shown in the lower panel (n = 6) (*p < 0.05 versus siNC + CGS21680 group).

(F) Representative p-AMPK, PGC1a, and FGF21 immunostaining of iBAT in WT or A,JRKO SHAM and DOCA-salt hypertensive mice.

Data are presented as means + SEM.

brown adipocytes, whereas these effects were absent in
A>pRKO mouse brown adipocytes (Figure 4A). In contrast,
PKA, AKT, and P38 MAPK phosphorylation did not change

after CGS21680 treatment in brown adipocytes (Figure S4A).
To determine whether AMPK/PGC1ais necessary for AoaR-
mediated FGF21 expression, we first utilized AMPK inhibitor

(G) gPCR analysis of FGF21 level of primary brown adipocyte from WT and A,ARKO mice with or without adenosine (100 nM) treatment (n = 6) (*p < 0.05, **p < 0.01
versus WT Con group, *p < 0.01 versus WT adenosine group).

(H) Relative FGF21 mRNA level in iBAT, heart and liver of WT and A;aRKO mice after SHAM or DOCA-salt treatment for 2 weeks (n = 6) (*“p < 0.01 versus SHAM
WT group, *p < 0.01 versus DOCA WT group, ns indicates no statistical difference).

(I) Relative FGF21 level in serum of WT and A,xRKO mice after SHAM or DOCA-salt treatment for 2 weeks (n = 6) (**p < 0.01 versus SHAM WT group, #p < 0.05
versus DOCA WT group).

Data are presented as means + SEM.
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compound C (CC) to pretreat adipocytes. CC not only inhibited
CGS21680-induced AMPK phosphorylation and PGC1a. upre-
gulation, but also reversed CGS21680-induced FGF21 expres-
sion (Figures 4B and 4C). To rule out a possible role of PGC1a.
in regulating FGF21 expression, lentivirus PGC1a small hairpin
RNA (shRNA) was used to knock down PGC1a expression
in adipocytes (Figures S4B and S4C). PGC1a shRNA attenu-
ated CGS21680-induced FGF21 expression without changing
AMPK phosphorylation (Figures 4D and 4E). In addition, we
also measured AMPK phosphorylation and PGC1a. expression
in WT and A;ARKO hypertensive mice. DOCA-salt treatment re-
sulted in an increased AMPK phosphorylation and PGC1a upre-
gulation accompanied by enhanced FGF21 staining in iBAT, but
these effects were absent in A,ARKO hypertensive mice (Fig-
ure 4F). In sWAT and vWAT, no changes in AMPK phosphoryla-
tion, or PGC1a and FGF21 expression, was detected in both WT
and A,ARKO hypertensive mice (Figure S4D). These data sug-
gest that A,pnR-mediated FGF21 expression is most likely medi-
ated through promoting AMPK phosphorylation and upregula-
tion of downstream PGC1a in brown adipocytes.

Bat-Derived Fgf21 Protects against Hypertensive
Cardiac Remodeling

To determine whether BAT is necessary for A,aR activation in
regulating cardiac remodeling, we surgically removed iBAT in
WT and A;ARKO hypertensive mice. After 14 days, BAT activity
was estimated by a deep-red fluorescent micellar probe,
SRFluor680, which has been showed to be accumulated in
iBAT regardless of mouse species (Rice et al., 2015). Fluores-
cence imaging combined with microCT showed a dramatic
decreased fluorescent density in the interscapular region after
iBAT depletion (BAT—) in WT mice compared with sham oper-
ated mice (BAT+) (Figure 5A). Serum FGF21 level was decreased
after iBAT depletion in WT mice, but not in A;,ARKO mice (Fig-
ure 5B). In contrast, heart, liver, and muscle FGF21 mRNA
expression did not change after iBAT depletion in WT or
A>ARKO mice (Figure 5C). More importantly, iBAT depletion
augmented DOCA-salt-induced cardiac dysfunction and remod-
eling in WT mice, as reflected by decreased EF and FS, and
increased LVID and IVS (Figures 5D and 5E). Masson, WGA,
and IHC staining results also showed that iBAT depletion
increased cardiomyocyte size, and Collal and aSMA expres-
sion in WT mice (Figures 5F-5H). Consistently, gPCR assay
showed that these pathological changes were accompanied
by upregulation of hypertrophic and fibrotic genes, including
ANP, BNP, BMHC, Col1al, TGF@, and «SMA (Figure 5l). How-

ever, hypertensive cardiac remodeling did not show further
aggravation after iBAT depletion in A,ARKO mice (Figures
5D-5I). These findings implicate that BAT participates in the ef-
fect of AyaR activation on cardiac function.

To determine the direct protective effects of FGF21 on cardiac
remodeling, we administered rFGF21 for 2 weeks by daily intra-
peritoneal injection to DOCA-salt mice with or without iBAT
depletion. Treatment with rFGF21 had no effect on hypertensive
cardiac remodeling when iBAT was intact (BAT+). By contrast, in
iBAT-depleted mice, in which FGF21 level is decreased, treat-
ment with rFGF21 ameliorated cardiac damage in DOCA-salt-
induced hypertension (Figures S5A-S5F). The colP results
showed that rFGF21 protein directly interacted with KLB and
FGFR1 in the heart (Figure S5G). These data suggest that
AxaR-mediated FGF21 production in iBAT protects against hy-
pertensive cardiac remodeling.

Brown Adipocyte-Specific A;RKO Accelerates
Hypertensive Cardiac Remodeling

To provide more direct evidence that BAT is required for A,aR-
mediated inhibition of hypertensive cardiac remodeling, we
generated both brown adipocyte-specific A;aRKO (BAAKO)
and cardiac fibroblast-specific A;pnRKO (CFAKO) mice.
AsaR™* mice were bred with UCP1-Cre (for brown adipocyte
KO) or SM22a-Cre (for cardiac fibroblast KO) mice, the
UCP1-Cre+;A;aR"1°* (BAAKO) and littermates UCP1-Cre-;
AxaR™V1°% (Con-BA) mice, or SM22a-Cre+;A,aR"¥1°* (CFAKO)
and littermates SM22a-Cre-;A,xR11* (Con-CF) mice were
treated with DOCA-salt to induce hypertension (Figures 6A and
S6A). As UCP1 is essential for uncoupling respiration and dissi-
pating chemical energy as heat in brown adipocytes, BAAKO re-
sulted in absolutely knockout of A,aR expression in BAT, but not
in other tissues (Figure 6B). Likewise, CFAKO resulted in
knockout of AoaR in heart, whereas it did not affect A;aR expres-
sion in other tissues (Figure S6B), indicating the success of gen-
eration of brown adipocyte-specific or cardiac fibroblast-spe-
cific deletion of A;oRKO mice. BAAKO resulted in accelerated
cardiac remodeling, including echocardiogram dysfunction,
increased left ventricular hypertrophy and enhanced interstitial
fibrosis compared with Con-BA mice after DOCA-salt treatment
(Figures 6C-6l). In contrast, CFAKO had no effect on cardiac re-
modeling in hypertension compared with Con-CF mice (Figures
S6C-S6l). FGF21 expression was blocked in iBAT and serum
FGF21 level was reduced in BAAKO hypertensive mice (Fig-
ure 6J), whereas BAAKO did not affect FGF21 expression
in heart, liver, and muscle (Figure 6K). Consistently, BAAKO

Figure 5. IBAT Depletion Accelerates Hypertensive Cardiac Remodeling in WT but Not in A;,oRKO Mice
(A) Representative fluorescence imaging combined with microCT of SHAM (BAT+) and iBAT-depleted (BAT—) WT or A,oRKO mice after intravenous injection of

SRFluor680 for 6 hr. Quantitative results are shown on the right.

(B) ELISA analysis of serum FGF21 levels in WT and A,ARKO mice with or without iBAT.

(C) FGF21 mRNA expression levels in heart, liver, and muscle of WT and A;aRKO mice with or without iBAT.

(D) Representative echocardiography images form WT and A,ARKO mice with or without iBAT.

(E) Quantitative analysis of EF, FS, LVID; D, and IVS; D obtained from echocardiography.

(F) Representative cross-sections of heart stained for Masson and WGA in WT and A;aRKO mice with or without iBAT.

(G) Representative cross-sections of heart stained for Masson, Col1al, and aSMA in WT and A,aRKO mice with or without iBAT.

(H) Quantitative analysis of cardiomyocyte size (WGA staining), fibrotic area (blue area in Masson staining), Col1al, and «SMA signals.

() gPCR analysis of mMRNA expression levels of hypertrophic and fibrotic genes in the heart.

Data are presented as means + SEM; n = 6-10/group; “p < 0.05, **p < 0.01 versus WT BAT + hypertensive mice, ns indicates no statistical difference versus

A-nRKO BAT + hypertensive mice.
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inhibited expression of thermogenic genes (UCP1, PPARYy,
PRDM?16, and CIDEA) in iBAT (Figure 6L). These results suggest
that ApaR-mediated brown adipocyte activation and FGF21 pro-
duction is necessary for protecting against hypertensive cardiac
remodeling.

A>,R/FGF21 Pathway in Brown Adipocytes Protects
against Hypertensive Cardiac Remodeling

To further understand the role of the BAT-derived A>aR/FGF21
pathway in hypertensive cardiac remodeling, we generated
brown adipocyte-specific FGF21KO (BAFKO) mice. FGF21 1o+
mice were bred with UCP1-Cre mice, the UCP1-Cre+;
FGF21fovflox (BAFKO) and littermates UCP1-Cre-;FGF21fo¥/flox
(Con-F) mice were treated with A,aR agonist CGS21680
(1 mg/kg/day) or PBS, and these mice were then treated with
DOCA-salt (Figure S7A). BAFKO blocked FGF21 expression in
iBAT and reduced serum FGF21 level (Figures 7A and S7B),
whereas local FGF21 mRNA expression in heart, liver, and mus-
cle remained unchanged (Figure 7B). CGS21680 increased iBAT
activity including smaller-sized adipocytes, increased UCP1
staining, and upregulation of thermogenic gene mRNA levels in
Con-F hypertensive mice. However, these effects were absent
in BAFKO hypertensive mice, suggesting an autocrine role
of FGF21 on brown adipocyte activation (Figures S7C-S7E).
More importantly, CGS21680 protected against hypertensive
cardiac remodeling, including improved echocardiogram
dysfunction, decreased left ventricular hypertrophy, and attenu-
ated interstitial fibrosis after DOCA-salt treatment. However,
these protective effects of CGS21680 were nullified in BAFKO
mice (Figures 7C-71). We herein provide direct evidence to
support that brown adipocyte-derived FGF21 is required for
AxaR activation-mediated improvement of hypertensive cardiac
remodeling.

DISCUSSION

In this study, we report that A,ARKO attenuates BAT thermo-
genic activity and accelerates cardiac remodeling in DOCA-
salt-induced hypertension. We demonstrated that AyaR-
mediated FGF21 production in BAT is critical for its cardiac
protection. The effect of iBAT depletion-induced cardiac dam-
age in hypertensive mice is blunted in A,ARKO mice. Recombi-
nant FGF21 administration improves cardiac remodeling in
iBAT-depleted WT hypertensive mice. BAAKO but not CFAKO
mice show accelerated hypertensive cardiac damage. Brown

adipocyte-specific FGF21KO blocks the effects of A;aR ago-
nism in attenuating hypertensive cardiac remodeling. Taken
together, the present study provides the first line of evidence
for a direct crosstalk between BAT activity and cardiac protec-
tion in hypertension, which is largely dependent upon BAT
A>pR-mediated production of FGF21 and the endocrine function
of FGF21 in the heart.

One of the major findings of the present study is the revelation
of a novel role of iBAT in A,aR-mediated inhibition of hyperten-
sive cardiac remodeling. A;aR is abundantly expressed in brain,
heart, immune cells, and adipocytes (van Waarde et al., 2018).
AoxR activation can relax coronary arteries (Belardinelli et al.,
1998). However, A;aR appears to have limited direct effects on
cardiac fibroblasts because of its low expression level and no ef-
fect on fibroblast extracellular matrix production (Dubey et al.,
1998). Similarly, we observed that A,pR agonist does not
improve aldosterone-induced cardiac myocyte and fibroblast
dysfunction. CFAKO does not affect DOCA-salt-induced hyper-
tensive cardiac remodeling. On the other hand, AoaR is highly ex-
pressed in adipose tissue, especially much more in iBAT than
other tissues. Hypertension induces AyaR upregulation in iBAT,
but not in heart. A;,aR agonist-treated BAT adipocyte-condi-
tioned medium attenuates aldosterone-induced cardiac fibro-
blast dysfunction and cardiomyocyte hypertrophy. Most impor-
tantly, BAAKO accelerates hypertensive cardiac remodeling.
Consistently, surgical depletion of iBAT in WT mice augmented
cardiac damage, whereas this operation has no effects on heart
in A,ARKO mice. Of course, it is worthy to note that we cannot
completely exclude the contribution from cardiac AyaR or other
related tissues. AoaR is also expressed in cardiomyocytes, which
is important for myocyte survival (Hamad et al., 2010). Taken
together, these findings clearly provide direct evidence support-
ing a significant contribution of A,5R activation in brown adipo-
cytes against hypertensive cardiac remodeling.

The second major finding of this study is to identify the BAT-
derived bioactive substance FGF21 as the critical mediator
of the protective effect of A,aR activation in BAT against cardiac
remodeling. Although adipose tissue-derived adipokines are
known to play roles in the regulation of cardiovascular function,
these typical adipokines are poorly expressed in BAT (Molica
et al., 2015; Villarroya et al., 2017). Recently, BAT-derived
batokines, which act in a paracrine or autocrine manner in adipo-
cytes, have been identified (Villarroya et al., 2017). FGF21 is one
of the first identified batokines, which promotes glucose utiliza-
tion, improves glycemia and lipidemia, and induces adipocyte

Figure 6. Brown Adipocyte-Specific A,ARKO Accelerates Cardiac Remodeling in Hypertensive Mice

(A) lllustration of hybridization protocol for brown adipocyte-specific A,psRKO (BAAKO) mice and control Con-BA mice.

(B) gPCR analysis of mMRNA expression level of A;aR in iBAT, WAT, heart, liver, and muscle of BAAKO and Con-BA mice.

(C) Representative echocardiography images of Con-BA or BAAKO mice after SHAM or DOCA-salt treatment for 2 weeks.

(D) Quantitative analysis of EF, FS, LVID; D, and IVS; D obtained from echocardiography.

(E) Representative cross-sections of heart stained for Masson and WGA in CON-BA or BAAKO mice of SHAM or DOCA-salt mice.

(F) Representative cross-sections of heart stained for Masson, Col1a1, and «SMA in Con-BA or BAAKO mice after SHAM or DOCA-salt treatment for 2 weeks.
(G) Quantitative analysis of cardiomyocyte size (WGA staining), fibrotic area (blue area in Masson staining), Col1a1, and aSMA signals.

(H) The ratios of heart weight to body weight in Con-BA or BAAKO mice after SHAM or DOCA-salt treatment for 2 weeks.

() gPCR analysis of mMRNA expression levels of hypertrophic and fibrotic genes in the heart.

(J) FGF21 expression level in iBAT and serum FGF21 concentration in Con-BA or BAAKO mice after SHAM or DOCA-salt treatment for 2 weeks.

(K) FGF21 expression level in heart, liver, and muscle of BAAKO and CON-BA mice after SHAM or DOCA-salt treatment for 2 weeks.

(L) gPCR analysis of mRNA expression levels of thermogenic genes in in Con-BA or BAAKO mice after SHAM or DOCA-salt treatment for 2 weeks.

Data are presented as means + SEM; n = 6-9/group; *p < 0.05, **p < 0.01, ***p < 0.001 versus SHAM Con-BA mice, *p < 0.05 versus DOCA Con-BA mice.
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Figure 7. Brown Adipocyte-Specific FGF21KO Blocks the Effects of A,oR Agonism in Attenuating Hypertensive Cardiac Remodeling
(A) FGF21 expression level in iBAT and serum FGF21 concentration in Con-F and BAFKO DOCA-salt mice after PBS or CGS21680 treatment for

2 weeks.
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browning (Douris et al., 2015; Fisher et al., 2012; Hondares et al.,
2011). Cold-induced thermogenic activation or pharmacolog-
ical-activated BAT could promote FGF21 production in the
brown adipocytes (Lee et al., 2013; Quesada-Lopez et al.,
2016). Herein we showed for the first time that A,4R-mediated
thermogenic activation promotes FGF21 production in BAT,
which is capable of regulating circulation FGF21 level without
affecting hepatic and cardiac FGF21 gene expression in hyper-
tensive mice. Mechanistically, A,poR-mediated AMPK signaling
promotes transcription factor PGC1a expression, which is
shown to induce FGF21 expression. Pharmacological antagonist
of AMPK or knockdown of PGC1a represses A>aR-mediated
FGF21 expression in brown adipocytes. Heart is the key target
as well as the source of FGF21, which is involved in inducing
beneficial effects in cardiac remodeling (Planavila et al., 2013).
However, little attention is given to the cardiac effects of
FGF21 derived from other tissues. We demonstrate that BAT-
derived FGF21 upon AgaR activation plays an important endo-
crine role in hypertensive cardiac remodeling. Recombinant
FGF21 administration improves iBAT depletion-induced dra-
matic cardiac remodeling in hypertensive mice. More impor-
tantly, brown adipocyte-specific FGF21KO blocks the effects
of AoaR agonism in attenuating hypertensive cardiac remodel-
ing. These studies provide direct evidence that A,poR-mediated
FGF21 production in BAT plays a pivotal endocrine role in
improving hypertensive cardiac remodeling.

Besides the effects on the metabolic process, FGF21 also par-
ticipates in functional regulation of other tissues and organs.
For example, FGF21 protects against immune senescence,
and extends lifespan (Youm et al., 2016; Zhang et al., 2012). It
also could regulate skeletal muscle homeostasis (Tezze et al.,
2017). Inthe cardiovascular system, FGF21-mediated adiponec-
tin production inhibits high fat diet-induced atherosclerosis (Lin
et al., 2015). Therefore, our findings of A,oAR-mediated regulation
of batokine FGF21 in BAT may represent an important endocrine
role, not only in metabolic complications, but also in hyperten-
sive cardiac remodeling. Notwithstanding the much more
advanced complexity of human hypertensive cardiac injury in
comparison with the mouse model, our novel findings suggest
an attractive possibility that activation of BAT through AsaR
might serve as a potential therapeutic tool for prevention of hy-
pertension-related cardiac damage.

Limitations of the Study

We show here that A;pR-mediated FGF21 production in BAT is
critical for improvement of hypertensive cardiac remodeling.
Despite the novel and significant findings, there are several

limitations in the present study. First, liver appears to be
the main site for FGF21 production under physiological condi-
tions, and further investigations need to assess the impact
of the liver-derived FGF21 in hypertension. Second, although
our data provide significant evidence that the AyaR/
FGF21pathway in BAT protects against hypertensive cardiac
remodeling, whether this axis is involved in other hyperten-
sion-related target organ damage (e.g., vascular injury and
renal fibrosis) is still unclear, and this needs to be explored
in future study.
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(B) FGF21 expression level in heart, liver, and muscle of Con-F and BAFKO DOCA-salt mice after PBS or CGS21680 treatment for 2 weeks.

(C) Representative echocardiography images of Con-F and BAFKO DOCA-salt mice after PBS or CGS21680 treatment for 2 weeks.

(D) Quantitative analysis of EF, FS, LVID; D, and IVS; D obtained from echocardiography.

(E) Representative cross-sections of heart stained for Masson and WGA in Con-F and BAFKO DOCA-salt mice after PBS or CGS21680 treatment for 2 weeks.
(F) Representative cross-sections of heart stained for Masson, Col1a1, and «SMA in Con-F and BAFKO DOCA-salt mice after PBS or CGS21680 treatment for

2 weeks.

(G) Quantitative analysis of cardiomyocyte size (WGA staining), fibrotic area (blue area in Masson staining), Col1a1, and aSMA signals.

(H) The ratio of heart weight to body weight ratios in Con-F and BAFKO DOCA-salt mice after PBS or CGS21680 treatment for 2 weeks.

() gPCR analysis of mMRNA expression levels of hypertrophic and fibrotic genes in the heart (n = 5-7).

Data are presented as means + SEM; n = 5-7/group; *p < 0.05, **p < 0.01, ***p < 0.001 versus PBS-treated Con-F DOCA mice, *p < 0.05, *p < 0.01, ##p < 0.001
versus PBS-treated Con-F DOCA mice, ns indicates no statistical difference versus PBS treated BAFKO DOCA mice.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonalAnti-Col1a1l Santa Cruz Cat#sc-8784; RRID:AB_638601

Rabbit polyclonal Anti-TGFf
Mouse monoclonal Anti-aSMA
Rabbit polyclonalAnti-UCP1
Mouse monoclonal Anti-PPARy
Rabbit polyclonalAnti-PRDM16
Rabbit polyclonal Anti-CIDE A
Goat polyclonal Anti-Perrilipin
Rabbit monoclonalAnti-FGF21
Mouse monoclonalAnti-A2AR
Rabbit polyclonalAnti-PGC1a
GAPDH monoclonal antibody
Rabbit monoclonal Anti-p-AMPKa
Rabbit polyclonal Anti-AMPKa
Rabbit polyclonal Anti-p-PKA
Rabbit monoclonal Anti-PKA
Rabbit monoclonal Anti-p-AKT
Rabbit monoclonal Anti-AKT
Rabbit monoclonal Anti -p-P38 MAPK
Rabbit monoclonal Anti -P38 MAPK
Goat polyclonal Anti-KLB

Rabbit Anti-FGF Receptor1

Cell Signaling Technology
Sigma-Aldrich

Abcam

Santa Cruz

Abcam

Abcam

Abcam

Abcam

Santa Cruz

Santa Cruz

Proteintech

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
R&D Systems

Cell Signaling Technology

Cat #3711S; RRID:AB_10695720
Cat #A5228: RRID:AB_262054

Cat #ab23841; RRID:AB_2213764
Cat #sc-7273; RRID:AB_628115
Cat #ab106410; RRID:AB_10866455
Cat #ab8402; RRID:AB_306536
Cat #ab61682;RRID:AB_944751
Cat #ab171941; RRID:AB_2629460
Cat #sc-32261; RRID:AB_2226517
Cat #sc-13067; RRID:AB_2166218
Cat #HRP-60004; RRID:AB_2107436
Cat #2535S; RRID:AB_331250

Cat #2532S; RRID:AB_330331

Cat #5661; RRID:AB_10707163
Cat #4782; RRID:AB_2170170

Cat #4060; RRID:AB_2315049

Cat #4691; RRID:AB_915783

Cat #4511; RRID:AB_2139682

Cat #9212; RRID:AB_330713

Cat #AF2619

Cat #9740; RRID:AB_2131932

Normal rabbit IgG Santa Cruz Cat #sc2027; RRID:AB_737197
Alexa 488 donkey anti-rabbit Invitrogen Cat #A21206; RRID:AB_2535792
Alexa 594 donkey anti-rabbit Invitrogen Cat #A21207; RRID:AB_141637
Alexa 594 donkey anti-goat Invitrogen Cat #A11055; RRID:AB_2534102
Bacterial and Virus Strains

Lentiviral control siRNA GeneChem N/A

Lentiviral sh-PGC1a. GeneChem N/A

Chemicals, Peptides, and Recombinant Proteins

DOCA (50 mg, 21 Days) Innovative Research of America Cat #M-121

CGS21680 Selleck Chemicals Cat #S2153

KW6002 Selleck Chemicals Cat #52790

rFGF21 Sino Biological Inc Cat#10911-HO7E

SRFluor680 MolecularTargeting Technologies Cat #SR-1010

Collagenase, type Il

Insulin

Triiodothyronine (T3)
3-Isobutyl-1-methylxanthine (IBMX)
Dexamethasone

Rosiglitazone
5-bromodeoxyuridine

Aldosterone

Compound C

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

SelleckChemicals

Cat #C6885
Cat #91077C
Cat #T2877
Cat #7018
Cat #D4902
Cat #2408
Cat #5002
Cat #706035
Cat #866405-64-3
(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

RIPA lysis buffer Millipore Cat #20-188

Protease Inhibitor Cocktail Biotool Cat #B14002

Phosphatase Inhibitor Cocktail Biotool Cat #B15001

DAPI (4’,6-Diamidino-2-Phenylindole, Invitrogen Cat#D1306

Dihydrochloride)

Trizol Reagent Invitrogen Cat#15596-018

Protein A/G magnetic bead Bimake Cat #B23202

Critical Commercial Assays

Mouse FGF-21 ELISA Kit R&D Cat #MF2100

Click-iT EdU Alexa Fluor 555 Imaging kit Invitrogen Cat #10639

BCA Protein Assay Kit Beyotime Cat #P0010

Transcription Master Mix Promega Cat # 07912323001

SYBR Green gPCR Master Mix Takara Cat #RR420B

Masson trichrome stain kit Servicebio Cat #G1006

Experimental Models: Cell Lines

Primary adipocytes Quesada-Lopez et al., 2016 N/A

Primary cardiac fibroblasts Dubey et al., 1998 N/A

Primary cardiomyocytes Liu et al., 2015 N/A

Experimental Models: Organisms/Strains

C57BL/6J mice The Jackson Laboratory Cat #000664

BALB/c mice The Jackson Laboratory Cat #000651

AsARKO mice The Jackson Laboratory Cat #010685

AoaR™ mice The Jackson Laboratory Cat #010678

FGF211°* mice The Jackson Laboratory Cat #022361

UCP1-Cre mice The Jackson Laboratory Cat #024670

SM22a-Cre mice The Jackson Laboratory Cat #017491

Oligonucleotides

Primers for gPCR See Table S1 N/A

Software and Algorithms

ImagePro Plus 7 Media Cybernetics http://www.mediacy.com/imageproplus

GraphPad Prism 7 Graph Pad https://www.graphpad.com/

SPSS 23 1BM https://www.ibm.com/products/
spss-statistics

Other

Cell Strainer, 40 pm Nylon Falcon Cat #352340

Transwell Chamber Corning Cat #3422

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Ping-Jin
Gao (gaopingjin@sibs.ac.cn).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

AxaR knockout (A;aRKO) (BALB/c background) (Chen et al., 1999), A,aR™®* (C57BL/6J background) (Bastia et al., 2005), FGF211°
(C57BL/6J background) (Potthoff et al., 2009), UCP1-Cre (C57BL/6J background) (Sambeat et al., 2016) and SM22«-Cre (C57BL/6J
background) (Holtwick et al., 2002) mice were all obtained from the Jackson Laboratory. A2AR™ mice were bred with UCP1-Cre
mice to produce UCP1-Cre+;A2AR* heterozygote mice. Then the heterozygote mice were bred with A2AR™/1°X mjce to produce
UCP1-Cre+;A2ARM¥x (BAAKO) homozygote and littermates UCP1-Cre-;A2AR-flox/flox (Con-BA)= mice.
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AonR™* mice were bred with SM22a-Cre mice to produce SM22a-Cre+;A,xR" heterozygote mice. Then the heterozygote
mice were bred with A,aR-flox/flox mice to produce SM22a-Cre+;A,4R" 1 (CFAKO) homozygote and littermates SM22a-Cre-;
AsaR™¥ 1% (Con-CF) mice.

FGF211°* mice were bred with UCP1-Cre mice to produce UCP1-Cre+;FGF21%°% heterozygote mice. Then the heterozygote
mice were bred with FGF2119¢1%* mjce to produce UCP1-Cre+;FGF21719¥fo* (BAFKO) homozygote and littermates UCP1-Cre-;
FGF21°¢% (Gon-F) mice. Male mice of 10-12 weeks old were in used in all experiments.

DOCA-Salt-Induced Hypertension

Mice were uninephrectomized and randomly assigned to sham group or DOCA-salt group that received a DOCA pellet (50 mg/pellet)
subcutaneously together with 1% NaCl in the drinking water for 2 weeks (Ruan et al., 2015). For pharmacological investigation,
DOCA-salt mice received intraperitoneally injection of ApsRagonist CGS21680 (1 mg/kg/day), another group received PBS only.
All animal experiments were conducted in accordance with guidelines approved by the Institutional Guidelines established by the
Committee of Ethics on Animal Experiments at Shanghai Jiao Tong University School of Medicine.

IBAT Surgical Depletion

Mice was exposed to euthanasia by 1.5% pentobarbital Sodium (85-100 mg/kg body weight) and the iBAT was surgically depleted as
previously described (Thoonen et al., 2015). Mice that were sham operated underwent the same procedure, their iBAT pad was
located, exposed, and then been closed. In some experiments, these mice were intraperitoneally injected with rFGF21 protein
(0.3 mg/kg/day).

Cell Culture

Primary preadipocytes were isolated from iBAT as previously described (Quesada-Lopez et al., 2016). Cells were differentiated into
adipocytes in 10% FBS DMEM/F12 culture medium supplemented with an adipogenic cocktail (0.5 mM IBMX, 1 mM
dexamethasone,1 mM rosiglitazone, 0.02 mM insulin, and 1 nM T3) for 48 hr, then were maintained in 0.02 mM insulin and 1 nM
T3 and harvested at day 6-8 post-differentiation.

Primary cardiac fibroblasts (CFs) were isolated from 3-4 weeks-old male mice as previously described (Dubey et al., 1998). Cells
were cultured in DMEM supplemented with 15% FBS and 1% penicillin and streptomycin. Neonatal mouse cardiomyocytes
(NMCMs) were isolated from 1-3 days-old BALB/c mouse as previously described (Liu et al., 2015). NMCMs were grown in
DMEM supplemented with 15% FBS, 1% penicillin and streptomycin and 100 uM 5-bromodeoxyuridine for 48 hr. To induce hyper-
trophy, NMCMs were cultured in serum-free DMEM for 12 hr and treated with aldosterone for 2 hr. For other experiments, NMCMs
were also treated with CGS21680 (150nM), KW6002 (100 nM) or rFGF21 (100 nM) at several time points.

METHOD DETAILS

Echocardiography

Transthoracic echocardiography was performed with a Vevo 2,100 instrument (Fuiji Film Visual Sonics) equipped with an MS-400 im-
aging transducer (18-38 MHz) as previously described (Planavila et al., 2013). Briefly, mice were preconditioned by chest hair
removal, anaesthetized with 1%-2% isoflurane administered via inhalation, and maintained in a supine position on a dedicated
animal handling platform with limbs attached for electrocardiogram gating during imaging. Body temperature was kept constant
by feeding the signal of a rectal probe back to a heating pad, while heart and respiratory rates were continuously monitored.
M-mode recording was performed at the midventricular level. Allimages were analyzed using dedicated software (Vevo 2,100 version
1.4). LV wall thickness (LVID;D) and inter ventricular septum (IVS;D) at diastole were measured. Percent LV ejection fraction (EF) and
fractional shortening (FS) was calculated from M-mode measurements. All procedures were performed under double-blind condi-
tions with regard to genotype or treatment.

In Vivo iBAT Imaging

The iBAT imaging was performed as previously described (Rice et al., 2015). Briefly, mice were intravenously injected with micellar
SRFluor680 (0.35 mg in 100 uL PBS), After 6-8 hr, mice were anesthetized with 1%-2% isoflurane with an oxygen flow rate of 2 L/min
and denuded by depilatory cream to reduce scattering and absorption by the hair. Fluorescence imaging was obtained from IVIS
Spectrum/CT system (PerkinElmer) following the manufacture introductions. The fluorescence acquisition parameters were: Excita-
tion Filter: 615-665 nm, Excitation Filter: 695-770 nm, Acquisition time: 10 seconds, Subject height: 1.5 cm, Field of view: A
(2 cm*2 cm). Then the CT imaging and 3D Reconstruction was obtained through X-Rays Acquire mode. Data analysis and the photon
flux data were obtained by using Region of Interest (ROI) tools.

Histological Analysis

Heart and adipose tissues were fixed in 4% paraformaldehyde and embedded into paraffin, and then 5 um sections were prepared
for hematoxylin and eosin (HE), Masson’s trichrome (masson) or wheat germ agglutinin (WGA) staining as previously described
(Liu et al., 2015). Morphometric analysis was performed using Image-Pro Plus software to assess cardiac fibrosis by measuring
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the percentage of stained area (blue) to the total area. For immunohistochemical staining, heart sections were incubated with primary
antibodies for Col1al (1:100) or aSMA (1:1000). Adipose tissue sections were incubated with primary antibody for UCP1 (1:100). For
immunofluorescence staining, adipose tissue was incubated with primary antibodies for PLIN (1:200) and p-AMPK (1:100), or PGC1a
(1:100) and FGF21 (1:100).

QPCR Analysis

Total RNA was extracted from tissues and cultured cells using TRIzol (Invitrogen) followed by chloroform extraction according to the
manufacturer’s protocol. Aliquots of total RNA were reverse transcribed into single-stranded cDNA by incubation with moloney mu-
rine leukemia virus reverse transcriptase (Promega). Real-time gRT-PCR was performed with SYBR Premix Ex Taq kits with ROX
(TaKaRa) according to manufacturer’s instructions. Signals were detected on an ABI PRISM 7,900 machine (Applied Biosystems).
GAPDH was used as a standard reference. Reactions were done at 95°C for 30 s followed by 40 cycles of 95°C for 5 s, 60°C for
30 s. Sequences of primers used in this study are provided in Table S1.

Western Blot Analysis

Western blot was performed as previously reported (Ruan et al., 2015). Briefly, frozen tissues were powdered and then homogenized
in ice-cold RIPA buffer (50 mM Tris-HCI (pH 7.4); 10% Nonidet P-40; 0.25% sodium deoxycholate; 150 mM NaCl; 1 mM EDTA; 0.5 M
NaF; 10 mM sodium pyrophosphate) supplemented with protease inhibitor cocktail (Biotool) and phosphatase inhibitor (Biotool).
Cultured cells were directly lysed in RIPA buffer. Protein was run on a 12% SDS page gel and blotted onto PVDF membrane (Millipore)
by wet transfer. The blots were first incubated with Col1a1 (1:1000), aSMA (1:4000), TGF (1:1000), A>aR (1:1000), FGF21(1:1000),
FGFR1 (1:1000), KLB (1:1000), PGC1a (1:1000), p-AMPK (1:1000), t-AMPK (1:4000), p-PKA (1:1000), t-PKA (1:4000), p-AKT (1:1000),
t-AKT (1:4000), p-P38 MAPK (1:1000), t-P38 MAPK (1:4000) and GAPDH (1:4000) antibodies in blocking buffer containing PBS, 1%
Milk, and 0.02% Tween 20. Secondary HPR conjugated antibody in blocking buffer was applied for 2 hr at room temperature.
Following 3 washes in PBS containing 0.02% Tween 20 for 10 min per wash, the signal was detected by chemiluminescence.

Co-Immunoprecipitation

Recombinant FGF21 protein (6 xHis tag)-treated primary cardiac fibroblasts were washed in PBS. Cells were lysed in ice-cold IP
Lysis/Wash Buffer (Thermo). Frozen heart tissues were powdered and then homogenized in ice-cold RIPA buffer supplemented
with protease inhibitor cocktail (Biotool). Whole cell lysate was stored on ice for the following step. Transfer 50 uL protein A/G mag-
netic bead slurry to a 1.5 mL tube, then wash the slurry in binding buffer. Whole-cell lysates were mixed with mouse anti-6 X His tag
antibody (50 pg/mL) or normal mouse IgG for 1 hr at room temperature. Bead slurry (50 uL) was subsequently added and mixed with
whole-cell lysates for 1 hr at room temperature. The beads were washed three times with lysis buffer. Samples were eluted into SDS
Loading Buffer and analyzed by western blot.

FGF21 Measurements

Serum was obtained from blood collected from mice. Conditioned medium was obtained from cultured adipocytes. FGF21 levels in
blood or conditioned medium were determined by using Mouse FGF21 ELISA-Kit (R&D) according to the manufacturer’s instructions.
Data are expressed in pg/mL.

Recombinant Lentiviruses

Mouse PGC1a shRNA and control scramble shRNA were constructed using pGCSIL-GFP (Addgene). PGC1a shRNA sequence: ACT
ATT GAG CGA ACC TTA A, no-target control shRNA sequence: TTC TCC GAA CGT GTC ACG T. Lentiviruses carrying shRNA were
produced and purified by GeneChem. The viruses were used to infect cells in the presence of Polybrene. Forty-eight hours later, pri-
mary cultured adipocytes were lysed with Trizol reagent or RIPA buffer, and the expression of PGC1a was confirmed by gPCR and
western blot analysis.

Cell Migration and Proliferation Assay

Cardiac fibroblast migration was measured by transwell invasion assay. Briefly, the cells (5 x 10 cells per well) were cultured in the
top chamber with serum-free DMEM medium, 800 pL complete media with 10% FBS was added into the lower chamber. CGS21680
or KW6002 was added into the lower chamber, respectively. After 24 hr of cultivation, nonvading cells was gently wiped with a cotton
swab, and the invaded cells were fixed in 4% paraformaldehyde, stained with 1% crystal violet solution (Sigma), and counted in
selected randomly five fields under a light microscope (Olympus, Tokyo, Japan).

We assayed proliferation using the Click-iT EJU Alexa Fluor 555 Imaging kit (Invitrogen). Briefly, we incubated live cells with EAU
(20 uM) for 1 hr before fixation and stained nuclei according to the manufacturer’s guidelines. We counterstained nuclei with DAPI
(Invitrogen). Data analyses were blinded, where researchers performing cell scoring were unaware of the treatment condition given
to the sample groups analyzed.
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QUANTIFICATION AND STATISTICAL ANALYSIS

All data are expressed as means + SEM. Statistical analysis was performed using one-tailed or two-tailed Student’s t test. Normal
distribution of the variables of interest was checked using the Student’s t test. For experiments in which more than two groups should
be compared, one-way ANOVA followed by the post hoc Dunnett’s test for data with more than 2 groups (Levene’s tests for equal
variance). Dunnett’s T3 test was used for post hoc test comparison for the analysis of unequal variances (Welch’s and Brown-
Forsythe’s test). P value of 0.05 or less was deemed statistically significant in all of these statistical tests. Statistical details and
results of experiments are found in the figures and figure legends.
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