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An IL-6/STAT3/MR/FGF21 axis mediates heart-liver 
cross-talk after myocardial infarction 
Jian-Yong Sun1,2†, Lin-Juan Du1,2†, Xue-Rui Shi3†, Yu-Yao Zhang4, Yuan Liu1,2, Yong-Li Wang3,  
Bo-Yan Chen1,2, Ting Liu1,2, Hong Zhu1,2, Yan Liu1,2, Cheng-Chao Ruan5, Zhenji Gan6, Hao Ying7,  
Zhinan Yin8,9, Ping-Jin Gao10, Xiaoxiang Yan11*, Ruo-Gu Li3*, Sheng-Zhong Duan1,2,12* 

The liver plays a protective role in myocardial infarction (MI). However, very little is known about the mecha-
nisms. Here, we identify mineralocorticoid receptor (MR) as a pivotal nexus that conveys communications 
between the liver and the heart during MI. Hepatocyte MR deficiency and MR antagonist spironolactone 
both improve cardiac repair after MI through regulation on hepatic fibroblast growth factor 21 (FGF21), illustrat-
ing an MR/FGF21 axis that underlies the liver-to-heart protection against MI. In addition, an upstreaming acute 
interleukin-6 (IL-6)/signal transducer and activator of transcription 3 (STAT3) pathway transmits the heart-to- 
liver signal to suppress MR expression after MI. Hepatocyte Il6 receptor deficiency and Stat3 deficiency both 
aggravate cardiac injury through their regulation on the MR/FGF21 axis. Therefore, we have unveiled an IL-6/ 
STAT3/MR/FGF21 signaling axis that mediates heart-liver cross-talk during MI. Targeting the signaling axis and 
the cross-talk could provide new strategies to treat MI and heart failure. 
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INTRODUCTION 
Interorgan communication is crucial for the coordination of organ 
functions, maintenance of homeostasis, and disease adaptation (1, 
2). For example, exercise has shown cardioprotection through com-
munication from the skeletal muscle to the heart (3). Previous clin-
ical reports have suggested that normal liver function has protective 
effects on lungs and is essential for the recovery of lungs after inju-
ries (4, 5). Retrospective clinical studies have shown that kidney 
transplantation notably improves cardiac structure and function 
of patients with end-stage renal disease, implying a protective role 
of kidney-heart communication in cardiovascular diseases (6, 7). 

However, very little is understood about the mechanistic underpin-
nings of organ communications. 

Myocardial infarction (MI) remains the leading cause of death 
among cardiovascular diseases (8). The liver has been implied to 
play a protective role in the pathologic process of MI through up- 
regulating and secreting cardioprotective proteins, including fibro-
blast growth factor 21 (FGF21), bone morphogenetic protein– 
binding endothelial regulator, and α-1-acid glycoprotein type 2 
(9, 10). However, the mechanisms underlying the hepatic protective 
effects are poorly appreciated, the key regulators that promote the 
expression and secretion of hepatokines after MI remain elusive, 
and the upstream signals that may mediate the communication 
from the heart to the liver are largely unknown. 

Nuclear receptors are a group of transcription factors that play 
critical roles in development, reproduction, homeostasis, and 
various diseases including cardiovascular diseases (11, 12). Activa-
tion of peroxisome proliferator–activated receptors (PPARs), in-
cluding PPARα, PPARβ/δ, and PPARγ, has been shown to exert 
beneficial effects in cardiovascular diseases such as atherosclerosis 
and MI (13, 14). Overactivation of nuclear receptor subfamily 3 
group C member 2 (Nr3c2; also known as mineralocorticoid recep-
tor or MR) aggravates cardiovascular diseases, including hyperten-
sion, atherosclerosis, and MI (15–17). Activation of nuclear 
receptor subfamily 1 group D members 1 and 2 (Nr1d1 and 
Nr1d2; also known as REV-ERBα and REV-ERBβ) reduces athero-
sclerotic plaques and improves adverse cardiac remodeling after MI 
(18–20). Nuclear receptors are highly druggable targets (21). For 
example, PPARα agonists, PPARγ agonists, and MR antagonists 
are all clinically approved and commonly used to treat patients 
with metabolic and/or cardiovascular diseases (16, 21). It is of 
great interest to explore the function of transcription factors, partic-
ularly nuclear receptors, in the cross-talk between the heart and the 
liver in the process of cardiovascular diseases. 

In this context, we performed RNA sequencing (RNA-seq) to 
search for the markedly altered nuclear receptors in the liver after 
MI and observed substantial decrease of MR. We then assessed the 
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impacts of hepatocyte MR deficiency on MI in mice. Subsequently, 
we found that FGF21 was the most notably increased secretory 
protein that mediated the effects of hepatocyte MR deficiency and 
spironolactone in post-MI mice and/or patients with heart failure 
(HF) and dissected the regulatory mechanisms of MR on Fgf21. 
Last, we went further to uncover the upstream mechanism that reg-
ulated hepatic MR to mediate the communication from the heart to 
the liver after MI. 

RESULTS 
Deficiency of hepatocyte MR improves cardiac function and 
decreases infarct scar size after acute or subacute MI 
in mice 
To determine whether nuclear receptors play important roles in 
heart-liver cross-talk, we performed RNA-seq analysis of mouse 
livers 1 day after MI, detected 518 differentially expressed genes 
compared to sham operation, and identified three nuclear receptors 
among 30 differentially expressed transcription factors (Fig. 1A and 
fig. S1A). All three nuclear receptors—Nr1d1, Nr1d2, and Nr3c2 
(also known as MR)—were markedly down-regulated in the liver 
after MI (Fig. 1A). Previous studies have shown that the decrease 
of Nr1d1 and Nr1d2 leads to dysfunction of circadian rhythm and 
aggravates cardiovascular diseases (22, 23). On the contrary, the re-
duction of MR mostly plays protective roles in cardiovascular dis-
eases (24–26). In this context, we focused on the role of MR in the 
liver after MI. Results of quantitative reverse transcription polymer-
ase chain reaction (qRT-PCR) demonstrated that the liver manifest-
ed the most notable decrease in MR expression compared to the 
other organs 1 day after MI (Fig. 1B). In addition, the hepatic ex-
pression of MR reached the lowest level at 1 day after MI, after 
which the expression gradually recovered (fig. S1B). These results 
indicate that the reduction of hepatic MR is an early response of 
the liver after MI and may exert a protective role. 

Hepatocyte MR knockout (HMRKO) mice were generated to in-
vestigate whether hepatic MR was involved in cardiac protection 
after MI. Results of qRT-PCR and Western blotting showed 
nearly nondetectable levels of MR in livers from HMRKO mice 
compared to littermate control (LC) mice (fig. S1, C and D). More-
over, the deficiency of MR was restricted to the liver of the HMRKO 
mice (fig. S1E). Echocardiography of HMRKO mice displayed sig-
nificantly higher ejection fraction (EF) and fractional shortening 
(FS), as well as significantly lower left ventricular systolic dimension 
(Ds) and left ventricular diastolic dimension (Dd) than that of LC 
mice 1 week after MI (Fig. 1, C and D). Masson’s trichrome staining 
of cardiac sections from HMRKO mice showed nearly 50% reduc-
tion in infarct scar size at this time point (Fig. 1, E and F). Similarly, 
cardiac function was markedly improved and infarct scar size was 
significantly decreased in HMRKO mice compared to LC mice at 4 
and 8 weeks after MI (Fig. 1, G to J, and fig. S1, F to I). These data 
together clearly demonstrated a protective role of hepatocyte MR 
deficiency in MI. 

Deficiency of hepatocyte MR inhibits adverse cardiac 
remodeling after MI in mice 
Cardiac remodeling after MI involves several different processes, in-
cluding death of cardiomyocytes, cardiac inflammation, neovascu-
larization, cardiac fibrosis, cardiac hypertrophy, and possibly 
chamber dilation (HF), all of which have significant impacts on 

the outcome of the myocardial repair (27). Terminal deoxynucleo-
tidyl transferase–mediated deoxyuridine triphosphate nick end la-
beling (TUNEL) staining showed a significant reduction of 
apoptotic cardiomyocytes in the border region of hearts from 
HMRKO mice compared to LC mice 3 days after MI (Fig. 2, A 
and B). Consistently, HMRKO markedly decreased the level of 
cleaved caspase-3 in hearts after MI (fig. S2, A and B). Flow cytom-
etry results revealed that MI-induced infiltration of CD45+ cells, 
CD64+Ly6G− macrophages, Ly6G+CD64− granulocytes, and 
CD45+CD3+ lymphocytes were considerably diminished in hearts 
from HMRKO mice compared to LC mice (Fig. 2, C and D, and 
fig. S2C). Accordingly, qRT-PCR analysis demonstrated that the ex-
pression of proinflammatory cytokines, including interleukin-6 
(Il6), Il1β, tumor necrosis factor–α (Tnfα), and monocyte chemo-
attractant protein-1 (Mcp1), were notably decreased in HMRKO 
mouse hearts after MI (Fig. 2E). New blood vessel formation is nec-
essary for recovery of tissue function after ischemia or tissue injury. 
Immunofluorescence staining revealed that HMRKO increased the 
number of blood vessels in peri-infarct regions, remote regions, and 
infarct regions 7 days after MI (Fig. 2, F and G, and fig. S2, D and E). 

Fibrosis area and cardiomyocyte size in the noninfarct region of 
HMRKO mouse hearts were notably smaller than those of LC mice 
8 weeks after MI (Fig. 2, H and I). Consistently, the expression of 
fibrogenic genes was substantially decreased in the noninfarct 
region of HMRKO mouse hearts after MI (fig. S2F). HMRKO 
mice also had significantly smaller heart weight–to–body weight 
ratio (HW/BW), heart weight to tibal lengh ratio (HW/TL), and 
lung weight–to–body weight ratio (LW/BW) than LC mice, suggest-
ing mitigated cardiac hypertrophy and HF (Fig. 2J and fig. S2G). 
Consistently, the MI-elevated expression of HF markers such as 
atrial natriuretic peptide (ANP) and brain natriuretic peptide 
(BNP) was markedly decreased in the hearts of HMRKO mice 
(Fig. 2K). Together, the deficiency of hepatocyte MR inhibited 
post-MI adverse cardiac remodeling, reflected by reduced apoptosis 
of cardiomyocytes, decreased inflammation, increased angiogene-
sis, as well as alleviated cardiac fibrosis, hypertrophy, and HF. 

FGF21 mediates the protection of hepatocyte MR 
deficiency on MI 
We next asked what downstream mechanisms mediated the protec-
tion of HMRKO on MI. MR in the liver decreased early after MI, 
and HMRKO protected the heart from MI (Figs. 1 and 2 and fig. 
S1B), indicating that the decrease of hepatic MR after MI was a pro-
tective mechanism and that HMRKO might protect the heart from 
MI by regulation of similar hepatic genes affected by MI with same 
directions. On the basis of this rationale, we performed RNA-seq in 
livers from both LC and HMRKO mice 1 day after MI or sham op-
eration (fig. S3A), compared differentially expressed genes between 
LC + MI versus LC + sham and HMRKO + MI versus LC + MI using 
Venn diagram, and identified nine up-regulated genes and four 
down-regulated genes (Fig. 3A). The up-regulated Fgf21 caught 
our close attention because, among the 13 genes, it was the only 
one that encoded a secretory protein, which made it possible for 
potential communications between the liver and the heart. Results 
of enzyme-linked immunosorbent assay (ELISA) and qRT-PCR 
demonstrated that the levels of FGF21 in plasma and livers rose 
rapidly after MI and peaked at day 1, coincidental with the trough 
time point of MR expression in livers (figs. S1B and S3, B and C). In 
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addition, markedly higher levels of FGF21 were observed in 
HMRKO than LC mice after MI (fig. S3, B and C). 

FGF21 has been previously demonstrated to exert protective 
effects against cardiovascular diseases (28). We hypothesized that 
hepatocyte MR deficiency worked through FGF21 to alleviate 
cardiac damages after MI. Hepatocyte MR and Fgf21 double-knock-
out (HMR/HFgf21 DKO) mice were generated to test this 

hypothesis (fig. S3D). Results of ELISA showed nearly nondetect-
able levels of FGF21 in plasma from HFgf21KO mice and HMR/ 
HFgf21 DKO mice compared to LC mice 1 and 8 weeks after MI 
(fig. S3E), indicating that the liver was the major source of circulat-
ing FGF21 after MI. Echocardiography of HMR/HFgf21KO DKO 
mice displayed significantly lower EF and FS, as well as significantly 
higher Ds and Dd than that of HMRKO mice 1 week after MI 

Fig. 1. Deficiency of hepatocyte MR improves cardiac 
function and decreases scar size after acute or suba-
cute MI in mice. (A) Schematic illustration of the experi-
mental approach to identify significantly altered nuclear 
receptors in the liver responding to MI. The Venn diagram 
showed differentially expressed transcription factors and 
nuclear receptors in livers 1 day after MI versus sham op-
eration. FC, fold change; Nr1d1 and Nr1d2, nuclear re-
ceptor subfamily 1 group D members 1 and 2, respectively 
(also known as REV-ERBα and REV-ERBβ); Nr3c2, nuclear 
receptor subfamily 3 group C member 2 (also known as 
MR). n = 3. (B) qRT-PCR analysis of MR (or Nr3c2) gene 
expression in different mouse tissues 1 day after MI. n = 6. 
(C) Representative images of echocardiography in litter-
mate control (LC) and hepatocyte MR knockout (HMRKO) 
mice 1 week after MI or sham operation. (D) Quantifica-
tions of ejection fraction (EF), fraction shortening (FS), left 
ventricular end-systolic dimension (Ds), and left ventricu-
lar end-diastolic dimension (Dd) based on echocardiog-
raphy. Sham, n = 8; MI, n = 12. (E) Representative Masson’s 
trichrome staining of mouse cardiac sections 1 week after 
MI or sham operation. Scar tissues stained blue. Scale bar, 
1 mm. (F) Quantification of scar size in hearts exemplified 
in (E). n = 12. DAPI, 4′,6-diamidino-2-phenylindole. (G) 
Representative images of echocardiography in mice 8 
weeks after MI or sham operation. (H) Quantifications of 
EF, FS, Ds, and Dd based on echocardiography. Sham, 
n = 8; MI, n = 11. (I) Representative Masson’s trichrome 
staining of mouse cardiac sections 8 weeks after MI or 
sham operation. Scale bar, 1 mm. (J) Quantification of scar 
size in hearts exemplified in (I). n = 12. Data are repre-
sented as means ± SEM. ns, not significant. *P < 0.05, 
**P < 0.01, ***P < 0.001, and ****P < 0.0001. 
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Fig. 2. Deficiency of hepatocyte MR inhibits adverse cardiac remodeling after MI in mice. (A) Representative TUNEL staining and cardiac troponin T (cTnT) immu-
nofluorescence staining in cardiac sections from LC and HMRKO mice 3 days after MI. (B) Quantification of TUNEL-positive myocytes. n = 8. (C) Representative flow 
cytometry analysis of CD45+ cells, CD64+Ly6G− macrophages, Ly6G+CD64− granulocytes, and CD45+CD3+ lymphocytes in mouse heart samples 3 days after MI. SSC- 
A, side scatter area. (D) Quantification of flow cytometry results. n = 10. (E) qRT-PCR analysis of proinflammatory cytokines in mouse heart samples 3 days after MI or sham 
operation. Sham, n = 5; MI, n = 8. (F) Representative immunofluorescence staining of alpha-smooth muscle actin (α-SMA) and CD31 in the peri-infarct regions of mouse 
heart samples 7 days after MI. (G) Quantification of α-SMA and CD31 dual-positive vessels in peri-infarct regions. n = 8. (H) Representative Picrosirius red staining (left) and 
wheat germ agglutinin (WGA) staining (right) in the noninfarct regions of mouse heart samples 8 weeks after MI. (I) Quantitative analyses of fibrotic area (red areas in 
Picrosirius red staining) and cardiomyocyte size (WGA staining). n = 8 to 10. (J) Heart weight–to–body weight ratio (HW/BW) and lung weight–to–body weight ratio (LW/ 
BW) of mice 8 weeks after MI or sham operation. n = 8. (K) qRT-PCR analysis of ANP (atrial natriuretic peptide) and BNP (brain natriuretic peptide) gene expression in mouse 
heart samples 8 weeks after MI or sham operation. n = 8. Scale bars, 100 μm. Data are represented as means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. 
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(Fig. 3, B and C). Masson’s trichrome staining of cardiac sections of 
HMR/HFgf21KO DKO mice showed larger infarct scar size than 
that of HMRKO mice at this time point (Fig. 3, D and E). 
TUNEL staining showed a significant elevation of apoptotic cardi-
omyocytes in the border region of hearts from HMR/HFgf21 DKO 
mice compared to HMRKO mice 3 days after MI (Fig. 3, F and G). 
Flow cytometry results revealed that MI-induced infiltration of 

CD45+ cells, CD64+Ly6G− macrophages, Ly6G+CD64− granulo-
cytes, and CD45+CD3+ lymphocytes was considerably increased 
in hearts from HMR/HFgf21 DKO mice compared to HMRKO 
mice (Fig. 3H). Accordingly, qRT-PCR demonstrated that the ex-
pression of proinflammatory cytokines was markedly higher in 
the hearts of HMR/HFgf21 DKO mice than HMRKO mice after 
MI (fig. S3F). The number of blood vessels in HMR/HFgf21 DKO 

Fig. 3. FGF21 mediates the protection of hepatocyte MR 
deficiency on MI. (A) Venn diagram presenting the overlap of 
up-regulated or down-regulated genes between HMRKO + MI 
versus LC + MI and LC + MI versus LC + sham in mouse livers 1 
day after MI. Gene expression was measured by RNA-seq. Up- 
regulated genes with log2fold change > 2 and down-regu-
lated genes with log2fold change < −2 are shown. n = 3. (B) 
Representative images of echocardiography in mice 1 week 
after MI. HMR/HFgf21 DKO indicates hepatocyte MR and Fgf21 
double knockout. (C) Quantifications of EF, FS, Ds, and Dd 
based on echocardiography. n = 10. (D) Representative 
Masson’s trichrome staining of mouse cardiac sections 1 week 
after MI. Scale bar, 1 mm. (E) Quantification of scar size in 
hearts exemplified in (D). n = 10. (F) Representative TUNEL 
staining and cTnT immunofluorescence staining in mouse 
cardiac sections 3 days after MI. Scale bar, 100 μm. (G) 
Quantification of TUNEL-positive myocytes. n = 10. (H) 
Quantifications of flow cytometry analysis of CD45+ cells, 
CD64+Ly6G− macrophages, Ly6G+CD64− granulocytes, and 
CD45+CD3+ lymphocytes in mouse heart samples 3 days after 
MI. n = 10. (I) Representative immunofluorescence staining of 
α-SMA and CD31 in peri-infarct regions of mouse heart 
samples 7 days after MI. White arrows indicate vascularization. 
Scale bar, 100 μm. (J) Quantification of neovascularization in 
the peri-infarct regions. n = 8. (K) Representative images of 
echocardiography in mice 8 weeks after MI. (L) Quantification 
of EF, FS, Ds, and Dd based on echocardiography. n = 10. (M) 
Representative Masson’s trichrome staining of mouse cardiac 
sections 8 weeks after MI. Scale bar, 5 mm. (N) Quantification 
of scar size in hearts exemplified in (M). n = 10. Data are 
represented as means ± SEM. *P < 0.05, **P < 0.01, 
and ***P < 0.001. 
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mouse hearts was decreased compared to that of HMRKO mice 7 
days after MI (Fig. 3, I and J, and fig. S3, G and H). Similarly, 
cardiac function was markedly decreased, and infarct scar size 
was significantly increased in HMR/HFgf21 DKO mice compared 
to HMRKO mice at 8 weeks after MI (Fig. 3, K to N). The fibrosis 
area and cardiomyocyte size in the noninfarct region of HMR/ 
HFgf21 DKO mouse hearts were notably larger than those of 
HMRKO mice 8 weeks after MI (fig. S3, I and J). HMR/HFgf21 
DKO mice also had significantly larger HW/BW, HW/TL, and 
LW/BW than HMRKO mice (fig. S3K). The expression of HF 
markers (ANP and BNP) and fibrogenic genes was substantially in-
creased in the noninfarct region of HMR/HFgf21 DKO mouse 
hearts compared to that of HMRKO mice after MI (fig. S3, L and 
M). These observations suggested that FGF21 mediated the protec-
tion of hepatocyte MR deficiency on MI. 

Nonetheless, hepatocyte Fgf21 knockout (HFgf21KO) mice 
manifested worse cardiac function and remodeling compared to 
LC mice after MI, further demonstrating the importance of 
hepatic FGF21 in cardiac protection (Fig. 3 and fig. S3). HMR/ 
HFgf21 DKO mice exhibited better cardiac phenotypes compared 
to HFgf21KO mice after MI, suggesting that hepatic MR deficiency 
may also work through other mechanisms besides FGF21 to exert 
cardiac protection (Fig. 3 and fig. S3). 

An MR-NCOR1-HDAC3 complex regulates Fgf21 expression 
in hepatocytes 
Deficiency of hepatocyte MR promoted expression of Fgf21 in 
mouse livers (fig. S3, B and C) and in primary hepatocytes 
(Fig. 4A). Conversely, overexpression of MR using flagMR adeno-
virus (Adv-flagMR) decreased Fgf21 expression in primary hepato-
cytes (Fig. 4B). These data indicated a repressive regulation of Fgf21 
by MR in hepatocytes. 

Six putative MR response elements (MREs) were identified in the 
promoter region of mouse Fgf21 (referred as regions 1 to 6, or R1 to 
R6) (Fig. 4C). Truncated mouse Fgf21 promoter plasmids were con-
structed to perform luciferase assays in human embryonic kidney 
(HEK) 293FT cells (Fig. 4D). The results demonstrated that MR 
suppressed the transcriptional activity of Fgf21 promoter with full 
length (Fig. 4E). However, the suppression disappeared when R1 
was absent, implying that R1 was required and functional MREs 
were located in R1 (Fig. 4E). Subsequently, the results of chromatin 
immunoprecipitation (ChIP) assays using primary hepatocytes in-
fected with Adv-flagMR showed direct binding of MR to the Fgf21 
promoter in R1, but not R2 to R6, further supporting the function-
ality of MREs in R1 (Fig. 4, F and G, and fig. S4A). 

We went further to dissect the transcriptional regulation 
complex involved in the repression of Fgf21 by MR. Knockdown 
or inhibition of histone deacetylase 3 (HDAC3) promotes expres-
sion of FGF21 and attenuates transcriptional activity of MR. 
Nuclear receptor corepressor 1 (NCOR1) often recruits HDACs 
to execute its repressive function on gene expression. These 
results suggest that MR may form a complex with NCOR1 and 
HDAC3 to exert its inhibitory function on Fgf21. Co-immunopre-
cipitation (Co-IP) analyses revealed interactions among MR, 
NCOR1, and HDAC3 in primary hepatocytes (Fig. 4, H to J). 
However, we did not detect interactions between MR and other 
HDACs, including HDAC1, HDAC5, HDAC6, and HDAC9 (fig. 
S4B). Next, we tested the functionality of the MR-NCOR1- 
HDAC3 complex in regulating Fgf21 expression in hepatocytes. 

Overexpression of MR using Adv-flagMR reduced the expression 
level of Fgf21 in primary hepatocytes, and such reduction was re-
versed by knockdown of either NCOR1 or HDAC3 using small in-
terfering RNA (siRNA) (Fig. 4, K to N, and fig. S4, C and D). As a 
result, hepatocytes with MR overexpression and knockdown of 
NCOR1 or HDAC3 had substantially higher expression of Fgf21 
than those with MR overexpression alone (Fig. 4, K to N, and fig. 
S4, C and D). Knockdown of NCOR1 or HDAC3 alone increased 
the expression of Fgf21 in hepatocytes (Fig. 4, K to N, and fig. S4, 
C and D). Collectively, these results showed that MR inhibited Fgf21 
expression through interactions with NCOR1 and HDAC3 in 
hepatocytes. 

Spironolactone ameliorates adverse cardiac remodeling 
after MI through hepatic FGF21 
To explore the importance of the MR/FGF21 axis in a more clini-
cally relevant setting, we investigated whether spironolactone, an 
MR antagonist commonly used to treat HF (29, 30), worked 
through FGF21 to exert its cardioprotective effects. We first con-
ducted a retrospective cohort study to include 60 patients with 
HF due to MI. Half of the patients were treated with spironolactone 
(Spl group; n = 30) and the other half were not (no Spl group; 
n = 30). Baseline characteristics of the study population are summa-
rized in table S1. The results of ELISA showed that the plasma 
FGF21 level of the Spl group was markedly higher than that of 
the no Spl group 1 month after the initiation of treatments with 
or without spironolactone (Fig. 5A). Patients in the Spl group dem-
onstrated significantly better cardiac function than those in the no 
Spl group at this time point (fig. S5A). Plasma FGF21 levels were 
positively correlated with the EF of patients in the Spl 
group (Fig. 5B). 

We further conducted a retrospective study that included 30 pa-
tients with acute MI. Ten of the patients were treated with spirono-
lactone (Spl group; n = 10) and 20 patients were not (no Spl group; 
n = 20). Baseline characteristics of the study population are summa-
rized in table S2. The result of ELISA showed that the plasma FGF21 
level of the Spl group was markedly higher than that of the no Spl 
group 3 days after treatments (fig. S5B), consistent with the result 
obtained from the HF cohort. These clinical data demonstrated that 
spironolactone promoted FGF21 secretion and improved cardiac 
function. 

We then resorted HFgf21KO mice to further test the importance 
of hepatic FGF21 in mediating the protective effects of spironolac-
tone on cardiac dysfunction and adverse cardiac remodeling after 
MI. LC and HFgf21KO mice were fed with spironolactone diet 
(SD) or normal diet (ND) and then subjected to MI. The results 
of ELISA illustrated that SD significantly increased FGF21 in the 
plasma of LC but not HFgf21KO mice (Fig. 5C). HFgf21KO sub-
stantially attenuated the effects of SD in improving cardiac function 
and reducing infarct scar size, as assessed by echocardiography and 
Masson’s trichrome staining, respectively, in mice fed with SD 1 and 
8 weeks after MI (Fig. 5, D to G). Consistently, HFgf21KO dimin-
ished the effects of SD in reducing cardiac fibrosis, inhibiting 
cardiac hypertrophy, and attenuating HF in mice (Fig. 5, H to K). 
However, we also observed that SD improved cardiac function and 
remodeling in HFgf21KO mice after MI, suggesting that HFgf21KO 
did not completely inhibit the effects of spironolactone (Fig. 5, D to 
K). These data further demonstrated that spironolactone 
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Fig. 4. An MR-NCOR1-HDAC3 complex regulates Fgf21 expression in hepatocytes. (A) qRT-PCR analysis of Fgf21 gene expression in primary hepatocytes from LC and 
HMRKO mice. (B) qRT-PCR analysis of Fgf21 gene expression in primary hepatocytes infected with control adenovirus (AdV-Ctrl) or flagMR adenovirus (AdV-flagMR) for 48 
hours. Multiple of infection = 5. (C) Schematic illustration of putative MR binding regions on the promoter of mouse Fgf21. TSS, transcription start site. (D) Schematic 
illustration of luciferase reporter constructs containing mouse Fgf21 promoters (Fgf21-luc) with different length. (E) Luciferase reporter assays using HEK293FT cells 
cotransfected with flagMR plasmid or empty vector (Ctrl) and Fgf21-luc with different length or control plasmid pGL3-basic. RLU, relative luciferase unit. (F and G) 
ChIP analyses showing enrichment of MR on the promoter of Fgf21 in hepatocytes by regular PCR and gel electrophoresis (F) or qRT-PCR (G). Primers specific to R1 
were used for PCR. IgG, immunoglobulin G. (H to J) Co-immunoprecipitation (IP) analyses of MR, NCOR1, and HDAC3 in primary hepatocytes infected with AdV- 
flagMR. (K) Western blotting (WB) analysis of MR, NCOR1, and FGF21 protein expression in primary hepatocytes infected with AdV-Ctrl or AdV-flagMR for 24 hours 
and then transfected with control small interfering RNA (siRNA) or NCOR1 siRNA for 48 hours. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (L) Quantification 
of Western blotting results exemplified in (K). (M) Western blotting analysis of MR, HDAC3, and FGF21 protein expression in primary hepatocytes infected with AdV-Ctrl or 
AdV-flagMR for 24 hours and then transfected with control siRNA or HDAC3 siRNA for 48 hours. (N) Quantification of Western blotting results exemplified in (M). Data 
represent three independent experiments. Data are represented as means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. 
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Fig. 5. Spironolactone ameliorates adverse cardiac remodeling through hepatic FGF21. (A) Plasma levels of FGF21 tested by ELISA in patients with HP treated 
without or with spironolactone (Spl). n = 30. (B) Correlation between plasma FGF21 and EF in patients with HP treated with Spl. Pearson correlation test was used. 
n = 30. (C) Plasma levels of FGF21 tested by ELISA in mice at different time points after MI. ND, normal diet; SD, spironolactone diet. n = 5 to 7. (D) Representative 
images of echocardiography in mice 1 or 8 weeks after MI. (E) Quantifications of EF, FS, Ds, and Dd based on echocardiography. n = 7 to 9. (F) Representative 
Masson’s trichrome staining of mouse cardiac sections 1 or 8 weeks after MI. Scale bar, 5 mm. (G) Quantification of scar size in hearts exemplified in (F). n = 10. (H) 
Representative Picrosirius red staining and WGA staining in noninfarct regions of mouse heart samples 8 weeks after MI. Scale bar, 100 μm. (I) Quantitative analyses 
of fibrotic area and cardiomyocyte size. n = 7. (J) HW/BW, HW/TL, and LW/BW of mice 8 weeks after MI. n = 8. (K) qRT-PCR analysis of ANP and BNP gene expression in 
mouse heart samples 8 weeks after MI. n = 7. Data are represented as means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. 
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ameliorated MI-induced cardiac dysfunction and adverse cardiac 
remodeling partially through hepatic FGF21. 

Hepatic IL-6 signaling suppresses MR expression and is 
crucial for cardioprotection after MI in mice 
So far, we demonstrated that MR was a critical player in the liver 
responding to MI and regulating cardiac remodeling through the 
downstream FGF21. Then, what was the upstream mechanism 
that controlled the MR/FGF21 signaling after MI? To address this 
question, we performed RNA-seq of livers from C57 mice at early 
time point (12 hours) after MI or sham operation (fig. S6A). Acute 
inflammatory response stood out as the most enriched biological 
process in the liver after MI (Fig. 6A). Gene set enrichment analysis 
revealed an enrichment of inflammation-related pathways, particu-
larly the IL-6/Janus kinase (JAK)/signal transducer and activator of 
transcription 3 (STAT3) signaling (Fig. 6B). Consistently, phos-
phorylated STAT3 (p-STAT3) was markedly increased in livers at 
early stage after MI (fig. S6, B and C). Results of ELISA showed 
that plasma concentration of IL-6 considerably increased at the 
early stage after MI (fig. S6D). Furthermore, the expression of MR 
was significantly suppressed while that of Fgf21 was markedly 
induced in primary hepatocytes within 2 hours of treatment by 
IL-6 (fig. S6E). 

We therefore hypothesized that the IL-6/STAT3 signaling 
pathway regulated the MR/FGF21 axis in the liver to exert cardiac 
protection. Hepatocyte Il6 receptor knockout (HIl6rKO) mice and 
hepatocyte MR/Il6 receptor double knockout (HMR/HIl6r DKO) 
mice were generated to test the hypothesis. Echocardiography and 
Masson’s trichrome staining demonstrated that HIl6rKO mice had 
markedly worse cardiac function and larger infarct scar size than LC 
mice at 1 week after MI (Fig. 6, C to F). Consistently, HIl6rKO mice 
showed more apoptotic cardiomyocytes, more leukocyte infiltra-
tion, and higher expression of proinflammatory cytokines com-
pared to LC mice 3 days after MI (Fig. 6, G to I, and fig. S6F). 
The number of blood vessels was also significantly reduced in 
hearts of HIl6rKO mice compared to that of LC mice 1 week after 
MI (Fig. 6, J and K, and fig. S6, G and H). Similarly, cardiac function 
was markedly decreased and infarct scar size was significantly in-
creased in HIl6rKO mice compared to LC mice at 8 weeks after 
MI (Fig. 6, L to O). Moreover, HIl6rKO mice manifested increased 
cardiac fibrosis and exacerbated cardiac hypertrophy and HF 8 
weeks after MI (fig. S6, I to M). These results showed that IL-6 sig-
naling in the liver was indispensable for cardioprotection after MI 
in mice. 

HMR/HIl6r DKO mice manifested significantly better cardiac 
function and improved remodeling compared to HIl6rKO mice 
after MI (Fig. 6, C to O, and fig. S6, F to M), suggesting that IL-6 
signaling worked through MR in the liver. Results of qRT-PCR 
showed that HIl6rKO increased the expression of MR and decreased 
that of Fgf21 in the liver after MI (fig. S6N). HMR/HIl6r DKO re-
versed the suppressive effects of HIl6rKO on FGF21, as revealed by 
both qRT-PCR and ELISA (fig. S6, N and O). These data together 
suggested that hepatic IL-6 signaling regulated MR/FGF21 axis and 
mediated the heart-liver communication after MI. 

STAT3 signaling in hepatocytes suppresses MR expression 
and improves cardioprotection after MI in mice 
To further investigate the role of IL-6/STAT3 signaling pathway in 
regulation of hepatic MR/FGF21 axis after MI, we generated 

hepatocyte Stat3 knockout (HStat3KO) mice and hepatocyte MR/ 
Stat3 double-knockout (HMR/HStat3 DKO) mice. EF and FS 
were significantly decreased and infarct scar size was markedly in-
creased in HStat3KO mice compared to LC mice at 1 week after MI 
(Fig. 7, A to D). Dual deficiency of MR and Stat3 in hepatocytes 
alleviated the effects of HStat3KO, and consequently, HMR/ 
HStat3 DKO mice manifested significantly improved cardiac func-
tion and decreased infarct scar size compared to HStat3KO mice 
(Fig. 7, A to D). Consistently, HStat3KO promoted apoptosis of car-
diomyocytes and infiltration of leukocytes, induced expression of 
proinflammatory cytokines in hearts 3 days after MI, and reduced 
the number of blood vessels in hearts 1 week after MI, all of which 
were attenuated in HMR/HStat3 DKO mice (Fig. 7, E to I, and fig. 
S7, A to C). Similarly, the detrimental impacts of HStat3KO on 
cardiac function and remodeling were substantially blunted by 
HMR/HStat3 DKO in mice 8 weeks after MI (Fig. 7, J to M, and 
fig. S7, D to H). 

Results of qRT-PCR showed that HStat3KO increased the ex-
pression of MR and decreased that of Fgf21 in the liver after MI 
(fig. S7I). The results of ELISA revealed that HMR/HStat3 DKO re-
versed the suppressive effect of HStat3KO on FGF21 (fig. S7J). To-
gether, these data suggested that hepatic STAT3 also regulated MR/ 
FGF21 axis and mediated the heart-liver communication after MI. 

Last, we addressed whether STAT3 directly regulated MR in he-
patocytes. Hepatocyte Stat3 deletion increased MR gene expression 
in livers after MI (fig. S7I). Consistently, hepatocyte Stat3 deletion 
increased MR protein level in primary hepatocytes (fig. S7, K and L). 
We identified a putative STAT3 response element in the promoter of 
mouse MR (fig. S7M). ChIP assay revealed direct binding of STAT3 
to the MR promoter (fig. S7, N and O). Luciferase assays demon-
strated that STAT3 suppressed the transcriptional activity of MR 
promoter (fig. S7P). These data demonstrated a direct transcription-
al repression on MR by STAT3 in hepatocytes. 

In summary, we uncover a heart-liver cross-talk mechanism after 
MI. Inflammatory factor IL-6 triggers liver response to MI at the 
early stage by activating IL-6/STAT3 signaling in the liver. The 
IL-6/STAT3 signaling suppresses the expression of MR, which, in 
turn, negatively regulates FGF21 expression through forming a 
complex with NCOR1 and HDAC3 in hepatocytes. The decrease 
of MR or blockade of MR by spironolactone promotes the expres-
sion of FGF21, which exerts cardioprotective roles in an endocrine 
manner (Fig. 7N). 

DISCUSSION 
The cross-talk between the heart and the liver in response to cardiac 
injury has remained poorly understood. In the present study, we 
demonstrated that MR decreased markedly after MI and that both 
hepatic MR deficiency and spironolactone improved cardiac repair 
through regulation of hepatic FGF21, presenting a mechanism un-
derlying the protective effects of the liver on the heart. We also re-
vealed that acute activation of IL-6/STAT3 signal was responsible 
for the suppression of MR in the liver and that both hepatic Il6r de-
ficiency and hepatic STAT3 deficiency exacerbated MI-induced 
cardiac injury through regulation of hepatic MR/FGF21, uncover-
ing an upstream path for the liver to receive signals from the heart 
and to exert cardioprotection. Therefore, an IL-6/STAT3/MR/ 
FGF21 signaling axis mediated the cross-talk between the heart 
and the liver after cardiac injury. 
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Fig. 6. Hepatic Il6r suppresses MR expression and exerts cardioprotection after MI in mice. (A) Enriched biological processes based on RNA-seq results in livers 12 
hours after MI versus sham operation. n = 3. (B) Enrichment of IL-6/JAK/STAT3 signaling genes based on RNA-seq results in livers 12 hours after MI versus sham operation. 
n = 3. FDR, false discovery rate; NES, normalized enrichment score. (C) Representative images of echocardiography in mice 1 week after MI. HMR/HIl6r DKO indicates 
hepatocyte MR and Il6 receptor double knockout. (D) Quantifications of EF, FS, Ds, and Dd based on echocardiography. n = 10. (E) Representative Masson’s trichrome 
staining of mouse cardiac sections 1 week after MI. Scale bar, 1 mm. (F) Quantification of scar size in hearts exemplified in (E). n = 10. (G) Representative TUNEL staining 
and cTnT immunofluorescence staining in mouse cardiac sections 3 days after MI. Scale bar, 200 μm. (H) Quantification of TUNEL-positive myocytes. n = 8. (I) Quantifi-
cations of flow cytometry analysis of CD45+ cells, CD64+Ly6G− macrophages, Ly6G+CD64− granulocytes, and CD45+CD3+ lymphocytes in mouse heart samples 3 days 
after MI. n = 10. (J) Representative immunofluorescence staining of α-SMA and CD31 in peri-infarct regions of mouse heart samples 7 days after MI. White arrows indicate 
vascularization. Scale bar, 100 μm. (K) Quantification of neovascularization in peri-infarct regions. n = 8. (L) Representative images of echocardiography in mice 8 weeks 
after MI. (M) Quantification of EF, FS, Ds, and Dd based on echocardiography. n = 10. (N) Representative Masson’s trichrome staining of mouse cardiac sections 8 weeks 
after MI. Scale bar, 1 mm. (O) Quantification of scar size in hearts exemplified in (N). n = 10. Data are represented as means ± SEM. *P < 0.05, **P < 0.01, and ***P<0.001. 
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Fig. 7. STAT3 signaling in hepatocytes suppresses MR expression and improves cardioprotection after MI in mice. (A) Representative images of echocardiography 
in mice 1 week after MI. HMR/HStat3 DKO indicates hepatocyte MR and Stat3 double knockout. (B) Quantifications of EF, FS, Ds, and Dd based on echocardiography. 
n = 10. (C) Representative Masson’s trichrome staining of mouse cardiac sections 1 week after MI. Scale bar, 1 mm. (D) Quantification of scar size in hearts exemplified in 
(C). n = 10. (E) Representative TUNEL staining and cTnT immunofluorescence staining in mouse cardiac sections 3 days after MI. Scale bar, 200 μm. (F) Quantification of 
TUNEL-positive myocytes. n = 9. (G) Quantifications of flow cytometry analysis of CD45+ cells, CD64+Ly6G− macrophages, Ly6G+CD64− granulocytes, and CD45+CD3+ 

lymphocytes in mouse heart samples 3 days after MI. n = 8. (H) Representative immunofluorescence staining of α-SMA and CD31 in peri-infarct regions of mouse heart 
samples 7 days after MI. White arrows indicate vascularization. Scale bar, 100 μm. (I) Quantification of neovascularization in peri-infarct regions. n = 8. (J) Representative 
images of echocardiography in mice 8 weeks after MI. (K) Quantification of EF, FS, Ds, and Dd based on echocardiography. n = 8. (L) Representative Masson’s trichrome 
staining of mouse cardiac sections 8 weeks after MI. Scale bar, 1 mm. (M) Quantification of scar size in hearts exemplified in (L). n = 8. (N) Working model. Data are 
represented as means ± SEM. *P < 0.05 and **P < 0.01. 
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First, we have identified a hepatic MR/FGF21 axis that mediates 
the liver-to-heart protection against MI. Although previous reports 
have shown that the liver may play a protective role against MI (9, 
10), the regulatory mechanism and key control points have re-
mained unclear. Our results revealed that MR was among the sub-
stantially suppressed transcription factors and one of the three 
substantially altered nuclear receptors in the liver after MI. Defi-
ciency of MR in cardiomyocytes, myeloid cells, T cells, and vascular 
smooth muscle cells has been shown to inhibit adverse cardiac re-
modeling (26, 31–33). We demonstrated that hepatic MR deficiency 
was protective against cardiac injury and adverse remodeling after 
MI. These results suggested MR as a regulatory nexus to effectively 
convey the liver-to-heart protection against MI. Our results further 
illustrated that MR, in turn, regulated FGF21, a secretory molecule 
that has been shown to be beneficial for cardiovascular repair (28), 
transcriptionally in hepatocytes, and that hepatic MR deficiency 
worked through FGF21 to exert its cardioprotective function. Pre-
vious studies have implied that the expression of Fgf21 in hepato-
cytes can be regulated by other transcription factors such as 
PPARα (34), X-box binding protein 1 (35), and retinoic acid recep-
tor β (36) under the setting of metabolic regulation. However, it has 
not been reported which transcription factors regulate the hepatic 
expression of FGF21 in cardiovascular disease models such as MI. 
We identified Fgf21 as a target gene of MR and further delineated 
the regulatory machinery of an MR-NCOR1-HDAC3 complex that 
negatively regulated FGF21 in hepatocytes. These data have demon-
strated that MR acts as a critical regulator to control the expression 
of FGF21 in collaboration with NCOR1and HDAC3 in hepatocytes, 
allowing the liver-to-heart communication during MI. 

Second, we have found the upstream IL-6/STAT3 signaling 
pathway that conveys the heart-to-liver signal to down-regulate 
MR in the liver and that subsequently exerts cardioprotective 
effects. We described an early activation of acute inflammatory re-
sponse, particularly the IL-6/STAT3 pathway, in the liver after MI. 
Hepatic Il6r deficiency and STAT3 deficiency both exacerbated 
cardiac injury and adverse remodeling through their regulation 
on MR. These results completed the heart-to-liver leg of the 
heart-liver cross-talk after MI, highlighting the importance of 
acute inflammation. Tocilizumab (TCZ), an anti–IL-6 receptor an-
tibody, has been widely used in the treatment of rheumatoid arthri-
tis (37). A previous clinical study has shown that TCZ increases 
serum lipids such as total cholesterol, low-density lipoprotein cho-
lesterol, and triglycerides in patients with rheumatoid arthritis (38), 
posing potential adverse effects on MI, although high-density lipo-
protein cholesterol is also increased in these patients (38) and more 
direct evidence is required to draw any conclusion. We demonstrat-
ed that hepatic Il6r deficiency worsened MI, suggesting that IL-6 
receptor antagonists such as TCZ could have a detrimental effect 
on cardiac function in the setting of MI by inhibiting hepatic IL-6 
signaling. Therefore, reducing the accumulation of IL-6 receptor 
antagonists in the liver could lower the potential cardiac side 
effects of these drugs. 

It is well known that chronic inflammation is detrimental to 
various repairing processes, including cardiac repair (39, 40). 
However, acute inflammation is usually necessary and beneficial 
for these repairing processes, although its importance is often over-
looked (39, 40). For instance, depletion of inflammatory cells such 
as macrophages and neutrophils during acute phase of MI markedly 
worsens cardiac dysfunction and increases the mortality of mice 

(41, 42). An important mechanism being proposed is that these 
early inflammatory cells are instrumental in removing dead cells 
and paving the way for the repair (40, 42). 

Our results presented another mechanism for the beneficial 
effects of acute inflammation, sending out signals asking for help 
from the liver through the acute activation of IL-6/STAT3 
pathway. IL-6 is an important inflammatory factor with pleiotropic 
effects in different tissues and plays divergent roles in cardiovascu-
lar diseases (43). For example, both chronic administration and 
genetic deficiency of IL-6 have been reported to worsen atheroscle-
rosis in ApoE knockout mice (44, 45). These seemly contradictory 
results may be explained by the fact that IL-6 has different or even 
the opposite impacts on a disease depending upon the stage of the 
disease—in general, beneficial in acute phase and detrimental in 
chronic phase—and cell type–specific effects (46). Global deletion 
of IL6 ameliorates cardiac remodeling after MI, maybe reflecting the 
chronic deleterious impacts of IL-6 on the heart during cardiac 
repair (47). Our results demonstrated that blocking the acute acti-
vation of IL-6/STAT3 pathway in the liver by hepatic deficiency of 
Il6r or STAT3 impaired cardiac repair, illustrating the beneficial 
effects of acute inflammation and the importance of this hepatic 
pathway in mediating the heart-liver cross-talk after MI. We iden-
tified MR as a target gene of STAT3 in hepatocytes, and the IL-6/ 
STAT3 pathway worked through the MR/FGF21 axis in the liver. 

Last, our results have suggested that targeting hepatic MR phar-
macologically may lead to better therapeutic effectiveness, which is 
of important clinical significance. The success of the first and 
second generations of MR antagonists (spironolactone and eplere-
none, respectively) for treating cardiovascular diseases has been un-
equivocally illustrated (48). Recent clinical trials have shown that 
finerenone, a selective nonsteroidal MR antagonist (the third and 
newest generation), reduces risks of chronic kidney disease progres-
sion and cardiovascular events in patients with chronic kidney 
disease and type 2 diabetes (49, 50), with the expectation to have 
broader cardiovascular indications (51). Understanding cell type– 
or tissue-specific functions of MR and its antagonists may have im-
portant implications for designing new compounds to achieve 
higher efficacy and fewer side effects. For instance, finerenone is ex-
pected to have less side effects, particularly hyperkalemia, given its 
at least three times lower distribution in the kidney relative to the 
heart in comparison with eplerenone (52). 

We showed that MR decreased most markedly in the liver after 
MI among a variety of tissues we assessed, indicating that hepatic 
MR was critical in response to cardiac injury and that targeting 
hepatic MR was an effective strategy to improve cardiac repair 
after MI. Our results further demonstrated that both hepatic MR 
deficiency and spironolactone worked through hepatic FGF21 to 
exert its protection against MI, indicating the effectiveness of target-
ing hepatic MR. The liver most likely accumulates much more MR 
antagonists than the heart and kidney given its much bigger mass 
and similar or higher distribution rate (52, 53). It is probable that 
MR antagonists exert their cardiovascular protection through the 
liver more than the heart, although this warrants more precise com-
parisons in the future. Higher distribution in the liver may become a 
general pursuit of future generations of MR antagonists aiming to 
increase efficacy while aiming to decrease side effects (presumably 
lower distribution in the kidney). It is conceivable to achieve high 
benefit-to-harm ratio for treating MI and HF by liver-specific deliv-
ery of MR antagonists, monoclonal antibodies against MR, or even 
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MR-editing CRISPR-Cas9 system using strategies such as nanotech-
nology and hepatocyte-specific promoters (54, 55). 

In summary, we have depicted a heart-liver cross-talk mecha-
nism that the ischemic heart sends signals to the liver through 
acute inflammatory IL-6/STAT3 pathway and that the liver re-
sponds by down-regulating MR to promote FGF21 production 
and to alleviate ischemic injury. These data have identified 
hepatic MR as a sensor—responds to acute IL-6/STAT3 signaling 
after MI—and as a regulator—controls the production of the car-
dioprotective FGF21. Targeting the heart-liver cross-talk and the 
mediating IL-6/STAT3/MR/FGF21 signaling axis may provide 
novel strategies to improve cardiac repair after MI and ultimately 
the treatment for HF. 

MATERIALS AND METHODS 
Mice 
HMRKO (MRflox/flox; Alb-Cre) and LC (MRflox/flox) mice were 
generated by crossing MRflox/flox mice (56) with albumin-Cre 
(Alb-Cre) recombinase transgenic mice (57). Fgf21flox/flox mice 
(58) were mated with HMRKO mice to generate the following 
four experimental groups: LC (MRflox/flox/Fgf21flox/flox), 
HFgf21KO (Fgf21flox/flox, Alb-Cre), HMRKO, and HMR/HFgf21 
DKO (MRflox/flox/Fgf21flox/flox, Alb-Cre). Il6rflox/flox mice (59) 
were bred to HMRKO mice to generate LC (MRflox/flox/Il6rflox/ 
flox) mice, HIl6rKO (Il6rflox/flox, Alb-Cre) mice, and HMR/ 
HIl6r DKO (MRflox/flox/Il6rflox/flox, Alb-Cre) mice. Stat3 flox/ 
flox mice (60) were bred to HMRKO mice to generate LC 
(MRflox/flox/Stat3flox/flox) mice, HStat3KO (Stat3flox/flox, Alb- 
Cre) mice, and HMR/HStat3 DKO (MRflox/flox/Stat3flox/flox, 
Alb-Cre) mice. Male C57BL/6 mice were purchased from Vital 
River Laboratory Animal Technology Co. Ltd. (Beijing, China). 
All animal studies were approved by the Institutional Review and 
Ethics Board of Shanghai Ninth People’s Hospital, Shanghai Jiao 
Tong University School of Medicine. 

Human samples 
All subjects with HF provided written informed consent, and the 
study was approved by the Human Ethics Committee of Shanghai 
Chest Hospital. The retrospective study cohort of patients with HF 
was derived from the registry of patients at Shanghai Chest Hospital. 
Inclusion criteria were patients with HF due to MI, older than 18 
years of age, and being seen between 2019 and 2021. Exclusion cri-
teria were (i) patients who had used spironolactone or similar drugs 
within 6 months; (ii) patients with renal insufficiency with blood 
creatinine of ≥256 μM; (iii) patients with hyperkalemia with 
blood potassium of ≥5.5 mM; (iv) patients with hepatic insufficien-
cy; (v) patients with acidosis; (vi) patients with enlarged breasts or 
menstrual disorders; and (vii) patients with tumors, severe infec-
tions, autoimmune diseases, etc. Sixty patients were eventually in-
cluded in the study. Half of the patients were treated with 
spironolactone (20 mg, orally, once daily) and the other half were 
not. Baseline characteristics of the patients are described in table S1. 
The first date after the first follow-up visit was defined as the date of 
the study entry. At 1-month follow-up visits, peripheral blood 
samples of patients were collected in anticoagulation tubes, imme-
diately centrifuged, and stored at −80°C until assay. The cardiac 
function of the patients was assessed by echocardiography. 

All subjects with acute MI provided written informed consent 
and were recruited with approval by the Human Ethics Committee 
of Shanghai Ruijin Hospital. Inclusion criteria were patients with 
acute MI, older than 18 years of age, and being treated with percu-
taneous coronary intervention. The exclusion criteria were the same 
as above. The retrospective cohort study included 30 patients with 
MI. Ten of the patients were treated with spironolactone (20 mg, 
orally, once daily) and 20 patients were not. The first day after the 
percutaneous coronary intervention was defined as the date of the 
study entry. Peripheral blood samples of patients were collected 3 
days after treatments with or without spironolactone. 

MI mouse model 
MI was induced by permanent ligation of the left anterior descend-
ing coronary artery in male mice at 10 to 12 weeks of age as previ-
ously described (61). Briefly, after mice were anesthetized with 2% 
isoflurane, their hearts were extruded through a small hole made at 
the left thoracic fourth intercostal space. The left anterior descend-
ing coronary artery was located and ligated at a site approximately 3 
mm from lower margin of the left atrial appendage using a 6-0 silk 
suture. After ligation, the heart was instantly put back into the chest 
cavity followed by manual evacuation of air and suture of muscle 
and skin. Sham surgeries underwent the same procedure except 
the coronary artery ligation. 

Spironolactone (Minsheng Pharmaceuticals, Hangzhou, China) 
was incorporated into rodent chow diet at a concentration of 0.1 
mg/g of chow. The estimated dose of spironolactone was 20 mg/ 
kg per day, which was commonly used in rodents with MI (62, 
63). Mice were fed with SD or ND starting from 5 days before MI 
operation until the end of experiments. 

Echocardiography analysis 
Transthoracic echocardiography was performed after MI using a 
Vevo 3100 Ultrasound system (VisualSonics, Toronto, Canada). 
Mice were anesthetized with 1.5% isoflurane, and the heart rate of 
mice was preserved at approximately 550 bpm. Two-dimensional 
parasternal long-axis views of the left ventricle were obtained for 
guided M-mode measurements of the Dd and Ds. EF and FS were 
measured based on M-mode images. 

Histology and morphometric analysis 
Hearts were fixed with 4% paraformaldehyde for 24 hours and em-
bedded in paraffin. Five-micrometer-thick paraffin sections were 
stained with Masson’s trichrome (Sigma-Aldrich, USA), 0.1% pic-
rosirius red (Sigma-Aldrich), or wheat germ agglutinin (WGA; 
W32464, Thermo Fisher Scientific). The area of cardiac fibrosis 
and the scar size were quantified as the percentage of the positively 
stained area to the total area using Image-Pro Plus software. Cardi-
omyocyte size was measured using ImageJ software. 

Immunofluorescence staining 
Immunofluorescence staining was performed as previously de-
scribed (25). Briefly, paraffin sections of hearts were deparaffinized 
and rehydrated. The slides were incubated in blocking buffer at 
room temperature after antigen retrieval treatment, and then incu-
bated with primary antibodies and fluorochrome-conjugated sec-
ondary antibodies sequentially. Last, the slides were 
counterstained with 4′,6-diamidino-2-phenylindole (DAPI). 
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To detect apoptosis of cardiomyocytes, cardiac sections were in-
cubated with troponin T-C antibody (cTnT; sc-20025, Santa Cruz 
Biotechnology Inc., Santa Cruz, CA) followed by fluorochrome- 
conjugated secondary antibodies. TUNEL staining was performed 
using an In Situ Cell Death Detection kit (Roche) according to 
the manufacturer’s instructions. Last, the slides were counterstained 
with DAPI (D1306, Invitrogen). 

Flow cytometry 
Heart tissues were analyzed by flow cytometry as previously de-
scribed (64). Briefly, hearts were digested with digestion solution 
containing collagenase II (1.5 mg/ml; A004174, Worthington), col-
lagenase IV (1.5 mg/ml; A004186, Worthington), and deoxyribonu-
clease I (60 U/ml; A3778, AppliChem, Lochem, Darmstadt, 
Germany) in Hank’s balanced salt solution. Cardiac single-cell sus-
pensions were gained by filtering digested tissues through 70-μm 
cell strainers (BD Biosciences, San Jose, CA, USA). Single-cell sus-
pensions were blocked with Fc block and then stained with CD45- 
PE-CY7 (103114, BioLegend), CD11b–fluorescein isothiocyanate 
(101205, BioLegend), CD64-allophycocyanin (139305, BioLegend), 
Ly6G-phycoerythrin (127607, BioLegend), and CD3-PE (100205, 
BioLegend). Samples were analyzed using LSRFortessa (BD 
Biosciences). 

Enzyme-linked immunosorbent assay 
Plasma samples were collected from mice or patients and stored at 
−80°C. FGF21 concentrations were detected using a mouse-specific 
ELISA kit (MF2100, R&D Systems, Minneapolis, MN) or human- 
specific ELISA kit (DF2100, R&D Systems) according to the man-
ufacturer’s instructions. IL6, IL-1β, and TNFα were measured using 
mouse ELISA kits (M6000B, MLB00C, and MTA00B, 
R&D Systems). 

Quantitative RT-PCR 
Total RNA from tissues or cells was extracted using TRIzol (Thermo 
Fisher Scientific), and cDNA was synthesized using reverse tran-
scription kits (Takara, Shiga, Japan) according to the manufactur-
er ’s instructions. Quantitative PCR was performed using SYBR 
Green Mix (Thermo Fisher Scientific) on a LightCycler 480II 
(Roche). Primer sequences are listed in table S3. The level of 
target gene expression was normalized to the glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH) gene. 

Western blotting 
Total proteins were extracted from tissues or cells with radioimmu-
noprecipitation assay buffer containing protease inhibitors (Beyo-
time Biotechnology, Shanghai, China) and quantified using the 
BCA Protein Assay Kit (Pierce, Rockford, IL). Protein samples 
were separated by SDS–polyacrylamide gel electrophoresis and 
transferred to polyvinylidene difluoride membranes (Millipore, 
Bedford, MA). The membranes were immunoblotted with 
primary antibodies at 4°C overnight, followed by incubation with 
horseradish peroxidase–conjugated secondary antibodies (1:1000; 
Proteintech, Chicago, IL). The protein bands were visualized with 
an ECL detection kit (Thermo Fisher Scientific) and quantified 
using ImageJ software. The following primary antibodies were 
used: MR (1:500; ab41912, Abcam), FGF21 (1:1000; AF3057, 
R&D Systems), cleaved caspase-3 (1:1000; 9664S, Cell Signaling 
Technology), NCOR1 (1:500; 5948S, Cell Signaling Technology), 

anti-FLAG (1:2000; F1804, Sigma-Aldrich), HDAC1 (1:500; 
39531, Active Motif ), HDAC3 (1:1000; 85057S, Cell Signaling Tech-
nology), HDAC5 (1:1000; ab55403, Abcam), HDAC6 (1:500; 7612S, 
Cell Signaling Technology), HDAC9 (1:500; ab59718, Abcam), p- 
STAT3 (1:1000; 9145S, Cell Signaling Technology), STAT3 
(1:1000; 9139S, Cell Signaling Technology,), α-tubulin (1:5000; 
T6199, Sigma-Aldrich), and GAPDH (1:5000; 5174S, Cell Signaling 
Technology). 

RNA-seq analysis 
Mouse livers were preserved in RNAlater and sent to WuXi Next-
CODE (Shanghai, China) for sequencing. After RNA quality check, 
a sequencing library was created using TruSeq technology. Sequenc-
ing was performed on a HiSeq X Ten (Illumina). Differentially ex-
pressed genes were identified by over twofold change in gene 
expression with an adjusted value of P < 0.05. For heatmap visual-
ization of differentially expressed genes, data were z score normal-
ized. Gene set enrichment analysis (www.gsea-msigdb.org/gsea/ 
index.jsp) was performed to identify biological processes that 
were differentially enriched in experimental groups. The accession 
number for the high-throughput RNA-seq in this paper is available 
in Gene Expression Omnibus dataset (RNA-seq data: GSE193516). 

Cell culture and treatment 
Primary hepatocytes were isolated from 8-week-old male mice by in 
situ collagenase perfusion as previously described (65). Briefly, 
mouse livers were perfused with digestion media containing colla-
genase IV (A004186, Worthington) for 10 min, followed by purifi-
cation with 50% Percoll (GE Healthcare, Marlborough, MA). 
Primary hepatocytes were cultured in Medium 199 (Thermo 
Fisher Scientific, Carlsbad, CA, USA) with 10% fetal bovine 
serum (FBS; Biological Industries, Kibbutz Beit-Haemek, Israel) 
and 1% penicillin-streptomycin (Thermo Fisher Scientific). Hepa-
tocytes were treated with IL-6 (20 ng/ml; I9646, Sigma-Aldrich, 
St. Louis, MO, USA). A recombinant adenoviral vector expressing 
flag was constructed to make Adv-flagMR plasmid by Hanbio 
Company (Shanghai, China). Primary hepatocytes were isolated 
and cultured for 24 hours before infected with Adv-flagMR or 
Adv-flag (control). HEK293FT cells were obtained from Cell 
Bank of Chinese Academy of Sciences and cultured in Dulbecco’s 
modified Eagle’s medium with 10% FBS and 1% penicillin/strepto-
mycin. Cells were maintained in a 5% CO2 incubator at 37°C. 

Plasmids and siRNA 
A 3-kb mouse Fgf21 promoter was amplified and cloned into pGL3- 
basic vector (Promega) to produce the 3-kb Fgf21-luciferase 
plasmid. Different fragments of Fgf21 promoter were cloned into 
pGL3-basic vector to yield various truncated Fgf21-luciferase plas-
mids. Similarly, a 2-kb mouse MR promoter was cloned into the 
pGL3-basic vector and produced the 2-kb MR-luciferase plasmid. 
The sequences of the primers used to amplify these promoters are 
listed in table S4. 

HDAC3 siRNA, NCOR1 siRNA, and their respective control 
were purchased from Santa Cruz Biotechnology Inc. Primary hepa-
tocytes were transfected with siRNA or control using Lipofectamine 
2000 (Thermo Fisher Scientific) according to the manufacturer’s 
instructions. 
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Luciferase reporter assay 
Luciferase assays were performed in HEK293FT cells, which were 
cotransfected with an empty pGL3-basic vector or the promoter 
constructs together with Renila plasmids using Lipofectamine 
2000 (Thermo Fisher Scientific). Cells were harvested and measured 
with a Dual-Luciferase Reporter Assay kit (Promega, Fitchburg, WI, 
USA; catalog no. E1910) 48 hours after transfection. 

Co-IP and ChIP 
Co-IP experiments were performed in primary hepatocytes from 
wild-type mice as described previously (24). Briefly, cells were 
lysed in IP lysis buffer containing protease inhibitor cocktail 
(P8340, Sigma-Aldrich). The cell lysates were mixed with primary 
antibody or normal IgG (sc-2027 or sc-2025, Santa Cruz Biotech-
nology), rotated overnight at 4°C, and followed by incubation with 
protein A/G beads (sc-2003; Santa Cruz Biotechnology Inc., Santa 
Cruz, CA) at 4°C for 4 hours. The supernatant of the mixture after 
centrifugation was used for Western blotting analysis. 

For ChIP, primary hepatocytes were harvested 48 hours after in-
fection with Adv-flagMR. ChIP experiments were performed using 
an EZ-ChIP kit (17–371; Millipore, Darmstadt, Germany) accord-
ing to the manufacturer’s instructions. ChIP products were used for 
PCR analysis. The sequences of PCR primers are listed in table S5. 

Statistical analysis 
All data were expressed as means ± SEM. The analysis of data was 
performed by Prism (GraphPad Software, La Jolla, CA). Student’s t 
test was used for pairwise comparisons. Multiple comparisons were 
analyzed by two-way analysis of variance (ANOVA) followed by 
Bonferroni posttests. Correlation analysis was performed by 
Pearson correlation test. A value of P ≤ 0.05 was considered statisti-
cally significant. 

Supplementary Materials 
This PDF file includes: 
Figs. S1 to S7 
Tables S1 to S5  

View/request a protocol for this paper from Bio-protocol. 

REFERENCES AND NOTES  
1. Y. Oishi, I. Manabe,  Organ system crosstalk in cardiometabolic disease in the age of mul-

timorbidity. Front Cardiovasc. Med.  7,  64 (2020).  

2. G. Karsenty, E. N. Olson,  Bone and muscle endocrine functions: Unexpected paradigms of 
inter-organ communication. Cell  164,  1248–1256 (2016).  

3. B. C. Bernardo, J. Y. Y. Ooi, K. L. Weeks, N. L. Patterson, J. R. McMullen,  Understanding key 
mechanisms of exercise-induced cardiac protection to mitigate disease: Current knowl-
edge and emerging concepts. Physiol. Rev.  98,  419–475 (2018).  

4. H. Khanlou, H. Souto, M. Lippmann, S. Muñoz, K. Rothstein, Z. Ozden,  Resolution of adult 
respiratory distress syndrome after recovery from fulminant hepatic failure. Am. J. Med. Sci. 
317,  134–136 (1999).  

5. M. Ali, W. J. Wall,  Resolution of the adult respiratory distress syndrome following colectomy 
and liver transplantation. Chest  98,  1032–1034 (1990).  

6. S. D. Katz, C. R. Parikh,  Reverse left ventricular remodeling after kidney transplantation: 
Unraveling the complex autointoxication of uremia. J. Am. Coll. Cardiol.  66, 
1788–1790 (2015).  

7. N. Hawwa, K. Shrestha, M. Hammadah, P. S. D. Yeo, R. Fatica, W. H. W. Tang,  Reverse re-
modeling and prognosis following kidney transplantation in contemporary patients with 
cardiac dysfunction. J. Am. Coll. Cardiol.  66,  1779–1787 (2015).  

8. S. S. Virani, A. Alonso, E. J. Benjamin, M. S. Bittencourt, C. W. Callaway, A. P. Carson, 
A. M. Chamberlain, A. R. Chang, S. Cheng, F. N. Delling, L. Djousse, M. S. V. Elkind, J. F. Fer-
guson, M. Fornage, S. S. Khan, B. M. Kissela, K. L. Knutson, T. W. Kwan, D. T. Lackland, 
T. T. Lewis, J. H. Lichtman, C. T. Longenecker, M. S. Loop, P. L. Lutsey, S. S. Martin, 
K. Matsushita, A. E. Moran, M. E. Mussolino, A. M. Perak, W. D. Rosamond, G. A. Roth, 
U. K. A. Sampson, G. M. Satou, E. B. Schroeder, S. H. Shah, C. M. Shay, N. L. Spartano, 
A. Stokes, D. L. Tirschwell, L. B. VanWagner, C. W. Tsao; American Heart Association Council 
on Epidemiology and Prevention Statistics Committee and Stroke Statistics Subcommittee, 
Heart disease and stroke statistics-2020 update: A report from the american heart associ-
ation. Circulation  141,  e139–e596 (2020).  

9. S. Q. Liu, B. J. Tefft, D. T. Roberts, L. Q. Zhang, Y. Ren, Y. C. Li, Y. Huang, D. Zhang, H. R. Phillips, 
Y. H. Wu,  Cardioprotective proteins upregulated in the liver in response to experimental 
myocardial ischemia. Am. J. Physiol. Heart Circ. Physiol.  303,  H1446–H1458 (2012). 

10. S. Q. Liu, Y. H. Wu,  Liver cell-mediated alleviation of acute ischemic myocardial injury. Front. 
Biosci. (Elite Ed.)  2,  711–724 (2010). 

11. A. Paredes, R. Santos-Clemente, M. Ricote,  Untangling the cooperative role of nuclear 
receptors in cardiovascular physiology and disease. Int. J. Mol. Sci.  22,  7775 (2021). 

12. M. A. Lazar,  Maturing of the nuclear receptor family. J. Clin. Invest.  127,  1123–1125 (2017). 

13. M. van Bilsen, F. A. van Nieuwenhoven,  PPARs as therapeutic targets in cardiovascular 
disease. Expert Opin. Ther. Targets  14,  1029–1045 (2010). 

14. Z. Khuchua, A. I. Glukhov, A. W. Strauss, S. Javadov,  Elucidating the beneficial role of PPAR 
agonists in cardiac diseases. Int. J. Mol. Sci.  19,  3464 (2018). 

15. Z. Belden, J. A. Deiuliis, M. Dobre, S. Rajagopalan,  The role of the mineralocorticoid re-
ceptor in inflammation: Focus on kidney and vasculature. Am. J. Nephrol.  46, 
298–314 (2017). 

16. C. M. Ferrario, E. L. Schiffrin,  Role of mineralocorticoid receptor antagonists in cardiovas-
cular disease. Circ. Res.  116,  206–213 (2015). 

17. M. Buonafine, B. Bonnard, F. Jaisser,  Mineralocorticoid receptor and cardiovascular disease. 
Am. J. Hypertens.  31,  1165–1174 (2018). 

18. S. Sitaula, C. Billon, T. M. Kamenecka, L. A. Solt, T. P. Burris,  Suppression of atherosclerosis by 
synthetic REV-ERB agonist. Biochem. Biophys. Res. Commun.  460,  566–571 (2015). 

19. E. N. Stujanna, N. Murakoshi, K. Tajiri, D. Xu, T. Kimura, R. Qin, D. Feng, S. Yonebayashi, 
Y. Ogura, F. Yamagami, A. Sato, A. Nogami, K. Aonuma,  Rev-erb agonist improves adverse 
cardiac remodeling and survival in myocardial infarction through an anti-inflammatory 
mechanism. PLOS ONE  12,  e0189330 (2017). 

20. C. J. Reitz, F. J. Alibhai, T. N. Khatua, M. Rasouli, B. W. Bridle, T. P. Burris, T. A. Martino,  SR9009 
administered for one day after myocardial ischemia-reperfusion prevents heart failure in 
mice by targeting the cardiac inflammasome. Commun. Biol.  2,  353 (2019). 

21. K. De Bosscher, S. J. Desmet, D. Clarisse, E. Estebanez-Perpina, L. Brunsveld,  Nuclear re-
ceptor crosstalk—Defining the mechanisms for therapeutic innovation. Nat. Rev. Endocri-
nol.  16,  363–377 (2020). 

22. H. Ma, W. Zhong, Y. Jiang, C. Fontaine, S. Li, J. Fu, V. M. Olkkonen, B. Staels, D. Yan,  Increased 
atherosclerotic lesions in LDL receptor deficient mice with hematopoietic nuclear receptor 
Rev-erbα knock- down. J. Am. Heart Assoc.  2,  e000235 (2013). 

23. H. Cho, X. Zhao, M. Hatori, R. T. Yu, G. D. Barish, M. T. Lam, L. W. Chong, L. DiTacchio, 
A. R. Atkins, C. K. Glass, C. Liddle, J. Auwerx, M. Downes, S. Panda, R. M. Evans,  Regulation of 
circadian behaviour and metabolism by REV-ERB-α and REV-ERB-β. Nature  485, 
123–127 (2012). 

24. X. N. Sun, C. Li, Y. Liu, L. J. Du, M. R. Zeng, X. J. Zheng, W. C. Zhang, Y. Liu, M. Zhu, D. Kong, 
L. Zhou, L. Lu, Z. X. Shen, Y. Yi, L. Du, M. Qin, X. Liu, Z. Hua, S. Sun, H. Yin, B. Zhou, Y. Yu, 
Z. Zhang, S. Z. Duan,  T-cell mineralocorticoid receptor controls blood pressure by regu-
lating interferon-gamma. Circ. Res.  120,  1584–1597 (2017). 

25. J. Y. Sun, C. Li, Z. X. Shen, W. C. Zhang, T. J. Ai, L. J. Du, Y. Y. Zhang, G. F. Yao, Y. Liu, S. Sun, 
A. Naray-Fejes-Toth, G. Fejes-Toth, Y. Peng, M. Chen, X. Liu, J. Tao, B. Zhou, Y. Yu, F. Guo, 
J. Du, S. Z. Duan,  Mineralocorticoid receptor deficiency in macrophages inhibits neointimal 
hyperplasia and suppresses macrophage inflammation through SGK1-AP1/NF-κB path-
ways. Arterioscler. Thromb. Vasc. Biol.  36,  874–885 (2016). 

26. D. Fraccarollo, S. Berger, P. Galuppo, S. Kneitz, L. Hein, G. Schutz, S. Frantz, G. Ertl, 
J. Bauersachs,  Deletion of cardiomyocyte mineralocorticoid receptor ameliorates adverse 
remodeling after myocardial infarction. Circulation  123,  400–408 (2011). 

27. J. S. Burchfield, M. Xie, J. A. Hill,  Pathological ventricular remodeling: Mechanisms: Part 1 of 
2. Circulation  128,  388–400 (2013). 

28. A. Planavila, I. Redondo-Angulo, F. Villarroya,  FGF21 and cardiac physiopathology. Front. 
Endocrinol.  6,  133 (2015). 

29. B. Pitt, W. Remme, F. Zannad, J. Neaton, F. Martinez, B. Roniker, R. Bittman, S. Hurley, 
J. Kleiman, M. Gatlin; Eplerenone Post-Acute Myocardial Infarction Heart Failure Efficacy 
and Survival Study Investigators,  Eplerenone, a selective aldosterone blocker, in patients 
with left ventricular dysfunction after myocardial infarction. N. Engl. J. Med.  348, 
1309–1321 (2003). 

Sun et al., Sci. Adv. 9, eade4110 (2023) 5 April 2023                                                                                                                                                             15 of 16  

S C I E N C E  A D VA N C E S | R E S E A R C H  A R T I C L E  

https://en.bio-protocol.org/cjrap.aspx?eid=10.1126/sciadv.ade4110


30. B. Pitt, F. Zannad, W. J. Remme, R. Cody, A. Castaigne, A. Perez, J. Palensky, J. Wittes,  The 
effect of spironolactone on morbidity and mortality in patients with severe heart failure. 
Randomized aldactone evaluation study investigators. N. Engl. J. Med.  341, 
709–717 (1999). 

31. D. Fraccarollo, S. Thomas, C. J. Scholz, D. Hilfiker-Kleiner, P. Galuppo, J. Bauersachs,  Mac-
rophage mineralocorticoid receptor is a pleiotropic modulator of myocardial infarct 
healing. Hypertension  73,  102–111 (2019). 

32. A. Gueret, N. Harouki, J. Favre, G. Galmiche, L. Nicol, J. P. Henry, M. Besnier, C. Thuillez, 
V. Richard, P. Kolkhof, P. Mulder, F. Jaisser, A. Ouvrard-Pascaud,  Vascular smooth muscle 
mineralocorticoid receptor contributes to coronary and left ventricular dysfunction after 
myocardial infarction. Hypertension  67,  717–723 (2016). 

33. C. Li, X. N. Sun, M. R. Zeng, X. J. Zheng, Y. Y. Zhang, Q. Wan, W. C. Zhang, C. Shi, L. J. Du, 
T. J. Ai, Y. Liu, Y. Liu, L. L. Du, Y. Yi, Y. Yu, S. Z. Duan,  Mineralocorticoid receptor deficiency in 
T cells attenuates pressure overload-induced cardiac hypertrophy and dysfunction 
through modulating T-cell activation. Hypertension  70,  137–147 (2017). 

34. M. K. Badman, P. Pissios, A. R. Kennedy, G. Koukos, J. S. Flier, E. Maratos-Flier,  Hepatic 
fibroblast growth factor 21 is regulated by PPARα and is a key mediator of hepatic lipid 
metabolism in ketotic states. Cell Metab.  5,  426–437 (2007). 

35. W. Liu, C. Sun, Y. Yan, H. Cao, Z. Niu, S. Shen, S. Liu, Y. Wu, Y. Li, L. Hui, Y. Li, L. Zhao, C. Hu, 
Q. Ding, J. Jiang, H. Ying,  Hepatic P38 activation modulates systemic metabolism through 
Fgf21-mediated interorgan communication. Diabetes  71,  60–72 (2022). 

36. Y. Li, K. Wong, K. Walsh, B. Gao, M. Zang,  Retinoic acid receptor β stimulates hepatic in-
duction of fibroblast growth factor 21 to promote fatty acid oxidation and control whole- 
body energy homeostasis in mice. J. Biol. Chem.  288,  10490–10504 (2013). 

37. L. J. Scott,  Tocilizumab: A review in rheumatoid arthritis. Drugs  77,  1865–1879 (2017). 

38. S. Y. Kawashiri, A. Kawakami, S. Yamasaki, T. Imazato, N. Iwamoto, K. Fujikawa, T. Aramaki, 
M. Tamai, H. Nakamura, H. Ida, T. Origuchi, Y. Ueki, K. Eguchi,  Effects of the anti-interleukin- 
6 receptor antibody, tocilizumab, on serum lipid levels in patients with rheumatoid ar-
thritis. Rheumatol. Int.  31,  451–456 (2011). 

39. M. Nian, P. Lee, N. Khaper, P. Liu,  Inflammatory cytokines and postmyocardial infarction 
remodeling. Circ. Res.  94,  1543–1553 (2004). 

40. N. G. Frangogiannis,  Regulation of the inflammatory response in cardiac repair. Circ. Res. 
110,  159–173 (2012). 

41. M. J. van Amerongen, M. C. Harmsen, N. van Rooijen, A. H. Petersen, M. J. A. van Luyn, 
Macrophage depletion impairs wound healing and increases left ventricular remodeling 
after myocardial injury in mice. Am. J. Pathol.  170,  818–829 (2007). 

42. M. Horckmans, L. Ring, J. Duchene, D. Santovito, M. J. Schloss, M. Drechsler, C. Weber, 
O. Soehnlein, S. Steffens,  Neutrophils orchestrate post-myocardial infarction healing by 
polarizing macrophages towards a reparative phenotype. Eur. Heart J.  38,  187–197 (2017). 

43. D. J. Tyrrell, D. R. Goldstein,  Ageing and atherosclerosis: Vascular intrinsic and extrinsic 
factors and potential role of IL-6. Nat. Rev. Cardiol.  18,  58–68 (2021). 

44. S. A. Huber, P. Sakkinen, D. Conze, N. Hardin, R. Tracy,  Interleukin-6 exacerbates early 
atherosclerosis in mice. Arterioscler. Thromb. Vasc. Biol.  19,  2364–2367 (1999). 

45. B. Schieffer, T. Selle, A. Hilfiker, D. Hilfiker-Kleiner, K. Grote, U. J. F. Tietge, C. Trautwein, 
M. Luchtefeld, C. Schmittkamp, S. Heeneman, M. J. A. P. Daemen, H. Drexler,  Impact of 
interleukin-6 on plaque development and morphology in experimental atherosclerosis. 
Circulation  110,  3493–3500 (2004). 

46. J. A. Fontes, N. R. Rose, D. Cihakova,  The varying faces of IL-6: From cardiac protection to 
cardiac failure. Cytokine  74,  62–68 (2015). 

47. R. Jing, T. Y. Long, W. Pan, F. Li, Q. Y. Xie,  IL-6 knockout ameliorates myocardial remodeling 
after myocardial infarction by regulating activation of M2 macrophages and fibroblast cells. 
Eur. Rev. Med. Pharmacol. Sci.  23,  6283–6291 (2019). 

48. R. Agarwal, P. Kolkhof, G. Bakris, J. Bauersachs, H. Haller, T. Wada, F. Zannad,  Steroidal and 
non-steroidal mineralocorticoid receptor antagonists in cardiorenal medicine. Eur. Heart J. 
42,  152–161 (2021). 

49. G. L. Bakris, R. Agarwal, S. D. Anker, B. Pitt, L. M. Ruilope, P. Rossing, P. Kolkhof, C. Nowack, 
P. Schloemer, A. Joseph, G. Filippatos; FIDELIO-DKD Investigators,  Effect of finerenone on 
chronic kidney disease outcomes in type 2 diabetes. N. Engl. J. Med.  383, 
2219–2229 (2020). 

50. B. Pitt, G. Filippatos, R. Agarwal, S. D. Anker, G. L. Bakris, P. Rossing, A. Joseph, P. Kolkhof, 
C. Nowack, P. Schloemer, L. M. Ruilope; FIGARO-DKD Investigators,  Cardiovascular events 
with finerenone in kidney disease and type 2 diabetes. N. Engl. J. Med.  385, 
2252–2263 (2021). 

51. G. Filippatos, S. D. Anker, M. Böhm, M. Gheorghiade, L. Køber, H. Krum, A. P. Maggioni, 
P. Ponikowski, A. A. Voors, F. Zannad, S.-Y. Kim, C. Nowack, G. Palombo, P. Kolkhof, 
N. Kimmeskamp-Kirschbaum, A. Pieper, B. Pitt,  A randomized controlled study of finere-
none vs. eplerenone in patients with worsening chronic heart failure and diabetes mellitus 
and/or chronic kidney disease. Eur. Heart J.  37,  2105–2114 (2016). 

52. P. Kolkhof, M. Delbeck, A. Kretschmer, W. Steinke, E. Hartmann, L. Barfacker, F. Eitner, 
B. Albrecht-Kupper, S. Schafer,  Finerenone, a novel selective nonsteroidal mineralocorti-
coid receptor antagonist protects from rat cardiorenal injury. J. Cardiovasc. Pharmacol.  64, 
69–78 (2014). 

53. M. Hildebrand, W. Krause, G. Kuhne, G. A. Hoyer,  Pharmacokinetics and metabolism of 
mespirenone, a new aldosterone antagonist, in rat and cynomolgus monkey. Xenobiotica 
17,  623–634 (1987). 

54. H. H. Guo, C. L. Feng, W. X. Zhang, Z. G. Luo, H. J. Zhang, T. T. Zhang, C. Ma, Y. Zhan, R. Li, 
S. Wu, Z. Abliz, C. Li, X. L. Li, X. L. Ma, L. L. Wang, W. S. Zheng, Y. X. Han, J. D. Jiang,  Liver- 
target nanotechnology facilitates berberine to ameliorate cardio-metabolic diseases. Nat. 
Commun.  10,  1981 (2019). 

55. K. Singh, H. Evens, N. Nair, M. Y. Rincon, S. Sarcar, E. Samara-Kuko, M. K. Chuah, 
T. VandenDriessche,  Efficient in vivo liver-directed gene editing using CRISPR/Cas9. Mol. 
Ther.  26,  1241–1254 (2018). 

56. S. Berger, D. P. Wolfer, O. Selbach, H. Alter, G. Erdmann, H. M. Reichardt, A. N. Chepkova, 
H. Welzl, H. L. Haas, H. P. Lipp, G. Schutz,  Loss of the limbic mineralocorticoid receptor 
impairs behavioral plasticity. Proc. Natl. Acad. Sci. U.S.A.  103,  195–200 (2006). 

57. C. Postic, M. Shiota, K. D. Niswender, T. L. Jetton, Y. Chen, J. M. Moates, K. D. Shelton, 
J. Lindner, A. D. Cherrington, M. A. Magnuson,  Dual roles for glucokinase in glucose ho-
meostasis as determined by liver and pancreatic beta cell-specific gene knock-outs using 
Cre recombinase. J. Biol. Chem.  274,  305–315 (1999). 

58. M. J. Potthoff, T. Inagaki, S. Satapati, X. Ding, T. He, R. Goetz, M. Mohammadi, B. N. Finck, 
D. J. Mangelsdorf, S. A. Kliewer, S. C. Burgess,  FGF21 induces PGC-1alpha and regulates 
carbohydrate and fatty acid metabolism during the adaptive starvation response. Proc. 
Natl. Acad. Sci. U.S.A.  106,  10853–10858 (2009). 

59. M. M. McFarland-Mancini, H. M. Funk, A. M. Paluch, M. Zhou, P. V. Giridhar, C. A. Mercer, 
S. C. Kozma, A. F. Drew,  Differences in wound healing in mice with deficiency of IL-6 versus 
IL-6 receptor. J. Immunol.  184,  7219–7228 (2010). 

60. A. Moh, Y. Iwamoto, G.-X. Chai, S. S.-M. Zhang, A. Kano, D. D. Yang, W. Zhang, J. Wang, 
J. J. Jacoby, B. Gao, R. A. Flavell, X.-Y. Fu,  Role of STAT3 in liver regeneration: Survival, DNA 
synthesis, inflammatory reaction and liver mass recovery. Lab. Invest.  87, 
1018–1028 (2007). 

61. E. Gao, Y. H. Lei, X. Shang, Z. M. Huang, L. Zuo, M. Boucher, Q. Fan, J. K. Chuprun, X. L. Ma, 
W. J. Koch,  A novel and efficient model of coronary artery ligation and myocardial in-
farction in the mouse. Circ. Res.  107,  1445–1453 (2010). 

62. J. Katada, T. Meguro, H. Saito, A. Ohashi, T. Anzai, S. Ogawa, T. Yoshikawa,  Persistent cardiac 
aldosterone synthesis in angiotensin II type 1A receptor-knockout mice after myocardial 
infarction. Circulation  111,  2157–2164 (2005). 

63. D. Fraccarollo, P. Galuppo, J.-T. Sieweke, L. C. Napp, P. Grobbecker, J. Bauersachs,  Efficacy of 
mineralocorticoid receptor antagonism in the acute myocardial infarction phase: Eplere-
none versus spironolactone. ESC Heart Fail.  2,  150–158 (2015). 

64. L. J. Du, J. Y. Sun, W. C. Zhang, Y. L. Wang, H. Zhu, T. Liu, M. Z. Gao, C. Zheng, Y. Y. Zhang, 
Y. Liu, Y. Liu, S. Shao, X. Q. Zhang, Q. Leng, J. Auwerx, S. Z. Duan,  Macrophage NCOR1 
deficiency ameliorates myocardial infarction and neointimal hyperplasia in mice. J. Am. 
Heart Assoc.  9,  e015862 (2020). 

65. Y. Y. Zhang, C. Li, G. F. Yao, L. J. Du, Y. Liu, X. J. Zheng, S. Yan, J. Y. Sun, Y. Liu, M. Z. Liu, 
X. Zhang, G. Wei, W. Tong, X. Chen, Y. Wu, S. Sun, S. Liu, Q. Ding, Y. Yu, H. Yin, S. Z. Duan, 
Deletion of macrophage mineralocorticoid receptor protects hepatic steatosis and insulin 
resistance through ERα/HGF/Met pathway. Diabetes  66,  1535–1547 (2017). 

Acknowledgments 
Funding: This work was supported by grants from the National Natural Science Foundation of 
China (81725003, 82070262, 81991503, 81921002, 31900810, 81900227, and 82100446) and 
the innovative research team of high-level local universities in Shanghai (SHSMU- 
ZDCX20212500). Author contributions: Conceptualization: S.-Z.D. and J.-Y.S. Methodology: J.- 
Y.S., L.-J.D., Y.-Y.Z., Y.-L.W., H.Z., and S.-Z.D. Investigation: J.-Y.S., L.-J.D., X.-R.S., B.-Y.C., T.L., Yuan 
Lin, and Yan Lin. Visualization: J.-Y.S., L.-J.D., X.-R.S., and S.-Z.D. Supervision: X.Y., R.-G.L., and S.- 
Z.D. Writing—original draft: J.-Y.S. and S.-Z.D. Writing—review and editing: C.-C.R., Z.G., H.Y., 
Z.Y., P.-J.G., X.Y., R.-G.L., and S.-Z.D. Competing interests: The authors declare that they have no 
competing interests. Data and materials availability: All data needed to evaluate the 
conclusions in the paper are present in the paper and/or the Supplementary Materials.  

Submitted 15 August 2022 
Accepted 7 March 2023 
Published 5 April 2023 
10.1126/sciadv.ade4110 

Sun et al., Sci. Adv. 9, eade4110 (2023) 5 April 2023                                                                                                                                                             16 of 16  

S C I E N C E  A D VA N C E S | R E S E A R C H  A R T I C L E  


	INTRODUCTION
	RESULTS
	Deficiency of hepatocyte MR improves cardiac function and decreases infarct scar size after acute or subacute MI in mice
	Deficiency of hepatocyte MR inhibits adverse cardiac remodeling after MI in mice
	FGF21 mediates the protection of hepatocyte MR deficiency on MI
	An MR-NCOR1-HDAC3 complex regulates Fgf21 expression in hepatocytes
	Spironolactone ameliorates adverse cardiac remodeling after MI through hepatic FGF21
	Hepatic IL-6 signaling suppresses MR expression and is crucial for cardioprotection after MI in mice
	STAT3 signaling in hepatocytes suppresses MR expression and improves cardioprotection after MI in mice

	DISCUSSION
	MATERIALS AND METHODS
	Mice
	Human samples
	MI mouse model
	Echocardiography analysis
	Histology and morphometric analysis
	Immunofluorescence staining
	Flow cytometry
	Enzyme-linked immunosorbent assay
	Quantitative RT-PCR
	Western blotting
	RNA-seq analysis
	Cell culture and treatment
	Plasmids and siRNA
	Luciferase reporter assay
	Co-IP and ChIP
	Statistical analysis

	Supplementary Materials
	This PDF file includes:

	REFERENCES AND NOTES
	Acknowledgments

