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Abstract 

Interleukin (IL)-22 regulates tissue inflammation and repair. Here we report participation of the liver in 
IL-22-mediated cardiac repair after acute myocardial infarction (MI).  
Methods: We induced experimental MI in mice by ligation of the left ascending artery and evaluated the effect 
of IL-22 on post-MI cardiac function and ventricular remodeling.  
Results: Daily subcutaneous injection of 100 µg/kg mouse recombinant IL-22 for seven days attenuated 
adverse ventricular remodeling and improved cardiac function in mice at 28 days after left anterior descending 
coronary artery ligation-induced MI. Pharmacological inhibition of signal transducer and activator of 
transcription (STAT3) muted these IL-22 activities. While cardiomyocyte-selective depletion of STAT3 did not 
affect IL-22 activities in protecting post-MI cardiac injury, hepatocyte-specific depletion of STAT3 fully muted 
these IL-22 cardioprotective activities. Hepatocyte-derived fibroblast growth factor (FGF21) was markedly 
increased in a STAT3-dependent manner following IL-22 administration and accounted for the 
cardioprotective benefit of IL-22. Microarray analyses revealed that FGF21 controlled the expression of 
cardiomyocyte genes that are involved in cholesterol homeostasis, DNA repair, peroxisome, oxidative 
phosphorylation, glycolysis, apoptosis, and steroid responses, all of which are responsible for cardiomyocyte 
survival.  
Conclusions: Supplementation of IL-22 in the first week after acute MI effectively prevented left ventricular 
dysfunction and heart failure. This activity of IL-22 involved crosstalk between the liver and heart after 
demonstrating a role of the hepatic STAT3-FGF21 axis in IL-22-induced post-MI cardiac protection. 
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Introduction 
In the past decades, advances in early 

reperfusion therapies have reduced mortality in 
patients with myocardial infarction (MI) [1]. However, 
post-MI heart failure remains a significant clinical 
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challenge for patients who survive MI. The 
pathogenesis of post-MI heart failure is associated 
with a chronic maladaptive process referred to as 
ventricular remodeling [2]. Despite the availability of 
multiple treatments to target ventricular remodeling, 
e.g., β-blockers and angiotensin-converting enzyme 
inhibitors, the incidence of post-MI heart failure has 
increased and led to a high mortality rate and poor life 
quality [3]. Therefore, the search for alternative 
management strategies targeting ventricular 
remodeling remains of major clinical importance. 

Interleukin (IL)-22, a member of the IL-10 
cytokine family, is an important regulator of 
inflammation and tissue repair and is produced 
mainly by innate lymphoid cells, CD4+ T cells, and 
natural killer cells [4]. IL-22 exerts its function by 
binding to IL-22 receptor 1 (IL-22R1) and IL-10R2 [5]. 
Of the two receptors, IL-10R2 shows ubiquitous 
expression, whereas IL-22R1 has selective expression 
and determines the IL-22 target cells. Accumulating 
evidence suggests that IL-22 protects tissue from 
damage and enhances tissue repair during the 
inflammatory process by activating signal transducer 
and activator of transcription (STAT3) [6-10]. At 
present, a phase 2, open-label study (NCT02655510) is 
being conducted to assess the efficacy and safety of a 
recombinant protein containing human IL-22 and 
immunoglobulin G2-Fc (F-652) in alcoholic hepatitis 
patients. Administration of IL-22 is associated with 
tissue protection and repair in murine models of liver 
[11] and kidney [12] ischemic injuries. The heart also 
expresses IL-22 R1 [13], yet the contribution of IL-22 to 
post-MI cardiac inflammation and repair remains 
unknown. 

Fibroblast growth factor (FGF21) belongs to the 
FGF superfamily and is expressed predominantly in 
the liver [14]. Early studies identified FGF21 as a 
hepatokine that is induced in response to stresses, 
such as cold exposure, starvation, and mitochondrial 
stress, and that regulates lipid, glucose, and energy 
metabolism [15-17]. More recent studies have 
indicated a role for FGF21 in cardiovascular stress and 
diseases. FGF21 knockout (KO) mice showed worse 
cardiac function with a hypertrophic stimulus, which 
could be ameliorated by treatment with FGF21 [18]. 
FGF21 administration significantly preserved cardiac 
function post-MI [19]. Here we report a protective role 
of IL-22 in post-MI cardiac injury via liver-derived 
FGF21 following hepatic STAT3 activation.  

Methods 
Animals 

Male C57BL/6J mice aged 8-10 weeks were 
purchased from Peking University (Beijing, China). 
Cardiac-specific STAT3 KO mice (αMHC- 

MerCreMer/STAT3flox/flox) were generated by 
breeding STAT3flox/flox mice (from Jackson Laboratory, 
USA) with αMHC-MerCreMer mice (from Dr. 
Hongliang Li, Renmin Hospital of Wuhan University, 
China). To induce Cre-mediated recombination, 
αMHC-MerCreMer mice or αMHC-MerCreMer/ 
STAT3flox/flox mice were intraperitoneally injected 
with 20 mg/kg tamoxifen (Sigma, USA) daily for 5 
consecutive days. Liver-specific STAT3 KO mice 
(ALB-Cre/STAT3flox/flox) were provided by Dr. 
Zhexiong Lian, University of Science and Technology 
of China, China. Liver-specific FGF21 KO 
(ALB-Cre/FGF21flox/flox) mice were obtained from Dr. 
Aimin Xu, University of Hong Kong, China. All 
genetically engineered mice were on a C57BL/6J 
background. All animal studies were conducted 
according to the criteria outlined in the “Guide for the 
Care and Use of Laboratory Animals” prepared by the 
National Academy of Sciences and published by the 
National Institute of Health (NIH publication 86-23 
revised 1985) and approved by the Animal Care and 
Utilization Committee of Huazhong University of 
Science and Technology, China. 

MI and study design 
MI was produced by ligating the left anterior 

descending coronary artery as described previously 
[20]. In brief, after anesthesia with ketamine (75 
mg/kg) and medetomidine (1 mg/kg), mice were 
intubated and ventilated on a rodent respirator. 
Parasternal thoracotomy was performed and the left 
anterior descending coronary artery was visualized 
and ligated at a level approximately 3 mm from its 
origin using an 8-0 silk suture. Mice in the sham 
group underwent the same procedure except for the 
coronary artery ligation. All the operations in this 
study were performed by an experienced and skilled 
surgeon who was blinded to the experimental groups. 
Recombinant mouse IL-22 (derived from Escherichia 
coli, purity> 95% by SDS-PAGE and endotoxin level 
<1.09 EU/mg), provided by Generon (Shanghai, 
China) Corporation Ltd. [21], was dissolved in 1% 
mouse serum in phosphate-buffered saline (PBS) or 
an equal volume of 1% serum in PBS and injected 
subcutaneously daily for 7 days at a dose of 100 
μg/kg immediately after the operation. In the STAT3 
inhibitor experiment, the STAT3 inhibitor S3I-201 
(Merck, Germany) was administered intraperitoneally 
at a dose of 5 mg/kg every 2 days from 1day prior to 
the coronary artery ligation until 6 days after the 
ligation [22]. 

Echocardiographic and hemodynamic analysis  
Transthoracic echocardiography was performed 

using a Vevo 2100 high-resolution microimaging 
system (VisualSonics, Canada) on lightly sedated 
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mice (with 2% isoflurane) before the operation and at 
day 28 post-MI. Two-dimensional echocardiographic 
views of the mid-ventricular short axis and 
parasternal long axis were obtained for guided 
M-mode measurements of the left ventricular 
end-diastolic diameter (LVEDD), left ventricular 
end-systolic diameter (LVESD), fractional shortening 
(FS) and ejection fraction (EF). Echocardiographic 
acquisition and analysis were performed by a 
technician who was blinded to the treatment groups. 
For hemodynamic measurements, a 1.4 French 
micromanometer-tipped catheter (SPR-671, Millar 
Instruments, USA) was inserted into the right carotid 
artery and then advanced into the LV. Left ventricular 
end-diastolic pressure (LVEDP) was measured, and 
the maximal (LV +dp/dtmax.) and minimal (LV 
-dp/dtmin.) first derivative of the LV pressure rise and 
fall were calculated.  

Statistics 
Data are expressed as the mean ± SEM. 

Differences were evaluated using unpaired Student’s 
t-test or chi-square test between two groups and 
one-way ANOVA followed by a post hoc 
Student-Newman-Keuls test for multiple 
comparisons. All analyses were performed using SPSS 
13.0, and p<0.05 was considered statistically 
significant.  

Additional methods 
Detailed methods are provided in 

Supplementary Material. 

Results  
Recombinant IL-22 improves post-MI survival 
and cardiac function  

We first examined the expression of the IL-22 
receptors IL-22R1 and IL-10R2 in different tissues. 
RT-PCR and immunoblot analysis showed low levels 
of both receptors in mouse hearts and aortas, but high 
levels of IL-22R1 and IL-10R2 in mouse livers (Figure 
S1A-C). Further evaluation of heart resident cells 
showed expression of IL-22R1 and IL-10R2 in 
hepatocytes but negligible expression in 
cardiomyocytes, cardiac fibroblasts, endothelial cells, 
and lymphocytes (Figure S1D-G). To directly 
evaluate the role of IL-22 in ventricular remodeling, 
we gave a subcutaneous injection of recombinant 
IL-22 (100 μg‧kg-1‧d-1) or saline to wild type (WT) mice 
immediately after MI production for 7 consecutive 
days. Cardiac function was assessed by 
echocardiography and cardiac catheterization at 28 
days post-MI. Injection of IL-22 significantly increased 
the plasma IL-22 levels, reaching a peak concentration 
of 6545.84±1277.90 pg/mL at 1 h and returning to the 
baseline at 12 h after administration (Figure S2). 
Seven days of injection of IL-22 resulted in a 
significant improvement in post-MI survival (Figure 
1A). And, recombinant IL-22 improved post-MI 
cardiac function, as evidenced by decreased LVEDD, 
LVESD, and LVEDP and increased FS, EF, 
+dp/dtmax and -dp/dtmin in IL-22-treated mice 
compared with those in the saline-treated control 
mice (Figure 1B-I and Table S1).  

 

 
Figure 1. IL-22 protects mice from post-MI cardiac injury. (A) Survival curves of sham mice (n=12), MI mice (n=85), saline-treated MI mice (n=62), and IL-22-treated MI 
mice (n=50) groups at 28 days after operation. (B) Representative M-mode echocardiographic images at 28 days after operation. (C-I) Quantification of LVEDD, LVESD, FS and 
EF by echocardiography, and LVEDP, dp/dtmax, and dp/dtmin by hemodynamic analysis at 28 days after operation. n=10-15 per group. #p<0.05 by log-rank (Mantel-Cox) test in 
(A) and*p<0.05 vs. Sham group and #p<0.05 vs. MI+Saline group by one-way ANOVA in (C-I). 
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Figure 2. IL-22 decreases post-MI infarct size and fibrosis and promotes post-MI neovascularization. (A) Representative images of Masson’s trichrome-stained 
heart sections (scale: 2000 μm) and (B) quantification of infarct size at 28 days post-MI. n=8-10 per group. (C) Representative images of Masson’s trichrome-stained heart 
sections (scale: 100 μm) at 28 days post-MI and (D) quantification of interstitial fibrosis by collagen volume fraction per high-magnification view. n=8-10 per group. (E) 
Representative immunostaining of CD31+ cells in the peri-infarct zone (scale:100 μm) on heart sections at 3 days post-MI and (F) the calculated CD31+ cell number per 
high-magnification view. n=8 per group. *p<0.05 vs. MI+Saline group by one-way ANOVA. 

 
After demonstrating the cardiac protection of 

IL-22 against MI, we assessed IL-22 activities in 
cardiac necrosis, fibrosis, neovascularization, and 
inflammatory cell profiles in ventricular remodeling. 
Heart infarct size and interstitial fibrosis were 
determined at 28 days post-MI by Masson’s trichrome 
staining. Interstitial fibrosis was analyzed as the 
collagen volume fraction in the border zone. Border 
zone neovascularization was evaluated by CD31 
staining at 3 days post-MI. Infarct size (Figure 2A-B) 
and collagen volume fraction (Figure 2C-D) 

decreased significantly in IL-22-treated mice 
compared with saline-treated control mice. We 
detected a marked increase in the number of 
CD31-positive capillaries in IL-22-treated mice 
(Figure 2E-F). Flow cytometry was used to analyze 
the impact of IL-22 administration on the infiltration 
of leukocytes in the heart at 3 and 7 days post-MI. 
Figure 3A shows the identification of leukocytes as 
CD45-positive cells and the definition of different 
leukocyte populations by their specific surface 
markers. IL-22 inhibited the infiltration of total 
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leukocytes, neutrophils, monocytes/macrophages, 
natural killer cells, γδ T cells, and B cells while 
promoting the infiltration of αβ T cells (Figure 3B-H). 
Previous studies have reported that decreased 
accumulation of monocytes/macrophages [23], 
neutrophils [24], γδT cells [25] and B cells [26] in the 
infarcted heart was associated with improved cardiac 

dysfunction post-MI, while a deficiency of CD4+ T 
cells [27], which accounted for the majority of αβT 
cells in the infarcted heart, was associated with a 
worse outcome post-MI. Therefore, the altered 
accumulation of leukocytes after IL-22 treatment may 
be associated with improved post-MI cardiac function 
in IL-22-treated mice. 

 
 

 
Figure 3. IL-22 inhibits post-MI cardiac inflammation. (A) Gating strategy for infiltrated CD45+ total leukocytes, CD45+CD11b+F4/80+ macrophages, 
CD45+CD11b+Ly6G+ neutrophils, CD45+CD11b-CD3+γδTCR- αβT cells, CD45+CD11b-CD3+ γδ TCR+ γδT cells, CD45+CD11b-NKp46+ natural killer (NK) cells, and 
CD45+CD11b-CD19+ B cells in the heart. (B-H) Quantification of the absolute numbers of different infiltrated inflammatory cells per gram of heart. n=5 per group. *p<0.05 vs 
Sham group and #p<0.05 vs. MI+Saline group by one-way ANOVA. 
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Figure 4. IL-22 protects mice post-MI cardiac injury via STAT3 activation. (A) Representative M-mode echocardiographic images at 28 days after operation. (B-E) 
Analysis of LVEDD, LVESD, FS and EF by echocardiography at 28 days after operation. n=8-10 per group. (F-H) Quantification of LVEDP, dp/dtmax, and dp/dtmin by 
hemodynamic analysis at 28 days after operation. n=8 per group. *p<0.05 vs Sham group and #p<0.05 vs. MI+Saline group by one-way ANOVA. 

 

IL-22 protects the heart against MI via hepatic 
but not cardiac STAT3 activation  

The functional link between IL-22 and STAT3 
activation is known in liver injury and intestinal 
inflammation [6-10]. It is possible that IL-22-mediated 
post-MI cardiac injury protection also involved 
STAT3 activation. We tested this hypothesis by giving 
MI mice a STAT3 inhibitor S3I-201 [28]. We first 
confirmed that S3I-201 effectively inhibited 
phosphorylation of STAT3 in vivo (Figure S3). S3I-201 
led to cardiac function deterioration and diminished 
the IL-22 post-MI cardioprotective activities (Figure 
4A-H and Table S2). However, when attempting to 
explore how IL-22 modulated post-MI cardiac STAT3 
activation and to identify its target cells in the heart, 
we could not detect cardiac STAT3 activation in vivo 
in IL-22-treated mice (Figure 5A). Similarly, we were 
unable to observe STAT3 activation in either 
cardiomyocytes or cardiac fibroblasts after they were 
subjected to in vitro IL-22 treatment (Figure 5B). To 
identify the possible intrinsic links between cardiac 
STAT3 activation and IL-22-mediated post-MI 
cardioprotection, we generated cardiac-specific 
STAT3 KO mice by breeding α-MHC-MerCreMer 
mice with STAT3flox/flox mice. Consistent with prior 
studies [29], cardiac-specific STAT3 ablation 
exacerbated post-MI cardiac dysfunction. However, 

IL-22 administration retained its activity in improving 
post-MI cardiac function in cardiac-specific STAT3 
KO mice (Figure 5C, Figure S4 and Table S3), as in 
WT control mice (Figure 1B-I), suggesting that cardiac 
STAT3 activation was not required for IL-22-mediated 
post-MI cardioprotection. 

IL-22 is known to induce prominent hepatic 
STAT3 activation [30]. We assessed changes in hepatic 
STAT3 activation in IL-22-treated mice after MI. IL-22 
induced rapid and transient hepatic STAT3 activation 
in mice with MI in vivo, reaching maximum activation 
within 30 min after IL-22 administration and 
returning to the baseline in 3 h (Figure 5D). 
Furthermore, IL-22 treatment induced STAT3 
activation in primary cultured hepatocytes (Figure 
5E). To examine the role of hepatic STAT3 activation 
in IL-22-mediated cardiac protection, we generated 
liver-specific STAT3 KO mice by breeding ALB-Cre 
mice with STAT3flox/flox mice. Unexpectedly, 
liver-specific STAT3 deletion exacerbated cardiac 
dysfunction and abolished the protective effects of 
IL-22 on cardiac function post-MI (Figure 5F, Figure 
S5 and Table S4). These in vitro and in vivo 
observations suggest that hepatic but not cardiac 
STAT3 activation is essential for the beneficial effect of 
IL-22 on post-MI cardiac function.  
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Figure 5. The cardioprotective effect of IL-22 depends on hepatic STAT3 activation. (A) Quantification of STAT3 phosphorylation in the heart at different time 
points post-MI by ELISA. n=5 per group. (B) Representative western blot images of STAT3 phosphorylation in cardiomyocytes and cardiac fibroblasts treated with IL-22 at 
different time points. (C) Analysis of LVEDD, LVESD, FS and EF by echocardiography at 28 days post-MI. n=8 per group. (D) Quantification of STAT3 phosphorylation in the liver 
at different time points post-MI by ELISA. n=5 per group. (E) Representative western blot images of STAT3 phosphorylation in IL-22- stimulated primary hepatocytes at different 
time points. (F) Analysis of LVEDD, LVESD, FS and EF by echocardiography at 28 days post-MI. n=8 per group. *p<0.05 by unpaired t test in (D) and by one-way ANOVA in (C, 
F). 

 

IL-22 protects post-MI cardiac dysfunction via 
liver-derived FGF21  

The role of IL-22 in liver-specific STAT3 
activation (Figure 5E-F) inspired us to identify the 
molecules from hepatic STAT3 activation that mediate 
the cardioprotective effects of IL-22. We compared the 
liver expression levels between IL-22-treated and 
control mice of ten common genes that are regulated 
by IL-22 [31] or are cardioprotective [32], namely, 
alpha-1-acid glycoprotein-2 (AGP2), AGP3, C-X-C 
ligand-13 (CXCL13), FGF21, trefoil factor-3 (TFF3), 
lipopolysaccharide binding protein (LBP), 
neuregulin-4 (NRG4), proteoglycan-4 (PRG4), BMP 
binding endothelial regulator (BMPER), and serum 
amyloid A-2 (SAA2). Of the ten genes, only the 
mRNA levels of FGF21 and AGP2 were elevated 
significantly at 6-12 h after IL-22 treatment (Figure 
S6). Immunoblot analysis examined the protein levels 
of FGF21 and AGP2 in livers from mice at 12 h 

post-MI. MI increased liver FGF21 protein levels, and 
IL-22 further increased liver FGF21 expression. These 
increases were more robust than those of AGP2 
(Figure 6A). Plasma FGF21 levels were also markedly 
elevated in mice at 12 h post-MI. IL-22 administration 
further increased plasma FGF21 levels at 12 and 24 h 
post-MI (Figure 6B). FGF21 is also inducible in many 
organs, such as white and brown adipose tissue, 
pancreas, skeletal muscle, heart and kidney [33]. 
However, RT-PCR did not detect an effect of IL-22 on 
FGF21 expression in the heart, pancreas, kidney, 
brown adipose tissue, white adipose tissue, or skeletal 
muscle (Figure S7). 

The absences of IL-22 cardioprotection in 
liver-selective STAT3 KO mice (Figure 5F), 
IL-22-induced STAT3 activation in the liver and 
hepatocytes (Figure 5D-E), and IL-22-induced liver 
FGF21 expression (Figure S6 and Figure 6A) all 
suggest a role of IL-22 in inducing liver FGF21 
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expression via STAT3 activation. We tested this 
hypothesis by showing that IL-22 activity in inducing 
plasma FGF21 levels was blunted in mice with 
liver-specific STAT3 ablation (Figure 6C). In cultured 
mouse hepatocytes, immunoblot analysis demonstra-
ted that IL-22 activated STAT1, STAT3, and ERK1/2 
(Figure S8A). However, FGF21 secretion was blocked 
by only the STAT3 inhibitor S3I-201, not the STAT1 
inhibitor fludarabine or the ERK inhibitor PD98059 
(Figure S8B). 

To test the role of liver-derived FGF21 in 
IL-22-mediated post-MI cardioprotection, we 
generated liver-specific FGF21 KO mice by breeding 
ALB-Cre mice with FGF21flox/flox mice. Plasma FGF21 

levels decreased in liver-specific FGF21 KO mice 
(Figure S9), and these mice showed poorer cardiac 
function than control mice (Figure 6D). 
Administration of IL-22 improved cardiac function in 
these liver-specific FGF21 KO mice, but these 
improvements were much weaker than those in 
IL-22-treated FGF21flox/flox control mice (Figure 6D, 
Figure S10 and Table S5). These observations suggest 
the following: liver FGF21 played a cardioprotective 
role, as previously found [32], because ALB-Cre/ 
FGF21flox/flox mice showed impaired cardiac function; 
IL-22 protected post-MI cardiac dysfunction via 
liver-specific FGF21 because the cardiac function in 
IL-22-treated ALB-Cre/FGF21flox/flox mice did not 

 

 
Figure 6. IL-22 promotes liver FGF21 production to protect mice from post-MI cardiac injury. (A) Representative western blot images of FGF21 and AGP2 
protein in the liver at 12 hours post-MI. (B) ELISA-determined plasma FGF21 levels in sham, saline-treated, and IL-22-treated mice at 12 h and 24 h post-MI. (C) Comparison 
of plasma FGF21 levels by ELISA between WT and ALB-Cre/STAT3flox/flox mice in basal condition or at 12 h post-MI treated with saline or IL-22. n=5-10 per group. (D) Analysis 
of LVEDD, LVESD, FS and EF by echocardiography at 28 days post-MI. n=8-12 per group. (E) Representative western blot images of FGFR1, FGFR2, FGFR3, FGFR4 and β-klotho 
in cardiomyocytes (left panels) and representative coimmunoprecipitation images of FGFR1 and tyrosine phosphorylation in cardiomyocytes stimulated with FGF21 for 20 min 
(right panels). (F) Heat map of genes involved in lipid biosynthesis and differentially regulated by FGF21 in hypoxic cardiomyocytes. Red represents upregulation and blue 
represents downregulation. (G) GO analysis of biological processes that are enriched in FGF21-treated cardiomyocytes. *p<0.05 by unpaired t-test in (B-C) and by one-way 
ANOVA in (D). 
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reach the same level as that in IL-22-treated 
FGF21flox/flox control mice; and, FGF21 was not the 
only contributor to the cardioprotective effects of 
IL-22, because IL-22 administration did not 
completely lose its cardioprotective activity in 
liver-specific FGF21 KO mice. Therefore, IL-22 must 
also have a liver FGF21-independent cardioprotective 
function, which is a hypothesis that merits further 
investigation. To determine whether FGF21 acted 
directly on the heart, we performed immunoblot 
analysis and found that cardiomyocytes expressed all 
FGF21 receptors, including FGFR1, FGFR2, FGFR3, 
FGFR4, and its coreceptor β-klotho. Coimmuno-
precipitation revealed FGFR1 activation (tyrosine 
phosphorylation) in FGF21-treated cardiomyocytes 
(Figure 6E), suggesting that FGFR1 is a functional 
receptor of FGF21 in cardiomyocytes.  

FGF21 changes the expression of genes 
responsible for cardiomyocyte survival 

To further explore the cardioprotective role of 
FGF21, we treated mouse cardiomyocytes with and 
without FGF21 under normoxic or hypoxic conditions 
to mimic those of MI injury. The majority of genes 
regulated by FGF21 in hypoxic cardiomyocytes were 
those involved in lipid metabolism, which were 
inhibited under hypoxic conditions (Figure 6F). In 
addition, FGF21 changed the expression of genes 
related to several other aspects of hypoxic 
cardiomyocytes, including ion homeostasis and cell 
proliferation and apoptosis (Table S6). Gene ontology 
(GO) analysis demonstrated that the top 10 ranked 
FGF21-controlled biological processes were mostly 
related to lipid biosynthesis and metabolism (Figure 
6G). To gain more insights into the pathobiological 
significance of our findings, we performed gene set 
enrichment analysis (GSEA) to evaluate the data at 
the level of gene sets [34]. We found that hypoxic 
cardiomyocytes treated with FGF21 are enriched in 
gene sets pertaining to cholesterol homeostasis, DNA 
repair, peroxisome, oxidative phosphorylation, 
glycolysis, apoptosis, and steroid responses (Table 
S7). Microarray data were verified by RT-PCR on 
select genes with known functions that are listed in 
Table S6. RT-PCR validated the upregulation of genes 
involved in cholesterol synthesis (Acly, Lss, and Sqle) 
and cholesterol transport (Stard4 and Ldlr). In 
addition, the upregulation of Dhcr24, which has been 
shown to catalyze the reduction of the delta-24 double 
bond of sterol intermediates during cholesterol 
biosynthesis and to be antiapoptotic via interaction 
with p53 [35], was found. The down-regulation of 
Kcne3, which is linked to potassium channel activity, 
was also observed. Intrigued by our finding that 
FGF21-regulated genes are related to several 

biological processes (Figure S11A), we asked whether 
FGF21 affects cardiomyocyte survival under hypoxic 
conditions. We found that FGF21 reduced caspase-3 
activity in hypoxic cardiomyocytes (Figure S11B), 
demonstrating that FGF21 can inhibit apoptosis. 

Discussion  
This study established a post-MI 

cardioprotective role of IL-22 via hepatic STAT3 
activation and FGF21 secretion independent of 
cardiac STAT3 activation. We used cardiac-specific 
STAT3 KO, liver-specific STAT3 KO, and 
liver-specific FGF21 KO mice to confirm these 
unexpected observations. Mechanistic studies 
disproved a direct role of IL-22 in cardiac resident 
cells, likely due to their low expression of IL-22 
receptors, but established an indirect role of IL-22 in 
cardiomyocytes via hepatic FGF21 on the expression 
of cholesterol homeostasis, DNA repair, peroxisome, 
oxidative phosphorylation, glycolysis, apoptosis, and 
steroid responses genes that are essential to 
cardiomyocyte survival. 

Clinical studies have reported an association 
between liver dysfunction and heart failure in 
humans, but the underlying mechanisms have never 
been understood. Patients with cirrhosis, a condition 
with impaired liver function, are at high risk for heart 
failure characterized by impaired systolic/diastolic 
function and electrophysiological abnormalities, 
termed “cirrhotic cardiomyopathy” [36]. A post hoc 
analysis of the EVEREST (Efficacy of Vasopressin 
Antagonism in Heart Failure Outcome Study with 
Tolvaptan) trial indicates that markers of liver 
dysfunction, including lower albumin and higher 
bilirubin in heart failure patients, are associated with 
poor prognosis [37]. Recent studies suggested that the 
liver plays a cardioprotective role in the experimental 
model of MI by secreting undefined protective 
proteins, indicating a new mechanism of protection 
by liver-derived hepatokines in heart failure [38]. The 
roles of the STAT3 signaling pathway in liver 
pathophysiology have been extensively investigated 
[39]. However, this study reported a novel role of 
hepatic STAT3 as a protective signaling pathway for 
the heart, a remote organ, in an endocrine manner 
post-MI. Of note, hepatic STAT3 ablation lead to 
aggravated cardiac dysfunction post-MI, but hepatic 
STAT3 was not activated in the post-MI setting 
(Figure 5D), suggesting that STAT3 is required for 
driving hepatic expression of proteins with 
cardioprotective activities in basal condition. 
Therefore, future secretome analysis of hepatocytes 
from liver-specific STAT3 KO mice may help identify 
additional targets from the STAT3 pathway for 
sustained cardiac protection.  
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Prior studies demonstrated increased levels of 
FGF21 in the circulation, liver, adipose tissue, and 
heart after MI [19, 32, 38 and 40]. We also detected 
higher plasma FGF21 in MI mice than in sham mice. 
However, systemic FGF21 deficiency [38] or 
liver-specific FGF21 deficiency from our study lead to 
the deterioration of post-MI cardiac function. Overall, 
we could speculate that endogenous FGF21 serves as 
an important cardio-protective mechanism in the MI 
setting. Furthermore, data from our study suggest 
that IL-22, as a therapeutic cytokine, further 
strengthens hepatic FGF21 production to protect the 
heart against MI. The regulation of hepatic FGF21 has 
been reported to be associated with several signaling 
pathways, including peroxisome proliferator- 
activated receptor (PPAR) α, PPARγ, activating 
transcription factor 4, cAMP-responsive element- 
binding protein H, farnesoid X receptor and liver X 
receptor under various conditions [41]. Our data 
suggest that hepatic STAT3 is indispensable for the 
induction of FGF21 following IL-22 administration.  

Previous studies in vitro have reported beneficial 
effects of FGF21 in cardiomyocytes by promoting 
energy supply and inhibiting oxidative stress and 
inflammation [42], all of which are crucial for cell 
survival. Our data demonstrated a beneficial effect of 
FGF21 on cardiomyocyte survival by inhibiting 
apoptosis under hypoxic conditions. Of note, our gene 
microarray and RT-PCR validation data suggest that 
FGF21 mainly upregulates several genes coding the 
key enzymes in cholesterol biosynthesis, including 
Acly (which catalyzes the formation of acetyl-CoA), 
Sqle (which catalyzes the conversion of farnesyl-PP to 
squalene), Lss (which catalyzes the conversion of 
(S)-2, 3-oxidosqualene to lanosterol), and Dhcr24 
(which catalyzes the reduction of the delta-24 double 
bond of sterol intermediates). It is widely accepted 
that hypoxic cardiomyocytes switch substrate 
utilization from fatty acids to glucose and 
downregulate lipid biosynthesis under hypoxic 
conditions to produce more energy with less oxygen 
consumption, and suppress energy consumption [43]. 
In line with this notion, we observed that the 
expression of genes involved in lipid metabolism 
decreased, while the expression of genes involved in 
glucose metabolism increased in hypoxic 
cardiomyocytes (Figure S12). On the other hand, we 
know that cholesterol itself and several intermediate 
metabolites in the biosynthesis of cholesterol are 
crucial for cell survival. Reducing intracellular 
cholesterol made cardiomyocytes susceptible to 
anoxia-induced damage [44]. As intermediate 
metabolites in the biosynthesis of cholesterol, 
squalene has been found to protect against oxidative 
DNA damage and apoptosis [45, 46]; elevated cellular 

lanosterol has been linked to decreased cell apoptosis 
under intermittent hypoxia conditions [47]. In 
summary, although the adaptive shift from lipid 
metabolism to glucose metabolism helps overcome 
the energy crisis, disturbed lipid metabolism can be 
deleterious to the ischemic heart. The disturbed 
cholesterol synthesis in hypoxic cardiomyocytes, 
which was partially restored by FGF21 treatment, 
may be related to the beneficial effect of FGF21 during 
myocardial ischemia.  

In conclusion, our findings presented a concept 
of inter-organ communication between the heart and 
the liver as an adaptive response to cardiac ischemic 
stress post-MI, and suggested a new perspective on 
the therapeutic potential of IL-22 and the hepatic 
STAT3-FGF21 axis in the setting of acute post-MI.  
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Supplementary materials and methods, figures and 
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