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Adipocyte-derived chemerin rescues
lipid overload-induced cardiac dysfunction

Ruimin Liu,1,2,4 Yinying Han,2,4 Chenglong Huang,3 Mengqian Hou,2 Rui Cheng,2 Shujin Wang,2,* Xi Li,2,*

and Jie Tian1,5,*

SUMMARY

Chemerin, an adipocyte-secreted protein, has been recently suggested to be
linked tometabolic syndrome and cardiac function in obese and diabetesmellitus.
This study aimed to investigate the potential roles of adipokine chemerin on high
fat-induced cardiac dysfunction. Chemerin (Rarres2) knockout mice, which were
fed with either a normal diet or a high-fat diet for 20 weeks, were employed to
observe whether adipokine chemerin affected lipid metabolism, inflammation,
and cardiac function. Firstly, we found normal metabolic substrate inflexibility
and cardiac function in Rarres2�/� mice with a normal diet. Notably, in a high-
fat diet, Rarres2�/� mice showed lipotoxicity, insulin resistance, and inflamma-
tion, thus causing metabolic substrate inflexibility and cardiac dysfunction.
Furthermore, by using in vitromodel of lipid-overload cardiomyocytes, we found
chemerin supplementation reversed the lipid-induced abnormalities above. Here-
in, in the presence of obesity, adipocyte-derived chemerin might function as an
endogenous cardioprotective factor against obese-related cardiomyopathy.

INTRODUCTION

Obesity, a worldwide health problem, contributes to lipotoxicity, insulin resistance, and inflammation, all

leading to the development of cardiac dysfunction.1 Obesity-related cardiomyopathy is mainly caused

by lipid accumulation in the heart.2–4 Moreover, this increased lipid accumulation further causes cardiac

dysfunction, such as left ventricular hypertrophy, cardiomyocyte stiffness, and reactive interstitial fibrosis.5

Growing evidence has recently depicted the detrimental effects of dysfunctional adipose tissues on lipo-

toxicity, insulin resistance, inflammation, and energy substrate utilization in the heart.6–8 In obesity, adipose

tissue-derived factors (or adipocytokines), including adiponectin, leptin, resistin, chemerin, interleukins, tu-

mor necrosis factor alpha (TNF-a), and other inflammatory mediators, change remarkably.9 Notably, adi-

pocytokines, particularly chemerin, have been suggested to be involved in developing cardiac remodeling

in both obese and diabetes via an autocrine, paracrine, or endocrine fashion.10,11 Accordingly, this raises

the possibility that intervention adipokine might be a novel potential treatment approach for obesity-

related cardiomyopathy.

Adipokine chemerin is mainly secreted by adipose tissues and the liver. In obesity, adipose tissues produce

the most adipokine chemerin in the serum. Chemerin is secreted as a precursor (chem163S) that requires

activation extracellularly by proteolytic cleavage.12,13 In adipocytes, chemerin and its primary receptor,

chemokine-like receptor 1 (CMKLR1), are necessary for adipogenesis.14 Recently, few studies established

that the role of the chemerin/chemR23 axis in inflammation is controversial and seems to have both pro-

inflammatory and anti-inflammatory properties.15,16 Of note, an increase in circulating levels of adipokine

chemerin in obesity leads to a chronic low-grade inflammatory state that has recently been linked to the

development of cardiovascular disease.17–19 Consistent with this, a negative correlation exists between

serum chemerin levels and follow-up time in patients with cardiovascular disease.18,20,21 Also, chemerin

was recently regarded as a biomarker for heart failure.22,23 With respect to this, little is known about the

role of chemerin in the pathogenesis of obesity-related cardiomyopathy. It would be exciting to investigate

the potential effects of adipokine chemerin on obesity-related cardiomyopathy.

In this investigation, we found that an increase of serum chemerin in HFD mice, which is mainly released in

adipose tissues, induced CMKLR1 to express its primary receptor. This early occurrence may protect

against cardiomyopathy brought on by obesity. Chemerin knockout mice were created to confirm this
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Figure 1. Increased serum chemerin was associated with insulin resistance and cardiac dysfunction in HFD mice

WT mice were subjected to normal diet (ND) or high-fat diet (HFD) feeding for 20 weeks.

(A) Body weight of ND and HFD mice n = 6.

(B and C) Glucose tolerance tests (GTTs) and insulin tolerance tests (ITTs) were performed in ND and HFDWT mice. *p < 0.05, **p < 0.01, HFD vs. ND n = 6.
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notion. When they were fed a high-fat diet, it was shown that the Rarres2 knock further generated lipotox-

icity, which caused inflammation, glucose/insulin resistance, and cardiac dysfunction. Nevertheless, these

abnormalities above were not observed in Rarres2�/�mice under normal-diet feeding. Furthermore, using

lipid-overloaded cardiomyocytes, we observed that chemerin supplementation lowered lipid accumula-

tion, insulin resistance, and inflammation. Next, knocking down the CMKLR1 gene could abolish these

protective effects of chemerin in lipid-overloaded cardiomyocytes. Herein, our data demonstrate that

adipocyte-derived chemerin functions as a critical protective regulator of cardiac function in the obese/

or pre-diabetic heart.

RESULTS

Adipocyte-derived chemerin is involved in amending obesity-related cardiomyopathy

We first confirmed that, in comparison to other tissues (such as skeletal muscle, the heart, and the liver) of

mice receiving high-fat diets, chemerin was highly expressed in adipose tissue, which includes both sub-

cutaneous fat (SAT) and visceral fat (VAT). This is because chemerin is primarily produced by adipose tissue

(Figure S1A). Intriguingly, skeletal muscle and heart muscle both generated large amounts of chemerin’s

primary receptor (CMKLR1) despite adipose tissue having modest levels of expression (Figures S1A and

S1B). It implies that the heart may be one of the organs that adipokine chemerin targets.

Next, we looked into whether elevated serum chemerin in mice receiving high-fat diets affected lipid accu-

mulation, insulin sensitivity, and heart function (Figure 1). As anticipated, HFD mice had considerably

higher serum chemerin levels and expression of chemerin/its receptor (CMKLR1) when compared to ND

mice (Figures 1D and 1E). A higher body weight (Figure 1A), impaired GTT/ITT (Figures 1B and 1C), exces-

sive lipid buildup (Oil red O staining) (Figure 1F), and heart hypertrophy (HE/WGA staining) were also asso-

ciated with this elevated chemerin (Figure 1F). Furthermore, by using the echocardiography analysis for

mice (Figures 1H-1L), we also observed that high-fat feeding resulted in cardiac dysfunction, such as

decreased ejection fraction (EF) and fractional shortening (FS), increased diastolic left ventricular internal

dimension (LVID; D). These data obtained together demonstrate that adipokine chemerin is potentially

involved in amending obesity-related cardiomyopathy.

Chemerin deficiency does not cause obesity-related cardiomyopathy in healthy mice

To address the hypothesis above, chemerin knockout (Rarres2�/�) mice were employed in this study. First,

there was no significant difference in body weight in Rarres2�/�mice andWT littermates under normal-diet

feeding for 20 weeks (Figure 2A). It did not lead to an impairment of GTT/ITT (Figures 2B and 2C). The fast-

ing serum levels of NEFA and TG in Rarres2�/� mice were similar to WT littermate mice, while TC, HDL-c,

and No-HDL-c in Rarres2�/� mice are higher than WT littermate. (Figures 2D-2H). Also, there were no dif-

ferences in lipid accumulation (Oil red O staining), cardiac hypertrophy (HE/WGA staining) (Figure 2I), and

cardiac function (e.g., EF, FS, LVIDD, IVRT, and E/A) between WT littermate mice and Rarres2�/� mice

(Figures 2K–2O).

Chemerin deficiency contributes to obesity-related cardiomyopathy in obese mice

On the contrary, under high-fat diet feeding for 20 weeks, Rarres2�/� mice resulted in fast-growing body

weight and impairments of GTT/ITT (Figures 3A–3C), excessive lipid accumulation (Oil red O staining) (Fig-

ure 3D), cardiac hypertrophy (HE/WGA staining). Furthermore, we discovered that Rarres2�/� mice were

more susceptible to heart dysfunction than their littermates (such as decreased ejection fraction and frac-

tional shortening, increased diastolic left ventricular internal dimension, and decreased E/A ratio) when fed

a high-fat diet (Figures 3F–3J). According to the findings above, obesity-related cardiomyopathy is asso-

ciated with the loss of adipokine chemerin in obese mice.

Figure 1. Continued

(D) The levels of serum chemerin in both ND and HFD mice n = 6.

(E) Western blots and its quantification of chemerin and its main receptor (CMKLR1) in the heart. The HSP90 was used as a loading control (n = 3). *p < 0.05,

**p < 0.01, HFD vs. ND.

(F) Representative cross-sections of the heart that were stained with Hematoxylin and Eosin (H&E), Wheat Germ Agglutinin (WGA), and Oil red O (ORO), and

the quantification of cardiomyocyte sizes with WGA staining. ****p < 0.0001, HFD vs. ND, n = 6, scale bar = 50mm.

(G) Representative systolic and diastolic echocardiography images of ND and HFD mice.

(H–L) E/A ratio, isovolumic relaxation time (IVRT), fractional shortening (FS), Left ventricular ejection fraction (LVEF), diastolic left ventricular internal

dimension (LVID; D) were measured by echocardiography. *p < 0.05, **p < 0.01, HFD vs. ND, n = 6.
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Chemerin deficiency increases myocardial inflammation in obese mice

Given that obesity-related cardiomyopathy was accompanied by an evoked inflammation in the heart, we

further analyzed whether chemerin deficiency increases myocardial inflammation in HFD mice. First, we

found that the expression of serum chemerin in Rarres2�/� was significantly lowered when compared

with Littermate WT mice (Figure 4A). Next, mRNA expressions of pro-inflammatory cytokines (e.g.,

TNF-a, IFN-g. IL-1b, and IL-6) were significantly increased in Rarres2 knockout mice compared with those

of WT mice (Figure 4B). Being consistent with this, the expression of inflammatory-related proteins (e.g.,

phosphorylation of p65 NF-kB and p38 MAPK) were also remarkably upregulated with chemerin deficiency

(Figure 4C).

Chemerin deficiency accelerates cardiac metabolic dysfunction in HFD mice

Using indirect calorimetric measurement, the whole energy expenditure of both littermate and Rarres2�/�

mice was investigated in this study. Under high-fat diet feeding, there was no significant difference in O2

production (Figure 5A) and CO2 production (Figure 5B) during the light/dark phase between WT and

Rarres2�/� mice. Notably, when compared with WT mice, a lower respiratory exchange ratio (RER) was

observed in Rarres2�/�mice (Figure 5C). Also, after food ingestion during the dark phase, an increasement

in locomotor activity was observed in Rarres2�/� mice after food ingestion during the dark phase (Fig-

ure 5D). Therefore, concerning this energy substrate utilization, it suggested that a shift to fatty acids in

Rarres2�/� mice.

Next, the serum levels of triglyceride (TG), total cholesterol (TC), non-esterified fatty acid (NEFA), and high-

density lipoprotein cholesterol (HDL-C) in both WT mice and Rarres2�/� mice under high-fat diet feeding

were also measured in this study. As shown in (Figures 5E–5I), TG, TC, and NEFA were significantly

increased in Rarres2�/� mice compared with those of WT mice (p < 0.05). However, no significant differ-

ences were found in HDL-C between WT mice and Rarres2�/� mice.

Also, using non-targeted metabolomics, the effect of knocking out Rarres2 on the metabolism of small

molecule intermediates in the heart of HFD mice was investigated. The PCA analysis showed that the

metabolites in the heart were significantly separated between WT mice and Rarres2�/� mice, with the

first two principal component scores of PC1 and PC2 being 57% and 54%, respectively. According to

the analysis of the heatmap, it also showed that knocking out Rarres2 in HFD mice upregulated some

lipid metabolites/intermediates, such as stearic acid (18:0), palmitic acid (16:0), adrenic acid (Ada) (Fig-

ure 5J). Furthermore, the results of top metabolic pathways enriched classification and annotation illus-

trated that these lipid metabolites were mainly enriched in fatty acid biosynthesis, a-Linolenic acid

biosynthesis, and beta-oxidation of long-chain fatty acids (Figure 5K). Thus, these data suggest that

knocking out Rarres2 in HFD mice results in upregulated expression of genes related to lipid

accumulation.

Finally, by using RT-qPCR, we validated whether knocking out Rarres2 in HFD mice on mRNA expressions

of key enzymes, which are involved in lipid uptake, FA synthesis, TG synthesis, and FA oxidation. And, we

found that mRNA expressions of most genes (e.g., ACC, PPARa, PPARg, FASN, LACD, SREBPs, CPT1,

DGAT1-2, LXRa, MCD, and CD36) were significantly upregulated with knocking out Rarres2 (Figure 5L).

Furthermore, key enzymes of lipogenesis such as PPARg and SCD1 were detected using Western blot,

and it indicated that both PPARg and SCD1 were significantly increased in Rarres2�/� mice (Figure 5M).

Taken together, the loss of chemerin in HFD mice results in a significant shift in lipid metabolism, and it

suggests that adipokine chemerin amends obesity-related cardiomyopathy.

Figure 2. Chemerin knockout mice had normal metabolic markers and cardiac function when fed a normal diet

Rarres2�/� and littermate WT mice were fed with normal diet for 20 weeks.

(A) Body weight of Rarres2�/� and littermate WT mice, n = 6.

(B and C) Measurement of GTT and ITT in Rarres2�/� and littermate WT mice, n = 6.

(D-H) Overnight fasted serum non-esterified fatty acid (NEFA), triglyceride (TG), total cholesterol (TC), HDL-C, and No HDL-C levels, n = 6, *p < 0.05,

**p < 0.01, ****p < 0.0001, Rarres2�/� vs. littermate (I) Representative cross-sections of the hearts stained with H&E WGA and Oil-Red O staining and its

quantification of cardiomyocyte sizes with WGA staining, n = 6, Rarrres2�/� vs. Littermate, scale bar = 50mm.

(J) Representative systolic and diastolic echocardiography images in Rarres2�/� and littermate mice.

(K-O) Left ventricular function assessed by E/A ratio, isovolumic relaxation time (IVRT), fractional shortening (FS), Left ventricular ejection fraction (LVEF),

diastolic left ventricular internal dimension (LVID; D), n = 6.
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Figure 3. Chemerin knockout exacerbated cardiac remodeling in HFD mice

Rarres2�/� and Littermate WT mice were subjected to high-fat diet feeding for 20 weeks.

(A) Body weight of two groups, n = 8 (B and C) Glucose tolerance test (GTT) and insulin tolerance test (ITT) were performed in Rarres2�/� and littermate mice.

*p < 0.05, **p < 0.01, Rarres2�/� vs. littermate, n = 8.

(D) Representative cross-section of hearts stained for H&E, WGA, and Oil-Red O staining, its quantitative analysis of cardiomyocyte size (WGA staining).

*p < 0.05, Rarrres2�/� vs. Littermate, n = 6, scale bar = 50mm.

(E) Representative systolic and diastolic echocardiography images of littermate and Rarres2�/� mice.

(F-J) Left ventricular function of littermate and Rarres2�/� in HFD, assessed by Left ventricular ejection fraction (LVEF), fractional shortening (FS), diastolic left

ventricular internal dimension (LVID; D), E/A ratio, and isovolumic relaxation time (IVRT). *p < 0.05, **p < 0.01, Rarres2�/� vs. littermate, n = 8.
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Chemerin supplementation amends lipid overload-induced lipotoxicity and inflammation in

cardiomyocytes

According to the findings above, we further investigate whether chemerin supplementation rescues lipid

overload-induced lipotoxicity and inflammation in neonatal mouse primary cardiomyocytes (NMCMs).

First, by using Oil red O staining, we found that chemerin supplementation (200 ng/ml for 24h,

PeproTech,300-66) significantly lowered lipid accumulation in lipid-overload NMCMs, and this beneficial

effect was completely abolished by knocking down its main receptor (CMKLR1) (Figure 6A). Being consis-

tent with in vivo results (Figure 5M), when compared with high palmitate (HP) condition, the lower protein

expression of key lipid synthesis protein (e.g., PPARg, SCD1) was observed in the HP/chemerin condition

(Figure 6B). And, knocking down CMKLR1 also completely blocked these effects.

Considering insulin signaling, phosphorylation levels of Akt (p-Akt Ser473) were assessed in this study. In

agreement with in vivo findings, lipid-overload cardiomyocytes showed a loss of insulin-stimulated phos-

phorylation of Akt, and chemerin supplementation could restore this lipid-induced loss of insulin-stimu-

lated Akt phosphorylation (Figure 6C). Additionally, we also found that in lipid-overload

cardiomyocytes, chemerin supplementation significantly lowered mRNA expressions of (e.g., TNF-a and

IFN-g) in lipid-overload cardiomyocytes (Figures 6D and 6E). Notably, these beneficial effects of chemerin

on insulin sensitivity and pro-inflammatory cytokines in lipid-overload cardiomyocytes were almost

inhibited by knocking down CMKLR1.

Together with both in vitro and in vivo findings, adipocyte-derived chemerin can rescue lipid overload-

induced lipotoxicity, insulin resistance, inflammation, and cardiac dysfunction.

DISCUSSION

Obesity is known to be the main risk factor for the development of new-onset heart failure, and approxi-

mately 50% of individuals with obesity have heart failure with preserved ejection fraction (HFpEF).24

Figure 4. chemerin knockout increased pro-inflammatory cytokines in the heart of HFD mice

Rarres2�/� and Littermate WT mice were subjected to high-fat diet feeding for 20 weeks.

(A) Serum chemerin level was detected by ELISA in both Rarres2�/� and Littermate mice, n = 6.

(B) The RT-qPCR analysis of pro-inflammatory cytokines in the heart between Rarres2�/� and littermate WT mice, n = 3.

(C) Western blots and its quantification of p-P38, P38, and p-P65, P65 in the heart. The HSP90 was used as a loading

control (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001.
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Emerging evidence aimed at disclosing the microenvironment of adipose tissues and its potential impact

on systemic metabolism has shed light on the pathogenesis of obesity-linked cardiovascular diseases. Ad-

ipose tissue function as an endocrine organ by secreting multiple immune-modulatory proteins known as

adipokines.25 Recent clinical studies demonstrated that a higher recurrence rate of obesity-related cardio-

myopathy was associated with adipose tissue dysfunction,26 such as an increment in serum chemerin.27

Chemerin is a novel adipokine that is highly linked to inflammation and adipogenesis.28 In addition to

this, chemerin is also well-known as a biomarker in cardiovascular diseases (CVDs), especially in obese

and diabetic hearts.29 Given that there exist potential links among obesity, adipokines, and the heart,

we investigated the role of chemerin in obese-related cardiomyopathy.

Firstly, in HFD mice, serum chemerin was mainly secreted in adipose tissues compared with other tissues

(e.g., liver, skeletal muscle, and heart) (Figure S2). This is consistent with previous studies.30,31 And, we then

hypothesized that an increasement of serum adipokine chemerin could stimulate the expression of its main

receptor CMKLR1, and this early event might be an endogenous protective factor against obesity-related

cardiomyopathy. Accordingly, chemerin (Rarres2) knockout mice under high-fat feeding led to the devel-

opment of lipotoxicity, and contributed to an impairment of insulin sensitivity and an evoked inflammation,

eventually resulting in cardiac dysfunction (Figure 3). Of note, these abnormalities above were not found in

Rarres2 knockout mice under normal-diet feeding. Next, in lipid-overloaded cardiomyocytes, chemerin

supplementation prevented lipid accumulation and inflammation, and knocking down the CMKLR1 gene

completely abolished these effects (Figure 6). Therefore, our present data obtained strongly demonstrate

that adipocyte-derived chemerin lowered lipotoxicity and inflammation, and restored cardiac dysfunction

in the obese/or pre-diabetic heart. Chemerin, an endogenous cardioprotective factor in the presence of

obesity, was suggested to protect against high-fat diet-induced cardiac dysfunction. In vitro study, we

further found that adding exogenous chemerin into a high palmitate-cultured medium could protect car-

diac myocytes from lipotoxicity and insulin resistance, indicating that chemerin might be a potential clinical

translation target against obesity-related cardiomyopathy. Here, we will briefly discuss these findings

above.

The current work showed that Rarres2�/�mice fed with HFD contributed to higher body weight (Figure 3A),

and impaired insulin sensitivity (e.g., GTT and ITT) (Figures 3B and 3C). Also, these abnormalities were

accompanied by impairments of insulin signaling and glucose-dependent insulin secretion.32 Contrary

to these findings, several recent studies showed adipokine chemerin could induce insulin resistance in

rat cardiomyocytes, and it suggested that chemerin potentially plays a dual role in different stimuli and

experimental conditions as to its effects on the heart.33–35 In the present study, we also indicated that lipid

overloaded cardiomyocytes supplemented with 200 ng/mL chemerin prevented lipid-induced insulin resis-

tance (e.g., insulin-stimulated Akt phosphorylation at Ser473), and lowered phosphorylation of both ki-

nases P38 MAP kinase and ERK1/2. On the contrary, Henrike Sell et al. showed that chemerin could

decrease insulin sensitivity in skeletal muscle cells through ERK activation, and this was accompanied by

activated NF-kB pathway and MAP kinases.36 Although the present study suggests adipocyte-derived

chemerin functions as a potential protective regulator of cardiac function in HFD mice, these different re-

sults remain that adipokine chemerin might be a double-edged sword in the obese/or pre-diabetic heart.15

Considering the potential roles of chemerin in lipid metabolism, we speculate that adipokine chemerin in-

fluences the expression of peroxisome proliferator-activated receptor (PPARg) directly or indirectly. PPARg

is a well-known transcription factor in lipid metabolism, it leads to an increment of lipid uptake through

mediating lipid transporter (e.g., CD36) and storages as lipid droplets in the heart.16 Shanmugamet

et al. showed there was a strong association between PPARg and chemerin during adipogenesis of

bone marrow-derived mesenchymal stem cells, and further revealed the chemerin promoter was positively

Figure 5. Chemerin knockout causes metabolic substrate inflexibility and cardiac metabolic dysfunction in HFD mice

Rarres2�/� and Littermate WTmice were subjected to high-fat diet feeding for 20 weeks. Calorimetric parameters about male Rarres2�/� and WT littermate

mice were individually placed in the metabolic cages for 2-3 days of measurement; (A) oxygen consumption; (B) carbon dioxide production; (C) Respiratory

exchange ratio (RER).

(D) Daily locomotor activity, n = 5. *p < 0.05, (E-I) Serum levels of NEFA, TG, TC, HDL-C, and No HDL-C in Rarres2�/� and littermate mice, n = 6.

(J) Metabolic Heatmap and hierarchical clustering of lipid metabolites in the heart of Rarres2�/� and littermate mice.

(K)Top metabolic pathways enriched in Rarres2�/� mice identified by Molecular Pathway Level Analysis (false discovery rate<0.05).

(L) mRNA expression levels of lipogenic genes, n = 6.

(M) Representative Western blots and their quantification of PPARg and SCD1. The HSP90 was used as a loading control (n = 7). *p < 0.05, **p < 0.01.

ll
OPEN ACCESS

iScience 26, 106495, April 21, 2023 9

iScience
Article



regulated by a PPARg sequence.37 Indeed, chemerin could reduce cardiac PPARg levels, concomitantly

attenuating cardiac lipotoxicity, which is one of the mechanisms responsible for obese-related cardio-

myopathy and heart failure.38 In this study, Rarres2�/� mice fed with HFD significantly increased mRNA

expressions of both PPARg and PPAR-dependent genes (e.g., CD36, Fabp4, and Fasn). These altered

PPAR-dependent genesmight be interpreted as a compensatory mechanism in response to increased lipid

accumulation.31 However, concerning the potential link between adipokine chemerin and PPARg in the

heart, it still needs to be further clarified in the future.

Figure 6. Chemerin supplementation restores lipid overload-induced lipotoxicity and inflammation in cardiomyocytes

Neonatal mouse primary cardiomyocytes (NMCMs) were first exposed to a control medium, high palmitate medium (HP) for 12h, and then treated with either

200 ng/ml chemerin or si-CMKLR1 for another 24h.

(A) Cells were stained with Oil red O.Scale bar = 50mm.

(B) Representative Western blots and its quantification of lipids metabolism enzymes (e.g., ACC, SCD1, and PPARg), n = 4.

(C) Representative Western blots and its quantification of phosphorylation AKT (p-AKT ser 473). The HSP90 was used as a loading control (n = 3).

(D and E) mRNA expressions of pro-inflammatory cytokines (e.g., TNFa and IL-1b), n = 3.
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Limitations of the study

The present study has several limitations, as follows: First, a global Rarres2 knockout model was em-

ployed in this study, and we could not accurately observe the effect of specific tissue-secreted chem-

erin deficiency on cardiac function. Nevertheless, chemerin is a secretory protein mainly produced by

adipose tissue, and chemerin receptor CMKLR1 conditional knockout in the heart should be consid-

ered in future studies. Second, we did not investigate potential mechanisms of chemerin in obese-

related cardiomyopathy. Accordingly, we observed a significant regulator of cardiomyocyte lipid meta-

bolism, such as PPARg, was significantly increased in Rarres2�/�mice under high-fat feeding. Given that

PPARg is a transcription factor that regulates fatty acid transport and lipid droplet formation,39 future

work will be considered to investigate the upstream regulator of PPARg that is involved in chemerin

signaling.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Chemerin Santa Cruz tsc-373797;RRID:AB_10947246

CMKLR1 Abcepta AP50620;RRID:AB_2550816

HSP90 Cell Signaling 4877s;RRID: AB_2233307

PPARg Cell Signaling 2443SRRID:AB_823598

p-P38 Cell Signaling 4511S;RRID:AB_2139682

P38 Cell Signaling 9212S;RRID: AB_330713

p-P65 Cell Signaling 3033SRRID: AB_331284

P65 Cell Signaling 8242SRRID: AB_10859369

p-Akt Cell Signaling 4058S;RRID:AB_331168

Akt Cell Signaling 9272SRRID:AB_329827

Chemicals,Peptides,and Recombinant Proteins

Wheat germ agglutinin (WGA) Sigma L4895

Oil Red O Sigma O0625

BCA Protein Assay Kit Beyotime P0009

Chemerin ELISA kit R&D Systems Cat.DY2325

Triglyceride assay kit Jiancheng Bioengineering A110-1-1

Nonesterified Free FAtty acids assay kit Jiancheng Bioengineering A042-2-1

High-density lipoprotein cholesterol assay kit Jiancheng Bioengineering A112-1-1

collagenase II Worthington LS004176

Short interfering RNAs (siRNA) for CMKLR1 Gene Pharma K01

Recombinant Human Chemerin PeproTech 300-66

lipofectamine-RNAIMAX Invitrogen 13778150

Experimental models: Organism/Strains

Rarres2 knock out mice Dr. Rui He Department of immunology, Fudan University.

neonatal mice ventricular myocytes Tian Lab This paper

Other

TSE Systems Lab Master PhenoMaster _H

Vevo 3100 LT FUJIFILM 3100
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METHOD DETAILS

Experimental model and subject details

Eight-week-old C57BL/6J male mice were purchased from the Experimental Animal Center of Chongqing

Medical University. Rarres2-/- mice were kindly provided by Dr. Rui He (Department of Immunology, Bio-

therapy Research Center, Fudan University).40 All animal experiment procedures were approved by the An-

imal Care and Use Committee of ChongqingMedical University. Wild Typemice (n=6) were fed with normal

diet or high fat diet for 20 weeks. Rarres2-/- mice homozygous and their wild-type (WT) littermates were

identified by PCR. Eight-week-old male Rarres2-/- mice and WT littermates were studied. Mice were fed

with a normal diet (n=6) (Rodent Growth and Breeding Feed, Beijing KEAO XIELI FEED CO., LTD) or

high-fat diet (n=8) (HFD, 60%kal fat from Research Diet Inc, D12492) for 20 weeks in a 12-hour cycle

environment.

Echocardiography

Mice were placed gently on the anesthesia machine and anesthetized with inhaled isoflurane. Heart rate in

micemaintained at 450-500bpm. Two-dimensional (2D) guidedM-mode echocardiography was performed

using an echocardiogram (Vevo 3100 Imaging System, VisualSonics, Toronto, Canada) equipped with a

30-MHz linear transducer. B-Mode Image of the Parasternal Short Axis View can get Left ventricular poste-

rior wall end diastole and end systole (LVPWd, LVPWs), Left ventricular internal diameter end diastole and

end systole (LVIDd, LVIDs). PWDoppler Mode waveform of mitral valve flow in the apical four-chamber view

to get Mitral isovolumic relaxation and contraction times (IVRT, IVCT), Peak early, and atrial filling (Peak E,

Peak A).

Histopathology

The middle segment of the fresh heart was put in 4% paraformaldehyde for 24h and then cut several

crosses sections from paraffin-embedded specimens. Next, H&E and Masson trichrome staining were

used to observe cardiac morphology and collagen deposition. Each staining was performed on the slides

of three mice in each group. Wheat germ agglutinin (WGA) staining (Sigma L4895, dilute 1:500) was per-

formed to observe Myocardial Hypertrophy. Microscopy detection and collection images by Fluorescent

Microscopy, excitation wavelength 465-495 nm and emission wavelength 515-555 nm. Image J software

(ImageJ1.8.0.345, National Institutes of Health, Bethesda, MD, USA) was used for the area of cardiomyo-

cyte analysis.

Oil-Red O staining

The Oil-Red O staining was used for the determination of lipid deposition In vitro and in vivo. NMVMs cells

were fixed in 4% paraformaldehyde for 20 min and stained with Oil-Red O for 120 min. The 10 mm serial

cryosections of heart cross segments were prepared in a cryostat (Leica CM3050 S, Leica, Wetzlar,

Germany) at �20�C, fixed in 4% paraformaldehyde, rinsed with 60% isopropanol and stained with 0.3%

Oil-Red O (Sigma Aldrich, USA) for 20 min at room temperature.

Western blotting

Heart tissues were prepared according to a previously published method.41 Briefly, heart tissues were ho-

mogenized in cell lysis buffer and quantified for protein levels using a commercial assay Enhanced BCA

Protein Assay Kit (Beyotime, Jiangsu, China). Protein samples (20 mg) were electrophoresed by sodium do-

decyl sulfate (SDS) polyacrylamide gel (10�12%) and transferred to a nitrocellulose membrane (Millipore).

Membranes were blocked with 5% experimental grade skimmedmilk in Tris-buffer saline (TBS), Primary an-

tibodies (Table S1) were used in TBST with 3% BSA overnight at 4�C, and secondary antibody was added at

1:10000 for 1 h at room temperature (Jackson Immunoassay, USAPA). Amersham Imager 600 Analysis Soft-

ware was used to quantify signals.

Real-time qPCR (RT-qPCR)

Total RNA was extracted from hearts using Trizol reagent (Thermo Fisher Scientific, Carlsbad, CA, USA) in

accordance with previous description.42 cDNA was synthesized from total RNA using the RevertAid First

Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Vilnius, Lithuania) as per the manufacturer’s instruc-

tions. The total RNA quantity was determined by SYBR Green Master Mix (Thermo Fisher Scientific, Vilnius,

Lithuania). The primer sequences used are shown in Table S2.
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Isolation and culturing of neonatal mice ventricular myocytes (NMVMs)

Primary neonatal cardiomyocytes frommice were performed as previously described.43 Briefly, primary my-

ocytes were adopted from neonatal mice within three days. Hearts were excised and immediately trans-

ferred into ice-cold phosphate-buffered saline (PBS; Ca2+ and Mg2+ free). After blood was squeezed

out, the hearts were cut into pieces and digested by 0.05% collagenase II (Worthington, LS004176) gently.

Finally, cardiomyocytes were collected by centrifuging in a specific density gradient. Themyocyte-enriched

suspension was plated onto culture dishes at a density of 5 3 105 cells per cm2 and treated in F12/DMEM

(1:1) containing 10% FBS,1% penicillin, and streptomycin,0.1g/L 5-Fluorouracil. The cells were incubated in

a 5%CO2 incubator at 37
�C. After adhesion 48h, cells were treated with control medium, low-palmitateme-

dium (LP; 20 mM palmitate; palmitate/BSA ratio 0.3:1), high-palmitate medium (HP; 200 mM palmitate;

palmitate/BSA ratio 3:1) or HP medium with 200ng/ml chemerin (PeproTech,300-66) for 24h.4

Transfection with siRNA

The short interfering RNAs (siRNA) for CMKLR1 (5’-CCGGCAUCUAUGAUGAUGATT-3’) were chemically

synthesized by Gene Pharma (Shanghai, China). NMVMs were transfected with Negative Control (NC)

siRNA and targeted CMKLR1 using lipofectamine-RNAIMAX (Invitrogen, Carlsbad, CA, USA) according

to the Invitrogen protocol. Cells were kept for 48h, and transfection was evaluated by Western blot.

Glucose insulin tolerance tests

Both glucose tolerance test (GTT) and insulin tolerance test (ITT) were performed on the mice preceding

treatment with normal or HFD for 18 weeks. For GTT, mice fasted overnight for 12-16 h and then were

administered 2 g/kg body weight D-glucose (intraperitoneal Injection). Afterward, blood glucose from

the tail was measured by a glucometer (OneTouch UltraEasy, LifeScan, Inc). For ITT, food was removed

from mice 4 h before the experiment, and recombinant insulin (Novo Nordisk A/S, Bagsvaerd, Denmark)

was administered (intraperitoneal Injection) at 0.75U/kg. Area-under-curve (AUC) was calculated by the

trapezoid rule.

Serum ELISA and biochemistry detection

Animals were fasted overnight before being anesthetized in isoflurane-saturated chambers, and blood

samples were collected from mouse eyes following anesthesia. After 20 minutes at room temperature,

the blood was centrifuged at 3,000 g at 4�C. Supernatants were collected after centrifugation for further

analysis. The mice serum chemerin was assessed by ELISA kit from R&D System (Cat.DY2325; R&D Systems,

Minneapolis, MN, USA) and was performed according to the instruction. The serum levels of TG, TC, FFA

and HDL-C were determined by the detection kit purchased from Nanjing Jiancheng Bioengineering Insti-

tute (Nanjing, China).

Energy expenditure and locomotor activity

For calorimetric analyses, mice were acclimated tometabolic cages one week after being fed with 16 weeks

of HFD. Energy expenditure was measured using a computer-controlled indirect calorimetry system

(LabMaster; TSE Systems) run by the EBGM Core. O2 consumption and CO2 production were measured

for 1 min at 27min intervals for each animal. The respiratory exchange ratio (RER) was calculated as the ratio

of CO2 production to O2 consumption. Light and dark cycle energy expenditure were determined using the

average of all 72 data points per 12 h light cycle of 3 consecutive days. In turn, these were averaged to

obtain a total 24 h energy expenditure. Locomotor activity was determined with infrared sensor pairs

arranged in a grid pattern for horizontal (x, y level) activity. The movement was monitored continuously,

reported as a total count every 9 min, and expressed as counts per 24h.

Gas chromatography-mass spectrometry (GC-MS) analysis

Gas chromatography-mass spectrometry (GC-MS) Analysis was performed by the Key Laboratory of

Maternal and Fetal Medicine of Chongqing Municipality (The First Affiliated Hospital of Chongqing Med-

ical University, Chongqing, China), as described previously.44 Briefly, GC–MS Analysis Samples were run on

an Agilent 7890B gas chromatography system with an Agilent 5977A MSD system (Agilent Technologies

Inc., CA, USA). The separation was carried out on a 30m3 0.25mmDB-5MS (film thickness 0.25 mm, Agilent

J & W Scientific, Folsom, CA, USA) fused-silica capillary column. The carrier gas was helium (99.999%), and

the flow rate was 1.5 mL/min. The injector temperature was 260�C, injection volume was 1 mL, and sample

injection was made in splitless mode. The solvent delay time was set at 5 min. The column temperature
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started at 60�C, ramped to 125�C at a rate of 8�C /min, to 210�C at a rate of 5�C /min, to 270�C at a rate of

10�C /min, to 305�C at a rate of 20�C /min, and finally held at 305�C for 5 min. The temperature of the MS

quadrupole and ion source (electron impact) was set to 150�C and 230�C, respectively, and the collision

energy was 70 eV. The mass spectrometry data were obtained in the full-scan mode with the m/z range

of 50-500. The QCs were injected every 15 samples throughout the run to provide a set of data from which

repeatability could be assessed.

Quantification and statistical analysis

Comparisons of continuous variables were performed using an unpaired two-sample t-test, as appropriate.

P-values <0.05 were considered statistically significant. To compare more than two groups, one-way anal-

ysis of variance (ANOVA) with Duncan’s multiple comparison option was used in this study. All analyses

were performed with GraphPad Prism Software (version 8.03, Inc, San Diego, CA, USA). In addition, for

the data of qPCR and GC-MS, outliers were firstly excluded using Grubb’s outlier test with a=0.05. To

ensure normal distribution, the data of qPCR were log2-transformed and Pst titer data of GC-MS (Untar-

geted Metabolomics) were log10-transformed. The normal distribution of all data sets was verified using

the Shapiro-Wilk test with a=0.01. Subsequently, the data were analyzed using one-way ANOVA analyses

with Tukey’s multiple testing correction. Differences were considered significant with a=0.05.
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