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A B S T R A C T   

Obesity has been recognized as a major risk factor for the development of chronic cardiomyopathy, which is 
associated with increased cardiac inflammation, fibrosis, and apoptosis. We previously developed an anti- 
inflammatory compound C66, which prevented inflammatory diabetic complications via targeting JNK. In the 
present study, we have tested the hypothesis that C66 could prevent obesity-induced cardiomyopathy by sup-
pressing JNK-mediated inflammation. High-fat diet (HFD)-induced obesity mouse model and palmitic acid (PA)- 
challenged H9c2 cells were used to develop inflammatory cardiomyopathy and evaluate the protective effects of 
C66. Our data demonstrate a protective effect of C66 against obesity-induced cardiac inflammation, cardiac 
hypertrophy, fibrosis, and dysfunction, overall providing cardio-protection. C66 administration attenuates HFD- 
induced myocardial inflammation by inhibiting NF-κB and JNK activation in mouse hearts. In vitro, C66 prevents 
PA-induced myocardial injury and apoptosis in H9c2 cells, accompanied with inhibition against PA-induced 
JNK/NF-κB activation and inflammation. The protective effect of C66 is attributed to its potential to inhibit 
JNK activation, which led to reduced pro-inflammatory cytokine production and reduced apoptosis in car-
diomyocytes both in vitro and in vivo. In summary, C66 provides significant protection against obesity-induced 
cardiac dysfunction, mainly by inhibiting JNK activation and JNK-mediated inflammation. Our data indicate 
that inhibition of JNK is able to provide significant protection against obesity-induced cardiac dysfunction.   

1. Introduction 

Obesity, a chronic and complex pandemic caused by genetic and 
environmental factors, is associated with increased mortality, 
morbidity, accelerated aging and cardiovascular disease (CVD) [1]. The 
profound clinical burden of obesity-related CVD can be understood by 
the fact that BMI > 35 kg/m2 is associated with a 4-fold increased risk of 
heart failure [2]. CVD is associated with chronic inflammation, and 
obesity is recognized as a chronic inflammatory condition [3], which is 
characterized by the presence of lymphocytes and macrophages [4] and 

a pro-inflammatory state due to increased production of inflammatory 
mediators such as interleukin-6 (IL-6) and tumor necrosis factor-α 
(TNF-α) [5]. The obesity-induced inflammation and increased cytokine 
levels are both associated with the progression of cardiomyopathy [6]. 
Enhanced cardiomyocyte apoptosis is one of the important outcomes of 
inflammation in the obese heart, which is reported as the main cause for 
the loss of contractile tissue leading to adverse remodeling in the heart 
of humans as well as in animal models [7]. Contribution of inflammatory 
cytokine was further confirmed by the inhibition of TNF-α, which pro-
tected the heart against inflammation, cardiomyocyte apoptosis, and 

* Corresponding author. 
** Corresponding author at: Chemical Biology Research Center, School of Pharmaceutical Sciences, Wenzhou Medical University, Wenzhou, Zhejiang 325035, 

China. 
E-mail addresses: wuluo@wmu.edu.cn (W. Luo), wzmcliangguang@163.com (G. Liang).  

Contents lists available at ScienceDirect 

Biomedicine & Pharmacotherapy 

journal homepage: www.elsevier.com/locate/biopha 

https://doi.org/10.1016/j.biopha.2021.112121 
Received 16 June 2021; Received in revised form 16 August 2021; Accepted 24 August 2021   

mailto:wuluo@wmu.edu.cn
mailto:wzmcliangguang@163.com
www.sciencedirect.com/science/journal/07533322
https://www.elsevier.com/locate/biopha
https://doi.org/10.1016/j.biopha.2021.112121
https://doi.org/10.1016/j.biopha.2021.112121
https://doi.org/10.1016/j.biopha.2021.112121
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biopha.2021.112121&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Biomedicine & Pharmacotherapy 143 (2021) 112121

2

fibrosis in experimental cardiomyopathy models [8], which suggests 
that inhibition of pathways leading to inflammation or cytokine pro-
duction may provide a therapeutic strategy to treat obesity-related 
cardiomyopathy. 

Obesity-related chronic inflammation and impaired metabolic ho-
meostasis [9] are associated with the uncontrolled activation of 
stress-activated protein kinases, such as c-Jun N-terminal kinase (JNK) 
[10]. The JNK signaling pathway regulates inflammatory response, and 
impaired JNK signaling is also associated with insulin resistance in obese 
humans, which demonstrates the role of JNK signaling in obesity-related 
metabolic disorders, including obesity-related CVDs [11]. We have 
previously reported that JNK signaling is associated with diabetic car-
diomyopathy [12]. However, there is no report on the role of pharma-
cological JNK inhibition for the treatment of obesity-induced cardiac 
inflammation and heart dysfunction. We have previously demonstrated 
that a synthetic derivative of curcumin; (2E,6E)-2,6-bis(2-(tri-
fluoromethyl)benzylidene) cyclohexanone or C66, inhibits inflamma-
tory cytokine production in high glucose or lipopolysaccharide-treated 
macrophages via targeting the JNK [13,14]. The current study was 
designed to investigate whether C66 treatment prevents activation of 
JNK signaling and protects the heart against obesity-induced myocardial 
injury. Our data, for the very first time, demonstrate that JNK inhibition 
by C66 prevents inflammation and apoptosis in the cardiomyocytes and 
protects the heart against obesity-induced myocardial injury. 

2. Materials and methods 

2.1. Cell culture and reagents 

An embryonic rat heart-derived H9c2 cell line was obtained from the 
Shanghai Institute of Biochemistry and Cell Biology (Shanghai, China) 
and cultured in DMEM (Gibco, Eggenstein, Germany Cat. 
#C11995500BT) containing 4.5 g/L glucose supplemented with 10% 
heat-inactivated FBS (Gibco, Eggenstein, Germany Cat. #10270-106), 
100 U/ml of penicillin, and 100 mg/ml of Streptomycin (New & Mo-
lecular Biotech Co, Jiangsu, China) and grown at 37 ◦C in an atmosphere 
of 5% CO2. Bovine serum albumin (BSA; Cat. #A1933), palmitic acid 
(C16:0) (PA Cat no. #P9767) were obtained from Sigma-Aldrich (St. 
Louis, MO). 0.0275 g palmitic acid powder were added in 1 ml of 0.1 M 
sodium hydroxide and heated at 70 ℃ until dissolved. The palmitic acid 
sodium is then dissolved in PBS solution with BSA at 45 ℃ heating 
blender and then stored at − 20 ℃ for use. 

2.2. Animal experiments 

Male C57BL/6 mice (8 weeks old, weighing 18–22 g) were obtained 
from the Animal Center of Wenzhou Medical University. All animal 
procedures were approved by the Ethics Committee of Wenzhou Medical 
University Animal Policy and Welfare Committee. Mice were housed in 
an environmentally controlled room at 22 ± 2.0 ℃ and 50% ± 5% 
humidity with a 12:12 h light/dark cycle and feed food and water ad 
libitum. All animal experiments were performed and analyzed by blin-
ded experiments. Treatment groups were assigned in a randomized 
fashion. Mice were randomly divided into two weight-matched groups: 
(1) Control group with normal blood glucose (Ctrl group, n = 6) or (2) a 
high-fat diet group (HFD, n = 24) for 11 weeks. Six control mice fed with 
a standard rodent chow. Normal control diet (containing 10 kcal% fat, 
20 kcal% protein and 70 kcal% carbohydrate) and HFD (containing 60 
kcal% fat, 20 kcal% protein and 20 kcal% carbohydrate) were purchased 
from Medicience Diets Co. LTD, Yangzhou, China. After 11 weeks, the 
HFD group mice were randomly divided into four groups. (i) HFD 
induced obesity mice (HFD group, n = 6), treated with vehicle for C66, 
(ii) HFD-induced obesity mice treated with C66-5 mg/kg (HFD + C66-5 
mg/kg group, n = 6), (iii) HFD-induced obesity mice treated with C66- 
10 mg/kg (HFD + C66-10 mg/kg group, n = 6), and (iv) HFD-induced 
obesity mice treated with C66-20 mg/kg (HFD + C66-20 mg/kg 

group, n = 6). HFD mice were treated with C66 by oral administration 
once two days from 11th week to 18th week. Mice in Control and HFD 
groups were orally administrated with the vehicle in the same schedule. 
All mice were killed under anesthesia at the end of 18th week, the final 
body weight was measured, and the hearts and blood samples were 
collected. 

2.3. Serum lipid levels detection 

Serum triglyceride (TG) was determined using commercial kit. 
Serum total cholesterol (TCH), serum low-density lipoprotein choles-
terol (LDL-C) and high-density lipoprotein cholesterol (HDL-C) were 
determined using commercial kit (Nanjing, Jiancheng, Jiangsu, China). 

2.4. Assessment of heart function 

Serum creatine kinase MB (CK-MB) was determined using commer-
cial kit (Nanjing, Jiancheng, Jiangsu, China). Serum atrial natriuretic 
polypeptide (ANP) and serum brain natriuretic peptide (BNP) were 
determined using commercial kit (Nanjing, Jiancheng, Jiangsu, China). 
Systolic and diastolic cardiac functions were determined non-invasively 
by transthoracic echocardiography in anesthetized mice one day before 
euthanasia. Diastolic function was assessed using pulsed-wave Doppler 
imaging of the transmitral filling pattern. Ejection fraction (EF%) was 
calculated from LV end-diastolic volume (LVEDV) and end-systolic 
volume (LVESD) using the equation of (LVEDV–LVESV)/LVEDV ×
100). Fractional shortening (FS) was calculated using the equation (FS% 
= [(LVIDd–LVIDs)/LVIDd] × 100). 

2.5. Reverse transcription and real-time quantitative PCR 

Heart tissues (80–100 mg) were homogenized in TRIZOL (Invi-
trogen, Carlsbad, CA, USA) for extraction of RNA according to each 
manufacturer’s protocol. Both reverse transcription and quantitative 
PCR were carried out using a PrimeScript™ RT reagent Kit with gDNA 
Eraser and SYBR premix Ex Taq II (TAKARA). Bio-Rad CFX96 real time 
system (Bio-Rad, USA) was used for qPCR analysis. The primers were 
obtained from Invitrogen (Shanghai, China) and the primer sequences 
are listed in the Supplementary Table S1. The relative amount of target 
genes was carried out according to the 2− ΔΔCt algorithm. 

2.6. Western blot analysis 

Tissue lysate homogenates and cell lysate were prepared. In every 
western blot analysis, the same amount of total protein from each group 
was separated by 10–12% SDS-PAGE and electro-transferred onto a 
nitrocellulose membrane (Bio-Rad Laboratory, Hercules, CA). The 
membrane was blocked for 1 h at room temperature in TBST (Tris- 
buffered saline with 0.05% Tween 20, pH 7.4) plus 5% non-fat milk, and 
incubated with primary antibodies overnight at 4 ◦C. Antibody p-JNK 
(Cat. #4668S), JNK (Cat. #9252S), F4/80 (Cat. #70076), p-P65 (Cat. 
#3033), Bcl-2 (Cat. #3498), Bax (Cat. #5023T) and Cleaved caspase-3 
(Cat. #9664S) were obtained from Cell Signaling (Danvers, MA). Anti-
bodies against Col-I (Cat. #ab34710), TGF-β (Cat. #ab92486) and IκB-α 
(Cat. #ab133462) were purchased from Abcam BioTech. Antibody for 
GAPDH (Cat. #365062), MyHC (Cat no. #376157) and ICAM-1 (Cat. 
#8439) were purchased from Santa Cruz Biotechnology (Santa Cruz, 
CA). After three washes with TBST, membranes were incubated with the 
appropriate secondary antibody (CST) for 2 h at room temperature. The 
signals were visualized using enhanced chemiluminescence reagents 
(Bio-Rad, Hercules, CA). Band intensities were quantified using Image J 
software (NIH, Bethesda, MD). 

2.7. Immunohistochemical determination 

The fixed heart tissues were cut into segments for dehydration in a 
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graded alcohol series, cleared with xylene, embedded in paraffin, and 
sectioned at 5 µm thickness. For immunohistological preparations, 
paraffin sections were dewaxed, rehydrated in graded alcohol series, 
subjected to antigen retrieval in 0.01 mol/L citrate buffer (pH 6.0) for 3 
min at 98 ◦C, and placed in 3% hydrogen peroxide in methanol for 30 
min at room temperature. After blocking with 5% BSA, these sections 
were then incubated with primary antibodies against F4/80 and Col-I at 
1:300 dilution overnight at 4 ◦C, followed by incubation with the 
appropriate secondary antibodies (1:200, Cell Signaling Technology). 
The reaction was visualized with DAB solution. After counterstaining 
with hematoxylin, the sections were dehydrated and viewed under the 
light microscope (200× amplification; Nikon, Japan). 

2.8. Histopathology 

Fixed heart tissues were embedded in paraffin and sectioned at 5 µm. 
After dehydration, sections were stained with hematoxylin and eosin 
(H&E) kit following manufacturer’s protocol. The histopathological 
damage was evaluated and recorded using a light microscope (200 ×
amplification; Nikon, Tokyo, Japan). 

2.9. Sirius red and Masson staining for collagen 

The fixed heart tissue were embedded in paraffin and sectioned at 5 
µm thick sections. The sections were stained with the collagen-specific 
stain, picrosirius red and Masson’s trichrome to examine collagen 
accumulation in kidney tissue and heart tissue. The stained sections 
were recorded using a light microscope (200× amplification; Nikon, 
Japan). Collagen deposition was quantified with the Image J program 
(NIH) using a single blinded method. 

2.10. Cell apoptosis assay 

For cell lines, cell apoptosis was measured using Annexin V-FITC/ PI 
Apoptosis Detection Kit according to manufacturer’s protocol. For tis-
sue, apoptotic cells were measured using TUNEL staining kit. Briefly, the 
fixed tissue were embedded in paraffin and sectioned at 5 µm thick 
sections. The dewaxed, and rehydrated sections were stained with the 
TUNEL staining kit. Then fluorescent images were observed under a 
confocal laser scanning microscope (200× amplification; Nikon, Japan). 

2.11. WGA-FITC staining 

The outline of myocardial cells was demarcated by WGA-FTIC 
staining. Briefly, the fixed tissue were embedded in paraffin and 
sectioned (5 µm thick). The dewaxed, and rehydrated sections were 
incubated with WGA-FTIC at 37 ℃ incubation for 30 min. After washing 
with PBS (pH7.4), nucleus counterstaining was performed with DAPI. 
Images were obtained using fluorescent microscope (200×

amplification; Nikon, Japan). 

2.12. Statistical analysis 

Statistical analysis was performed with GraphPad Prism v8.0 Soft-
ware (San Diego, CA, USA). One-way ANOVA followed by multiple 
comparisons test with Bonferroni correction was employed to analyze 
the data. The results are expressed as the mean ± SEM and a p-value <
0.05 was considered significant. 

3. Results 

3.1. C66 attenuates HFD-induced cardiac dysfunction and myocardial 
hypertrophy 

As shown in Table 1 and Supplementary Table S2, the elevated serum 
levels of TG, LDL and TCH, and increased body weight (BW) in HFD-fed 
mice were significantly reduced in C66-treated HFD-fed mice. To 
confirm HFD-induced cardiac dysfunction and evaluate the effect of C66 
treatment, echocardiography analysis was utilized. Echocardiographic 
assessments revealed reduced ejection fraction and fractional short-
ening, indicating dysfunctional heart and increased ventricular di-
mensions, thereby myocardial hypertrophy in HFD-fed mice (Fig. 1A, 
Table 1). C66-treatment appeared to significantly restore cardiac func-
tion and reduce the indices of cardiac hypertrophy in HFD-fed mice in a 
dose-dependent manner (Fig. 1A, Table 1). Histological analysis of H&E- 
stained heart sections confirmed our echocardiographic findings in HFD 
with increased muscle mass and significantly increased longitudinal and 
transverse cardiomyocyte area, further confirming cardiac hypertrophy; 
these were reduced in C66-treated HFD-fed mice (Fig. 1B and Supple-
mentary Fig. S1A and B). WGA staining further demonstrated increased 
cross-sectional cardiomyocyte area in HFD-fed mice, which was signif-
icantly reduced in C66-treated HFD-fed mice (Fig. 1C and D). Increased 
the ratio of heart weight to tibia length (HW/TL) further indicated 
myocardial hypertrophy in HFD-fed mice; however, C66 treatment 
restored enhanced HW/TL ratio in HFD-fed mice (Fig. 1E). CK-MB- 
levels, the most used serologic tests for the diagnosis of dysfunctional 
heart, were in line with echocardiographic and histological findings. The 
CK-MB level was enhanced and then significantly reduced in HFD-fed 
and C66-treated HFD-fed mice, respectively (Fig. 1F). These findings 
were again confirmed by the molecular indicators of pathological hy-
pertrophy, demonstrated by increased circulatory ANP and BNP levels in 
the HFD-fed mice, which were reduced in C66-treated HFD-fed mice 
(Fig. 1G and H). Increased ANP and BNP at the transcript levels in the 
heart of HFD-fed mice were also significantly reduced by C66 treatment 
(Fig. 1I and J). Taken together, these data indicate that C66-treatment 
provided protection against HFD-induced cardiac dysfunction and hy-
pertrophy in mice. 

Table 1 
Biometric and echocardiographic parameters of the experimental mice.  

Parameters Con HFD HFD + C66-5 HFD + C66-10 HFD + C66-20 (mg/kg) 

FWd(mm) 0.62 ± 0.0163* 0.8 ± 0.02673 0.725 ± 0.016366* 0.7 ± 0.0188* 0.725 ± 0.0163663* 
PWd(mm) 0.6125 ± 0.01* 0.7625 ± 0.01830 0.7 ± 0.00001* 0.6875 ± 0.0226* 0.7125 ± 0.012* 
IVSd(mm) 0.675 ± 0.0365* 0.775 ± 0.01637 0.7125 ± 0.0125 0.7125 ± 0.0295* 0.7375 ± 0.026521* 
FWs(mm) 0.9 ± 0.032733* 1.0625 ± 0.01830 1.0125 ± 0.035038* 0.9625 ± 0.04199* 0.9875 ± 0.035034* 
PWs(mm) 0.8875 ± 0.0226* 1 ± 0.01890 0.95 ± 0.026726* 0.95 ± 0.04225* 0.9375 ± 0.026302* 
IVSs(mm) 0.9 ± 0.00002* 1.025 ± 0.01637 0.95 ± 0.018898* 0.9625 ± 0.0375* 0.95 ± 0.02672* 
LVd(mm) 2.6 ± 0.1133* 2.4625 ± 0.12092 2.725 ± 0.183955* 2.7125 ± 0.127* 2.75 ± 0.113389* 
LVs(mm) 1.4375 ± 0.105* 1.5 ± 0.10690 1.6125 ± 0.110901* 1.5625 ± 0.0625* 1.5875 ± 0.061054* 
EF% 82.44125 ± 1.63* 76.68125 ± 1.84252 78.2175 ± 1.353155* 79.76125 ± 0.9288* 79.76375 ± 0.652004* 
FS% 45.2175 ± 1.7494* 39.48 ± 1.54680 40.8475 ± 1.227661* 42.235 ± 0.94376* 42.1975 ± 0.64650* 
BW(g) 26.83 ± 0.73* 50.48 ± 0.69 42.1 ± 0.92* 40.35 ± 2.90* 40.41 ± 1.89* 

Transthoracic echocardiography was performed on mice at the ending of the animal study. EF ejection fraction %, FS, fractional shortening %; LVIDd, diastole left 
ventricle internal dimension; PWd, diastole posterior wall thickness; IVSd, diastole interventricular septal thickness; BW, body weight. Data presented as Mean ± SEM, 
n = 6 per group. * p < 0.05 compared to HFD group. 
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Fig. 1. C66 attenuates HFD-induced cardiac dysfunction and myocardial hypertrophy. Mice were fed with a HFD and infused with either control vehicle or different 
dose of C66 (5, 10 or 20 mg/kg) 3-times/week for 13 weeks. Later, echocardiography was performed, and heart and serum were collected to perform histology & 
RNA extraction and biochemical analysis, respectively. (A) Representative echocardiography M-mode images in mice. (B) Representative panoramic (upper), lon-
gitudinal (middle), and transverse (lower) images for hematoxylin and eosin (H&E) staining of myocardial tissues (scale bar = 20 µm). (C) Representative images for 
WGA staining of myocardial tissue and (D) quantification of myocardial cell area (scale bar = 20 µm). (E–H) Bar graphs showing the heart weight to tibia length 
ratios (HW/TL) (E), circulating levels of Creatinine Kinase-MB (F), atrial natriuretic peptide (ANP) (G), and brain natriuretic peptide (BNP) (H) in mice. Total RNAs 
were extracted from the heart and qPCR was performed for ANP (I) and BNP (J). Gene β-actin was used for qPCR data normalization. Data are presented as mean ± S. 
E.M. *P < 0.05, compared to HFD (n = 6 per group). 
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3.2. C66 administration attenuates HFD-induced myocardial fibrosis and 
apoptosis 

Sirius red and Masson’s trichrome staining for total collagen content 

demonstrated significantly increased collagen deposition, indicating a 
significantly higher amount of fibrosis in the heart of HFD-fed mice; this 
was significantly reduced in C66 treated HFD-fed mice (Fig. 2A–D and 
Supplementary Fig. S2A–C). The deposition of collagen-I (Col-I) was 

Fig. 2. C66 administration attenuates HFD-induced myocardial fibrosis and apoptosis. Mice were fed with a HFD and infused with either control vehicle or different 
dose of C66 (5, 10 or 20 mg/kg) 3-times/week for 13 weeks. Later, hearts were collected to perform immunohistology, and RNA and protein were extracted to 
perform immunoblotting and qPCR, respectively. (A) Representative micrograph demonstrating Sirius red staining of the heart section. (B) Masson’s trichrome 
staining with panoramic (upper), (C) longitudinal (middle), and (D) transverse (lower) sections, (scale bar = 20 µm) and (E) collagen-I (Col-I) staining of the heart 
sections. (F) Immunoblotting performed on heart proteins for Myhc, TGF-β and Col-I. GAPDH was used as a loading control. (G) Real-time PCR data for Col-IV, TGF-β 
and MMP-9 on total RNA extracted from the heart. Data normalized to β-actin expression. (H) Representative images for TUNEL staining and quantification of 
myocardial cell apoptosis (scale bar = 20 µm). Nuclei were stained with DAPI (blue). TUNEL-positive nuclei are indicated by white arrows. (I) Immunoblotting data 
for cleaved caspase-3, Bax, and Bcl-2. GAPDH was used as a loading control. Data are presented as mean ± S.E.M. n = 6 per group; *P < 0.05, compared to HFD. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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evaluated by immunohistochemical analysis, which showed that a 
significantly increased amount of Col-1 deposition in the heart of HFD- 
fed mice was inhibited by C66 treatment (Fig. 2E and Supplementary 
Fig. S2D). Increased Col-I accumulation in the heart of HFD-fed mice 
was also confirmed at protein and transcript levels via immunoblotting 
and qPCR, respectively, while C66-treatment to the HFD-fed mice 
reduced the expression level of Col-I in the heart of HFD-fed mice 
(Fig. 2F and G and Supplementary Fig. S2E). We also measured the 
expression level of TGF-β and Myhc, which are markers for cardiac 

fibrosis and hypertrophy, respectively, HFD significantly induced the 
cardiac expression of TGF-β and Myhc, which was reduced by all the 
three doses of C66 treatment in a dose-dependent manner at both pro-
tein and transcript levels (Fig. 2F and G and Supplementary Fig. S2E). 
Cardiomyocyte apoptosis plays an important role in the development of 
obesity-induced cardiomyopathy. Our TUNEL-staining data demon-
strate a significantly higher amount of apoptosis in the cardiomyocytes 
of HFD-fed mice, which was significantly reduced after C66 treatment to 
the HFD-fed mice (Fig. 2H and Supplementary Fig. S2F). Apoptosis data 

Fig. 3. C66 administration attenuates HFD-induced myocardial inflammation by inhibiting NF-κB and JNK activation. Mice were fed with a HFD and infused with 
either control vehicle or different dose of C66 (5, 10 or 20 mg/kg) 3-times/week for 13 weeks. Later, hearts were collected to perform immunohistology, and RNA 
and protein were extracted to perform immunoblotting and qPCR, respectively. (A) Representative image of immunohistochemical staining for macrophage marker 
(F4/80) and (B) percent quantification of F4/80-positive cells (scale bar = 20 µm). (C) Immunoblotting for p-P65, IκBα, and their quantification. (D) Immunoblotting 
for p-JNK and JNK, and their ratio quantification. (E) Real-time PCR data for TNF-α, IL-6, IL-1β, VACM, and ICAM. Data normalized to β-actin gene. Data are 
presented as mean ± S.E.M. n = 6 per group; *P < 0.05, compared to HFD. 
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were confirmed by immunoblotting for cleaved caspase-3, which 
showed that increased cleaved caspase-3 in the heart of HFD-fed mice 
was significantly reduced by C66 (Fig. 2I and Supplementary Fig. S2E). 
Bax, an accelerator of apoptosis, and Bcl-2, an inhibitor of apoptosis, are 
the determinants of cardiomyocyte survival and/or apoptosis. Our data 
demonstrate that HFD significantly increased the level of pro-apoptotic 
Bax and inhibited the level of anti-apoptotic Bcl-2 in the heart, while 
C66 treatment reversed these changes, therefore, shifting the overall 
milieu towards cardiomyocyte survival (Fig. 2I and Supplementary 
Fig. S2F). 

3.3. C66 administration attenuates HFD-induced myocardial 
inflammation by inhibiting NF-κB and JNK activation 

The effects of C66 on HFD-induced inflammation in the heart were 
assessed. Fig. 3A and B shows that HFD induces F4/80-positive macro-
phage infiltration in the heart of HFD-fed mice, while C66 treatment 
significantly inhibited the macrophage infiltration. NF-κB mediates 
inflammation, and HFD is known to activate NF-κB in the heart. We 
observed an increased NF-κB p65 level and a reduced IκBα level in the 
heart of HFD-fed mice in comparison to control, indicating increased NF- 
κB activation (Fig. 3C). However, all three doses of C66 inhibited NF-κB 
activation in the heart of HFD-fed mice. We next evaluated the activa-
tion of JNK signaling in the heart of HFD-fed mice with or without C66 
treatment. HFD induced significant phosphorylation of JNK in the heart, 
while C66-treatment was able to reduce the JNK activation in the heart 
of HFD-fed mice (Fig. 3D). NF-κB and JNK activation is associated with 
increased inflammatory cytokine production, such as TNF-α, IL-6, and 
IL-1β. As expected, we observed a significant increase in the transcript 
levels of these cytokines in the heart of HFD-fed mice; however, all three 
doses of C66 successfully prevented the up-regulation of these inflam-
matory cytokines (Fig. 3E). Heart disease is also known to correlate with 
the expression of the intercellular adhesion molecule-1 (ICAM-1) and 
vascular cell adhesion molecule-1 (VCAM-1). As expected, the HFD- 
induced over-expression of ICAM-1 and VCAM-1 was significantly 
inhibited by all three doses of C66 treatment (Fig. 3E). 

3.4. C66 prevents Palmitic Acid (PA)-induced myocardial injury and 
apoptosis in H9c2 cells 

We first treated cultured H9c2 cardiomyocyte cell line with 200 μM 
of Palmitic Acid (PA), a dose used by other groups [15], and evaluated 
for the expression of the hypertrophic and pro-fibrosis genes. As shown 
in Fig. 4A–C, PA induced significant expression of MyHc, ANP, BNP, 
TGF-β, Col-1, and MMP-9, at the transcript and protein levels. 
Pre-treatment of PA-treated H9c2 cells with 2.5, 5 and 10 μM of C66 
inhibited the expression of these genes in a dose-dependent manner 
(Fig. 4A–C). As a positive comparison, JNK inhibitor SP600125 (SP) also 
showed significant inhibition against these genes in PA-challenged H9c2 
cells (Fig. 4A–C). We then evaluated the effect of C66 and SP on 
PA-induced apoptosis in H9c2 cells. Similar to our in vivo finding, sig-
nificant induction of apoptosis evidenced by immunoblotting for 
cleaved caspase-3 and Bax/Bcl2 ratio was reversed by C66 or SP treat-
ment in PA-challenged H9c2 cells (Fig. 4B and D). The flow cytometry 
data confirmed our apoptosis data. PA-induced increase in apoptotic 
cells was significantly reduced by C66 treatment (Fig. 4E and F). 

3.5. C66 inhibits PA-induced JNK/NF-κB activation and inflammation in 
H9c2 cells 

Similar to our in vivo observation, C66 treatment was able to reduce 
PA-induced NF-κB activation; confirmed by reduced p65 phosphoryla-
tion and translocation to the nucleus, and by increased IκBα accumu-
lation in H9c2 cells (Fig. 5A and B). C66 treatment also reduced PA- 
induced JNK activation in H9c2 cells (Fig. 5C). We then assessed the 
effect of C66 on PA-induced pro-inflammatory cytokine expression in 

H9c2 cells. C66 treatment was able to significantly reduce the over- 
expression of these pro-inflammatory genes (TNF-α, IL-6, IL-1β, 
VCAM-1, and ICAM-1) in a dose-dependent manner (Fig. 5D). Similar to 
C66, specific JNK inhibitor SP at 10 μM also inhibited PA-induced JNK/ 
NF-κB activation and inflammation in H9c2 cells (Fig. 5A–D). 

4. Discussion 

Curcumin analog C66, which was developed in our laboratory, exert 
anti-inflammatory effects both in vitro and in vivo in several disease 
models, including models of metabolic disorders such as diabetic com-
plications. The current study demonstrates a protective effect of curcu-
min analog C66 on obesity-induce cardiac inflammation, hypertrophy, 
fibrosis, and dysfunction, overall providing cardio-protection against 
obesity-induced cardiac dysfunction. The protective effect of C66 is 
attributed to its potential to inhibit JNK activation, which led to reduced 
pro-inflammatory cytokine production and apoptosis in cardiomyocytes 
providing cardiac benefit to obese mice. 

An increasing number of clinical and animal studies have demon-
strated the involvement of the innate immune system and low-grade 
chronic inflammatory responses in the development of obesity- 
induced cardiac dysfunction [16]. There are also reports that obesity 
activates monocytes and macrophage infiltration and induces the 
expression of pro-inflammatory cytokines and causing inflammation in 
the heart [5]. There is a dynamic interplay between cardiac fibrosis and 
inflammation, and these two represent the major pathophysiological 
mechanisms operating in the failing heart regardless of the etiology of 
heart failure [17]. Additionally, infiltrated macrophages secrete 
pro-fibrotic cytokines such as TGF-β, which promotes cardiac fibrosis 
[18]. We also report that obesity stimulated increased cardiac 
dysfunction, increased macrophage infiltration, increased 
pro-inflammatory cytokine production, increased pro-fibrotic molecules 
and increased apoptosis in the heart, which was significantly reduced by 
C66 treatment Our in vitro data in PA-treated cultured cardiomyocytes 
also supported in vivo data as PA-induced expression of pro-fibrotic 
molecules and apoptosis both were reduced following C66 treatment. 

Increased macrophage infiltration, pro-fibrotic molecules and pro- 
inflammatory cytokine production via NF-κB- or JNK-dependent mech-
anism is also reported in the failing human hearts [19]. NF-κB activation 
is known to play roles in the development of cardiac dysfunction [20], 
and NF-κB inhibition is associated with reduced apoptosis and inflam-
mation in the heart [13,21]. C66-treatment is reported to inhibit 
NF-κB-dependent inflammation and inflammatory cytokine production 
[22,23] and additionally, we have shown that C66 inhibits NF-κB and 
thereby high-glucose induced inflammation [21]. Accordingly, we re-
ported NF-κB activation in the heart of obese mice, which was signifi-
cantly reduced by C66 treatment in the heart of HFD-fed mice in vivo and 
in PA-treated cardiomyocytes in vitro. 

Interestingly, we have previously demonstrated that C66 directly 
interacts with JNK [24] and that C66-treatment inhibits NF-κB signaling 
and expression of inflammatory cytokines as well as adhesion molecules, 
such as ICAM1 and VCAM1, by inhibiting JNK signaling in vitro and in 
vivo in the kidney of the diabetic animal models [24]. Adhesion mole-
cules play important roles in inducing inflammatory cell infiltration 
[24–26], and inhibition of ICAM-1 is shown to ameliorate inflammatory 
cell infiltration and thereby inflammation [24,27,28]. Along with ours, 
there are other reports indicating that JNK signaling is upstream to 
NF-κB and can activate NF-κB under stress conditions [24,29,30]. JNK 
signaling is known to be activated in response to inflammatory and 
stressful stimuli, such as hyperglycemia in vivo or high glucose in vitro 
[30,31]. The JNK signaling also participates in apoptotic pathway 
initiated by death receptors or TNF-α [32–34], and directly relevant to 
the present work, JNK activation-mediated cardiomyocyte death is re-
ported in diabetic cardiomyopathy [33,35]. Furthermore, TNF-α can 
also activate JNK to induce apoptosis [36]. Accordingly, our obesity 
model was associated with increased JNK activation, VCAM1 & ICAM1 
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Fig. 4. C66-treatment or JNK inhibition prevents Palmitic Acid (PA)-induced myocardial injury and apoptosis in H9c2 cells. H9c2 cells were pretreated with 2.5, 5, 
10 μM of C66 or 10 μM of JNK inhibitor SP600125 for 2 h followed by exposure to PA (200 μM) for 24 h, and then RNA and protein were extracted to perform (A) 
qPCR for Myhc, Col-I, MMP-9, TGF-β, ANP and BNP. (B) Immunoblotting and (C, D) quantification for Myhc, TGF-β, Col-I, cleaved caspase-3, Bcl-2, Bax. GAPDH was 
used as a loading control. Apoptosis was analyzed using FITC-annexin V and PI double staining kit, then analyzed by flow cytometry. (E) Representative flow 
cytometry images and (F) the quantification for FITC-annexin V-positive cells. Data are presented as mean ± S.E.M. n = 3 independent experiments; *p < 0.05, 
versus PA. 
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Fig. 5. C66 inhibits PA-induced NF-κB and JNK activation, and C66 treatment or JNK inhibition prevents the expression of inflammatory genes in H9c2 cells. H9c2 
cells were pretreated with 2.5, 5, 10 μM of C66 or 10 μM of JNK inhibitor SP600125 for 2 h followed by exposure to PA (200 μM) for an additional 2 h, and then 
immunoblotting and immunofluorescence was performed. (A) Immunoblot and quantification for p-P65 and IκBα. (B) Immunofluorescence detection and quanti-
fication of p65 (green) and its translocation to the nucleus. (C) Immunoblot and quantification for p-JNK and JNK. (D) H9c2 cells were pretreated with 2.5, 5, 10 μM 
of C66 or 10 μM of JNK inhibitor SP600125 for 2 h followed by exposure to PA (200 μM) for an additional 12 h, and then RNAs were collected to perform qPCR for 
TNF-α, IL-6, IL-1β, VACM and ICAM. Data normalized to β-actin gene. Data are presented as mean ± S.E.M. n = 3 independent experiments; *p < 0.05, vs PA. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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expression, TNFα expression and apoptosis in the heart in vivo and 
PA-treated cardiomyocytes in vitro. However, C66 treatment signifi-
cantly reduced all these measured indices, which is in line with our 
previous report on diabetic cardiomyopathy [12]. The JNK inhibitor, 
like C66, also inhibited the expression of pro-fibrotic genes in PA-treated 
cardiomyocytes. Given that inhibition of JNK by a specific inhibitor 
SP600125 provided a similar outcome as inhibition by C66, indicate that 
the cardioprotective effect of C66 is attributed to its ability to directly 
interact and inhibit the JNK pathway to protect against obesity-induced 
cardiac dysfunction. 

Although we have previously confirmed the direct binding and in-
hibition of C66 on JNK protein [12], we acknowledge that C66 may have 
other potential targets which are also involved in its pharmacological 
effects. In addition to NF-κB and Bcl-2/Bax, JNK inhibition by C66 may 
affect other signaling pathways, including PI3K/AKT, to contribute to its 
cardioprotective effects. Such aspects should be further investigated in 
the future. A schematic diagram depicting possible mechanisms 
involved in the beneficial effects of C66 in diabetic cardiomyopathy has 
been previously concluded [37]. Anyway, using C66 and a commercial 
JNK inhibitor SP600125 in this study, we provided a deeper under-
standing of the regulatory role of JNK in obesity-induced cardiac 
inflammation and apoptosis, indicating that JNK inhibition may be a 
feasible strategy for treating obesity-associated cardiomyopathy. 

We have previously reported an inhibitory effect of C66 on diabetes- 
related hypertriglyceridemia and lipid deregulation [12]. Accordingly, 
C66-treatment protected mice against obesity-related hyper-
triglyceridemia and lipid deregulation, which may or may not be 
dependent on the effects of C66 on JNK signaling. These findings war-
rant further investigations and suggest the therapeutic application of 
C66 in hypertriglyceridemia and lipid deregulation-associated CVDs. 
Curcumin analog C66 is also an anti-oxidant and scavenges reactive 
oxygen species (ROS) products [38], and can prevent ER stress-induced 
apoptosis [38], however, the effect of C66 on obesity-induced ROS and 
ER-stress in the heart and their contribution towards cardiac dysfunction 
or C66-mediated cardio-protection remains to be elucidated. There is 
still the need to further delineate the exact contribution of JNK and the 
detailed mechanisms of C66 action. 

In summary, our data demonstrated that C66 provides significant 
protection against obesity-induced cardiac dysfunction, mainly by 
inhibiting JNK activation and JNK-mediated inflammation. Neverthe-
less, our new and exciting data clearly indicate that inhibition of JNK is 
sufficient to provide significant protection against obesity-induced car-
diac dysfunction, supporting the potential clinical applications of JNK 
inhibition and warranting further investigations in this direction. 
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