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A B S T R A C T   

Cardiac inflammation is an important pathological process in diabetic cardiomyopathy (DCM). Curcumin is a 
natural compound found in the rhizome of Curcuma longa and has been shown to possess multifunctional bio
activities. In the present study, we identified a new curcumin-derived compound, JM-2, and investigated its 
therapeutic effects against DCM in mouse models of streptozotocin-induced type 1 diabetes mellitus (T1DM) and 
HFD-induced type 2 diabetes (T2DM). Treatment with JM-2 (10 mg/kg) prevented cardiac functional and 
structural deficits effectively and reduced cardiac inflammation and fibrosis. JM-2 administration attenuated 
DCM by inhibiting nuclear factor kappa-B (NF-κB) activation in the heart of both models. In addition, treatment 
with JM-2 completely prevented the increase in proinflammatory factors and macrophage infiltration in T1DM 
and T2DM mice. RNA-seq analysis showed that the anti-inflammatory activity of JM-2 was associated with the 
inhibition of NF-κB activation. In vitro, JM-2 suppressed high glucose (HG)-induced myocardial hypertrophy and 
fibrosis in H9c2 cells, accompanied by inhibition of HG-induced NF-κB activation. Collectively, our results 
showed that JM-2, a new curcumin analog, provides strong protection against DCM via inhibition of the NF-κB- 
mediated inflammation. In summary, our data suggest that the curcumin analog JM-2 may be a potential 
therapeutic agent for DCM.   

1. Introduction 

Diabetic cardiomyopathy (DCM) is a diabetes-induced pathophysi
ological condition that leads to heart failure and cannot be attributed to 
valvular or ischemic heart disease [1]. Prediabetes is an important risk 
factor for heart failure (HF). Recently epidemiological have shown that 
the risk of heart failure was increased in patients with prediabetes [2]. 
Furthermore, patients with HF and with prediabetes were associated 

with an increased risk of mortality [3]. The pathological mechanisms 
underlying DCM are complex, such as mitochondrial dysfunction, 
oxidative stress, inflammation, apoptosis, autophagy, myocardial 
fibrosis, and lipo toxicity [4]. Chronic inflammation has emerged as a 
key pathogenic factor in DCM [5]. Chronic inflammation and upregu
lated pro-inflammatory factors partially mediate abnormal changes in 
the diabetic heart [1,6]. Pro-inflammatory cytokines, such as tumor 
necrosis factor-α (TNFα), interleukin 6 (IL-6), and interleukin 1β (IL-1β), 
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which are associated with hyperglycemia, can induce or exacerbate 
cardiac injury, leading to further adverse remodeling. Nuclear factor 
kappa-B (NF-κB) is one of the most important transcription factors 
involved in proinflammatory gene expression. NF-κB activation has been 
a common endpoint and inflammatory signaling of cardiac 

inflammation in diabetes [6,7]. However, owing to the complex path
ophysiological mechanisms of DCM, potential effective therapeutic ap
proaches and drugs to prevent and treat this disease are limited. 
Therefore, it is imperative to develop new drugs for DCM treatment. 

Curcumin is the main active component of turmeric, derived from 

Fig. 1. JM-2 prevented cardiac functional and structural deficits in STZ-induced T1DM mice. (A) The chemical structures of JM-2. (B) Blood glucose levels in mice. 
(C) Image of non-invasive echocardiography. (D) EF% and FS% of mice were measured by an ultrasonic scanning image system. (E) The mRNA levels of Anp and Bnp 
were detected by RT-qPCR in the heart tissues. Transcripts were normalized to Actb [n = 6; Mean ± SEM; * , p < 0.05]. (F, G) Levels of serum CK-MB (F) and LDH (G) 
in mice. (H) Representative H&E-stained images of heart tissues showing transverse and longitudinal sections. [scale bar = 100 µm]. (I) Representative WGA-FITC 
staining images of heart tissues. [scale bar = 100 µm]. 
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the rhizome of the Curcuma longa plant [8], and is a multimodal nu
traceutical and pharmaceutical agent. Several in vivo and in vitro 
studies have demonstrated the biological and pharmacological effects of 
curcumin, including in cardiovascular disease [9], diabetes [10], obesity 
[11], cancer [12], neurological disorders [13], age-related diseases 
[14], gastrointestinal disease [15], and rheumatoid arthritis [16]. Pre
vious studies have demonstrated that curcumin treatment significantly 
ameliorates DCM by regulating myocardial dysfunction and cardiac 
fibrosis by reducing ROS, apoptosis, and inflammation [17]. Further
more, several studies have demonstrated that curcumin exhibits 
anti-inflammation effects by suppressing the NF-κB signaling pathway 
[18,19]. Curcumin has a wide range of pharmacological effects, but its 
clinical efficacy is limited owing to its low solubility and bioavailability 
[20]. Therefore, it is necessary to enhance the biological activity of 
curcumin by developing curcumin analogs. There are several studies 
reporting the synthesis of curcumin and its derivatives for cardiovas
cular applications. Shimizu et al. produced a curcumin analog GO-Y030, 
which significantly attenuated cardiac hypertrophy and systolic 
dysfunction in p300-HAT [21]. We have previously reported that a 
curcumin analog, C66, alleviated DCM [22] and obesity-induced 
myocardial injury [23] through inhibition of the JNK pathway. Over
all, to develop a novel drug for DCM therapy in clinical medication, 
discovery of novel curcumin analogs that have stronger pharmacological 
activity than natural curcumin is a promising way. 

Recently, we designed and discovered a new curcumin analog, JM-2 
(Fig. 1A). Our study found that JM-2 treatment prevented heart 
inflammation and fibrosis in diabetic mice and inhibited high glucose 
(HG)-induced inflammatory and fibrotic changes in H9c2 cells. Inter
estingly, HG-induced inflammatory responses in cardiomyocytes can be 
completely mitigated by JM-2 treatment. We explored the anti- 
inflammatory mechanism of JM-2 and identified the NF-κB signaling 
pathway as the target of JM-2. Our study indicates JM-2 as a new and 
potential candidate for the treatment of DCM. 

2. Materials and Methods 

2.1. Antibodies and general reagents 

Antibodies against macrophage marker F4/80 (cat# sc-377009) was 
purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Antibodies 
against COL-1 (cat# ab34710) and β-MyHC (cat# ab50967) were pur
chased from Abcam (Cambridge, United Kingdom). Antibodies for IκBα 
(cat# 4812), phospho-NF-κB p65 (cat# 3033), and NF-κB p65 (cat# 
8242) were purchased from Cell Signalling Technology (Danvers, MA, 
USA). Antibodies against Collagen Type I (Col-1, cat# 14695–1-AP) and 
TGF-β1 (cat# 21898–1-AP) were purchased from Proteintech (Rose
mont, IL, USA). GAPDH antibody (cat# AB-P-R001) was from Hangzhou 
Goodhere Biotechnology (Hangzhou, China). Horseradish peroxidase- 
conjugated antibodies were from Beyotime Biotechnology (Shanghai, 
China). 

Pierce ECL Western Blotting Substrate and diaminobenzidine (DAB) 
were purchased from Thermo Fisher (Waltham, MA, USA). FITC- 
conjugated wheat-germ agglutinin (WGA-FTIC, cat# GTX01502) was 
purchased from Gene Tex (San Francisco, CA, USA). Assay kits for 
Creatine Kinase M and B Isoenzyme Determination Kit (CK-MB, cat# 
E006–1–1) and Lactate dehydrogenase (LDH, cat# A020–2–2) were 
purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, 
China). Rhodamine-conjugated Phalloidin (Phalloidin-Rho, cat# 
CA1610–300 T), Masson’s Trichrome Stain Kit (cat# 1340), Hematox
ylin and eosin (H&E) staining kit (cat# G1120) and Sirius red (cat# 
S8060) were purchased from Solarbio Life Sciences (Beijing, China). 
Streptozocin (cat# BJBAG2001) was purchased from Boaigang Biolog
ical Technology (Beijing, China). 

Compound JM-2 was obtained from our laboratory. JM-2 has a pu
rity of 98.9% and was dissolved in dimethyl sulfoxide (DMSO) for in 
vitro studies or in 1% sodium carboxyl methyl cellulose (CMC-Na, cat# 

419338, Sigma, St. Louis, MO, USA) for in vivo studies. 

2.2. Cell culture studies 

The immortalized rat cardiomyocyte cell line H9c2 (cat# GNR 5) 
was obtained from the Shanghai Institute of Biochemistry and Cell 
Biology (Shanghai, China). H9c2 cells have been widely used as a 
cardiomyocyte-like cell model for cardiac basic research[24]. The cells 
were cultured in Dulbecco’s modified Eagle medium (DMEM; cat# 
11995040, Gibco; Eggenstein, Germany) supplemented with 10% fetal 
bovine serum (FBS; cat# 14160063, Gibco; Eggenstein, Germany), 1% 
penicillin/streptomycin (cat# 1514–0122, Invitrogen, Waltham, MA, 
USA) at 37̊C in a humidified 5% CO2 incubator. Cells were cultured in 
DMEM medium as described above. 

2.3. Animal experiments 

Mouse studies were initiated following the review and approval of 
care and experimental procedures by Wenzhou Medical University An
imal Policy and Welfare Committee (Approval Document No. 
wydw2020–0117). All animal experiments conformed to the NIH 
guidelines (Guide for the care and use of laboratory animals). 36 male 
C57BL/6 mice weight 18–22 g were obtained from GemPharmatech 
(Nanjing, China). Male mice were widely used in diabetic models. Mice 
were housed in a pathogen-free room under 22 ± 2 ◦C, 50–60% hu
midity, 12:12 h light-dark cycle. Treatment groups were assigned in a 
random model. 

STZ-induced type 1 diabetic model: streptozotocin (STZ; dissolved in 
0.1 mol/L sodium citrate buffer, pH 4.5) was administered intraperito
neally at 50 mg/kg for 5 consecutive days to 7-week-old male C57BL/6 
mice (n = 12). Meanwhile six 7-week-old male C57BL/6 mice, as the 
control group, received the same volume of citrate buffer. Blood glucose 
levels were measured by a glucometer on day 7. Mice with fasting-blood 
glucose > 16.6 mM were selected and considered as diabetic. The con
trol mice (n = 6) received the same volume of citrate buffer. All mice 
were fed with water and standard rodent diet. At 9th week after diabetes 
was onset, 12 diabetic animals were randomly divided into two groups: 
T1DM (n = 6), and JM-2 (10 mg⋅kg− 1 per day)-treated T1DM 
(T1DM+JM-2, n = 6). In the JM-2-treated groups, JM-2 (10 mg/kg) was 
administered as oral gavage once every 2 days for another 8 weeks (from 
9th to 16th week), respectively. The vehicle used for JM-2 administra
tion is 1% CMC-Na solution. The T1DM group and age-matched control 
group (n = 6) received 1% CMC-Na solution alone according to the same 
schedule. 

High-fat-diet (HFD)-induced diabetic model[25]: Eighteen male 
C57BL/6 mice were randomly divided into three groups: low-fat diet 
(LFD), high-fat diet (HFD) and 10 mg⋅kg− 1 twice a day 
JM-2-administered HFD mice (HFD+JM-2). Each group had n = 6. LFD 
consisted of 10 kcal.% fat, 20 kcal.% protein, and 70 kcal.% carbohy
drate (MediScience Diets Co., Ltd., Yangzhou, China; cat. #MD12031). 
HFD consisted of 60 kcal.% fat, 20 kcal.% protein, and 20 kcal.% car
bohydrates (cat. #MD12033). Mice were fed these diets for 24 weeks. In 
the JM-2-treated groups, JM-2 (10 mg/kg) was administered as oral 
gavage once every 2 days for another 8 weeks (from 16th to 24th week), 
while the HFD group and LFD group received the same volume of diluent 
(1% CMC-Na solution) in the same schedule. 

No mice died during the experiment. Body weight and blood glucose 
levels were recorded weekly. At the end of treatment, mice were sacri
ficed under anesthesia. Blood and Heart tissues were collected after the 
study. Serum myocardial lactate dehydrogenase (LDH) and creatine 
kinase-cardiac (CK-MB) levels were detected and analyzed as the main 
laboratory indicators related to heart injury. The transcript levels of 
Atrial natriuretic peptide (ANP) and B-type natriuretic peptide (BNP) in 
heart tissue were detected by real-time qPCR assay. Heart tissues were 
snap-frozen in liquid nitrogen for gene and protein expression analyses 
or fixed with 4% paraformaldehyde for histological analysis. 
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2.4. Cardiac functional tests 

Systolic and diastolic cardiac function was determined non- 
invasively via transthoracic echocardiography in anesthetized mice, 
one day before the sacrifice as described previously[26]. ACUSON 
Oxana2 ultrasonic diagnostic apparatus (Siemens Medical Solutions 
Inc., CA, USA) equipped with a VTIQ mode and a 9L4 linear array 
transducer (7–9 MHz) were used. Ejection fraction (EF%) was calculated 
from LV end-diastolic volume (LVEDV) and end-systolic volume 
(LVESD) using the equation of (LVEDV–LVESV)/LVEDV × 100). Frac
tional shortening (FS) was calculated using the equation (FS% =
[(LVIDd–LVIDs)/LVIDd] × 100). 

2.5. Heart tissue staining 

Heart tissues were fixed in 4% paraformaldehyde, embedded in 
paraffin, and sectioned at 5-μm thickness. After dehydration, sections 
were stained with hematoxylin and eosin (H&E). Stained sections were 
evaluated for general histopathological damage using light microscopy. 
Additional paraffin sections were stained with Sirius Red and Masson’s 
Trichrome Stain to assess heart fibrosis. 

For immunohistochemistry, sections were deparaffinized, hydrated 
and subjected to heat-induced antigen retrieval (0.01 M sodium citrate 
buffer, pH = 6.0). Slides were blocked with 3% hydrogen peroxide for 
30 min and in 1% BSA for 30 min and incubated with F4/80 antibodies 
(1:200) overnight at 4 ◦C. Horseradish peroxidase (HRP)-labeled sec
ondary antibodies were then applied for 1 h at 37 ◦C. Immunoreactivity 
was detected by diaminobenzidine (DAB). Slides were counterstained 
with hematoxylin. Images were acquired using a Nikon microscope 
(Nikon, Japan). Image J analysis software version 1.53i (NIH; Bethesda, 
MD, USA) was used to determine staining-positive cells. 

Immunofluorescence staining of liver tissues was performed using 
frozen tissues in Optimal Cutting Temperature (OCT) media. The outline 
of myocardial cells was demarcated by wheat Germ Agglutinin- 
fluorescein isothiocyanate (WGA-FTIC) staining. 5-μm thick frozen 
sections were permeabilized. WGA-FITC dye solution (1:200) was added 
and dyed for 30 min at 37 ◦C. Sections were counterstained with DAPI 
and imaged using an epi-fluorescence microscope (Nikon, Japan). 

2.6. Rhodamine phalloidin staining 

To assess the hypertrophic changes, H9c2 cells were fixed with 4% 
paraformaldehyde, permeabilized with 0.1% Triton X-100, and stained 
with rhodamine-conjugated phalloidin (Phalloidin-Rho) at a concen
tration of 50 ng/ml for 30 min. Sections were counterstained with DAPI 
and imaged using an epi-fluorescence microscope (Nikon, Japan). 

2.7. Western blot and immunoprecipitation 

Cell and tissue lysates were prepared in RIPA buffer (cat# P0013B; 
Beyotime Biological Technology, Shanghai, China) and protein con
centration was measured. Protein lysates were separated by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to 
polyvinylidene fluoride membranes. Membranes were blocked in Tris- 
buffered saline (pH 7.4, containing 0.05% Tween 20% and 5% non-fat 
milk) for 1 h at room temperature and incubated with primary anti
bodies at 4 ℃ overnight. Secondary antibodies were applied for 1 h at 
room temperature. Immunoreactivity was visualized using enhanced 
chemiluminescence reagent (Bio-Rad) and quantified using Image J 
analysis software version 1.53i. Values were normalized to respective 
housekeeping proteins. 

2.8. Real-time qPCR 

mRNA levels were detected by real-time qPCR. Total RNA was 
extracted from cells and tissues using Trizol Reagent (cat# 9109, Takara 

Bioscience, Ann Arbor, MI). RNA was reverse-transcribed using Prime
Script RT reagent (cat# RR047A, Takara Bioscience, Ann Arbor, MI). 
Real-time PCR was subsequently conducted using TB Green Premix Ex 
Taq II (cat#RR820A, Takara Bioscience, Ann Arbor, MI) on CFX96 
Touch Real-Time PCR Detection System (Bio-Rad). Relative expression 
was calculated by 2ΔΔCt method with Actb normalization. Primer se
quences are listed in Supplementary Table S1. 

2.9. MTT assay 

H9c2 cells were seeded in 96-well plates at 3000 cells per well and 
cultured overnight to allow adherence. Cells were then exposed to JM-2 
at increasing concentrations, including 0.05, 0.5, 1, 2.5, 5, 10, 20, and 
50 μM. Control cells received DMSO as a vehicle. After 24-h incubation, 
methyl thiazolyl tetrazolium (MTT, cat# M8180–250MG, Solarbio, 
Beijing, China) was added to each well. Cells were incubated for 4 h and 
then DMSO was added. Absorbance was measured at 570 nm using 
SpectraMax M5 microplate reader (Molecular Devices, CA, USA). Cell 
viability was expressed as the percentage of control. 

2.10. Statistical analysis 

All experiments are randomized and blinded. All data are reported as 
Mean ± SEM. Statistical analysis was performed with GraphPad Prism 
8.0 software (San Diego, CA, USA). We used one-way ANOVA followed 
by Dunnett’s post hoc test when comparing more than two groups of 
data and one-way ANOVA, nonparametric Kruskal–Wallis test, followed 
by Dunnett’s post hoc test when comparing multiple independent 
groups. P values less than 0.05 were considered to be statistically sig
nificant. Post-tests were run only if F achieved P < 0.05 and there was 
no significant variance inhomogeneity. 

3. Results 

3.1. JM-2 prevented cardiac functional and structural deficits in STZ- 
induced T1DM mice 

To examine the pharmacological effects of JM-2, STZ was used to 
induce DCM in a mouse model. We induced T1DM in 7-week-old male 
C57BL/6 mice using STZ and treated the mice with JM-2 (10 mg/kg) for 
16 weeks. JM-2 did not change body weight or fasting blood glucose 
levels in the mice (Fig. S1A, Figure1B). We demonstrated the protective 
effect of JM-2 on heart function using non-invasive echocardiography 
for assessment. JM-2 also effectively abolished STZ-induced cardiac 
dysfunction, as evidenced by the reversed ejection fraction (EF) % and 
fractional shortening (FS) % values in JM-2–treated T1DM mice 
(Fig. 1C–1D, Table 1). ANP and BNP are standard biomarkers of heart 
failure[27,28]. The mRNA levels of ANP and BNP were increased in 
T1DM mice. However, this increase was not seen in JM-2–treated mice 

Table 1 
Biometric and echocardiographic measurements in STZ-induced T1DM mice.  

Parameters CON n = 6 T1DM n = 6 T1DM+JM-2 n = 6 

EF% 73.35 ± 2.37 54.90 ± 1.18 * * 70.57 ± 1.62## 

FS% 41.78 ± 1.89 27.88 ± 0.81 * * 39.41 ± 3.94## 

LVAW;s(MM) 1.44 ± 0.11 1.14 ± 0.09 * 1.45 ± 0.08# 

LVAW;d(MM) 0.84 ± 0.11 0.74 ± 0.09 0.85 ± 0.08 
LVPW;s(MM) 1.44 ± 0.06 1.33 ± 0.19 1.48 ± 0.11 
LVPW;d(MM) 0.94 ± 0.08 0.97 ± 0.15 1.17 ± 0.08 

Transthoracic echocardiography was performed on mice at the end of the animal 
study; EF, ejection fraction; FS, fractional shortening; LVAW;s, left ventricular 
systolic anterior wall thickness; LVAW;d, Left ventricular diastolic anterior wall 
thickness; LVPW;s, left ventricular systolic posterior wall thickness; LVPW;d, 
Left ventricular diastolic posterior wall thickness. Data presented as mean 
± SEM. n = 6 per group; *p < 0.05, * *p < 0.01 compared with CON group; 
#p < 0.05, ##p < 0.01 compared with T1DM. 
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with T1DM (Fig. 1E). Treatment with JM-2 reduced the serum levels of 
LDH and CK-MB in T1DM mice (Fig. 1F–G). These data suggest that JM-2 
treatment prevented heart damage in mice with T1DM. Next, we 
examined the effects of JM-2 on cardiac morphological impairment. 
Analysis of the harvested heart tissues by H&E and WGA staining 
showed structural and hypertrophic changes in T1DM mice but not in 
mice treated with JM-2 (Fig. 1H–I, Fig. S1B). These results indicated that 
JM-2 protects T1DM mice from alterations in cardiac function and 
structural deficits. 

3.2. JM-2 prevents STZ-induced heart fibrosis in mice 

Cardiac fibrosis and inflammation are important pathological pro
cesses in STZ-induced heart failure, prompting us to investigate whether 
JM-2 prevents heart fibrosis in T1DM mice. The heart tissues of mice 
were stained using Picrosirius Red and Masson’s trichrome. Staining 
with Picrosirius Red (Fig. 2A–D) and Masson’s trichrome (Fig. 2E–H) 
also showed the suppressive activity of JM-2 on fibrotic responses in 
T1DM mice. The protein and mRNA levels of fibrosis-associated factors 
Myosin heavy chain (MyHc), Collagen type I (Col-1), and transforming 
growth factor (TGF-β)) confirmed the protective role of JM-2 in T1DM 
(Fig. 2I–K). These results show increased fibrosis responses in mice with 
T1DM, but not in JM-2–treated mice. 

3.3. JM-2 prevented cardiac functional and structural deficits in HFD- 
induced diabetes mellitus (T2DM) mice 

To evaluate the effect of JM-2 on T2DM, we performed the same 
studies in mice with HFD-induced diabetes. We reasoned that JM-2 
might have a similar effect in T2DM. We fed 8-week-old male C57BL/ 
6 mice an HFD for 24 weeks and examined their heart function. JM-2 did 
not change the body weight or blood glucose levels in T2DM mice, 
similar to that observed in STZ-induced T1DM mice (Fig. 3A, Fig. S2A). 
Assessment of heart function revealed similar protection by JM-2 as seen 
in the STZ-induced T1DM mouse model (Fig. 3B–C, Table 2). Consis
tently, treatment with JM-2 did not increase the mRNA levels of ANP or 
BNP in T2DM mice (Fig. 3D). To ascertain that JM-2 prevents alterations 
in cardiac injury, we measured the serum levels of LDH and CK-MB and 
observed that the JM-2 treatment group had low levels of LDH and CK- 
MB (Fig. 3E–F). Concurrently, analysis of the harvested heart tissues by 
H&E and WGA staining showed structural and hypertrophic changes in 
HFD-induced T2DM mice, but not in mice treated with JM-2 (Fig. 3G–H, 
Fig. S2B). Collectively, these results indicated that JM-2 protects HFD- 
induced T2DM mice from alterations in cardiac function and struc
tural deficits. 

3.4. JM-2 prevents heart fibrosis in HFD-induced T2DM mice 

A previous study showed that a high-fat diet can induce heart 

Fig. 2. JM-2 prevents STZ-induced heart fibrosis in mice. (A-D) Representative Picro Sirius Red-stained images of heart tissues and quantification of perivascular 
fibrotic areas (%) showing longitudinal and transverse sections. [scale bar = 100 µm]. (E-H) Representative Masson’s Trichrome-stained images of heart tissues and 
quantification of perivascular fibrotic areas (%) showing longitudinal and transverse sections. [scale bar = 50 µm]. (I) The mRNA levels of Col1a1, myh7, and Tgfb1 
were detected by RT-qPCR in the heart tissues. Transcripts were normalized to Actb [n = 6; Mean ± SEM; * , p < 0.05]. (J-K) Measurement of fibrosis-related 
proteins (MyHc, Col1, and TGF-β1) in heart tissue lysates. Representative immunoblots (J) and densitometric quantification (K) are shown. GAPDH was used 
as control. 
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fibrosis. Next, we sought to identify the effects of JM-2 on T2DM heart 
fibrosis. Similar to our results in T1DM mice, Masson’s trichrome 
(Fig. 4A–D) and Picrosirius red staining (Fig. 4E–H) analyses showed 
that the increased collagen deposition in the hearts was also substan
tially improved in JM-2–treated mice, which was confirmed by gene 
markers of hypertrophy and fibrosis (MyHc, Col1, and TGF-β) (Fig. 4I, 
Fig. S3A). These data indicate that JM-2 prevents heart fibrosis in HFD- 
induced T2DM mice. 

3.5. JM-2 prevents heart inflammation in STZ-induced T1DM and HFD- 
induced T2DM mice by inhibiting the NF-κB pathway 

To identify the potential mechanism of the protective activity of JM- 
2 against STZ-induced heart injury, we performed RNA sequencing 
analysis using mouse heart tissues. A total of 420 significantly different 

genes were found, including 441 upregulated and 201 downregulated 
genes (Fig. S4A–S4B) when comparing the JM-2 +T1DM group to the 
T1DM group. We performed KEGG enrichment analysis of these altered 
genes. We found that the NF-κB signaling pathway was present and 
ranked among the top ten pathways altered between the JM-2 +T1DM 
and T1DM groups. This indicated the involvement of NF-κB in the car
diac protection of JM-2 in this model (Fig. 5A). Based on these results, 
we probed heart tissue lysates for the phosphorylated (p-) p65 subunit of 
NF-κB. We also measured the levels of the inhibitor of κB as a measure of 
NF-κB activity. Our results showed a noticeably increased phosphory
lated (p)-p65 and reduced IκB levels in lysates prepared from T1DM 
mice compared to these in JM-2–treated mice (Fig. 5B, Fig. S4C). We 
also observed similar changes in the HFD-induced T2DM model (Fig. 5C, 
Fig. S4D). In addition, treatment with JM-2 in T1DM and T2DM mice not 
only strongly reduced the basal activation of NF-κB, but also nearly 

Fig. 3. JM-2 prevented cardiac functional and 
structural deficits in HFD-induced diabetes 
mellitus (T2DM) mice. (A) Blood glucose levels 
in mice. (B) Image of non-invasive echocardi
ography. (C) EF% and FS% of mice were 
measured by an ultrasonic scanning image sys
tem. (D) The mRNA levels of Anp and Bnp were 
detected by RT-qPCR in the heart tissues. 
Transcripts were normalized to Actb [n = 6; 
Mean ± SEM; * , p < 0.05]. (E, F) Levels of 
serum CK-MB (E) and LDH (F) in mice. (G) 
Representative H&E-stained images of heart 
tissues showing transverse and longitudinal 
sections. [scale bar = 100 µm]. (H) Represen
tative WGA-FITC staining images of heart tis
sues. [scale bar = 50 µm].   
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completely prevented the increase in downstream NF-κB and inflam
matory factors (Fig. 5D–E). Complementarily, we also found cytokine- 
cytokine receptor interactions and chemokine signaling pathways in 

the KEGG enrichment analysis. Immunohistochemical staining showed 
that compared to hearts of control mice, the hearts from T1DM and 
obese mice had significantly increased F4/80 immunoreactivity (Fig. 5F- 
I). These studies showed that macrophage infiltration was increased in 
T1DM and T2DM cardiac tissues. In contrast, treatment with JM-2 
almost completely abrogated the increase in macrophage infiltration. 
These studies suggest that JM-2 suppresses STZ- and HFD-induced car
diomyocyte injury by inhibiting the NF-κB pathway. 

3.6. JM-2 attenuates HG-induced hypertrophy and fibrosis via inhibiting 
inflammation responses in H9c2 cells 

To evaluate whether JM-2 could suppress the effects of HG on car
diac cells, we used cultured H9c2 cells as a cellular model. The MTT 
assay showed that JM-2, at concentrations ranging from 0.05 to 50 μM, 
did not show significant toxicity in H9c2 cells (Fig. S5A). The IC50 of JM- 
2 for H9c2 cells was > 176.2 μM; thus, we chose 10 μM (≈1/20 IC50) for 
the in vitro study. We then continuously treated H9c2 cells with JM-2 at 
10 μM for 1 h before exposure to HG (33 mM glucose). We confirmed 

Table 2 
Biometric and echocardiographic measurements in HFD-induce T2DM mice.  

Parameters CON n = 6 T2DM n = 6 T2DM+JM-2 n = 6 

EF% 74.05 ± 0.53 62.62 ± 2.71 * * 67.92 ± 2.40## 

FS% 41.80 ± 0.57 33.25 ± 1.95 * * 37.15 ± 1.79## 

LVAW;s(MM) 1.62 ± 0.07 1.74 ± 0.14 1.71 ± 0.10 
LVAW;d(MM) 1.07 ± 0.08 1.32 ± 0.13 * 1.15 ± 0.08# 

LVPW;s(MM) 1.57 ± 0.08 1.37 ± 0.15 1.40 ± 0.07 
LVPW;d(MM) 1.20 ± 0.12 1.09 ± 0.17 1.15 ± 0.12 

Transthoracic echocardiography was performed on mice at the end of the animal 
study; EF, ejection fraction; FS, fractional shortening; LVAW;s, left ventricular 
systolic anterior wall thickness; LVAW;d, Left ventricular diastolic anterior wall 
thickness; LVPW;s, left ventricular systolic posterior wall thickness; LVPW;d, 
Left ventricular diastolic posterior wall thickness. Data presented as mean 
± SEM. n = 6 per group; *p < 0.05, * *p < 0.01 compared with CON group; 
#p < 0.05, ##p < 0.01 compared with T2DM. 

Fig. 4. JM-2 prevents heart fibrosis in HFD-induced T2DM mice. (A-D) Representative Picro Sirius Red-stained images of heart tissues and quantification of peri
vascular fibrotic areas (%) showing longitudinal and transverse sections. [scale bar = 100 µm]. (E-H) Representative Masson’s Trichrome-stained images of heart 
tissues and quantification of perivascular fibrotic areas (%) showing longitudinal and transverse sections. [scale bar = 100 µm]. (I) Measurement of fibrosis-related 
proteins (MyHc, Col1, and TGF-β1) in heart tissue lysates. Representative immunoblots are shown. GAPDH was used as control. 
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cardiomyocyte hypertrophy by staining H9c2 cells with rhodamine- 
phalloidin to measure the cell size. Rhodamine phalloidin staining 
showed that cell size increased with exposure to HG, whereas this in
crease was reversed in cells pretreated with JM-2 (Fig. 6A–B). The 
mRNA and protein markers of fibrosis (MyHc, Col1, and TGF-β) 

increased following the exposure of H9c2 cells to HG for 12 h. However, 
cells pretreated with JM-2 did not exhibit the same response (Fig. 6C–D, 
Fig. S5B). Moreover, immunoblotting assay for the p-p65 subunit of NF- 
κB, inhibitor of κB (IκB-α) (Fig. 6E–F,Fig. S5C), and staining assay for the 
p65 subunit of NF-κB (Fig. 6G, Fig. S4C) confirmed that JM-2 

Fig. 5. JM-2 prevents heart inflammation in STZ-induced T1DM and HFD-induced T2DM mice by inhibiting the NF-κB pathway. (A) KEGG enrichment of the 
differential gene in T1DM+JM-2 group vs. T1DM group. (B) Immunoblot analysis of NF-κB p65, and IκBα in T1DM heart tissues. Phosphorylated proteins and total 
proteins were measured [Mean ± SEM; n = 6; * , p < 0.05]. (C) Immunoblot analysis of NF-κB p65, and IκBα in T2DM heart tissues. Phosphorylated proteins and 
total proteins were measured [Mean ± SEM; n = 6; * , p < 0.05]. (D) The mRNA levels of Tnf and Il1b were detected by RT-qPCR in the T1DM heart tissues. 
Transcripts were normalized to Actb [n = 6; Mean ± SEM; * , p < 0.05]. (E) The mRNA levels of Tnf and Il1b were detected by RT-qPCR in the T2DM heart tissues. 
Transcripts were normalized to Actb [n = 6; Mean ± SEM; * , p < 0.05]. (F-G) Staining of T1DM heart tissues of mice for macrophage marker F4/80. Sections were 
counterstained with hematoxylin (blue). Quantification of the immunoreactive area is shown in panel G. [scale bar = 50 µm]. (H-I) Staining of T2DM heart tissues of 
mice for macrophage marker F4/80. Sections were counterstained with hematoxylin (blue). Quantification of the immunoreactive area is shown in panel I. [scale 
bar = 50 µm]. 
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pretreatment suppressed HG-induced NF-κB activation in H9c2 cells. 
The mRNA levels of proinflammatory factors (Il1b, Tnf, and Il6) were 
significantly reduced in JM-2–treated cells exposed to HG (Fig. 6H). 
These data suggest that JM-2 reduced HG-induced hypertrophy, fibrosis, 
and inflammation in cardiomyocytes. 

4. Discussion 

In the present study, we examined the potential therapeutic effects of 
the curcumin analog JM-2 in DCM. Our study demonstrated the pro
tective effect of JM-2 on STZ- and obesity-induced cardiac hypertrophy, 
fibrosis, dysfunction, and inflammation. HG activated the NF-κB 
signaling pathway in both HG-treated cardiomyocytes and in T1DM and 
T2DM mouse hearts. Owing to NF-κB activation, the expression of in
flammatory cytokine (Tnf, Il6, and Il1β) genes was increased, which 
aggravated heart fibrosis and dysfunction. All these processes were 
significantly reversed by JM-2 treatment. Overall, JM-2 provided 

cardioprotection against cardiac dysfunction in both type 1 and type 2 
diabetic mice. 

We found that the body weight of the JM-2–treated group was 
significantly lower than that of the model group in obesity-induced type 
2 diabetic mice. Obesity-induced type 2 diabetes is correlated with the 
development of islet inflammation and systemic low-grade inflamma
tion[29]. Based on this mechanism, we speculate that JM-2 may alle
viate islet and systemic inflammation by inhibiting the NF-κB signaling 
pathway. In addition, we speculate that the curcumin analog JM-2 may 
alleviate type 2 diabetes or other obesity diseases through lipid meta
bolism. Curcumin has been shown to have protective effects against 
obesity and metabolic diseases. Panzhinskiy et al. showed that curcumin 
exhibited a positive effect in reducing weight gain and adiposity in 
response to high-fat feeding[30]. Baziar et al. showed that curcumin 
might have a positive effect on visceral fat and abdominal obesity 
associated with Non-alcoholic fatty liver disease[31]. These studies 
indicate that our curcumin analog, JM-2, exhibits the same 

Fig. 6. JM-2 attenuates HG-induced hypertrophy, fibrosis, and inflammation responses in H9C2 cells. JM-2 prevents HG-induced hypertrophy, fibrosis, and 
inflammation in H9c2 cells. H9c2 cells were pretreated with 10 μM JM-2 for 1 h and then exposed to HG (33 mM) for 12 or 24 h. Protein and RNA were extracted to 
perform immunoblotting and qPCR respectively. (A-B) TRITC phalloidin (red) staining of H9c2 cells showing the effect of JM-2 on HG-induced hypertrophic re
sponses. Slides were counterstained with DAPI (blue). (C) The mRNA levels of Col1a1, myh7, and Tgfb1 were detected by RT-qPCR in H9C2 cells. Transcripts were 
normalized to Actb [n = 3; Mean ± SEM; * , p < 0.05]. (D) Measurement of fibrosis-related proteins (MyHc, Col1, and TGF-β1) in H9c2 cell lysates. Representative 
immunoblots are shown. GAPDH was used as control. [n = 3; Mean ± SEM; * , p < 0.05]. (E-F) Immunoblot analysis of NF-κB p65, and IκBα in H9c2 cells. Phos
phorylated proteins and total proteins were measured [n = 3; Mean ± SEM; * , p < 0.05]. (G) H9c2 cells were pretreated with 10 μM JM-2 for 1 h and then exposed 
to HG (33 mM) for 1 h. Cells were stained p65 subunit of NF-κB (Green). Cells were counterstained with DAPI (blue). [scale bar = 50 µm]. (H) The mRNA levels of 
Il1b, Il6, and Tnf were detected by RT-qPCR in H9C2 cells. Transcripts were normalized to Actb [n = 3; Mean ± SEM; * , p < 0.05]. 
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pharmacological activity as curcumin in targeting weight and lipid 
metabolism. In future, we plan to explore other pharmacological effects. 

A typical proinflammatory element with determined activity in the 
transcription of multiple inflammatory cytokines, NF-κB is highly active 
in the inflammation pathology of DCM[32–34]. These inflammatory 
cytokines may affect myocardial metabolic processes and interfere with 
cardiomyocyte contractile properties, aggravating the development of 
DCM. Simultaneously, NF-κB inhibition is thought to be the key mech
anism underlying the anti-inflammatory action of curcumin[35]. 
Several reports have demonstrated the powerful ability of curcumin to 
inhibit NF-κB in the treatment of numerous diseases such as ulcerative 
colitis[36], acute kidney injury[37], and lipopolysaccharide (LPS)-in
duced neuroinflammation[38]. In addition, our RNA-sequencing anal
ysis showed that the NF-κB pathway was downregulated by JM-2 
treatment in vivo. This consistent phenomenon indicated that the major 
bioactive fragments of curcumin were retained during the conversion 
process from curcumin to JM-2. 

There are a few unanswered but important questions in our study 
which warrant future investigations. Firstly, how does JM-2 inhibit the 
NF-κB signaling pathway? Based on previous studies, the answer to this 
question may be related to Toll-like receptors (TLRs). Activation of TLRs 
initiates a signal transduction cascade that culminates in activation of 
the NF-κB transcription factor[39]. Toll-like receptor 4 regulates 
inflammation and has been linked to the pathogenesis of heart disease, 
which is upregulated in DCM[40]. Toll-like receptor 4 is considered a 
strong inflammatory stimulator that can activate the NF-κB signaling 
pathway. Stimulation of TLR4 further activates the NF-κB pathway, 
which plays an important role in DCM inflammation. Previous studies 
have shown that curcumin attenuates inflammation by inhibiting TLR4. 
Zhang et al. showed that curcumin attenuated the activation of the 
TLR4/NF-κB pathway and downregulation of TREM2 expression in 
LPS-activated BV2 cells[38]. In addition, curcumin attenuates renal 
interstitial fibrosis by inhibiting the TLR4/NF-κB and PI3K/AKT 
signaling pathways[41]. Based on these studies, we speculated that the 
curcumin analog JM-2 may further inhibit the activation of NF-κB by 
modulating the activation of TLR4. Therefore, future studies are needed 
to elucidate the mechanism by which JM-2 inhibits the NF-κB signaling 
pathway. Secondly, it’s our limitation that we exposed cardiomyocytes 
in single high glucose to mimic the pathophysiological changing of 
T1DM in vitro studies. To simulate the physiological environment of 
T2DM, HG plus palmitic acid (PA) was usually used as stimulator [42, 
43]. 

In addition, JM-2 may protect the heart by regulating other signaling 
pathways. For example, RNA-seq analysis showed that JM-2 may also 
potentially regulate IL-17, PI3K-Akt, and TNF signaling pathways. The 
IL-17 signaling pathway is a potent proinflammatory cytokine that 
participates in DCM. Li et al. showed that knockout of IL-17 attenuated 
ventricular arrhythmia in STZ-induced diabetic mice by inhibiting NF- 
κB[44]. The NF-κB signaling pathway is downstream of IL-17A, which 
regulates many inflammatory cytokines[45,46]. The inhibition of IL-17 
can also alleviate cardiac fibrosis and dysfunction in STZ-induced dia
betes [47]. Our pathway enrichment analysis showed that differentially 
expressed proteins (DEPs) were significantly enriched in the IL-17 
signaling pathway, such as Lcn2, Ptgs2, Mmp3, and Mapk10. 
Lipocalin-2 (LCN2) is a downstream protein of the IL-17 pathway that is 
activated by IL-17[46]. Lipocalin-2 is neutrophil gelatinase-associated 
lipocalin, which is an attractive biomarker of inflammation and infec
tion[48]. In T2DM, increased LCN2 expression favors inflammation via 
recruitment of inflammatory cells. Thus, we hypothesized that JM-2 
may alleviate inflammation by affecting LCN2 levels in the serum of 
diabetic mice. Overall, inhibition of IL-17 may be a potential therapy for 
JM-2. Additionally, the PI3K-Akt signaling pathway is required for 
metabolism, and its imbalance leads to the development of diabetes 
mellitus[49]. Ren et al. showed that curcumin plays a role in DCM 
through the PI3K-Akt signaling pathway[50]. In summary, the curcumin 
analog JM-2 can alleviate inflammation by regulating the PI3K-Akt 

signaling pathway. 
In conclusion, we present a comprehensive study that identified the 

therapeutic role of curcumin derivative JM-2 in DCM by inhibiting 
cardiac inflammation and fibrosis. Using type 1 and type 2 diabetes 
models, we showed that HG-induced inflammatory responses in car
diomyocytes can be completely mitigated by JM-2 treatment. Mecha
nistically, JM-2 exhibits anti-inflammatory and antifibrotic effects by 
inhibiting the NF-κB signaling pathway. Collectively, these studies 
clearly show an important therapeutic role for JM-2 in DCM and suggest 
that JM-2 could potentially be applied for therapy. 
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