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Abstract
Objective  C1q/tumour necrosis factor-related protein 12 (CTRP12) is closely related to coronary artery disease and has an 
outstanding cardioprotective effect. However, whether CTRP12 participates in heart failure (HF) has not been well studied. 
This work aimed to explore the role and mechanism of CTRP12 in post-myocardial infarction (MI) HF.
Methods  Rats were subjected to left anterior descending artery ligation and then raised for six weeks to establish post-MI 
HF. Recombinant adeno-associated virus-mediated gene transfer was applied to overexpress or silence CTRP12 in rat hearts. 
RT-qPCR, Immunoblot, Echocardiography, Haematoxylin–eosin (HE) staining, Masson’s trichrome staining, TUNEL stain-
ing and ELISA were carried out.
Results  CTRP12 levels were decreased in the hearts of rats with post-MI HF. The overexpression of CTRP12 improved 
cardiac function and attenuated cardiac hypertrophy and fibrosis in rats with post-MI HF. CTRP12 silencing exacerbated 
cardiac dysfunction, hypertrophy and fibrosis in rats with post-MI HF. The cardiac apoptosis, oxidative stress and inflam-
matory response induced by post-MI HF were weakened by CTRP12 overexpression or aggravated by CTRP12 silencing. 
CTRP12 inhibited the activation of the transforming growth factor‐β activated kinase 1 (TAK1)-p38 mitogen‐activated 
protein kinase (MAPK)/c‐Jun N‐terminal kinase (JNK) pathway in the hearts of rats with post-MI HF. Treatment with the 
TAK1 inhibitor reversed the adverse effects of CTRP12 silencing on post-MI HF.
Conclusions  CTRP12 protects against post-MI HF by modulating the TAK1-p38 MAPK/JNK pathway. CTRP12 may be a 
therapeutic target for the treatment of post-MI HF.
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Abbreviations
CTRP12	� C1q/tumour necrosis factor-related protein 

12
HF	� Heart failure
MI	� Myocardial infarction
TAK1	� Transforming growth factor‐β activated 

kinase 1
MAPK	� Mitogen‐activated protein kinase

JNK	� C‐Jun N‐terminal kinase
AAV	� Adeno-associated virus
LVEF	� Left ventricular ejection fraction
LVFS	� Left ventricular fractional shortening
ELISA	� Enzyme-linked immunosorbent assay
NT-proBNP	� N-terminal pro-brain natriuretic peptide
IL	� Interleukin
HE	� Haematoxylin–eosin
TNF	� Tumour necrosis factor

Introduction

Heart failure (HF) is an endpoint stage of numerous heart 
disorders, severely jeopardising the health of a large popula-
tion worldwide [1]. Cardiac remodelling, including myocar-
dial hypertrophy and fibrosis, is a vital element contributing 
to the occurrence and progression of HF [2]. Myocardial 
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infarction (MI) has been acknowledged as the most impor-
tant cause of HF [3]. Currently, the prevalence of post-MI 
HF continues to increase as people after MI survive for 
longer than in the past [4]. However, the reversal of cardiac 
remodelling remains a treatment challenge for preventing 
post-MI HF. Hence, discovering new genes that critically 
affect the progression of cardiac remodelling and determin-
ing the relevant mechanism may have great significance in 
developing an effective target gene therapy for post-MI HF.

C1q/tumour necrosis factor-related protein 12 (CTRP12), 
a newly discovered member of the CTRP family, is paral-
ogue of adiponectin and a vital metabolic modulator link-
ing glucose and lipid metabolism [5–9]. Thus, CTRP12 is 
related to metabolic disorders, including diabetes, obesity 
and liver steatosis [5–7]. Importantly, decreased serum lev-
els of CTRP12 are associated with the severity of coronary 
artery disease [10]. CTRP12 inhibits the phenotypic switch 
of vascular smooth muscle cells and macrophages, which is 
conductive to retarding the development of atherosclerosis 
[11, 12]. The up-regulation of CTRP12 relieves lipopoly-
saccharide-evoked inflammatory injury of cardiomyocytes 
[13]. The overexpression of CTRP12 is able to protect car-
diomyocytes from hypoxia/re-oxygenation-elicited damage 
by impeding apoptosis, oxidative stress and inflammatory 
response [14]. Therefore, CTRP12 is closely related to car-
diovascular disease and has a remarkable cardioprotective 
function.

Transforming growth factor-β-activated kinase 1 (TAK1), 
a serine/threonine kinase, is a member of the mitogen-acti-
vated protein kinase (MAPK) kinase and mediates numerous 
aspects of cellular functions under pathological disorders 
[15]. TAK1 can be activated by various stimuli [16–18], 
which rapidly induces the phosphorylation of p38 MAPK 
and JNK [19] and affects the convergence of signals for 
cell survival, apoptosis, oxidative stress and inflammatory 
response [20–22]. TAK1-p38 MAPK/JNK pathway partici-
pates in numerous cardiovascular diseases, including HF 
[23–25]. The activation of TAK1-p38 MAPK/JNK path-
way serves as a critical determinant for the development of 
cardiac hypertrophy and fibrosis [23, 24, 26, 27], thereby 
plays a vital role for cardiac remodelling in post-MI HF. The 
TAK1-p38 MAPK/JNK pathway is adjusted by diverse regu-
lators and mechanisms. Elucidating the regulatory mecha-
nism on the TAK1-p38 MAPK/JNK pathway is important 
for understanding the molecular mechanism underlying 
post-MI HF.

Reportedly, CTRP12 is closely related to cardiovascular 
diseases and has an outstanding cardioprotective effect [10, 
11, 14, 28]. However, whether CTRP12 participates in HF 
has not been well studied. This work aimed to explore the 
role and mechanism of CTRP12 in post-MI HF. CTRP12 
levels were decreased in the hearts of rats with post-MI 
HF. The overexpression of CTRP12 in rat myocardium by 

adeno-associated virus-mediated gene transfer improved 
cardiac function and attenuated cardiac hypertrophy and 
fibrosis in rats with post-MI HF. Moreover, the cardiac 
apoptosis, oxidative stress and inflammatory response 
induced by post-MI HF were weakened by cardiac CTRP12 
overexpression. Molecular mechanism studies revealed 
that CTRP12 affected the activation of the TAK1-p38 
MAPK/JNK pathway in the hearts of rats with post-MI 
HF. Reducing TAK1 could reverse the adverse effects of 
CTRP12 silencing on post-MI HF. Collectively, CTRP12 
protects against post-MI HF by modulating the TAK1-p38 
MAPK/JNK pathway. CTRP12 may be a therapeutic target 
for the treatment of post-MI HF.

Materials and methods

Animals and ethical statement

Male Sprague–Dawley rats were provided by the Laboratory 
Animal Centre of Air Force Medical University and raised 
as per routine procedures. Animal use and investigation was 
officially approved by the Institutional Animal Care and Use 
Committee. Experimental procedures complied with the 
Guide for the Care and Use of Laboratory Animals pub-
lished by the US National Institutes of Health.

Preparation of rat models of post‑MI HF

Rats were subjected to surgery of the left anterior descending 
coronary artery ligation according to previously described 
protocols [29]. MI was confirmed by ST-segment elevation. 
Sham rats underwent the identical protocols without liga-
tion. After MI, rats were raised for a further six weeks to 
induce HF.

Recombinant adeno‑associated virus (AAV)

Recombinant serotype 9 AAV encoding CTRP12 or sh-
CTRP12 was constructed and produced by GenePharma 
(Shanghai, China). AAV-CTRP12 or AAV-sh-CTRP12 
(1 × 1011 viral genome particles) was delivered into rats 
by intravenous injection via the tail vein two weeks before 
surgery. The increase or decrease of CTRP12 in rat hearts 
was validated by real-time quantitative PCR (RT-qPCR) or 
Immunoblotting.

Echocardiography

Echocardiography was carried out using the Vivid 7 
ultrasound system (GE, Boston, MA, USA) to monitor the 
two-dimensional M-mode echocardiograms of rats. Left 
ventricular ejection fraction (LVEF) and left ventricular 
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fractional shortening (LVFS) were calculated based on the 
measurements.

Sample collection

Rats were deeply anaesthetised and weighed. The blood 
samples were collected from rat abdominal aortas. The 
hearts and lungs were harvested and weighed.

Enzyme‑linked immunosorbent assay (ELISA)

After blood coagulation, the serum was collected by centrif-
ugation and stored at 4 °C for ELISA detection. The contents 
of N-terminal pro-brain natriuretic peptide (NT-proBNP), 
interleukin (IL)-1β, IL-6 and tumour necrosis factor (TNF)-α 
in serum was measured by corresponding ELISA kits pur-
chased from Elabscience (Wuhan, China).

RT‑qPCR

Heart tissues were homogenised in Beyozol and total RNA 
was isolated by the chloroform-isopropanol extraction pro-
tocol. First-strand cDNA was synthesised by reverse-tran-
scription reaction using total RNA, reverse transcriptase, 
Oligo(dT) primers and dNTP Mix. The cDNA was amplified 
using SYBR Green qPCR Mix and forward/reverse primer 
mix on a real-time fluorescence quantitative PCR instru-
ment. Relative mRNA levels were quantified by the 2−ΔΔCt 
methodology using GADPH for normalisation.

Immunoblot

Heart tissues were homogenised in RIPA buffer and the 
supernatants were collected by centrifugation. The protein 
content in the supernatants was determined by the BCA 
method. Protein samples were resolved by SDS-PAGE and 
then transferred onto a nitrocellulose membrane. For protein 
detection, membranes were blocked before immunoblotting 
with primary antibodies. After incubation at room tempera-
ture for 1 h, membranes were washed and blotted with HRP-
conjugated secondary antibodies. Then, membranes were 
washed and exposed to ECL reagents. Proteins were visual-
ised and images were captured in an Imaging System (Bio-
Rad Laboratories, Inc). Primary antibodies included anti-
CTRP12 (Biorbyt, Wuhan, China), anti-GAPDH (Biorbyt), 
anti-Collagen I (Biorbyt), anti-Collagen III (Biorbyt), anti-
TAK1 (Biorbyt), anti-p-TAK1 (Biorbyt), anti-NF-κB p65 
(CST, Shanghai, China), anti-p-NF-κB p65 (CST), anti-p38 
MAPK (CST), anti-p-p38 MAPK (CST), anti-JNK (CST) 
and anti-p-JNK (CST).

Haematoxylin–eosin (HE) staining

Heart tissues were fixed by formalin and underwent dehydra-
tion by graded ethanol and vitrification by dimethylbenzene 
before being embedded in paraffin. Paraffin-embedded tissues 
were sliced into 4 μm sections. The sections were stained with 
haematoxylin for 3 min and then washed for 10 min. Then, 
the slices were stained with eosin for 2 min. After dehydra-
tion and vitrification, the slices were sealed with neutral resins 
and observed under a light microscope. Images were captured 
and the myocyte cross‐sectional area was measured with the 
Image-Pro Plus 6.0.

Masson’s trichrome staining

The slices of heart tissues were stained with Wiegert iron hae-
matoxylin for 5 min and washed with distilled water. Then, 
the slices were stained with Masson ponceau-acid solution for 
5 min. After washing with molybdenum phosphate for 5 min, 
the slices were stained with aniline blue solution for 5 min. 
After dehydration and vitrification, the slices were sealed with 
neutral resins and observed under a light microscope. Images 
were captured and collagen volume fraction (%) was calculated 
with the Image-Pro Plus 6.0.

TUNEL staining

Paraffin-embedded slices were immersed for dewaxing at 
60 °C for 30 min. The slices were washed and incubated 
with Protease K solution for 20 min at 37 °C. The slices were 
washed and stained with TdT labelling solution (Elabsci-
ence, Wuhan, China) for 60 min at 37 °C in a humidifying 
box. The slices were washed and then stained with DAPI 
solution for 5 min at room temperature in a humidifying box. 
The slices were sealed with antifade mounting medium and 
observed under a luminescence microscope.

ROS detection

Heart tissues were cut into small pieces and digested at 
37 °C for 30 min. The residual tissues were removed by 
filtration and cells were harvested by centrifugation. A total 
of 1 × 106 cells were collected and suspended in DCFH-DA 
solution (10 μM) and incubated for 30 min at 37 °C. Cells 
were centrifuged and the supernatants were removed. Cells 
were washed and suspended in washing buffer before being 
detected by a flow cytometer.

Statistical analysis

Data were analysed via GraphPad Prism 8 software. Results 
were expressed in the form of mean ± standard devia-
tion. Student’s t test or one‐way analysis of variance was 
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employed to compare the difference between two groups 
or between multiple groups, respectively. Values of < 0.05 
indicate the differences are statistically significant.

Results

Myocardial CTRP12 expression under post‑MI HF 
condition

To assess the potential role of CTRP12 in post-MI HF, 
changes in CTRP12 in the hearts of rats with post-MI HF 
were analysed. Myocardial CTRP12 mRNA was down-
regulated in rats with post-MI HF compared with sham rats 
(Fig. 1A). The protein level of CTRP12 was also decreased 
in the myocardium of rats with post-MI HF (Fig. 1B, C).

Cardiac CTRP12 overexpression improves cardiac 
function in rats with post‑MI HF

To detect the role of CTRP12 in post-MI HF, cardiac 
CTRP12 overexpression was achieved by AAV-CTRP12 
infection in rats and its effects on cardiac function were 
determined. Infection of AAV-CTRP12 in rats led to marked 
increases in CTRP12 levels in rat myocardium (Fig. 2A, B). 
In rats with post-MI HF, the serum level of NT-proBNP 
was up-regulated (Fig. 2C) accompanied by decreased LVEF 
(Fig. 2D) and LVFS (Fig. 2E), indicating significant HF 
manifestations. Importantly, the serum level of NT-proBNP 
was down-regulated and LVEF and LVFS were increased 
in cardiac CTRP12-overexpressed rats with post-MI HF 
(Fig. 2C–E). To verify the cardioprotective role of CTRP12, 
the effects of CTRP12 loss on post-MI HF were further 
determined. The infection of AAV-sh-CTRP12 markedly 
depleted CTRP12 expression in the rat myocardium (Fig. 2F, 
G). On the contrary, cardiac dysfunction induced by post-MI 
HF including increased NT-proBNP and decreased LVEF 
and LVFS were aggravated in rats with cardiac CTRP12 
silencing (Fig. 2H–J).

Cardiac CTRP12 overexpression ameliorates cardiac 
hypertrophy and fibrosis in rats with post‑MI HF

To further explore the role of CTRP12 in post-MI HF, the 
effects of CTRP12 overexpression on cardiac hypertrophy 
and fibrosis, two hallmarks of cardiac remodelling after 
HF, were further assessed. Cardiac hypertrophy mani-
festations, including increased heart weight/bodyweight 
(HW/BW) and lung weight (LW)/BW ratio (Fig. 3A, B) 
and larger heart size and cross-sectional area (Fig. 3C, 
D), occurred in rats with post-MI HF. Importantly, rats 
with cardiac CTRP12 overexpression exhibited lower HW/
BW and LW/BW ratio (Fig. 3A, B) and smaller heart size 
and cross-sectional area (Fig. 3C, D). Rats with post-MI 
HF exhibited the disordered arrangement of myocardial 
fibre, massive collagen deposition and increased intersti-
tial fibrosis (Fig. 3E, F). Moreover, post-MI HF also up-
regulated the expression of collagen I and III in rat hearts 
(Fig. 3G, H. Post-MI HF-induced cardiac fibrosis and col-
lagen expression were significantly attenuated in n cardiac 
CTRP12-overexpressed rats (Fig. 3E–H). On the contrary, 
cardiac hypertrophy (Fig. 4A–D) and fibrosis (Fig. 4E–H) 
induced by post-MI HF were aggravated in rats with car-
diac CTRP12 silencing.

Cardiac CTRP12 overexpression relieves cardiac 
apoptosis and oxidative stress in rats with post‑MI 
HF

The increased cardiac apoptosis and oxidative stress 
contribute to cardiac remodelling after HF. Indeed, 
increased cardiac apoptosis (Fig. 5A, B) and ROS gen-
eration (Fig. 5C, D) was observed in the hearts of rats 
with post-MI HF. Interestingly, cardiac overexpression of 
CTRP12 remarkably lowered cardiac apoptosis (Fig. 5A, 
B) and ROS generation (Fig. 5C, D) in rats with post-MI 
HF. On the contrary, cardiac silencing of CTRP12 exacer-
bated cardiac apoptosis (Fig. 5E, F) and ROS generation 
(Fig. 5G, H) in rats with post-MI HF.

Fig. 1   Myocardial CTRP12 
expression in rats with post-
MI HF. A RT-qPCR and B, 
C Immunoblot detection of 
CTRP12 expression in the myo-
cardium of rats. **p < 0.01
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Fig. 2   Effect of CTRP12 overexpression or knockdown on cardiac 
dysfunction induced post-MI HF. A, B Cardiac CTRP12 overexpres-
sion in rats infected with AAV-CTRP12 was validated via Immuno-
blot. Effects of CTRP12 overexpression on C serum levels of NT-

proBNP, D LVEF and E LVFS. F, G Cardiac CTRP12 knockdown in 
rats infected with AAV-sh-CTRp12 was substantiated via Immunob-
lot. Effects of CTRP12 knockdown on H serum levels of NT-proBNP, 
I LVEF and J LVFS. **p < 0.01
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Fig. 3   Effects of CTRP12 overexpression on cardiac hypertrophy 
induced by post-MI HF. Comparison of A HW/BW and B LW/BW 
ratio of rats among groups. C HE staining of heart sections and D 
quantification of the cross-sectional area. E Masson’s trichrome 

staining of heart sections and F quantification of fibrosis area. G, 
H Immunoblotting detection of collagen I and III in heat tissues. 
*p < 0.05 and **p < 0.01
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Fig. 4   Effects of CTRP12 knockdown on cardiac fibrosis induced 
by post-MI HF. Comparison of A HW/BW and B LW/BW ratio of 
rats among groups. C HE staining of heart sections and D quantifi-
cation of cross-sectional area. E Masson’s trichrome staining of 

heart sections and F quantification of fibrosis area. G, H Immunob-
lotting detection of collagen I and III in heat tissues. *p < 0.05 and 
**p < 0.01
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Fig. 5   Effects of CTRP12 overexpression or knockdown on cardiac 
apoptosis and oxidative stress induced by post-MI HF. A, B Effects of 
CTRP12 overexpression on cardiac apoptosis induced by post-MI HF 
were assessed by TUNEL assay. C, D Effect of CTRP12 overexpres-
sion on ROS generation induced by post-MI HF were evaluated by 

DCFH-DA staining. E, F Effects of CTRP12 knockdown on cardiac 
apoptosis induced by post-MI HF were determined by TUNEL assay. 
C, D Effect of CTRP12 knockdown on ROS generation induced by 
post-MI HF were examined by DCFH-DA staining. **p < 0.01
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Fig. 6   Effects of CTRP12 overexpression or knockdown on inflam-
matory response induced by post-MI HF. A, B Effects of CTRP12 
overexpression on the phosphorylation of NF-κB p65 protein were 
detected by Immunoblot. Effects of CTRP12 overexpression on the 
serum level of C IL-1β, D IL-6 and E TNF-α were monitored by 

ELISA. F, G Effects of CTRP12 knockdown on the phosphoryla-
tion of NF-κB p65 protein were examined by Immunoblot. Effects 
of CTRP12 knockdown on the serum level of H IL-1β, I IL-6 and J 
TNF-α were assessed by ELISA. **p < 0.01
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Cardiac CTRP12 overexpression weakened 
inflammatory response in rats with post‑MI 
HF

The phosphorylation of NF-κB p65 protein in heart tis-
sues (Fig. 6A, B) and serum levels of proinflammatory 
cytokines including IL-1β, IL-6 and TNF-α (Fig. 6C–E) 
were significantly elevated in rats with post-MI HF. Criti-
cally, cardiac overexpression of CTRP12 reduced the acti-
vation of NF-κB (Fig. 6A, B) and blocked the secretion of 
proinflammatory cytokines (Fig. 6C–E) in rats with post-
MI HF. In contrast, cardiac silencing of CTRP12 enhanced 
the activation of NF-κB (Fig. 6F, G) and exacerbated the 
secretion of proinflammatory cytokines (Fig. 6H–J) in rats 
with post-MI HF.

Cardiac CTRP12 overexpression represses 
the activation of TAK1‑p38 MAPK/JNK pathway 
induced by post‑MI HF

The phosphorylation of TAK1, p38 MAPK and JNK in rat 
heart tissues was significantly increased by post-MI HF 
(Fig. 7A–D). Importantly, post-MI HF induced less up-
regulation of phosphorylated TAK1, p38 MAPK and JNK 
in hearts from CTRP12-overexpressed rats (Fig. 7A–D). 
In contrast, the phosphorylation of TAK1, p38 MAPK and 
JNK induced by post-MI HF was remarkably enhanced in 
hearts from CTRP12-silenced rats (Fig. 7E–H).

Restraining of TAK1 reverses 
CTRP12‑knockdown‑elicited deleterious effects 
on post‑MI HF

To determine whether the TAK1-p38 MAPK/JNK pathway 
contributes to CTRP12-mediated cardioprotective effects on 
post-MI HF, we investigated the effect of TAK1 inhibition 
on CTRP12-knockdown-elicited deleterious effects on post-
MI HF. TAK1 inhibitor NG25 was intraperitoneally injected 
into rats infected with AAV-sh-CTRP12. The increased 
phosphorylation of TAK1, p38 MAPK and JNK induced by 
CTRP12 knockdown in rats with post-MI HF was signifi-
cantly restrained by NG25 (Fig. 8A–D). As expected, the 
deleterious effects of CTRP12 silencing on cardiac function 
(Fig. 8E, F), hypertrophy (Fig. 8G, H) and fibrosis (Fig. 8I) 

in rats with post-MI HF were obviously reversed by TAK1 
inhibition. Moreover, the enhancing effects of CTRP12 
silencing on cardiac apoptosis (Fig. 9A, B), ROS generation 
(Fig. 9C, D) and inflammatory response (Fig. 9E–G) in rats 
with post-MI HF were also decreased by TAK inhibition.

Discussion

This work has reported that cardiac CTRP12 overexpres-
sion is able to improve the cardiac function of rats with 
post-MI HF with the reduction of cardiac hypertrophy and 
fibrosis and the down-regulation of cardiac apoptosis, oxida-
tive stress and inflammatory response. From a mechanistic 
perspective, our work showed that CTRP12 restrained the 
activation of TAK1-p38 MAPK/JNK pathway (Fig. 10), 
which may be the underlying basis for CTRP12-mediated 
cardioprotective effects on post-MI HF. This study indicates 
that CTRP12 may be a prospective candidate to prevent and 
treat post-MI HF.

CTRP12 is closely related to numerous cardiovascular 
diseases. Serum levels of CTRP12 were found to be 
decreased in patients with coronary artery disease, which 
were inversely correlated with the severity of disease [10, 
30]. The knockout of CTRP12 in mice enhanced neointimal 
thickening in the artery with wire-induced injury [11]. 
The overexpression of CTRP12 retarded the formation 
of atherosclerotic lesions in apolipoprotein E-deficient 
mice with a Western diet [12]. In  vitro experiments 
demonstrated that CTRP12 could protect cardiomyocytes 
against destructive stimulus, such as lipopolysaccharide 
[13] and hypoxia/re-oxygenation [14]. However, whether 
CTRP12 participates in HF has not been well addressed. 
This work demonstrated decreased cardiac CTRP12 
level in rats with post-MI HF, suggesting a possible link 
between CTRP12 and post-MI HF. Functional experiments 
elucidated that cardiac CTRP12 overexpression cardiac 
function and attenuated cardiac hypertrophy and fibrosis in 
rats with post-MI HF, whereas cardiac CTRP12 silencing 
demonstrated opposite effects. Therefore, these findings 
unveiled a cardioprotective effect for CTRP12 on post-MI 
HF. Interestingly, a recent study reported that CTRP12 
repressed cardiac fibroblast transformation and cardiac 
fibrosis provoked by isoproterenol in mice [28], which was 
consistent with our results regarding the effect of CTRP12 
on cardiac fibrosis. Collectively, CTRP12 protects against 
cardiac remodelling, which is beneficial to improve cardiac 
function after post-MI HF.

CTRP12 can influence apoptosis, oxidative stress and 
inflammation in response to different pathological stimuli. 

Fig. 7   Effects of CTRP12 overexpression or knockdown on TAK1-
p38 MAPK/JNK pathway. Effects of CTRP12 A–D overexpression or 
E–H knockdown on the phosphorylation of TAK1, p38 MAPK and 
JNK in heart tissues of rats with post-MI HF were detected by Immu-
noblot. **p < 0.01

◂
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The treatment of vascular endothelial cells with CTRP12 
protein decreased serum-deprivation-induced apoptosis 
[11]. The treatment of cultured macrophages with CTRP12 
protein reduced lipopolysaccharide-stimulated secretion 
of inflammatory cytokines, including IL-6, TNF-α and 
monocyte chemotactic protein 1 [11]. The overexpression 
of CTRP12 restrained the inflammatory cytokine secretion, 
ROS production and apoptosis induced by lipopolysaccha-
ride or hypoxia/re-oxygenation in cultured cardiomyocytes 
[13, 14]. The overexpression of CTRP12 alleviated the 
inflammatory response in lipid-laden macrophages [12]. 
The cardiac apoptosis, oxidative stress and inflammatory 
response contribute to cardiac remodelling in post-MI HF. 
Herein, we investigated whether CTRP12 affected these bio-
logical functions in post-MI HF. Crucially, cardiac CTRP12 
overexpression was demonstrated to ameliorate cardiac 
apoptosis, ROS production and inflammation induced by 
post-MI HF in rats. Therefore, CTRP12 ameliorates cardiac 
remodelling in post-MI HF associated with blocking cardiac 
apoptosis, oxidative stress and inflammation.

CTRP12 exerts a vital role in signalling transduction. 
Reportedly, CTRP12 blocked the JNK activation induced 
by lipopolysaccharide in macrophages [11]. Moreover, 
CTRP12 restrained the p38 MAPK activation induced by 
isoproterenol in cardiomyocytes [28]. Considering that the 
JNK and p38 MAPK pathways play crucial roles in car-
diac remodelling, we examined whether CTRP12 affected 
the activation of JNK and p38 MAPK pathways in post-
MI HF. Importantly, the phosphorylation of JNK and p38 
MAPK was increased in the myocardium of rats with 
post-MI HF, which was markedly attenuated by cardiac 
CTRP12 overexpression or aggravated by cardiac CTRP12 
silencing. Moreover, we found that CTRP12 overexpres-
sion also blocked the phosphorylation of TAK1, a key 

upstream regulator of JNK and p38 MAPK. Additionally, 
the inhibition of TAK1 could reverse the enhancing effects 
of CTRP12 silencing on the activation of JNK and p38 
MAPK. Our results showed that CTRP12 may affect the 
activation of JNK and p38 MAPK in post-MI HF by inhib-
iting TAK1. Furthermore, TAK1 inhibition also reversed 
the adverse effects of CTRP12 silencing on post-MI HF. 
In short, CTRP12 may ameliorate cardiac remodelling 
in post-MI HF by affecting the TAK1-p38 MAPK/JNK 
pathway.

Several concerns of this work should be noted. This work 
utilized the pharmacological inhibitor NG-25 to inactivate 
TAK1. However, NG-25 is a non-specific kinase inhibitor 
that also inhibits other kinases, such as MAP4K2, LYN, 
CSK, FER, p38α, ABL, ARG, and SRC [31]. Therefore, 
NG-25-mediated effect on post-MI HF may be not only 
related to TAK1. The PI3K/Akt signal cascade has been 
shown convincingly to be associated with post-MI HF [32]. 
It is worthy to investigate whether the PI3K/Akt signal cas-
cade contributes to CTRP12-mediated effect on post-MI 
HF. Furthermore, CTRP12 is subject to cleavage and oli-
gomerization leading to forms of the protein with differ-
ent signalling preferences [33]. Proteolytic cleavage at the 
conserved Lys-91 by the proprotein convertase furin in the 
Golgi generates a shorter globular gCTRP12 isoform [33]. 
Full length CTRP12 isoform preferentially activates Akt sig-
nal cascade in H4IIE hepatocytes and 3T3-L1 adipocytes, 
while the gCTRP12 isoform preferentially activates MAPK 
signal cascade [33]. In this work, we have demonstrated a 
critical function of full length CTRP12 isoform in post-MI 
HF associated with regulation of the TAK1-p38 MAPK/JNK 
signal cascade. However, we did not specify the function of 
gCTRP12 isoform in post-MI HF. In this connection, further 
research is warranted to explore whether Akt signal cascade 
contributes to CTRP12-mediated protective effect on post-
MI HF.

In summary, the current findings show that CTRP12 
protects against post-MI HF by inhibiting activation of the 
TAK1-p38 MAPK/JNK pathway, providing novel insights 
into the underlying molecular mechanism for post-MI HF. 
Cardiac overexpression of CTRP12 can be regarded as a 
promising strategy for the treatment of post-MI HF.

Fig. 8   Effects of TAK1 inhibition on CTRP12-knockdown-elicited 
deleterious effects on cardiac function, hypertrophy and fibrosis of 
rats with post-MI HF. A–D Immunoblot detection of the phosphoryl-
ation of TAK1, p38 MAPK and JNK. Comparison of E LVEF and F 
LVFS of rats among groups. G HE staining and Masson’s trichrome 
of heart sections from different groups. Quantification of H cross-sec-
tional area and I fibrosis area. *p < 0.05 and **p < 0.01

◂
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Fig. 9   Effects of TAK1 inhibition on CTRP12-knockdown-elicited 
enhancing effects on cardiac apoptosis, ROS generation and inflam-
matory response of rats with post-MI HF. A, B TUNEL detection 

of cardiac apoptosis in rat heart tissues. C, D DCFH-DA staining of 
ROS level in rat heart tissues. ELISA detection of E IL-1β, F IL-6 
and G TNF-α concentrations in rat serum. **p < 0.01
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