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Introduction

Heart failure is a global health problem that affects approxi-
mately 1% to 2% of the adult population worldwide.1 It is 
a systemic disease and the terminal stage of cardiovascular 
disease after heart injury.2 Cardiac hypertrophy is an early 
pathological event in heart failure. During this process, 
neurohumoral dysfunction, dysregulation between cardiac 
cells, and the activation of molecules in cardiac cells lead 
to cardiac volume overload, increased sympathetic activity, 
circulatory redistribution, and clinical signs and symptoms 
of cardiac exhaustion.3 It has been confirmed that a variety 
of inflammatory signaling pathways play an important role 
in the process of myocardial hypertrophy.4 Among them, the 
nuclear factor kappa B (NF-κB) pathway is activated during 
the progression of various cardiovascular diseases to heart 

failure, leading to myocarditis, promoting myocardial injury 
and accelerating the progression of heart failure.5 Therefore, 
targeting the NF-κB pathway is expected to be a new thera-
peutic approach for heart failure.

Transmembrane protein 43 (TMEM43), a member of 
the transmembrane protein subfamily, was initially found 
to promote cancer progression in many cancer cells.6,7 In 
human pancreatic cancer, the expression of TMEM43 is 
increased, and TMEM43 is associated with poor overall 
survival.7 TMEM43 was found to be a crucial component 
of the epidermal growth factor receptor signaling pathway 
in inducing NF-κB activation, thus promoting cancer cell 
proliferation, survival, migration, and epithelial-to-mes-
enchymal transition.8 Recently, TMEM43 was found to be 
associated with arrhythmogenic right ventricular cardiomy-
opathy. Haywood AF et al.9 found that a TMEM43 missense 
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Impact Statement

Heart failure is a global health problem that affects 
approximately 1% to 2% of the adult population 
worldwide. Cardiac hypertrophy is an early patho-
logical event in heart failure. However, methods for 
protecting against the progression of cardiac hyper-
trophy to heart failure are currently limited, and the 
mechanism underlying the cardioprotective effect 
of transmembrane protein 43 remains unclear. 
This study demonstrates that TMEM43 deficiency 
increases nuclear factor kappa B (NF-κB) activation 
in mouse hearts post-aortic banding (AB), while 
TMEM43 over-expression reduces NF-κB activation 
in cardiomyocytes upon AngII stimulation. This sug-
gests that targeting TMEM43 may protect against 
pressure overload–induced cardiac hypertrophy 
and may aid the prevention and treatment of heart 
failure.
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mutation that causes arrhythmogenic cardiomyopathy in 
patients from the UK and Canada. Zheng G also found that 
the TMEM43-S358L mutation leads to increased activation 
of NF-κB signaling in heart tissues.10 Thus, we hypothesized 
that TMEM43 may play a role in cardiac hypertrophy and 
heart failure. In this study, we used aortic banding to induce 
cardiac hypertrophy and heart failure in mice to explore the 
role and mechanism of TMEM43 in heart failure.

Materials and methods

Animals and animal model

C57BL6J mice were obtained from and raised at the SPF 
Laboratory Animal Center of Nanjing Medical University. 
All animal experiments were approved by the Institutional 
Animal Care and Use Committee of Nanjing Medical 
University (Nanjing, China).

To construct the mouse aortic banding (AB) model, mice 
(aged 8–10 weeks, 23.5–27.5 g) were subjected to aortic band-
ing as previously described.11 Briefly, the mice were anes-
thetized with sodium pentobarbital and placed in the left 
lateral decubitus position after skin preparation. The mouse 
skin was cut, and the mouse aorta was exposed at the third 
to fourth costal margins. A 27G needle was placed parallel 
to the aorta, and the aorta was ligated. After the ligation was 
successful, the needle was removed. In the sham operation 
group, the aorta was exposed but not ligated. The mouse 
skin was sutured layer by layer, and analgesics were admin-
istered 3 days after the operation. To knockdown TMEM43, 
mice were injected with adeno-associated virus 9 (AAV9)-
shTMEM43 (from Vigene Bio-Tek, Shanghai, China) or con-
trol AAV9 (ScRNA) 1 week before AB.

AAV vector

Recombinant AAV9-shTMEM43 and control AAV9-scRNA, 
which contained a shortened version of the Troponin T (TnT) 
promoter to allow delivery to cardiomyocytes, were con-
structed by Vigene Bioscience Company (Shanghai, China).12 
Mice were injected with AAV9-shTMEM43 or AAV9-scRNA 
(5.0–6.5 × 1013 VG/mL, 60–80 μL in total) through the tail 
vein 1 week before AB or sham surgery.

Echocardiographic evaluation

Transthoracic echocardiography was performed as previ-
ously described.13,14 Mice were anesthetized by 1.5% iso-
flurane. To obtain M-mode echocardiography data, we 
performed echocardiography with a 10 MHz linear-array 
ultrasound transducer. The following parameters were eval-
uated to assess cardiac function: left ventricle (LV) end-dias-
tolic dimension (LVIDd), end-systolic dimension (LVISd), LV 
ejection fraction (LVEF), and fractional shortening (LVFS). 
There were 10 mice in each group.

Hematoxylin and eosin and picrosirius red staining

To observe cardiac hypotrophy and fibrosis, histological sec-
tions were subjected to hematoxylin and eosin (HE) staining 
and picrosirius red (PSR) staining as previously described.15 
For cross-sectional area (CSA) quantification, 10 sections 

per heart were analyzed. PSR staining was used for visu-
alization. For LV collagen volume calculation, six sections 
per heart were analyzed. All the data were evaluated in a 
blinded manner in Image-Pro Plus 6.0 software, and there 
were six mice in each group.

Cardiomyocyte isolation and culture

Neonatal rat cardiomyocytes (NRCMs) were isolated and 
cultured as previously described.13,14 Briefly, the hearts of 
Sprague‒Dawley rats (1–3 days old) were quickly removed 
and separated, and the ventricles were collected. The ven-
tricular tissues were digested with 0.125% trypsin-EDTA 
(Gibco, Waltham, MA, USA) four times for 15 min each time. 
DMEM-F12 supplemented with 15% fetal bovine serum 
(FBS; Gibco) was used to stop the digestion. Afterward, the 
cells were collected and incubated with DMEM-F12 supple-
mented with 15% FBS. To exclude the non-cardiomyocyte 
cells adhered to the bottom of the 100-mm dish, the super-
natant was collected after 90 min, and the upper layer of 
the supernatant, which contained NRCMs, was collected 
and seeded in a six-well plate. α-Actin staining was used to 
determine the purity of NRCMs.

Cells were transfected with an adenovirus over-expressing 
TMEM43 (Ad-TMEM43, multiplicity of infection (MOI) = 50, 
Vigene Biosciences, Jinan, China). Then, the cells were stimu-
lated with 1-μM angiotensin II (AngII) for 48 h to induce the 
cardiomyocyte hypertrophic response.

Western blotting and quantitative polymerase 
chain reaction

Total protein was isolated from heart tissues, and the protein 
concentrations were determined by the bovine serum albu-
min (BSA) assay. An equal amount of protein (50 μg) from 
each sample was loaded onto a sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gel. After 
the proteins were transferred onto immobilon membranes 
(Millipore, Billerica, MA, USA), the membranes were incu-
bated overnight at 4°C with primary antibodies against total 
NF-κB and phosphorylated (P)-NF-κB (1:1000 dilution) from 
Abcam (Waltham, MA, USA) and an antibody against GAPDH 
(1:1000 dilution) from Cell Signaling Technology (Danvers, 
MA, USA). The blots were developed with enhanced chemi-
luminescence (ECL) reagents (Bio-Rad, Hercules, CA, USA) 
and imaged by a ChemiDoc MP Imaging System (Bio-Rad). 
GAPDH served as an internal reference protein.

Total RNA (2 μg per sample) from frozen mouse heart 
tissue and cardiomyocytes was reverse transcribed into 
complementary DNA (cDNA) using oligonucleotide (DT) 
primers and a first-strand cDNA synthesis kit (Roche, 
Shanghai, China). Then, a LightCycler 480 instrument (soft-
ware version 1.5; Roche) and SYBR Green PCR master mix 
(Roche) were used to perform reverse transcription poly-
merase chain reaction (RT-PCR). All data were normalized 
to GAPDH expression.

Immunofluorescence staining

Cells were seeded on cell slides, and the treated cells were 
fixed with 4% formalin, permeabilized with 0.2% Triton 
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X-100, blocked with 8% goat serum, and incubated with the 
appropriate primary antibody, such as an α-actin or P-NF-κB 
antibody (1:100 dilution), from Abcam. The cells were sub-
sequently incubated with fluorescent secondary antibodies, 
and nuclei were stained with DAPI. Then, the cells were 
photographed with a fluorescence microscope (Olympus 
DX51; Olympus, Tokyo, Japan).

Statistical analysis

The data are presented as the mean ± SD. Comparisons 
between two groups were analyzed by unpaired Student’s 
t-test. Differences among more than two groups were ana-
lyzed by two-way analysis of variance followed by Tukey’s 
post hoc test. P values less than 0.05 indicated statistical 
significance.

Results

The expression level of TMEM43 in the heart and 
cardiomyocytes

Procedures for our experiments were shown in Figure 1. 
We explored the expression level of TMEM43 during car-
diac hypertrophy. We found that the protein expression of 
TMEM43 was downregulated in the heart tissues of mice 
subjected to AB compared with those of sham mice at 
4 weeks post-AB (Figure 2(A)). We also measure the protein 

level of TMEM43 in cardiomyocytes stimulated with AngII. 
A decreased expression level of TMEM43 was observed in 
cardiomyocytes exposed to AngII (Figure 2(B)).

TMEM43 knockout exacerbates cardiac 
hypertrophy

We knocked down TMEM43 by using AAV9-shTMEM43 
carrying the TnT promoter. As shown in Figure 3(A), 
the expression level of TMEM43 was reduced in AAV9-
shTMEM43-injected mice in both the sham and AB groups 
compared with ScRNA-injected mice in the corresponding 
groups. Four weeks after AB, the hearts were removed. As 
shown in Figure 3(B) and (C), the heart weight (HW) to body 
weight (BW) ratio (HW/BW), HW to tibia length (TL) ratio 
(HW/TL), lung weight (LW) to BW ratio (LW/BW), and LW 
to TL ratio (LW/TL) were increased in the AB group. The 
HW/BW, HW/TL, LW/BW, and LW/TL were increased in 
TMEM43 knockout mice in the AB group compared with 
ScRNA-injected mice in the AB group. H&E staining was 
used to measure the CSA of cardiomyocytes. As shown in 
Figure 3(D), the CSA was increased in the AB group, while 
TMEM43 deficiency further increased this change in mice 
subjected to AB. The cardiac collagen volume was evalu-
ated by PSR staining. AB increased the left ventricular (LF) 
collagen volume, while TMEM43 deficiency further acceler-
ated collagen deposition (Figure 3(E)). We also measured the 

Figure 1. Experimental protocols. (A) Mice were subjected to sham surgery or aortic banding (AB), and heart tissues were collected 4 weeks after surgery for 
measurement of TMEM43 protein expression. NRCMs were incubated with PBS or 1-µM AngII for 48 h and then collected for measurement of TMEM43 protein 
expression. (B) Mice were injected with SCRNA or shTMEM43, and 1 week later, they were subjected to sham surgery or aortic banding (AB). Cardiac function was 
evaluated, and heart tissues were collected for measurement of hypertrophic parameters 4 weeks after surgery. (C) NRCMs were transfected with Ad-NC or Ad-
TMEM43 for 24 h and then incubated with PBS or 1-µM AngII for 48 h. The cells were collected and stained to estimate hypertrophic parameters.
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transcription levels of the heart failure markers atrial natriu-
retic peptide (ANP) and brain natriuretic peptide (BNP), 
which were proven to be further increased in the hearts of 
TMEM43 knockout mice post-AB (Figure 3(F)).

TMEM43 deficiency aggravates AB-induced cardiac 
dysfunction

Cardiac function was assessed by echocardiography 4 weeks 
after AB, and there were no significant differences in heart 
rate among the four groups (Figure 4(A)). However, the 
LVIDd and LVISd were increased in the two AB groups; 
the systolic internal septal thickness (IVSd) and systolic 
left ventricular posterior wall thickness (LVPWd) were 
also increased in the AB group. The LVEF and LVFS were 
decreased in the AB group compared with the control group. 
These results suggested that our heart failure model was 
successfully established and exhibited impaired cardiac 
systolic and diastolic function. TMEM43 knockout induced 
increased the LVIDd, LVISd, thicker IVSd, and LVPWd and 
decreased the LVEF and LVFS, indicating exacerbated car-
diac dysfunction (Figure 4(B-D)).

TMEM43 affects NF-κB activation

A previous study found that TMEM43 mutation leads to 
increased activation of NF-κB signaling in heart tissues.10 

We assessed the level of NF-κB in the heart tissues of mice 
with heart failure as well as cardiomyocytes. As shown in 
Figure 4(A), the total level of NF-κB was unchanged in the 
hearts of mice in the two AB groups. However, phospho-
rylated NF-κB was upregulated in the hearts of mice in the 
AB group, while TMEM43 knockout further increased the 
phosphorylation of NF-κB (Figure 5(A) and (B)). We also 
assessed the downstream inflammatory response in heart 
tissue, as NF-κB is a crucial inflammatory signaling mol-
ecule. As expected, the mRNA expression of tumor necrosis 
factor α (TNFα), interleukin-1 (IL-1), and interleukin-6 (IL-
6) was upregulated in the hearts of mice in the AB group 
and further increased in the hearts of TMEM43 knockout 
mice (Figure 5(C)). These data indicate that TMEM43 defi-
ciency promotes the activation of NF-κB in failing mouse 
hearts.

TMEM43 over-expression protects cardiomyocytes 
against AngII-induced hypertrophy

To confirm the protective effect of TMEM43 on hearts, car-
diomyocytes were transfected with Ad-TMEM43 to overex-
press TMEM43 (Figure 6(A)). The cells were then exposed 
to AngII to establish a cardiomyocyte failure model. AngII 
induced a remarkable hypertrophic response, as evidenced 
by an increased cell surface area and increased transcription 

Figure 2. The expression level of TMEM43 in the heart and cardiomyocytes. (A) Protein level of TMEM43 in mouse hearts 4 weeks post-aortic banding (AB) (n = 5). 
(B) Protein level of TMEM43 in cardiomyocytes stimulated with AngII (n = 5).
*P < 0.05 versus the sham/PBS group.
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of ANP and BNP (Figure 6(B-C)). TMEM43 over-expres-
sion ameliorated the hypertrophic response (Figure 6(B-
C)). Moreover, cells transfected with Ad-TMEM43 showed 

reduced NF-κB activation and nuclear translocation (Figure 
6(D)). These data indicate that by targeting NF-κB, TMEM43 
exerts protective effects on cardiomyocytes.

Figure 3. TMEM43 knockout exacerbates cardiac hypertrophy. (A) Protein level of TMEM43 in mouse hearts 4 weeks post-aortic banding (AB) (n = 5). (B) and (C) The 
heart weight (HW) to body weight (BW) ratio (HW/BW), HW to TL ratio (HW/TL), lung weight (LW) to BW ratio (LW/BW), and LW to TL ratio (LW/TL) of mice (n = 10). 
(D) Image of H&E staining and quantification of the CSA of mouse cardiomyocytes (scale bar, 50 μm) (n = 6). (E) Image of PSR staining and quantification of the LV 
collagen volume in mouse hearts (scale bar, 100 μm) (n = 6). (F) Transcription levels of ANP and BNP in mouse hearts (n = 6).
*P < 0.05 versus the ScRNA-sham group.
#P < 0.05 versus the ScRNA-AB group.
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Discussion

TMEM43 is a member of the TMEM subfamily. This gene 
is highly conserved and expressed in most species, includ-
ing bacteria, animals, and humans.16 The TMEM43 protein 

is an endoplasmic reticulum membrane protein. TMEM43 
gene mutation can cause right ventricular arrhythmia cardi-
omyopathy.17 However, its role in heart failure has not been 
reported. This study found for the first time that TMEM43 
is downregulated in the cardiac hypertrophy stage of heart 

Figure 4. TMEM43 deficiency aggravates AB-induced heart failure. (A–D) Echocardiographic data of mouse hearts 4 weeks post-aortic banding (AB) (n = 8).
*P < 0.05 versus the ScRNA-sham group.
#P < 0.05 versus the ScRNA-AB group.

Figure 5. TMEM43 affects HSP72 phosphorylation. (A) and (B) Protein levels of total NF-κB and P-NF-κB in mouse hearts 4 weeks post-aortic banding (AB) (n = 5). 
(C) Transcription levels of TNFα, IL-1, and IL-6 in mouse hearts (n = 6).
*P < 0.05 versus the ScRNA-sham group.
#P < 0.05 versus the ScRNA-AB group.
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failure. Deletion of TMEM43 in cardiomyocytes aggra-
vated cardiac hypertrophy and fibrosis induced by pressure 
overload and exacerbated cardiac dysfunction. However, 
over-expression of the TMEM43 protein in cardiomyocytes 
delayed the AngII-induced cardiomyocyte hypertrophic 
response. This suggests that during the process of heart 
failure, reduced expression of TMEM43 may accelerate the 
pathological progression of heart failure.

Inflammation is a biological response of the immune sys-
tem that can be triggered by a variety of factors, including 

pathogens, damaged cells, and toxic compounds.18,19 Aseptic 
inflammation plays an important role in the progression of a 
variety of cardiovascular diseases to heart failure.20,21 After 
myocardial injury, the exposed organelles and nuclei of cardi-
omyocytes encounter danger-associated molecular patterns 
(DAMPs), such as Toll-like receptors (TLRs), on the surface 
of inflammatory cells or the cardiomyocyte membrane.18,22 
These receptors activate the downstream classical inflam-
matory pathway, the NF-κB pathway. NF-κB transcription 
factors play an important role in inflammation, the immune 

Figure 6. TMEM43 over-expression protects cardiomyocytes against AngII-induced hypertrophy.
(A) Protein level of TMEM43 in cardiomyocytes transfected with Ad-TMEM43 (n = 5). (B) Image of α-actin staining and quantification of the SCA of cardiomyocytes 
treated with AngII (scale bar, 50 μm) (n = 6). (C) Transcription levels of ANP and BNP in cardiomyocytes treated with AngII (n = 6). (D) Image of P-NF-κB staining (scale 
bar, 100 μm).
*P < 0.05 versus the Ad-NC-PBS group.
#P < 0.05 versus the Ad-NC-AngII group.
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response, survival, and apoptosis.18 Under physiological con-
ditions, NF-κB stays in the cytoplasm with the IκB protein, 
which inhibits NF-κB activation.18 TLR activates NF-κB by 
phosphorylating NF-κB. Subsequently, NF-κB translocates 
to the nucleus to promote the transcription of inflammation-
related genes. This signaling causes an inflammatory cas-
cade.3,18 Studies have confirmed that activation of the NF-κB 
pathway plays a key role in heart failure induced by vari-
ous etiologies.20,21 A previous study found that haploinsuf-
ficiency of TMEM43 in cardiomyocytes leads to increased 
DNA damage and causes activation of the smad pathway and 
cardiac fibrosis.23 Moreover, TMEM43 mutation was reported 
to be associated with a high risk of sudden cardiac death in 
arrhythmogenic right ventricular cardiomyopathy patients.17 
Takemoto et al.24 also reported that TMEM43 is associated 
with TGFβ signaling, which leads to fibrosis. Here, we found 
that TMEM43 deficiency increased the activation of NF-κB 
signaling and that TMEM43 over-expression reduced NF-κB 
activation in cardiomyocytes. Our finding is consistent with 
that of Zheng et al.’s10 study, which found that in arrhythmo-
genic right ventricular cardiomyopathy, the TMEM43-S358L 
mutation enhances NF-κB signaling, leading to TGFβ activa-
tion. Thus, by targeting NF-κB signaling, TMEM43 promotes 
the progression of heart failure.

Conclusions

Our study found for the first time that TMEM43 is down-
regulated in the mouse heart and cardiomyocytes during 
cardiac hypertrophy. Reduced expression of TMEM43 accel-
erates the progression of heart failure in mice. TMEM43 
deficiency may increase the activation of NF-κB signaling in 
heart failure, leading to an inflammatory cascade.
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