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Abstract 
TRIM-containing 44 (TRIM44) is a promoter of multiple cancers. However, its role in cardiac hypertrophy has not been 
elucidated. This study explored the role of TRIM44 on pressure overload-induced cardiac hypertrophy in mice. Mice  
were subjected to aortic banding to establish an adverse cardiac hypertrophy model, followed by the administration of 
AAV9-TRIM44 or AAV9shTRIM44 to overexpress or knock down TRIM44. Echocardiography was used to assess cardiac 
function. H9c2 cells were cultured and transfected with either Ad-TRIM44 or TRIM44 siRNA to overexpress or silence 
TRIM44. Cells were also stimulated with angiotensin II to establish a cardiomyocyte hypertrophy model. Results indicated 
that TRIM44 was downregulated in mice hearts and cardiomyocytes that were treated with aortic banding or angiotensin II. 
TRIM44 overexpression in mice hearts aggravated cardiac hypertrophy and fibrosis, as well as inhibited cardiac function 
post-aortic banding. Moreover, mice with TRIM44 overexpression displayed increased ferroptosis post-aortic banding. Mice 
with TRIM44 knockdown revealed ameliorated cardiac hypertrophy, ferroptosis, and fibrosis, as well as improved cardiac 
function post-aortic banding. In H9c2 cells transfected with Ad-TRIM44, angiotensin II-induced ferroptosis was enhanced, 
while cells with silenced TRIM44 reported reduced ferroptosis post-angiotensin II administration. Furthermore, TRIM44 
interacted with TLR4, which increased the expression of NOX4 and subsequently augmented ferroptosis-associated protein 
levels. By using TLR4 knockout mice, the inhibitory role of TRIM44 was reduced post-aortic banding. Taken together, 
TRIM44 aggravated pressure overload-induced cardiac hypertrophy via increased TLR4/NOX4-associated ferroptosis.

Key messages 

•	 TRIM44 could aggregate pressure overload-induced car-
diac hypertrophy via increasing TLR4-NOX4 associated 
ferroptosis.

•	 Target TRIM44 may become a new therapeutic method 
for preventing or treating pressure overload-induced car-
diac hypertrophy.

Keywords  Pressure overload · TRIM44 · Cardiac hypertrophy · Ferroptosis · TLR4 · NOX4

Introduction

The heart functions to maintain blood perfusion through-
out the entire body. When the pressure behind the ventricle 
increases, the heart and myocardial cells become hyper-
trophic, which increases the contractility of the myocardium 
[1]. Cardiac hypertrophy is accompanied by changes in myo-
cardial quality and gene expression, thereby altering myocar-
dial metabolism, myocardial cell survival, and myocardial 
contractility [2, 3]. Pathological myocardial hypertrophy is 
accompanied by adverse cardiovascular events, including 
heart failure, arrhythmia, and death [3]. At present, stud-
ies have confirmed that mechanical stretching, oxidative 
stress, and inflammatory response are the molecular bases 
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of pathological hypertrophy in cardiomyocytes [4, 5]. Fur-
thermore, there is no effective pharmacological intervention 
approved for cardiac hypertrophy. Therefore, the identifi-
cation of therapeutic targets for myocardial hypertrophy is 
essential for the prevention and treatment of heart failure.

Tripartite motif (TRIM) family members are conserva-
tive factors containing RING finger, B-box, and coiled- 
coil (RBCC) domains [1, 6]. Previous studies have found 
that multiple TRIM family members are closely related to 
a variety of cardiovascular diseases, such as heart devel-
opment, autophagy regulation, and cardiomyopathy [7, 8]. 
TRIM44 is a member of the TRIM family and is mainly 
involved in immune response, tumorigenesis, and develop-
ment [9, 10]. Recently, TRIM44 was reported to partici-
pate in hypoxia-induced cardiomyocyte injury [10, 11]. Luo 
et al. reported that a non-coding RNA hypoxia-inducible 
factor-1α (HIF1A)-antisense RNA 2 (HIF1A-AS2) sup-
pressed TRIM44 to protect cardiomyocytes against hypoxia-
induced injury [11]. Based on these studies, we hypothesized 
that TRIM44 might participate in the progression of pressure 
overload-induced cardiac hypertrophy. In this study, the role 
of TRIM44 on adverse cardiac hypertrophy was explored, 
where AAV9-TRIM44 or AAV9-shTRIM44 were used to 
overexpress or knock down TRIM44 in mice hearts.

Materials and methods

Animals

C57BL/6 J male mice (23.5–27.5 g) of 8–10 weeks were 
purchased from the Chinese Academy of Medical Sciences 
& Peking Union Medical College. The animal experiments 
were performed according to the Guide for the Care and 
Use of Laboratory Animals published by the US National 
Institutes of Health (NIH Publication No. 85–23, revised 
1996) and were approved by the Animal Care and Use 
Committee of the First Affiliated Hospital of Zhengzhou 
University (ZH-2021–0120). Each mouse was subjected to 
aortic banding (AB). One week before AB surgery, mice 
were subjected to injection of AAV9, harboring TRIM44 or 
shTRIM44 (60 μl, 5.0–6.5 × 1013 GC/ml), via retroorbital 
venous. To understand its mechanism, TLR4 knockout (KO) 
mice, purchased from Jackson Lab, were subjected to AB 
surgery and AAV9-TRIM44 injection (n = 12). All experi-
ments in the study were performed as blinded experiments.

Animal model

The mice were anesthetized by intraperitoneal injection of 
3% pentobarbital sodium. The mice were then intubated, and 
the skin between the third and fourth left ribs of the mouse 
sternum was opened. The thoracic aorta was exposed, and a 

7/0 surgical suture was used to cross the aorta. At the same 
time, a 27G needle was placed parallel to the main artery, 
and the aorta was ligated. In the sham group, the thread was 
hung without ligation. The thoracic cavity and skin of the 
mice were sutured, and the mice were injected with temgesic 
(0.1 mg/kg) once a day for 6 days. The cardiac function of 
mice was evaluated by echocardiography 4 weeks after the 
AB operation.

AAV9 construction and viral delivery

Viral vectors (AAV9-TRIM44 and AAV9-shTRIM44) and 
troponin T were purchased from Vigene Bioscience Com-
pany (Jinan, China). One week before AB surgery, the mice 
were randomly assigned to receive either 60–80 μl AAV9-
TRIM44 or AAV9-shTRIM44 at 5.0–6.5 × 1013 GC/ml in 
sterile PBS at 37 °C by injection into the retroorbital venous 
plexus, as described in a previous study [12].

Echocardiography measurements

Mylab30CV (ESAOTE) echocardiography was used to detect 
cardiac function. Both M-mode and pulse Doppler were 
recorded with a 15 MHz probe. The left ventricular ejec-
tion fraction (LVEF) and left ventricular shortening fraction 
(LVFS) were calculated.

Histological analysis

Heart tissues were removed and fixed in 10% formalin, then 
embedded in paraffin and cut into 25-μm sections. Hema-
toxylin and eosin (H&E) staining was performed, and a digi-
tal camera (Olympus BX 53 microscope, Tokyo, Japan) was 
used for observation.

Fe assays and malondialdehyde (MDA) level

Non-heme iron levels in serum and heart tissue were deter-
mined with the Fe assay kit (ab83366, Abcam), as per the 
operational guidelines. In short, tissues were rinsed in 
chilled PBS before homogenization on ice in Fe assay buffer 
with a Dounce homogenizer, followed by centrifugation at 
16,000 × g for 10 min. The supernatant of the Fe assay was 
then collected, and the samples were diluted with assay 
buffer to a final volume of 100 µl. The sample was then 
incubated with 5-µl Fe reducer (for total Fe) or assay buffer 
(for ferrous Fe) along with standards at 37 °C for 30 min. In 
each well, 100 µl of Fe probe was added and mixed, followed 
by incubation at 37 °C in the dark for 1 h. Absorbance was 
measured at 593 nm with a microplate reader. Fe levels were 
calculated according to the standard curve and normalized 
to protein levels from the Bradford protein assay.

Administrator
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MDA level was determined from a commercial kit (Beyo-
time, Bio., Shanghai, China). Absorbance was measured at 
532 nm with a microplate reader.

Cell culture

Rat cardiomyocytes H9c2 (Cell Bank of the Chinese Acad-
emy of Sciences, Shanghai, China) were grown in DMEM 
(C11995; Gibco, Grand Island, NY, USA), supplemented 
with 10% FBS, penicillin (100 U/ml), and streptomy-
cin (100 mg/ml) (Gibco), in a humidified CO2 incubator 
(SANYO 18 M, Osaka, Japan) with 5% CO2 at 37 °C. Cells 
were incubated with LPS (1 μg/ml) for 12 h to establish a 
cell injury model or stimulated with Ang II (1 μM) for 48 h 
to induce cardiomyocytes hypertrophic model. Cells were 
transfected with Ad-TRIM44 or TRIM44 siRNA to overex-
press or silence TRIM44. Cell viability was determined by 
MTT assay (Beyotime, Bio., Shanghai, China).

Detection of reactive oxygen species

Adherent H9c2 cardiomyocytes were digested with 0.25% 
trypsin and centrifuged for 5 min. The cells were counted and 
resuspended in phosphate buffer. H9c2 cells were incubated 
with 2′, 7′-dichlorofluorescein diacetate (DCFH-DA) fluo-
rescent probes for 20 min. The fluorescence intensity in each 
sample was measured by flow cytometry (Beckman, USA).

Detection of lipid reactive oxygen species

After treatment, cells were incubated with 5-μl C11-
BODIPY fluorescence probes for 40 min, and the fluores-
cence intensity of each group was measured by a microplate 
reader (Synergy HT, BioTek, Vermont, USA).

Nicotinamide adenine dinucleotide phosphate (NADPH) 
oxidase in cardiomyocytes was detected using commercial 
kits from Beyotime, Bio. (Shanghai, China), according to 
the manufacturer’s instructions.

Prussian blue staining

Heart slices were dewaxed at 60 °C, followed by hydration 
of the heart in distilled water. The preparation of the dyeing 
solution involved mixing equal volumes of potassium ferro-
cyanide solution and hydrochloric acid. Heart sections were 
incubated in the staining solution for 3 min. Photographs 
were taken with a light microscope (Olympic, Japan).

RT‑PCR and western blot

TRIzol reagent was used to isolate total mRNA. Smart 
SpecPlus Spectrophotometer (Bio-Rad) was used to detect 

mRNA purity with OD260/OD280 ratios. A total of 2 μg 
of mRNA was reverse transcribed into cDNA with a cDNA 
Synthesis Kit (Roche Diagnostics). The Light Cycler 480 
SYBR Green I Master Kit (Roche Diagnostics) was used for 
amplifications, with GAPDH as a reference.

For western blotting, radioimmunoprecipitation (RIPA) 
lysis buffer was used to lyse cells. Total protein concentration  
was measured by the BCA method and then loaded onto SDS-
PAGE. When proteins were transferred to polyvinylidene 
difluoride (PVDF) membranes (Millipore), they were incu-
bated with primary antibodies at 4 °C overnight. Primary 
antibodies including TRIM44, TLR4, NOX4, ferritin, Gpx4, 
and GAPDH were purchased from Abcam (1:100 dilution, 
Hercules, CA, USA). Blots were developed with enhanced 
chemiluminescence (ECL) reagents (Bio-Rad, Hercules, CA, 
USA) and visualized by a ChemiDoc MP Imaging System 
(Bio-Rad). GAPDH was used as a reference.

Co‑IP assay

For immunoprecipitation, 10 μl protein A/G-agarose beads 
and 1 μg antibody were incubated with each sample (500 μl) 
overnight at 4 °C. After washing with immunoprecipitation 
buffer, the eluted proteins were immunoblotted with the  
indicated primary antibodies.

Data analysis

All data were expressed as mean ± SD. SPSS 23.3 was used 
for data analysis. Shapiro–Wilk test was used to test the nor-
mality distribution of data; all the data were normally dis-
tributed. Student’s t-test was used to compare data between 
two groups. One-way ANOVA and two-way ANOVA, 
followed by Tukey’s post hoc test, were used to compare 
data between more than two groups. p values less than 0.05 
denoted statistical significance.

Results

The expression level of TRIM44 in hypertrophic 
heart

To explore the role of TRIM44 in adverse cardiac hyper-
trophy, mice were subjected to AB to establish a cardiac 
hypertrophy model. The expression level of TRIM44 was 
upregulated as compared to sham mice (Fig. 1A). TRIM44 
expression was increased in cardiomyocytes with Ang II 
treatment (Fig. 1B).
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TRIM44 overexpression in the heart aggravated 
cardiac hypertrophy, fibrosis, and cardiac 
dysfunction

The protein level of TRIM44 was upregulated after AAV9-
TRIM44 injection (Fig. 2A). Four weeks post-AB, the heart 
weight to body weight ratio (HW/BW), the heart weight to 
tibia length ratio (HW/TL), and the lung weight to body weight 
ratio (LW/BW) increased, indicating lung edema (Fig. 2B). 
TRIM44 overexpression in the heart further increased these 
ratios (Fig. 2B). H&E staining displayed increased cross-
sections in the AB group as compared with the sham group 
(Fig. 2C and D), which was enhanced by TRIM44 over-
expression. The left ventricular (LV) end-diastolic diam-
eter (LVEDD) and the LV end-systolic diameter (LVESD) 
increased in mice 4 weeks post-AB (Fig. 2E and Table 1). LV 
ejection fraction (LVEF) and LV fractional shortening (LVFS) 
drastically reduced in mice 4 weeks post-AB as compared to 
the sham group. Likewise, LVEDD and LVESD increased 
in the TRIM44 overexpression group, while both LVEF and 
LVFS decreased in the TRIM44 overexpression group as 

compared to the NC-AB group. The hypertrophic markers, 
such as ANP, BNP, β-MHC, and α-MHC, were also detected. 
The transcription of ANP, BNP, and β-MHC was upregulated, 
whereas α-MHC decreased in mice 4 weeks post-AB. TRIM44 
overexpression further enhanced the mRNA levels of ANP, 
BNP, and β-MHC, and diminished the mRNA level of α-MHC 
(Fig. 2F). The fibrosis markers and pro-inflammatory factors 
were also assessed, where TRIM44 overexpression deterio-
rated pressure overload-induced fibrosis and inflammation 
(Fig. 2G and H).

TRIM44 overexpression in the heart enhanced 
ferroptosis

Lipid peroxidase was measured in mice hearts. The lev-
els of MDA in serum and heart increased in mice 4 weeks 
post-AB (Fig. 3A and B). Likewise, TRIM44 overexpres-
sion increased the level of MDA in the serum and heart of 
mice post-AB. Non-heme iron levels in serum and heart 
tissues were measured to assess ferroptosis. As expected, 
the level of non-heme iron in serum and heart increased 

Fig. 1   The expression level of TRIM44 in hypertrophic heart. A Protein level of TRIM44 in mice hearts 4 weeks post-AB (n = 4). B Protein 
level of TRIM44 in cardiomyocytes challenged with Ang II (n = 4). *p < 0.05 vs. CON group
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in mice 4 weeks post-AB. TRIM44 overexpression also 
increased the level of non-heme iron in the serum and heart 
of mice post-AB (Fig. 3C and D). Iron staining displayed an 

increase in cardiac iron density in mice 4 weeks post-AB, 
which was further increased by TRIM44 overexpression 
(Fig. 3E and F).

Fig. 2   TRIM44 overexpression in the heart-aggravated cardiac hyper-
trophy, fibrosis, and cardiac dysfunction. A Protein level of TRIM44 
in AAV9-TRIM44 mice hearts (n = 4). B Heart weight/body weight 
(HW/BW), HW/tibia length (HW/TL), and lung weight/BW (LW/
BW) in mice hearts 4  weeks post-AB (n = 8). C, D H&E staining 
of hearts in mice hearts 4  weeks post-AB (n = 6). E Representative 

echocardiography images in each group. F, G mRNA levels of pro-
hypertrophy and fibrosis markers in heart tissue 4  weeks post-AB 
(n = 6). H mRNA levels of pro-inflammatory factors in heart tissue 
four weeks post-AB (n = 6). *p < 0.05 vs. NC/sham group. #p < 0.05 
vs. NC/AB group
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TRIM44 KO in the heart ameliorated cardiac 
hypertrophy, fibrosis, and cardiac dysfunction

TRIM44 KO mice were used to confirm the deteriorat-
ing role of TRIM44 on cardiac hypertrophy (Fig. 4A). 
The protein level of TRIM44 was sharply downregulated 
after AAV9-shTRIM44 injection. Four weeks post-AB, 
HW/BW, HW/TL, and LW/BW were increased, indicating 
lung edema (Fig. 4B). TRIM44 KO in the heart decreased 
these ratios (Fig. 4B). H&E staining found that the cross-
sectional area was increased in the AB group when com-
pared with the sham group (Fig. 4C and D), while TRIM44 

KO diminished this change. Cardiac function was assessed 
by echocardiography (Fig. 4E and Table 2). LVEDD and 
LVESD were increased in mice 4 weeks post-AB. The 
LVEF and LVFS were sharply reduced in mice 4 weeks 
post-AB when compared with the sham group. LVEDD and 
LVESD were reduced in the TRIM44 KO group. LVEF and 
LVFS were enhanced in the TRIM44 KO group as com-
pared to the scRNA-AB group. TRIM44 KO reduced the 
mRNA levels of ANP, BNP, and β-MHC, but increased the 
mRNA level of α-MHC (Fig. 4F). TRIM44 KO also attenu-
ated pressure overload-induced fibrosis and inflammation 
(Fig. 4G and H).

Table 1   Echocardiography 
analysis in each group in mice 
with TRIM44 overexpression

HR  heart rate, LVEDd  left ventricular end diastolic dimension, LVESd  LV end systolic dimension, 
LVEF left ventricular ejection fraction, LVFS left ventricular shortening fraction
* p < 0.05 for difference from corresponding sham group; **p < 0.05 vs AAV9-TRIM44-AB group

Parameters NC-Sham
n = 6

TRIM44-Sham
n = 6

NC-AB
n = 6

TRIM44-AB
n = 6

HR (min-1) 409.45 ± 33.24 410.63 ± 31.01 401.39 ± 23.21 412 ± 33.89
LVEDd (mm) 3.32 ± 0.23 3.26 ± 0.22 4.18 ± 0.30* 4.92 ± 0.30**
LVESd (mm) 2.61 ± 0.22 2.73 ± 0.22 3.20 ± 0.23* 3.90 ± 0.19**
LVEF (%) 72.63 ± 4.66 75.13 ± 4.88 54.75 ± 0.2.82* 31.50 ± 2.45**
LVFS (%) 36.63 ± 2.45 35.86 ± 2.03 27.00 ± 2.00* 19.25 ± 1.67**

Fig. 3   TRIM44 overexpression in the heart-enhanced ferroptosis. A, 
B Serum and cardiac MDA levels in mice 4 weeks post-AB (n = 6). 
C, D Serum and cardiac non-heme iron levels in mice 4 weeks post-

AB (n = 6). E, F Prussian blue staining and quantified results in 
AAV9-TRIM44 mice 4  weeks post-AB (n = 6). *p < 0.05 vs. NC/
sham group. #p < 0.05 vs. NC/AB group
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TRIM44 KO in the heart inhibited ferroptosis

Lipid peroxidase was measured in the hearts of TRIM44 
KO mice. The levels of MDA in serum and heart were 
increased in mice 4 weeks post-AB (Fig. 5A and B), while 

TRIM44 KO decreased the levels of MDA in the serum 
and heart of mice post-AB. Likewise, the level of non-
heme iron in serum and heart increased in mice 4 weeks 
post-AB, while TRIM44 KO decreased the level of non-
heme iron in the serum and heart of mice post-AB (Fig. 5C 

Fig. 4   TRIM44 knockdown in the heart-ameliorated cardiac hypertro-
phy, fibrosis, and cardiac dysfunction. A Protein level of TRIM44 in 
AAV9-shTRIM44 mice hearts (n = 4). B HW/BW, HW/TL, and LW/
BW in mice heart 4 weeks post-AB (n = 8). C, D H&E staining of hearts 
in mice hearts 4 weeks post-AB (n = 6). E Representative echocardiog-

raphy images in each group. F, G mRNA levels of pro-hypertrophy and 
fibrosis markers in heart tissue 4 weeks post-AB (n = 6). *p < 0.05 vs. 
NC/sham group. #p < 0.05 vs. NC/AB group. H mRNA levels of pro-
inflammatory factors in heart tissue 4 weeks post-AB (n = 6). *p < 0.05 
vs. scRNA/sham group. #p < 0.05 vs. scRNA/AB group
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and D). Iron staining displayed increased cardiac iron den-
sity in mice 4 weeks post-AB, while TRIM44 KO reduced 
cardiac iron density post-AB (Fig. 5E and F).

TRIM44 overexpression in cardiomyocytes increased 
cell ferroptosis

The protein level of TRIM44 was remarkably increased 
in cells transfected with Ad-TRIM44 (Fig. 6A). ROS and 
lipid ROS levels were sharply increased in cells stimulated 
with Ang II. Similarly, TRIM44 overexpression increased 
ROS and lipid ROS levels in cardiomyocytes treated with 

Ang II (Fig. 6B and C). MDA level and NADPH oxidase 
activity were also increased in the Ang II group. TRIM44 
overexpression further increased MDA level and NADPH 
oxidase activity in cells treated with Ang II (Fig. 6D–G).

TRIM44 silence in cardiomyocytes suppresses cell 
ferroptosis

The protein level of TRIM44 was decreased in cells trans-
fected with TRIM44 siRNA (Fig. 7A). ROS and lipid 
ROS levels were increased in cells stimulated with Ang 
II, while TRIM44 KO decreased ROS and lipid ROS levels 

Table 2   Echocardiography 
analysis in each group in mice 
with TRIM44 knockout

HR  heart rate, LVEDd  left ventricular end diastolic dimension, LVESd  LV end systolic dimension, 
LVEF left ventricular ejection fraction, LVFS left ventricular shortening fraction
* p < 0.05 for difference from corresponding sham group; **p < 0.05 vs shTRIM44-AB group

Parameters ScRNA-Sham shTRIM44-Sham ScRNA-AB shTRIM44-AB

HR (min-1) 419.10 ± 42.46 411.51 ± 43.38 407.27 ± 26.70 417.33 ± 39.76
LVEDd (mm) 3.23 ± 0.23 3.12 ± 0.21 4.23 ± 0.30* 3.58 ± 0.26**
LVESd (mm) 2.76 ± 0.21 2.60 ± 0.18 3.29 ± 0.20* 2.76 ± 0.16**
LVEF (%) 74.13 ± 4.70 74.38 ± 4.84 54.38 ± 4.07* 65.75 ± 3.88**
LVFS (%) 36.00 ± 2.00 36.5 ± 2.45 23.14 ± 2.03* 32.25 ± 2.12**

Fig. 5   TRIM44 knockdown in the heart-inhibited ferroptosis. A, B 
Serum and cardiac MDA levels in mice 4 weeks post-AB (n = 6). C, 
D Serum and cardiac non-heme iron levels in mice 4 weeks post-AB 
(n = 6). E, F Prussian blue staining and quantified results in AAV9-

shTRIM44 mice 4  weeks post-AB (n = 6). *p < 0.05 vs. NC/sham 
group. #p < 0.05 vs. NC/AB group. *p < 0.05 vs. scRNA/sham group. 
#p < 0.05 vs. scRNA/AB group
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in Ang II-treated cells (Fig. 7B and C). The MDA level 
and NADPH oxidase activity were also increased in the 
Ang II group. TRIM44 KO further increased MDA level 
and NADPH oxidase activity in cells treated with Ang II 
(Fig. 7D–G).

TRIM44 interaction with TLR4 affected NOX4 
signaling

The level of the ferroptosis marker ferroportin was increased 
in mice hearts post-AB (Fig. 8A and B). On the other hand, 

Fig. 6   TRIM44 overexpression in cardiomyocytes increased cell fer-
roptosis. H9c2 cells were transfected with Ad-TRIM44. A, B Protein 
levels of TRIM44 in Ad-TRIM44-transfected H9c2 cells (n = 4). C 
ROS levels in H9c2 cells in each group (n = 6). D Lipid ROS levels 

in H9c2 cells in each group (n = 6). E, F MDA level and NADPH oxi-
dase activity in each group (n = 6). *p < 0.05 vs. Ad-NC/CON group. 
#p < 0.05 vs. Ad-NC/Ang II group

Fig. 7   TRIM44 silencing in cardiomyocytes suppressed cell ferropto-
sis. H9c2 cells were transfected with TRIM44 siRNA. A, B Protein 
levels of TRIM44 in Ad-TRIM44-transfected H9c2 cells (n = 4). C 
ROS level in H9c2 cells in each group (n = 6). D Lipid ROS level in 

H9c2 cells in each group (n = 6). E, F MDA level and NADPH oxi-
dase activity in each group (n = 6). *P < 0.05 vs. scRNA/CON group. 
#P < 0.05 vs. scRNA/Ang II group
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the ferroptosis inhibition protein GPX4 was reduced in mice 
hearts post-AB. TRIM44 KO increased the level of GPX4 
and reduced the level of ferroportin. In cardiomyocytes, the 
level of ferroportin was increased post-Ang II stimulation 
(Fig. 8C and D). Likewise, the level of GPX4 in cardiomyo-
cytes was reduced post-Ang II stimulation. TRIM44 overex-
pression decreased the level of GPX4 and increased the level 
of ferroportin. NOS, an oxidase that produces ROS and lipid 
ROS, was upregulated in both mice hearts post-AB and car-
diomyocytes post-Ang II stimulation (Fig. 8A–D). NOX4 was 
reduced by TRIM44 KO in vivo (Fig. 8A and B) and increased 
in cardiomyocytes with TRIM44 overexpression (Fig. 8C and 
D). Previous studies found that TRIM44 could affect TLR4 
stabilization. In this study, TLR4 expression was upregulated 
in both mice hearts post-AB and cardiomyocytes post-Ang II 
stimulation (Fig. 8A–D). Moreover, TLR4 was reduced by 
TRIM44 KO in vivo (Fig. 8A and B), but TLR4 was increased 
in cardiomyocytes with TRIM44 overexpression (Fig. 8C 

and D). The co-IP assay validated that TLR4 interacted with 
TRIM44 in cardiomyocytes (Fig. 8E and F).

TLR4 KO inhibited the effects of TRIM44 
overexpression in mice

TLR4 KO mice were used to confirm that TLR4 is a target 
of TRIM44. The TLR4 protein was not detected in the heart 
tissue of TLR4-KO mice (Fig. 9A). TLR9-KO ameliorated 
pressure overload-induced cardiac hypertrophy, cardiac 
dysfunction, and fibrosis, which was evident from the his-
tological analysis, echocardiography results, and fibrosis 
markers (Fig. 9B–I). Moreover, TRIM44 overexpression in 
TLR4-KO mice also improved cardiac hypertrophy, cardiac 
dysfunction, and fibrosis after 4 weeks in the AB model as 
compared to the WT-AB group (Fig. 9B–H). Taken together, 
TLR4 could be a target of TRIM44 in cardiac hypertrophy.

Fig. 8   TRIM44 interaction with TLR4 affected NOX4 signaling. A, 
B Protein levels of TLR4, NOX4, Gpx4, and ferritin in AAV-TRIM44 
mice hearts 4  weeks post-AB (n = 4). *p < 0.05 vs. AAV-NC/sham 
group. #p < 0.05 vs. AAV-NC/AB group. C, D Protein levels of 

TLR4, NOX4, Gpx4, and ferritin in TRIM44 siRNA-transfected 
H9c2 cells with Ang II challenge (n = 4). *p < 0.05 vs. scRNA/CON 
group. #p < 0.05 vs. scRNA/Ang II group. E, F Co-IP assays of TLR4 
and TRIM44 in cardiomyocytes
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Discussion

Pathological myocardial hypertrophy essentially transforms 
many cardiovascular diseases into heart failure [4]. At pre-
sent, many mechanisms have been proposed, including the 
reduction of capillary density caused by myocardial hyper-
trophy, oxidative stress of cardiomyocytes, intracellular 
Ca2+ overload, apoptosis, and inflammatory reactions [2]. 
Jiang et al. found that TRIM44 KO attenuated isoprotere-
nol-induced pathological cardiac remodeling [13]. In this 
study, it was demonstrated for the first time that TRIM44 
expression was upregulated in pressure overload-induced 
adverse cardiac hypertrophy and cardiomyocytes with Ang 
II stimulation. Furthermore, TRIM44 overexpression in the 
heart aggravated cardiac hypertrophy, fibrosis, dysfunction, 
and lipid peroxidation. In contrast, TRIM44 KO ameliorated 
pressure overload-induced adverse cardiac hypertrophy, 
fibrosis, lipid peroxidation, and cardiac dysfunction. Thus, 
TRIM44 could be a therapeutic target for the prevention and 
treatment of cardiac hypertrophy.

TRIM44 is unique among the TRIM family proteins. 
The N-terminal of the TRIM44 protein contains a zinc fin-
ger ubiquitin protease domain (ZF-UBP), which functions 
as a deubiquitinase [9]. Studies have found that TRIM44 is 
upregulated in a variety of human tumors such as ovarian 
cancer, breast cancer, hepatocellular carcinoma, esophageal 

squamous cell carcinoma, and hepatocellular carcinoma 
[10, 14]. In this study, TRIM44 increased cardiomyocyte 
lipid peroxidation causing ferroptosis. Results also indi-
cated that TRIM44 enhanced pressure overload-induced 
ferroptosis. Likewise, TRIM44 silencing reduced ferropto-
sis in vivo and in vitro. Ferroptosis is a form of cell death 
closely related to iron metabolism, which is characterized 
by the accumulation of lipid peroxidation, leading to the 
accumulation of lethal ROS [15]. Ferroptosis is manifested 
by the reduction of mitochondrial membrane density and 
the rupture of the mitochondrial outer membrane [15]. 
Upregulation of ER stress and inhibition of cystine/gluta-
mate antiporter have been found to induce ferroptosis [16]. 
GPX4, heat shock protein β-1, and nuclear factor-erythroid 
2-related factor 2 can negatively regulate ferroptosis by 
inhibiting the production of ROS and reducing cellular iron 
uptake. However, NADPH oxidase and p53 can positively 
regulate ferroptosis by promoting the production of ROS 
and inhibiting the expression of specific light chain subu-
nit (SLC7A11) of cystine/glutamate antiporter [16]. Dys-
functional ferroptosis is closely related to cardiovascular 
diseases, such as myocardial ischemia–reperfusion injury, 
sepsis, myocardial injury, heart failure, and myocardial 
hypertrophy [17–19]. The findings of this study indicated 
the involvement of TRIM44 in ferroptosis and adverse car-
diac hypertrophy.

Fig. 9   TLR4 KO inhibited the effects of TRIM44 overexpression in 
mice. TLR4-KO mice were subjected to AAV9-TRIM44 injection in 
the AB model. A Protein level of TLR4 in TLR4-KO mice (n = 4). 
B. HW/BW, HW/TL, and LW/BW in mice hearts 4 weeks post-AB 
(n = 8). C, D H&E staining of mice hearts 4 weeks post-AB (n = 6). 

E, F Echocardiography results in each group (n = 8). G, H mRNA 
levels of pro-hypertrophy and fibrosis markers in heart tissue 4 weeks 
post-AB (n = 6). *p < 0.05 vs. WT/sham group. #p < 0.05 vs. WT/AB 
group
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NOX is a family of enzymes that generate ROS [35]. 
In mammals, NOX comprises multiple isoforms, namely, 
NOX1, NOX2, NOX3, NOX4, NOX5, dioxygenase (DUOX) 
1, and DUOX2 [20]. Members of this family catalyze the 
reduction of oxygen to superoxide by using NADPH as 
an electron donor. In the heart, NOX4 is the predomi-
nant isoform in cardiomyocytes [21]. Elevation of NOX4 
induces oxidative stress and ferroptosis in many diseases 
[22, 23]. In this study, NOX4 was upregulated in pressure-
overloaded heart tissues and Ang II stimulated cardiomyo-
cytes. Furthermore, TRIM44 could further increase the level 
of NOX4 level both in vivo and in vitro, while TRIM44 
silencing reduced the expression of NOX4 protein level. 
Thus, TRIM44 may regulate ferroptosis by targeting NOX4 
expression. The expression of TLR4 was also upregulated in 
TRIM44 transgenic mice hearts and cardiomyocytes. TLR4 
is a pathogen-related and injury-related pattern recognition 
receptor, which is expressed on the myocardial cell mem-
brane [24]. Biomolecules released by bacteria and injured 
cells can activate TLR4, which promotes downstream 
inflammation and injury response [24]. Recent studies have 
found that TLR4 can regulate NOX [23, 25]. In many dis-
ease models, NOX4 can interact with TLR4, which plays 
a big role in renal tubular epithelial cell damage, cerebral 
ischemic disease, and heart failure [23, 25]. An earlier study 
found that TRIM44 could directly bind and stabilize TLR4, 
causing melanoma progression [14]. Jiang et al. reported that 
TRIM44 KO ameliorated isoproterenol-induced rat cardiac 
remodeling by regulating the AKT/mTOR pathway. In this 
study, TRIM44 interacted with TLR4 and increased the level 
of TLR4 in the heart under adverse cardiac hypertrophy. 
Moreover, TLR4 KO could counteract the inhibitory effects 
of TRIM44 overexpression in vivo. This inconsistency might 
be due to some factors such as the different animal models 
and delivery systems used.

Taken together, TRIM44 aggravated pressure overload-
induced cardiac hypertrophy via increased TLR4/NOX4-
associated ferroptosis. Thus, TRIM44 may be a thera-
peutic target for the prevention and treatment of cardiac 
hypertrophy.
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