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Abstract

Aims Diabetic cardiomyopathy (DC) is one of serious complications of diabetic patients. This study investigated the biolog-
ical function of activating transcription factor 4 (ATF4) in DC.

Methods and results Streptozotocin-treated mice and high glucose (HG)-exposed HL-1 cells were used as the in vivo and
in vitro models of DC. Myocardial infarction (MI) was induced by left coronary artery ligation in mice. Cardiac functional pa-
rameters were detected by echocardiography. Target molecule expression was determined by real time quantitative PCR
and western blotting. Cardiac fibrosis was observed by haematoxylin and eosin and Masson’s staining. Cardiac apoptosis
was evaluated by terminal deoxynucleotidyl transferase dUTP nick end labelling. Activities of superoxide dismutase, glutathi-
one peroxidase, and levels of malonic dialdehyde and reactive oxygen species were used to assess oxidative stress damage.
Molecular mechanisms were evaluated by chromatin immunoprecipitation, dual luciferase assay, and co-
immunoprecipitation. ATF4 was up-regulated in the DC and Ml mice (P < 0.01). Down-regulation of ATF4 improved cardiac
function as evidenced by changes in cardiac functional parameters (P < 0.01), inhibited myocardial collagen | (P < 0.001)
and collagen Il (P < 0.001) expression, apoptosis (P < 0.001), and oxidative stress (P < 0.001) in diabetic mice. Collagen |
(P < 0.01) and collagen Il (P < 0.01) expression was increased in Ml mice, which was reversed by ATF4 silencing
(P < 0.05). ATF4 depletion enhanced viability (P < 0.01), repressed apoptosis (P < 0.001), oxidative damage (P < 0.001),
and collagen | (P < 0.001), and collagen Il (P < 0.001) expression of HG-stimulated HL-1 cells. ATF4 transcriptionally activated
Smad ubiquitin regulatory factor 2 (Smurf2, P < 0.001) to promote ubiquitination and degradation of homeodomain
interacting protein kinase-2 (P < 0.001) and subsequently caused inactivation of nuclear factor erythroid 2-related factor
2/heme oxygenase 1 pathway (P < 0.001). The inhibitory effects of ATF4 silencing on HG-induced apoptosis (P < 0.01), oxi-
dative injury (P < 0.01), collagen | (P < 0.001), and collagen Il (P < 0.001) expression were reversed by Smurf2
overexpression.

Conclusions ATF4 facilitates diabetic cardiac fibrosis and oxidative stress by promoting Smurf2-mediated ubiquitination and
degradation of homeodomain interacting protein kinase-2 and then inactivation of nuclear factor erythroid 2-related factor
2/heme oxygenase 1 pathway, suggesting ATF4 as a treatment target for DC.
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Introduction failure.® It has been recognized that cardiac fibrosis is en-

hanced during DC development.”> Myocardial fibrosis under
Diabetes remains a serious public health issue due to its in-  high glucose condition is triggered by the imbalance of matrix
creasing prevalence worldwide. Diabetic cardiomyopathy protein synthesis and degradation, and subsequent extracel-
(DC), a diabetes-associated complication characterized by di- lular matrix deposition, which eventually results in cardiac
astolic dysfunction and cardiac fibrosis, may lead to heart structure changes and function impairment.> Therefore,

© 2023 The Authors. ESC Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium,
provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.


mailto:duanzhujingg542@163.com
http://creativecommons.org/licenses/by-nc-nd/4.0/

ATF4 promotes diabetic cardiomyopathy

2511

better understanding the molecular mechanisms and devel-
oping interventions for cardiac fibrosis can effectively delay
the progression of DC.

Activating transcription factor 4 (ATF4) belongs to
cAMP-response element binding protein (CREB)/ATF family,
which can serve as either an activator or a repressor of gene
transcription.* As a transcriptional factor, ATF4 is responsible
for the regulation of endoplasmic reticulum stress.> ATF4
functions as a modulator of the cellular hypoxic response and
contributes to the activation of genes that maintain normal
endoplasmic reticulum function and facilitate survival.® ATF4
is involved in various pathophysiological processes, such as ap-
optosis, metabolism, antioxidant defence, tumourigenesis, and
soon.” Arecent study reported the physiological role of ATF4 in
insulin secretion in response to glucose stimulation.® Impor-
tantly, ATF4 was down-regulated in high glucose-stimulated
H9c2 cells and diabetic rat hearts.? Another study reported that
ATF4 contributed to renal tubulointerstitial fibrosis in mice with
diabetic nephropathy.'® So far, the regulatory roles of ATF4 in
diabetic cardiac fibrosis have not been elucidated.

Smad ubiquitin regulatory factor 2 (Smurf2) is an E3 ubig-
uitin ligase that participates in the regulation of protein
homeostasis.** A recent study demonstrated that deletion
of Smad3 attenuated cardiac fibrosis via inhibition of
Smurf2-mediated ubiquitin and degradation of Smad7.* Be-
sides, Smurf2 was demonstrated to be up-regulated in the
in vitro model of diabetic cardiac fibrosis.'® Interestingly,
ATF4 was predicted to bind to Smurf2 promoter by bioinfor-
matics analysis.

Nuclear factor erythroid 2-related factor 2 (Nrf2)/heme ox-
ygenase 1 (HO-1) pathway is a crucial protective mechanism
by which confers protection against oxidative stress injury.
Extensive evidence has indicated that activation of Nrf2/HO-1
pathway is responsible for remission of DC.***® Li et al.
documented that Nrf2/HO-1 pathway activation ameliorated
myocardial fibrosis under diabetic condition.'® However,
the up-stream regulatory mechanisms of Nrf2/HO-1 pathway
in diabetic cardiac fibrosis are poorly understood. Homeodo-
main interacting protein kinase-2 (HIPK2), belonged to
the HIPK family, takes part in multiple biological processes,
such as proliferation, inflammation, and autophagy.’’™*°
Notably, HIPK2 was reported to alleviate hypoxia/
reoxygenation-induced myocardial injury via enhancing Nrf2
transcription.20 So far, the involvement of HIPK2/Nrf2 axis in
diabetic cardiac fibrosis has not been documented. By bioin-
formatics analysis, we found that Smurf2 was predicted to
promote the ubiquitination and degradation of HIPK2.

Based on the above background, we hypothesized that
high expression of ATF4 might transcriptionally activate
Smurf2 to cause ubiquitination and degradation of HIPK2,
and subsequently inactivate Nrf2/HO-1 pathway, which fi-
nally promoted high glucose-induced cardiac fibrosis. Our
study for the first time uncovered the biological function of
ATF4 and its underlying mechanisms in diabetic cardiac fibro-

sis, suggesting ATF4 as a potential therapeutic target to pre-
vent diabetic cardiac fibrosis progression.

Methods
Animal procedure

Male C57BL/6 mice weighed 20 + 2 g were obtained from
Slac Jingda Laboratory Animal Co., Ltd. (Hunan, China) and
randomly divided into normal, DC, DC + shNC, and
DC + shATF4 groups (n =5 per group). The animal experiments
were approved by the ethical committee of Shiyan Taihe
Hospital (Hubei University of Medicine) (approval number:
202061). Diabetics were induced by intraperitoneal injection
of 50 mg/kg streptozotocin (STZ) for five consecutive days,
whereas citrate buffer in equal volume was injected into the
non-diabetes control mice. One week later, fasting blood
glucose was measured. The mice with fasting blood glucose
of more than 16.7 mmol/L were regarded as diabetics. A
myocardial injection with lentiviruses carrying shATF4 or neg-
ative control shRNA (shNC) (1 x 107 UT/30 pL, GenePharma,
Shanghai, China) was carried out after the final STZ injection
for 12 weeks. Twelve weeks after lentivirus injection, the body
weight, fasting blood glucose concentration, and fasting blood
insulin level were detected. Then, all mice were euthanized,
and the hearts were collected and weighed.

Myocardial infarction (MI) was induced in male C57BL/6
mice (weighing 20 + 2 g, 8 weeks old), as described
previously.”! There were four experimental groups: sham,
M, Ml + shNC, and MI + shATF4 (n = 5 per group). Briefly,
mice were anaesthetized using intraperitoneal injection with
pentobarbital sodium (50 mg/kg). A left-sided thoracotomy
was performed to expose the heart. The anterior descending
branch of the left coronary artery was ligated. Successful liga-
tion of the artery was confirmed by tissue blanching. For
sham mice, the suture was passed beneath the coronary ar-
tery and not tied. The chest was closed and the mice were
allowed to recover. The lentiviruses carrying shATF4 or shNC
(1 x 107 UT/30 pL) was injected into the left ventricular cavity
with the aorta artery cross-clamped before ligation of left de-
scending coronary artery. The mice were euthanized by cervi-
cal dislocation at 4 weeks after MI.

Echocardiographic evaluation

The M-mode echocardiography was adopted for echocardio-
graphic evaluation using the Vevo2100 animal echocardiogra-
phy machine (Visual Sonics, Toronto, Canada). After
anesthetization with 1.5% isoflurane, the mice were fixed
and the left ventricular end-systolic diameter, left ventricular
end-diastolic dimension, left ventricular end-systolic volume,
left ventricular end-diastolic volume, left ventricular posterior
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wall thickness, left ventricular anterior wall thickness, left
ventricular ejection fraction (LVEF), and left ventricular frac-
tional shortening (LVFS) were measured using Vevo2100 Im-
aging System, and data were analysed using VisualSonics
Vevolab software.

Histological analysis

The hearts of mice were fixed in 4% paraformaldehyde for
24 h at 4°C, followed by dehydration, paraffin embedding,
and cutting into 5-pm sections. The pathological changes
were analysed by standard haematoxylin and eosin (H&E)
staining using the H&E Staining Kit (catalogue number:
SL7070, Coolaber, Beijing, China). Cardiac fibrosis was deter-
mined using the Masson Staining Kit (catalogue number:
SL7230, Coolaber). The stained sections were photographed
under a light microscope.

Terminal deoxynucleotidyl transferase dUTP nick
end labelling

Apoptosis in heart tissues was determined using the terminal
deoxynucleotidyl transferase dUTP nick end labelling assay kit
(catalogue number: ab206386, Abcam, Cambridge, UK). The
paraffin-embedded sections of heart tissues were deparaffin-
ized, followed by exposure to proteinase K for rupture of the
cell membrane at room temperature for 20 min and treat-
ment with 3% H,0, at room temperature for 5 min, and then
incubated with TdT labelling reaction mix for 1.5 h at 37°C.
After developing with diaminobenzidine (DAB) solution for
15 min at room temperature, the sections were viewed under
the microscope (Olympus, Japan). The apoptotic rate of the
brains was calculated.

Cell culture and treatment

HL-1 mouse cardiomyocytes (catalogue number: SCCO065,
Sigma-Aldrich, St. Louis, USA) were maintained in DMEM
(Thermo Fisher, Waltham, USA) containing 10% FBS (Gibco,
New York, USA) at 37°C with 5% CO,. To simulate diabetes
in vitro, HL-1 cells were exposed to 30 mM glucose (HG) for
48 h. The control cells were cultured in 5.5 mM glucose (nor-
mal glucose, NG) supplemented with 24.5 mM mannitol for
the condition of being homotonic (HO).

Cell transfection

Short hairpin RNA (shRNA) targeting ATF4 (shATF4, 2 pg),
2 pg Smurf2 (shSmurf2, 2 pg), and negative control shRNA
(shNC, 2 pg), HIPK2 overexpression plasmid (oeHIPK2, 2 ug),
2 ug oeSmurf2 and 2 pg vector were provided by

GenePharma (Shanghai, China) and transfected into HL-1
cells using Lipofectamine 3000 (Thermo Fisher) for 24 h at
37°C following the directions of the manufacturer.

Real time quantitative polymerase chain reaction

Total RNA was isolated using TRIzol reagent (catalogue num-
ber: 15596026, Thermo Fisher). First-strand cDNA was gener-
ated from 2 pug RNA using the Super Script VILO kit (catalogue
number: 11754050, Thermo Fisher). gPCR was carried out
using the iQ SYBR® Green Supermix (catalogue number:
#1708887, Bio-Rad, Hercules, USA). The thermocycling condi-
tions were initial denaturation at 95°C for 5 min; 38 cycles of
denaturation at 95°C for 10 s, annealing at 60°C for 20 s and
extension at 72°C for 30 s. Gene expression levels were
analysed using the 22T method. Primers for gPCR are listed
in Table S1. Three independent experiments were conducted.

Western blotting

RIPA lysis buffer (catalogue number: P0013C, Beyotime,
Haimen, China) was adopted for total protein extraction from
mouse hearts or HL-1 cells. For isolation of nuclear protein,
the Nucleoprotein Extraction Kit (catalogue number:
C500009, Sangon Biotech, Shanghai, China) was used. After
protein concentration quantification, protein samples with
equal amount (50 pg) were separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE),
transferred onto polyvinylidene difluoride (PVDF) mem-
branes, and blocked in 5% skim milk for 1 h at room temper-
ature. The membranes were probed with primary antibodies
against ATF4 (bs-1531R, 1:500, Bioss, Beijing, China), collagen
I (bs-0578R, 1:500, Bioss), collagen Il (bs-0549R, 1:500,
Bioss), HIPK2 (bs-6353R, 1:500, Bioss), Nrf2 (bs-1074R,1:100,
Bioss), HO-1 (BM4010, 1:500, BOSTER, Wuhan, China),
Smurf2 (#12024, 1:1000, Cell Signaling Technology, Trask
Lane Danvers, USA), histone H3 (A12477-2, 1:500, BOSTER),
and B-actin (BA2305, 1:2000, BOSTER) at 4°C overnight.
Subsequently, the secondary antibody (#7074, 1:3000, Cell
Signaling Technology) was applied for 1 h at room tempera-
ture. The immune blots were developed using the enhanced
chemiluminescence (Millipore, USA) and subjected to
densitometry analysis using Imagel) software (Bethesda,
USA). Three independent experiments were conducted.

Cell viability evaluation

HL-1 cells were seeded into 96-well plates and subjected to
various treatments. Then, cells were reacted with 0.5 mg/
mL MTT solution (catalogue number: CO009S, Beyotime) for
4 h at 37°C. The supernatant was discarded and 100 pL. DMSO
was added to each well, followed by shaking at low speed for
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10 min. Absorbance values were obtained at 570 nm on a
microplate reader (Tecan, Switzerland). Three independent
experiments were conducted.

Apoptosis detection

To determine cell apoptosis, the Annexin V-FITC/PI apoptosis
detection kit (catalogue number: E-CK-A211, Elabscience,
Wuhan, China) was used following the instructions. Briefly,
1 x 10° HL-1 cells were acquired and subjected to successive
staining with 2.5 pL of Annexin V-FITC and 2.5 plL PI solution
for 15 min in a dark place. Finally, the apoptotic cells were
analysed on a flow cytometer (Partec, Goerlitz, Germany).
Three independent experiments were conducted.

Reactive oxygen species measurement

The intracellular reactive oxygen species (ROS) was detected
using two kinds of probes, including dihydroethidium (DHE,
red fluorescence) and 2’,7’-Dichlorodihydrofluorescein
diacetate (DCFH-DA, green fluorescence). The ROS produc-
tion in heart tissues was evaluated by DHE staining. The heart
sections were incubated with 10 M DHE (catalogue number:
S0063, Beyotime) at 37°C for 30 min. The nuclei were stained
with DAPI. The ROS level in HL-1 cells was detected by
DCFH-DA probe (catalogue number: S0033S, Beyotime). Cells
were stained with 10 pM DCFH-DA at 37°C for 20 min. The
fluorescence was observed under a fluorescence microscope.
Three independent experiments were conducted.

Determination of superoxide dismutase,
glutathione peroxidase, and malonic dialdehyde

The activities of superoxide dismutase (SOD), glutathione
peroxidase (GSH-Px), and malonic dialdehyde (MDA) concen-
tration in heart tissues and cells were assessed using the total
superoxide dismutase assay kit (catalogue number: S0109,
Beyotime), total glutathione peroxidase assay kit (catalogue
number: S0059S, Beyotime) and lipid peroxidation MDA
assay kit (catalogue number: S0131S, Beyotime) according
to the manufacturer’s protocols. Three independent experi-
ments were conducted.

Dual-luciferase reporter assay

The wild type (WT) Smurf2 promoter sequences or the mu-
tant (MUT) sequences were amplified and inserted into the
pGL3 luciferase reporter vector. Cells (5 x 10°) were seeded
in 24-well plates and transfected with either pGL3-basic or
the established promoter WT and MUT luciferase reporter
plasmids together with vector or oeATF4 plasmid using Lipo-

fectamine 3000 at 37°C. Luciferase activity was measured at
48 h after transfection using a Dual-Luciferase Reporter Assay
System (catalogue number: RG027, Beyotime). Three inde-
pendent experiments were conducted.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) assay was performed
to determine the binding between ATF4 and Smurf2 pro-
moter using the Pierce Agarose ChIP Kit (catalogue number:
26156, Thermo Fisher). In brief, cells were treated with 1%
formaldehyde for 10 min at room temperature, and chroma-
tin fragments were produced by ultrasound using a 10 s on
and 10 s off mode for 12 cycles at 4°C. Immunoprecipitation
was executed using 2 pg of anti-Smurf2 antibody (#12024,
Cell Signaling Technology) or anti-lgG NC antibody (#3900,
Cell Signaling Technology) for 2 h at 4°C. The enrichment of
ATF4 in the purified DNA was assessed by qPCR. Three inde-
pendent experiments were conducted.

Co-immunoprecipitation

HEK293T cells were transfected with FLAG-labelled Smurf2,
Myc-labelled HIPK2, HA-labelled Ubiquitination using Lipofec-
tamine 3,000, followed by lysing in lysis buffer. M2 magnetic
beads (catalogue number: A4596, Sigma-Aldrich) were
adopted for immunoprecipitation at 4°C overnight. After
washing for four times, the conjugated proteins were de-
tected by western blotting with primary antibodies against
Smurf2, HIPK2, Flag, Myc, and HA.

For another experiment, the HL-1 cell lysates (500 ng)
were immunoprecipitated with anti-IgG (#3900, Cell Signaling
Technology) or anti-Smurf2 (#12024, Cell Signaling Technol-
ogy) and incubated with protein G-Agarose beads (Yeasen,
Shanghai, China) at 4°C overnight. Subsequently, washing
with 1 mL lysis buffer was performed for four times. Finally,
the samples were subjected to western blotting. Three inde-
pendent experiments were conducted.

Protein stability test

To assess protein stability, HL-1 cells were exposed to 20 ug/
mL CHX (catalogue number: C112766, Aladdin, Shanghai,
China) for 0, 15, 30, 60, 120, and 240 min at 37°C. The expres-
sion of target proteins was detected by western blotting.
Three independent experiments were conducted.

Statistical analysis

All values are expressed as mean + standard deviation (SD).
Statistical analysis between two groups or among more than
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Figure 1 ATF4 silencing improves cardiac function and relieves interstitial fibrosis in diabetic mice. (A, B) The mRNA and protein expression of ATF4 in
heart tissues was determined by RT-qPCR and western blotting. LVEF (C) and LVFS (D) were detected by M-mode echocardiography. (E) Representative
images of myocardial sections subjected to H&E staining and Masson’s staining. (F) Apoptosis in cardiac tissues was evaluated by terminal
deoxynucleotidyl transferase dUTP nick end labelling assay. (G) Western blotting analysis of collagen | and collagen Ill protein abundance in heart tis-
sues. Data are presented as the mean * SD (n = 5). ¥**P < 0.01, ***P < 0.001.
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three groups was performed using Student’s t test or
one-way ANOVA followed by the Tukey’s post hoc test using
GraphPad prism 7. P values <0.05 were considered as statis-
tically significant.

Results

Knockdown of activating transcription factor 4
attenuates diabetic cardiac fibrosis in mice

First, the expression of ATF4 in the heart tissues of diabetic mice
was evaluated. Real time quantitative PCR (RT-gPCR) and west-
ern blotting results revealed that ATF4 level was strikingly en-
hanced in the diabetic group as compared with control group.
However, administration with lentiviruses carrying shATF4
effectively reduced ATF4 level (Figure 1A,B). We observed an
elevation in body weight, heart weight, fasting blood glucose
concentration, and fasting blood insulin level in the diabetic
group, which could be counteracted by ATF4 deficiency
(Figure SIA-D). In addition, impaired cardiac function was found
in STZ-induced diabetic mice as evidenced by reduction in
diastolic and systolic left ventricular posterior wall thickness
and left ventricular anterior wall thickness, and increase in left
ventricular end-systolic diameter, left ventricular end-diastolic
dimension, left ventricular end-systolic volume, left ventricular
end-diastolic volume, LVEF, and LVFS, whereas silencing of
ATF4 remarkably reversed the above changes of diabetic mice
(Figure 1C,D; Figure SIA-D). Further H&E staining and Masson
staining showed obvious pathological changes and collagen
deposition in the hearts of STZ-treated mice; however, these
changes could be counteracted by ATF4 knockdown (Figure 1E).
Terminal deoxynucleotidyl transferase dUTP nick end labelling
assay indicated that the apoptotic rate was elevated in the
diabetic heart tissues, whereas ATF4 silencing reduced the
apoptotic rate (Figure IF). Besides, the protein levels of collagen
| and collagen Ill were up-regulated in the heart tissues of diabetic
mice, which were partly reversed by ATF4 depletion (Figure 1G).
Furthermore, a mouse model of Ml was established to evaluate
the anti-fibrotic effects of ATF4 in the heart. We found
that ATF4 was up-regulated in the heart of Ml mice, which
was silenced by injection with lentiviruses carrying sh-ATF4
(Figure S2A). Additionally, the enhanced expression of collagen |
and collagen Ill in the heart tissues of MI mice was partly reversed
by ATF4 knockdown (Figure S2B). These data proved that ATF4
depletion alleviated cardiac fibrosis of diabetic and MI mice.

Activating transcription factor 4 down-regulation
restrains oxidative stress damage in hearts of
diabetic mice

As oxidative stress is one of key characteristics of DC, we fo-
cused on the influence of ATF4 on cardiac oxidative stress

damage of diabetic mice. As depicted in Figure 2A—C, there
was a decrease in SOD and GSH-Px activities and increase in
MDA level in the myocardial tissues of diabetic mice. Impor-
tantly, these changes were abrogated in diabetic mice after
treatment with shATF4. Additionally, the production of ROS
was enhanced in the diabetic mice, whereas the overproduc-
tion of ROS was attenuated by silencing of ATF4 (Figure 2D).
Furthermore, western blotting was utilized to examine the
expression of oxidative stress-related signal molecules. As
compared with the normal mice, the expression of HIPK2,
nuclear Nrf2, and HO-1 was distinctly declined in the diabetic
group, which could be counteracted after ATF4 was knocked
down (Figure 2E). Overall, inhibition of ATF4 relieved cardiac
oxidative stress injury in diabetic mice.

Silencing of activating transcription factor 4
protects against high glucose-induced apoptosis,
oxidative stress, and fibrosis in cardiomyocytes

To further validate the regulation of ATF4 in cardiac fibrosis
in vitro, HL-1 cells were stimulated with HG to simulate
hyperglycaemia. As presented in Figure 3A, HG exposure led
to a remarkable elevation in ATF4 expression in HL-1 cells,
while HO did not affect ATF4 expression. Subsequently,
shATF4 was transfected into HL-1 cells, and the expression
of ATF4 was significantly reduced (Figure 3B). Moreover, cell
viability was evidently reduced after exposure to HG,
whereas silencing of ATF4 raised the reduced viability of
HL-1 cells (Figure 3C). ATF4 inhibition also repressed
HG-triggered apoptosis of HL-1 cells (Figure 3D). In addition,
the decreased SOD and GSH-Px activities and enhanced
MDA and ROS levels in HG-challenged cells could be reversed
by ATF4 knockdown (Figure 3E—H). Western blotting analysis
revealed that collagen |, collagen Ill, and ATF4 were up-
regulated, while HIPK2, nuclear Nrf2, and HO-1 were
down-regulated by HG exposure. However, silencing of ATF4
effectively abolished HG-induced these changes (Figure S3).
Therefore, consistent with the in vivo data, ATF4 inhibition
restrained apoptosis, oxidative stress, and fibrosis in HG-
stimulated HL-1 cells in vitro.

Overexpression of homeodomain interacting
protein kinase-2 represses oxidative stress and
fibrosis in high glucose-exposed cardiomyocytes
via activation of nuclear factor erythroid 2-
related factor 2/heme oxygenase 1 pathway

Next, we further explored the biological function of HIPK2 in
HG-induced oxidative stress and fibrosis. To achieve this,
oeHIPK2 was transfected into HL-1 cells to overexpress HIPK2
(Figure 4). RT-qPCR analysis indicated that the reduction
of HIPK2 expression induced by HG was recovered by
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Figure 2 ATF4 depletion suppresses oxidative stress in mice with diabetic cardiomyopathy. (A) SOD activity, (B) GSH-Px activity, (C) MDA level in heart
tissues were assessed. (D) ROS production in hearts was evaluated by DHE staining. (E) Protein abundance of HIPK2, nuclear Nrf2 and HO-1 in myo-
cardial tissues was assessed by western blotting. Data are presented as the mean £ SD (n = 5). **P < 0.01, ***P < 0.001.
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Figure 3 Inhibition of ATF4 attenuates apoptosis, oxidative stress, and fibrosis in HG-exposed cardiomyocytes. (A) ATF4 level in HL-1 cells after expo-
sure to HG was determined by RT-gPCR. (B) The mRNA level of ATF4 in HL-1 cells transfected with sh-ATF4 was detected by RT-qPCR. (C) Cell viability
was detected by MTT assay. (D) Flow cytometry analysis of cell apoptosis. (E) SOD activity, (F) GSH-Px activity, (G) MDA level in HL-1 cells were deter-
mined. (H) DCFH-DA staining for measurement of ROS release from HL-1 cells. Data are presented as the mean = SD (n = 3). **P < 0.01, ***P < 0.001.
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Figure 4 HIPK2 activates Nrf2/HO-1 pathway to alleviate oxidative stress and fibrosis in HG-exposed cardiomyocytes. (A, B) RT-gqPCR analysis of HIPK2
mMRNA expression in HL-1 cells with different treatments. (C) MTT assay for detection of cell viability. (D) Apoptotic rate of HL-1 cells was evaluated by
flow cytometry. (E) SOD activity, (F) GSH-Px activity, (G) MDA level in HL-1 cells from various groups were detected. (H) Production of ROS from HL-1
cells was determined by DCFH-DA staining. Data are presented as the mean * SD (n = 3). **P < 0.01, ***P < 0.001.
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transfection with oeHIPK2 (Figure 4). In addition, overexpres-
sion of HIPK2 raised cell viability and reduced apoptotic rate
of HG-stimulated HL-1 cells (Figure 4C,D). Furthermore, the
decreased activities of SOD and GSH-Px, and elevated MDA
level in response to HG could be reversed by enforced ex-
pression of HIPK2 (Figure 4E-G). DCFH-DA staining suggested
that the excessive release of ROS triggered by HG could be re-
strained in HIPK2-overexpressed cells (Figure 4H). Besides,
western blotting results showed that collagen | and collagen
Il levels were raised, while HIPK2, nuclear Nrf2, and HO-1
levels were decreased by HG stimulation; however, enforced
expression of HIPK2 partially reversed these results
(Figure S4). These observations demonstrated that HIPK2
overexpression inhibited HG-induced cardiac oxidative stress
and fibrosis by activating Nrf2/HO-1 pathway.

Activating transcription factor 4 transcriptionally
activates Smad ubiquitin regulatory factor 2 to
promote ubiquitination and degradation of
homeodomain interacting protein kinase-2

Next, we further investigated the molecular regulatory mech-
anism of ATF4 in HIPK2. We found that knockdown of ATF4
resulted in down-regulation of Smurf2 in HL-1 cells (Figure
5A). ChIP and dual-luciferase reporter assays confirmed that
ATF4 could directly bind to the promoter of Smurf2 (Figure
5B,C). Moreover, transfection with shSmurf2 significantly
inhibited the expression of Smurf2 (Figure 5D). More impor-
tantly, we found that exogenous and endogenous Smurf2
can directly bind to HIPK2 (Figure 5E,F). Silencing of Smurf2
significantly increased HIPK2 protein expression in HL-1 cells

Figure 5 ATF4 knockdown restrains Smurf2-mediated ubiquitination and degradation of HIPK2. (A) The mRNA level of Smurf2 after ATF4 silencing was
assessed by RT-qPCR. (B) ChIP and (C) dual-luciferase reporter assays were carried out to determine the interaction between Smurf2 and ATF4. (D)
Smurf2 mRNA expression after transfection with sh-Smurf2 was assessed by RT-qPCR. (E, F) The interplay between exogenous and endogenous Smurf2
and HIPK2 was validated by co-immunoprecipitation assay. (G) Protein abundance of HIPK2 in Smurf2-depleted HL-1 cells was detected by western
blotting. (H) HIPK2 protein level in MG132-treated cells was determined by western blotting. Data are presented as the mean = SD (n = 3).
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(Figure 5G). In addition, after treatment with MG132 (a po-
tent proteasome inhibitor), the HIPK2 level was enhanced
(Figure 5H). To determine HIPK2 protein stability, cells were
exposed to CHX. As presented in Figure 5J, the exogenous
HIPK2 protein was degraded in 293T cells with the extension
of CHX treatment time, whereas MG132 could repress
CHX-induced degradation of HIPK2 protein (Figure S5A).
Besides, CHX-mediated endogenous HIPK2 protein degrada-
tion in HL-1 cells was restrained by Smurf2 depletion (Figure
S$5B). Co-immunoprecipitation assay further revealed that
HIPK2 was ubiquitylated by Smurf2 (Figure S5C). Collectively,
Smurf2 was transcriptionally activated by ATF4, which led to
ubiquitination and degradation of HIPK2.

Activating transcription factor 4 contributes to
high glucose-induced cardiac fibrosis and
oxidative stress via up-regulating Smad ubiquitin
regulatory factor 2

To verify the involvement of Smurf2 in ATF4-mediated dia-
betic cardiac fibrosis, ATF4-silenced HL-2 cells were further
transfected with oeSmurf2. The expression level of Smurf2
was raised by HG stimulation. ATF4 inhibition remarkably re-
duced Smurf2 expression in HG-exposed cells, which was
abolished by Smurf2 overexpression (Figure 6A,B). Addition-
ally, ATF4 knockdown-induced promotion in cell viability
and inhibition in apoptosis of HG-challenged cells could be
attenuated by Smurf2 overexpression (Figure 6C,D). More-
over, the declined SOD and GSH-Px activities, and raised
MDA and ROS levels in response to HG were counteracted
after ATF4 was silenced alone, which were abrogated by
co-transfection with oeSmurf2 (Figure 6E—G; Figure S6A).
Accordingly, ATF4 depletion-mediated down-regulation of
collagen | and collagen lll, and up-regulation of HIPK2,
nuclear Nrf2 and HO-1 in HG-challenged cells was partly
reversed by Smurf2 overexpression (Figure S6B). The above
observations suggested that ATF4/Smurf2 axis facilitated
HG-induced cardiac fibrosis and oxidative stress.

Discussion

DC has caused extensive concern due to the unsatisfactory
efficacy of conventional therapy for heart failure and blood
glucose control, which remains a troublesome problem in
clinic.?>?® Currently, the detailed molecular mechanisms un-
derlying the pathological progression of DC have not been
clarified. In this work, the regulatory role of ATF4 in DC and
its potential mechanisms were explored. Our data showed
that ATF4 was up-regulated in the hearts of diabetic mice
and HG-exposed cardiomyocytes. Silencing of ATF4 repressed
fibrosis and oxidative stress to protect against DC in vivo and

in vitro. Mechanistically, ATF4 transcriptionally activated
Smurf2 to facilitate ubiquitination and degradation of HIPK2,
thereby inactivating Nrf2/HO-1 pathway. Our findings provide
novel insights into the pathological mechanisms of DC, and
suggest that targeting ATF4 may be an effective intervention
for DC.

It has been recognized that heart functional impairment in
DC is due to myocardial pathological structure, featured by
excessive collagen deposition.?* Cardiac fibrosis caused by
collagen fibre formation may result in stiffness of the myocar-
dium and affect myocardial function.?® In line with previous
study, we found that fibrosis and collagen were deposited
in the hearts of diabetic mice and HG-challenged cardiomyo-
cytes. Notably, ATF4 was up-regulated in the in vivo and
in vitro models of DC. ATF4 is a multifunctional transcription
regulatory protein that is involved in a wide range of patho-
physiological processes, such as apoptosis,?® angiogenesis,?’
oxidative stress,”® tumourigenesis,?® and so on. ATF4 has
been documented to contribute to fibrosis of various
organs. Liang et al. reported that ATF4 facilitated renal
tubulointerstitial fibrosis during the progression of diabetic
nephropathy.’® Besides, ATF4 activation could accelerate
the development of hepatic fibrosis.>° Previous studies have
reported that ATF4 played pivotal roles in skeletal muscle
atrophy.'®3? This study mainly focused on the influence of
ATF4 on cardiac fibrosis. We found that ATF4 silencing effec-
tively improved cardiac function as confirmed by elevating
LVEF and LVFS, restrained cardiac fibrosis via decreasing col-
lagen | and Ill expression. These results suggested that ATF4
promoted diabetes-induced cardiac fibrosis by enhancing col-
lagen fibre formation. However, the other potential effects of
ATF4 in diabetic mice need to be explored in the future.

Oxidative stress, the result of excessive ROS production, is
a key feature of DC.3? Inhibition of ROS production is consid-
ered to inhibit the development of DC.3® Additionally, in
response to ROS stimulation, the activities of antioxidative
enzymes SOD and GSH-Px can be reduced, but the level of
MDA, a product of lipid peroxidation, can be raised.>* In
our study, knockdown of ATF4 attenuated ROS and MDA
overproduction, and enhanced SOD and GSH-Px activities
in vivo and in vitro. The viability of myocardial cells deter-
mines the cardiac contractility, and therefore apoptosis of
cardiomyocytes attributed to oxidative stress injury may lead
to cardiac dysfunction.?® Suppression of ATF4 has been re-
vealed to protect cardiomyocytes from apoptosis.>> In accor-
dance with the previous study, we found that ATF4 silencing
raised cell viability and restrained apoptosis of HG-stimulated
cardiomyocytes. Thus, ATF4 inhibition alleviated DC via sup-
pressing oxidative damage and apoptosis.

Although the biological function of ATF4 in cardiac fibrosis,
oxidative stress and apoptosis has been explored, the down-
stream mechanisms of ATF4 remain unclear. Smurf2, an E3
ubiquitin ligase, has been identified as a pivotal modulator
of DC, due to its regulation in ubiquitin proteasome
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Figure 6 Smurf2 is involved in ATF4-induced cardiac fibrosis and oxidative stress in HG-stimulated cardiomyocytes. (A, B) The mRNA and protein levels
of Smurf2 in HL-1 cells were determined by RT-qPCR and western blotting. (C) MTT assay was adopted to detect cell viability. (D) Apoptotic rate of HL-1
cells was measured by flow cytometry. (E) SOD activity, (F) GSH-Px activity, (G) MDA level in HL-1 cells were assessed. Data are presented as the
mean = SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001.
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degradation.’® Moreover, Smurf2 has been validated as a
novel target for cardiac fibrosis via the regulation of
TGF-B signalling.® In the current study, Smurf2 was
down-regulated by ATF4 silencing. Furthermore, we validated
a direct interaction between ATF4 and Smurf2. HIPK2, as a
nuclear serine/threonine kinase, plays crucial roles in the pro-
motion of tumour cell apoptosis.®” Under hypoxia condition,
HIPK2 can be degraded by E3 ubiquitin ligases during cancer
progression.>® A previous study indicated that HIPK2 protein
degradation could be triggered by hyperglycaemia.>® Dang
et al. demonstrated that HIPK2 overexpression protected car-
diomyocytes against hypoxia/reoxygenation injury through
activating Nrf2/HO-1 pathway.?® Mounting evidence has
proved that activation of Nrf2/HO-1 pathway exhibited pro-
tective effects on DC.*>*° Interestingly, our findings demon-
strated that HIPK2 could interact with Smurf2. Depletion of
Smurf2 suppressed the ubiquitination and degradation of
HIPK2, thus promoting HIPK2 expression in myocardial cells.
Additionally, ATF4 knockdown-mediated protection against
cardiomyocyte fibrosis, oxidative stress, and apoptosis, and
Nrf2/HO-1 pathway activation could be abolished by Smurf2
overexpression. Taken together, these results suggested that
ATF4 silencing exerted beneficial effects on DC through
inhibiting Smurf2-mediated ubiquitination and degradation
of HIPK2, and subsequent activation of Nrf2/HO-1 pathway.

In conclusion, our findings uncovered a novel pathological
mechanism of DC through which ATF4 contributed to cardiac
fibrosis and dysfunction. Knockdown of ATF4 activated Nrf2/
HO-1 pathway via repressing Smurf2-mediated ubiquitination
and degradation of HIPK2, which relieved DC by inhibiting fi-
brosis, oxidative damage, and apoptosis. Targeting ATF4 may
be an effective treatment for DC.
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Figure S1. Basic characteristics and cardiac functional param-
eters of mice. (A) Body weight, (B) heart weight, (C) fasting
blood glucose concentration, (D) fasting blood insulin level
of mice were detected. (E) diastolic and systolic LVPW, (F) di-
astolic and systolic LVAW, (G) LVSD, (H) LVDD, (1) LVSV, (J)
LVDV were detected by M-mode echocardiography. Data
are presented as the mean = SD (n = 5). *P < 0.05,
**p < 0.01.

Figure S2. ATF4 knockdown attenuates cardiac fibrosis in
myocardial infarction (MI) mice. (A) The mRNA level of
ATF4 in heart tissues was measured by RT-qPCR. (B)
RT-gPCR analysis of Collagen | and Collagen Il mRNA abun-
dance in heart tissues. Data are presented as the mean
SD (n =5). *P < 0.05, **P < 0.01, ***P < 0.001.

Figure S3. Western blotting analysis of Collagen I, Collagen I,
ATF4, HIPK2, nuclear Nrf2 and HO-1 protein expression in
HL-1 cells. Data are presented as the mean + SD (n = 3).
**%p < 0.001.

Figure S4. Western blotting was performed to detect Colla-
gen |, Collagen lll, HIPK2, nuclear Nrf2 and HO-1 protein ex-
pression in HL-1 cells. Data are presented as the mean + SD
(n =3). ***P < 0.001.

Figure S5. (A) HIPK2 degradation in response to CHX was
measured. (B) Effect of Smurf2 knockdown on HIPK2 degra-
dation was determined. (C) Smurf2-mediated ubiquitination
of HIPK2 was confirmed by co-IP assay. Data are presented
as the mean £ SD (n = 3). *P < 0.05, **P < 0.01.

Figure S6. (A) ROS level in HL-1 cells was detected by
DCFH-DA staining. (B) Western blotting analysis for detection
of Collagen I, Collagen Ill, HIPK2, nuclear Nrf2 and HO-1 pro-
tein expression in HL-1 cells. Data are presented as the mean
+SD (n = 3). ***p < 0.001.

Figure S7. Supporting information.

Table S1. Oligonucleotide primer sets for qPCR.
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