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Abstract

Background: Exercise training protects against heart failure. However, the mechanism underlying the protective effect of exercise training on
angiotensin II (Ang II)-induced cardiac fibrosis remains unclear.

Methods: An exercise model involving C57BL/6N mice and 6 weeks of treadmill training was used. Ang II (1.44 mg/kg/day) was administered
to induce cardiac fibrosis. RNA sequencing and bioinformatic analysis were used to identify the key factors mediating the effects of exercise
training on cardiac fibrosis. Primary adult mouse cardiac fibroblasts (CFs) were used in vitro. Adeno-associated virus serotype 9 was used to
overexpress POU domain, class 2, transcription factor 1 (POU2F1) in vivo.

Results: Exercise training attenuated Ang Il-induced cardiac fibrosis and reversed 39 gene expression changes. The transcription factor regu-
lating the largest number of these genes was POU2F1. Compared to controls, POU2F1 was shown to be significantly upregulated by Ang II,
which is itself reduced by exercise training. In vivo, POU2F1 overexpression nullified the benefits of exercise training on cardiac fibrosis. In
CFs, POU2F1 promoted cardiac fibrosis. CCAAT enhancer-binding protein B (C/EBPB) was predicted to be the transcription factor of POU2F1
and verified using a dual-luciferase reporter assay. In vivo, exercise training activated AMP-activated protein kinase (AMPK) and alleviated the
increase in C/EBP induced by Ang II. In CFs, AMPK agonist inhibited the increase in C/EBP@ and POU2F1 induced by Ang II, whereas
AMPK inhibitor reversed this effect.

Conclusion: Exercise training attenuates Ang II-induced cardiac fibrosis by reducing POU2F1. Exercise training inhibits POU2F1 by activating
AMPK, which is followed by the downregulation of C/EBPf3, the transcription factor of POU2F1.
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1. Introduction recommended as a non-drug therapy.” The American Heart
Association includes physical activity as one of its “Life’s
Simple 7” metrics,” and recommends that adults perform at
least 150—300 min/week of moderate-intensity physical
activity or 75—150 min/week of vigorous-intensity physical
activity.* However, the mechanism underlying the effects of
exercise training on cardiovascular disease is not fully under-
stood. Uncovering it could aid in the exploration of key targets
and interventions to improve cardiovascular health. It could

Exercise training imparts significant cardiovascular health
benefits by improving aerobic fitness and quality of life and by
decreasing disability, hospitalization, and mortality attribu-
table to cardiovascular diseases.' Increasing evidence has
demonstrated that exercise training has cardiovascular bene-
fits, attracts more attention from clinicians, and is
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also lead to new treatment strategies for patients who are
unable to perform regular exercise training.

Heart failure, as a clinical syndrome, is the end-stage mani-
festation of many cardiovascular diseases and is associated
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Exercise attenuates cardiac fibrosis via POU2F1

with remarkable mortality, morbidity, and healthcare expendi-
tures.” Cardiac fibrosis is the main pathological change associ-
ated with heart failure. It is mainly characterized by the
unbalanced production and degradation of extracellular matrix
(ECM) proteins,” and it causes cardiac dysfunction, arrhyth-
mogenesis, and adverse outcomes.”* Transdifferentiation of
cardiac fibroblasts (CFs) to myofibroblasts is a critical patho-
logical change associated with cardiac fibrosis. This change is
characterized by the expression of alpha-smooth muscle actin
(a-SMA) and an increase in the synthesis of ECM proteins
such as fibronectin and Collagen I.” Attenuating cardiac
fibrosis is an important strategy for maintaining cardiac func-
tion and improving the prognosis of patients with heart failure.
Clinical evidence supports the beneficial effects of exercise
training, including improved ventricular compliance and alle-
viation of cardiac fibrosis. '

The mechanisms underlying the beneficial effects of exer-
cise training have not yet been elucidated. To solve this
problem, we established the mouse model of cardiac fibrosis
induced by angiotensin II (Ang II) and intervened with long-
term exercise training. Following exercise training, the diffe-
rentially expressed gene (DEG) profiles were obtained by
RNA sequencing the myocardium of the model mice. The
prediction was that POU domain, class 2, transcription factor 1
(POU2F1) would be the transcription factor regulating the
largest number of DEGs. It has been reported that POU2F1
participates in regulating genes associated with cell growth,'’
cellular stress response,'” immune regulation,'* and metabolic
regulation.'”'”  Additionally, POU2F1 is upregulated in
various tumor tissues and participates in the process of epithe-
lial-mesenchymal transition.'® However, whether POU2F1 is
involved in Ang II-induced cardiac fibrosis and how it is regu-
lated by exercise training are unknown.

This study aimed to investigate whether POU2F1 mediates
the beneficial effects of exercise training on attenuating
Ang II-induced cardiac fibrosis, and to explore possible under-
lying molecular mechanisms.

2. Methods
2.1. Materials

Ang II was purchased from Sigma-Aldrich (A9525; St.
Louis, MO, USA), as well as metformin (D-150959; Sigma-
Aldrich). Compound C was purchased from Calbiochem
(171260; EMD Biosciences Inc., San Diego, CA, USA).

2.2. Animals

The animal experiments were approved by the Committee
on Animal Experimentation of the Peking University Health
Science Center (approval ID: LA2020161). All procedures
conformed to the United States National Institutes of Health
Guide for the Care and Use of Laboratory Animals (National
Institutes of Health Publication No. 85-23, revised 1996) and
the Guidelines for Animal Experiments of the Peking Univer-
sity Health Science Center. Male C57BL/6N mice were
purchased from Beijing Vital River Laboratory Animal
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Technology Corporation (Beijing, China). Six-week-old mice
were used for the adeno-associated virus (AAV) injection
experiment. Eight-week-old male C57BL/6 mice were used to
dissociate primary adult mouse CFs. Ten-week-old mice were
used for cardiac fibrosis models. Mice were fed a standard diet
and exposed to a 12-h light—dark cycle in a controlled envi-
ronment (20 = 2 °C; 12-h light—dark cycles).

2.3. Mice exercise model and Ang Il-induced cardiac fibrosis
model

A total of 24 mice were randomly assigned to 4 experi-
mental groups (6 mice per group): saline plus sedentary group
(Saline + Sed); saline plus running group (Saline+ Run);
Ang II plus sedentary group (Ang II +Sed); and Ang II plus
running group (Ang II + Run). To establish the cardiac fibrosis
model, mice were infused for 6 weeks with either saline
(IN9001; Beijing Solarbio Science & Technology Co., Ltd.,
Beijing, China) or Ang II (Sigma-Aldrich) at a dose of
1.44 mg/kg/day by subcutaneous implantation of an osmotic
pump (Model 1004 plus Model 1002; Alzet, Durect, Cuper-
tino, CA, USA) in the dorsal region.'” The surgical procedures
were performed under anesthesia with 1%—2% isoflurane
(CN2L9100; Baxter Healthcare Corporation, Deerfield, IL,
USA). For the exercise model, the exercise training protocol
was formulated as described previously.'® Briefly, the
maximal oxygen uptake (VO,.x) of the mice was evaluated
using a respiratory metabolic analysis system (Panlab, Barce-
lona, Spain) during a progressive exercise test on a treadmill
with increments of 5 cm/s every 2 min until exhausted. The
infusion of Ang II (Sigma-Aldrich) had no effect on the
VO,max of mice (Supplementary Fig. 1). The experiment
started with 5 days of adaptive exercise training on a motor-
ized rodent treadmill (Model ZH-PT; Anhui Zhenghua Tech-
nology, Hefei, China) at 9—15 cm/s for 30 min/day. One day
after the osmotic pump was implanted, trained animals were
subjected to 6 weeks of treadmill exercise at a speed of
15 cm/s (at an intensity of 65%—75% VO, ax) for 90 min/day,
6 days/week (Fig. 1A).

2.4. AAV injection

To determine whether POU2F1 is involved in the effect
exercise on cardiac fibrosis, cardiotropic AAV serotype 9
(AAV9) encoding either a recombinant green fluorescent
protein (AAV9-GFP) or a mouse POU2F1 (AAV9-POU2F1)
were packaged and synthesized (HanBio, Shanghai, China).
Mice were injected with 1.4 x 10" vector genomes per mL of
AAV9-POU2F1 or AAV9-GFP via the tail vein at 4 weeks
before Ang II infusion. Then the mice were randomly assigned
to 4 experimental groups (total of 24 mice, 6 mice per group)
and treated with Ang II before being subjected either to exer-
cise training or to a sedentary lifestyle: Ang II plus AAV9-
GFP injection plus sedentary group (Ang II+AAV9-
GFP + Sed); Ang II plus AAV9-GFP injection plus running
group (Ang II+AAV9-GFP+Run); Ang II plus AAV9-
POU2FI1 injection plus sedentary group (Ang II+AAV9-
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Fig. 1. POU2F1 is involved in exercise training and the attenuation of Ang Il-induced cardiac fibrosis. (A) a pattern diagram of the experimental protocol; (B)
representative pulsed wave Doppler images across the mitral flow and tissue Doppler images of the mitral valve ring and measurements of E/E’; (C) picrosirius
red staining of heart tissues and quantification of the fibrotic area (scale bars: top =1 mm, bottom = 100 wm); (D) protein levels of fibronectin and a-SMA in heart
tissues were detected using the Western blot; Quantitative analysis of the relative protein expressions of (E) fibronectin and (F) a-SMA in heart tissues; (G) heat
map of DEGs; (H) the top 10 transcription factors predicted to bind to the greatest number of DEGs according to TRANSFAC database. The number indicates the
amount of DEGs with predicted binding sites for the indicative transcription factor; (I) four genes regulated by POU2F1 and associated with fibrosis were validated
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POU2F1 + Sed); and Ang II plus AAV9-POU2FI1 injection
plus running group (Ang I+ AAV9-POU2F1 + Run).

2.5. Echocardiography

To evaluate cardiac function, echocardiography was
performed before the mice were euthanized. Mice were
anesthetized with 1%—2% isoflurane (Baxter Healthcare
Corporation) via inhalation using a laboratory animal anes-
thesia machine (VetEquip, Vivermore, CA, USA). Echocar-
diographic images were acquired using a Vevo 2100
system (VisualSonics, Toronto, Ontario, Canada). In brief,
the mice were anesthetized with isoflurane until the heart
rate was stabilized at 350—400 beats per minute. An apical
four-chamber view was acquired, and peak early diastolic
transmitral flow velocity (E wave) and peak early diastolic
mitral annulus velocity (E’ wave) were measured across
the mitral valve. Then, the E/E’ was calculated to evaluate
cardiac diastolic function.

2.6. Picrosirius red staining

The myocardial interstitial collagen was quantified using
the picrosirius red staining technique. Fresh heart tissues were
fixed with 4% paraformaldehyde (G1101; Servicebio, Wuhan,
China) overnight and embedded in paraffin (YA0026; Beijing
Solarbio Science & Technology Co., Ltd.). Subsequently, the
paraffin was cut into 7—8 mm thick sections and stained with
picrosirius red to evaluate the distributions and areas of
collagen fibers in the heart tissue. Images were acquired using
Nano Zoomer-SQ (Hamamatsu Photonics, Hamamatsu,
Japan), and cardiac fibrosis quantification was performed
using Image-Pro Plus 6.0 software (Media Cybernetics, Rock-
ville, MD, USA).

2.7. RNA sequencing and bioinformatics

Total RNA was isolated from the heart tissues of the
Ang II + Sed and Ang IT + Run groups before RNA sequencing
was performed by the Beijing Genomics Institute (Beijing,
China) using the BGISEQ-500 to sequence the library products
according to standard protocols; they also performed the stan-
dard bioinformatics analysis. The RNA sequencing datasets
produced during this study are available in the National Center
for Biotechnology Information Gene Expression Omnibus
database under accession number PRINA835821. DEGs were
screened according to the following criteria: fold change >2
and adjusted Q < 0.05. The TRANSFAC database (http://
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gene-regulation.com/) was used to predict the potential tran-
scription factor.

2.8. Isolation and culture of primary adult mouse CFs

Eight-week-old male C57BL/6 mice were used to dissociate
primary adult mouse CFs. First, adult mouse hearts were
harvested and cut into small pieces (1—2 mm®); then, they were
digested repeatedly with 300 U/mL collagenase type II
(17101015; Invitrogen, Carlsbad, CA, USA) at 37 °C. After
centrifugation at 1000 r/min for 5 min, the supernatant was
removed and the obtained cells were transferred to 10-cm
dishes, where they were cultured in the Dulbecco’s modified
Eagle’s medium (C11995500BT; Invitrogen) containing 10%
fetal bovine serum (WS500T; Shanghai Viansaga biotech Ltd.,
Shanghai, China) at 37 °C in a humidified atmosphere containing
5% CO,. After 24 h, cells were washed with phosphate-buffered
saline (P1020; Beijing Solarbio Science & Technology Co., Ltd.)
to remove cell debris and non-adherent cells. Cells from the first
passage were cultured in Dulbecco’s modified Eagle’s medium
(Invitrogen) containing 10% fetal bovine serum (Shanghai Vian-
saga biotech Ltd.) for subsequent experiments.

2.9. Construction of the adenoviral vectors used in cell culture

Replication-deficient adenoviral vectors encoding a recom-
binant GFP, mouse POU2F1 (Ad-POU2F1), or mouse
CCAAT enhancer-binding protein 3 (Ad-C/EBPf) were pack-
aged and synthesized (HanBio). A replication-deficient adeno-
virus vector carrying a short hairpin RNA against mouse
POU2F1 (Ad-sh-POU2F1) was used to knock down POU2F1,
whereas a replication-deficient adenovirus vector containing a
scrambled sequence was used as a negative control (Ad-NC).
The scrambled sequence was 5'-TTCTCCGAACGTGT-
CACGTAA-3', and the shRNA sequence for POU2F1 was 5'-
GTACAGTCTAAATCCAGTGAA-3". CFs were infected
with the adenovirus for 24—48 h, cultured in serum-free
medium for 3—4 h, and treated with saline or Ang II (10~°
mol/L) for 48 h before being subjected to assays.

2.10. Immunofluorescence staining

The cells were fixed with 4% paraformaldehyde (Servicebio)
for 10 min, permeabilized with 0.2% Triton X-100 (DH351-2;
Beijing Dingguochangsheng Biotechnology, Co., Ltd., Beijing,
China) for 20 min, and blocked with 1% bovine serum albumin
(FAO016; Beijing Dingguochangsheng Biotechnology, Co., Ltd.)
for 30 min. Then, the fixed cells were incubated with diluted

by qPCR. (J) gPCR analysis of the POU2F1 mRNA levels in heart tissues; (K) the protein level of POU2F1 in heart tissues was detected using the Western blot.
Data are presented as mean + SEM. n=6. A two-way analysis of variance followed by Tukey’s post hoc test was used in (B), (C), (E), (F), (J), and (K). The ¢ test
or Mann—Whitney U test was used in (I). * p < 0.05; ** p < 0.01; *** p < 0.001. a-SMA = a-smooth muscle actin; Ang II = angiotensin II; AP-1 = activator
protein 1; Assl =argininosuccinate synthase 1; COMP1 =protein kinase domain-containing protein; DEG = differentially expressed gene; Evi-1=ecotropic
viral integration site 1; Fjxl=four-jointed box kinase 1; FOXD3 =forkhead box protein d3; GAPDH = glyceraldehyde-3-phosphate dehydrogenase;
HNF-1 =hepatocyte nuclear factor 1; HNF-4 =hepatocyte nuclear factor 4; HSF =heat shock factor; Itih4 =inter-alpha-trypsin inhibitor heavy chain 4;
NKX2-5=NK?2 transcription factor related, locus 5; ns = not significant; PAX4 = paired box homologous gene 4; Per2 =recombinant period circadian protein 2;
POU2F1 =POU domain, class 2, transcription factor 1; PWD = pulsed-wave doppler; qPCR = quantitative polymerase chain reaction; Run =running; Sed = sedentary;

SEM = standard error of mean; TD =tissue doppler.
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primary antibodies overnight at 4 °C. The primary antibodies
used in this study are listed in Supplementary Table 1. Then the
cells were incubated with the appropriate secondary antibody
(1:1000 dilution; A21202; Invitrogen) for 1 h at 37 °C and
protected from light. Hoechst 33342 (H1399; Invitrogen) was
used to stain the cell nuclei for 10 min, and fluorescence inten-
sity was detected and analyzed using the Cellomics Array-
ScanVTI HCS Reader (ThermoFisher Scientific, Rockford, IL,
USA). Target protein expression levels are expressed as the
mean average fluorescence intensity.

2.11. Enzyme-linked immunosorbent assay (ELISA)

Levels of collagen I in the heart tissues and cell culture
supernatants were measured using a commercial ELISA kit
(SEA571Mu; Wuhan Cloud-Clone Corp., Wuhan, China). This
procedure was performed according to the manufacturer’s
instructions. All values were within the linear range of the stan-
dard curve and calibrated using the total protein concentration.

2.12. Western blotting

Heart tissues and cells were extracted with RIPA buffer
(R0010; Beijing Solarbio Science & Technology Co., Ltd,;
980 L RIPA buffer, 10 nL phenylmethanesulfonyl fluoride,
and 10 pL phosphatase inhibitors in a final volume of 1 mL).
The lysates were centrifuged, and the resulting supernatant
was collected to represent the total protein. Protein levels were
quantified using a bicinchoninic acid protein kit (P1511-2;
Applygen Technologies, Beijing, China). Cell lysates and
heart tissues were subjected to 10% SDS gel electrophoresis
(WB1102; Biotides, Beijing, China) and transferred to nitro-
cellulose membranes (P-N66485; Pall Corp., Port Washington,
NY, USA). Non-fat milk (5%) (BE6250; EASYBIO, Beijing,
China) or bovine serum albumin (Beijing Dingguochangsheng
Biotechnology, Co., Ltd.) was used to block the nitrocellulose
membranes for 1 h at room temperature. After blocking,
membranes were incubated with primary antibodies at 4 °C
overnight. Then, the nitrocellulose membranes (Pall Corp.)
were incubated with horseradish peroxidase-conjugated
secondary antibodies (Zhong Shan Golden Bridge Biological
Technology, Beijing, China) for 1 h at room temperature. The
immunoblotted proteins were visualized using an enhanced
chemiluminescence ~Western blotting luminal reagent
(WBKLS0500; Millipore, Billerica, MA, USA), and the
images were acquired using GeneSys software (Syngene, Fred-
erick, MD, USA). Protein expression was quantified by calcu-
lating the grayscale value of each band using ImageJ software
(National Institutes of Health, Bethesda, MD, USA).

2.13. Quantitative polymerase chain reaction (qPCR)

Total RNAs were extracted from heart tissues and cells
using TRIZOL reagent (15596018; Invitrogen). The synthesis
of cDNA was done using a reverse transcription reaction
system (R323-01; Vazyme Biotech, Nanjing, China). gPCR
was performed on the Quant Studio™ 3 System (Thermo-
Fisher Scientific) using SYBR Green Mix (Q712-03; Vazyme
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Biotech). All procedures were performed in accordance with
manufacturers’ instructions. The primer sequences used in this
study are listed in Supplementary Table 2. The housekeeping
gene glyceraldehyde-3-phosphate dehydrogenase was used to
normalize the expression of the target genes.

2.14. Dual-luciferase reporter gene assay

Luciferase reporter plasmids were purchased from
HanBio. The experiment used human embryonic kidney
293A (HEK 293A) cells. A total of 10° HEK 293A cells
were inoculated into 24-well culture plates containing 10%
fetal bovine serum (Shanghai Viansaga biotech Ltd.) at 37 °C
and 5% CO,. When the cell density reached approximately
60%—70%, HEK 293A cells were transfected with C/EBP3
overexpression plasmid, control plasmid, wild-type plasmid
(containing the POU2F1 promoter region with an intact
—1457 to —1448 base pair (bp) fragment), or mutant
luciferase reporter plasmid (in which the —1457 to —1448 bp
fragment was deleted) using a hiPerFect transfection reagent
(301705; QIAGEN, Dusseldorf, Germany). Renilla luciferase
plasmid was used as a reference. After 24 h of transfection,
cells were harvested to perform the assay using the
dual-luciferase reporter assay kit (E1910; Promega,
Madison, WI, USA). Results were presented as the
luminescence ratio of firefly (Luc)/Renilla luciferase.

2.15. Chromatin immunoprecipitation assay

Chromatin immunoprecipitation assay (ChIP) kit (ab500;
Abcam, Cambridge, UK) and high-Sensitivity ChIP Kit
(ab185913; Abcam) were used to perform ChIP assays for cell
samples and cardiac tissue, respectively. These assays
followed the manufacturer’s protocols.

About 50 mg of each cardiac tissue sample was taken and
then cut into small pieces (1—2 mm?), while 3 x 10° CF cells
were collected for each treatment. Next, proteins and their bound
DNA were crosslinked using 1% formaldehyde (200-001-8;
Xilong Chemical Co., Ltd, Guangzhou, China). The lysates were
then collected and sonicated to shear DNA into fragments of
500—600 bp in length. The C/EBPB antibody (ab32358;
Abcam) and a non-immune IgG antibody (from the High-Sensi-
tivity ChIP Kit; Abcam) were used for immunoprecipitation.
The forward primer for the POU2F1 promoter region probe is
5'-ATTTGACTGAATGTGGCATCCTTTTCC-3"; the reverse
primer is 5'-GGATAGGGCCTCTCACATATTTCCC-3'.

2.16. Statistical analysis

Statistical analyses were performed using Graph Prism 9.0
(GraphPad Software, La Jolla, CA, USA). All data are
presented as mean =+ standard error of mean. During a compar-
ison of 2 groups, the Student unpaired ¢ tests were used for
normally distributed data; otherwise, the Mann—Whitney U
test was selected to analyze differences among nonparametric
data. For comparisons between multiple groups, an analysis of
variance was performed, followed by Tukey’s post hoc test.
Statistical significance was set at p < 0.05.
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3. Results

3.1. POU2F1 plays a role in the protective effect of exercise
training on Ang Ill-induced cardiac fibrosis

To investigate the key mechanism underlying exercise
training’s ability to alleviate Ang II-induced cardiac fibrosis,
10-week-old male mice were continuously infused with a
regimen of Ang II (1.44 mg/kg/day) accompanied by a 6-week
moderate exercise training (intensity of 65%—75% VOsmax)
intervention. Our study showed that exercise training signifi-
cantly attenuated Ang II-induced cardiac fibrosis. First, echo-
cardiography indicated that Ang Il-induced cardiac diastolic
dysfunction, as reflected by increased E/E’, was markedly
improved by exercise training (Fig. 1B). Moreover, exercise
training significantly alleviated the Ang II-induced increase in
the fibrotic area of heart tissues and expressions of collagen I,
fibronectin, and a-SMA (Fig. IC—1F and Supplementary
Fig. 2). Additionally, Ang Il-induced cardiac hypertrophy was
markedly attenuated by exercise training (Supplementary Fig.
3A—3H). However, neither Ang II nor exercise training had a
significant effect on the cardiac systolic function of mice as
reflected by left ventricular ejection fraction and fractional
shortening (Supplementary Fig. 31 and 37J).

RNA sequencing analysis demonstrated that exercise
training reversed 39 DEGs in the myocardium of Ang II-
treated mice, including 23 upregulated genes and 16 downre-
gulated genes (Fig. 1G and Supplementary Table 3). Subse-
quently, the TRANSFAC database was used to predict the
potential transcription factors of these DEGs. The top 10 tran-
scription factors predicted to bind to the greatest number of
DEGs are listed in Fig. 1H. Predicted to regulate the largest
number of DEGs (17 DEGs). Among the 17 DEGs regulated
by POU2FI, the 4 associated with fibrosis were validated
using qPCR. Expression changes were consistent with the
results of RNA sequencing (Fig. 1I). The expression of
POU2F1 was also measured in the myocardium of Ang II-
treated mice. Western blot analysis and qPCR showed that
protein and mRNA levels in POU2F1 were both upregulated
by Ang II, whereas exercise training downregulated their
expression (Fig. 1J and 1K). Collectively, these results suggest
that POU2F1 is involved in the attenuation by exercise training
of Ang Il-induced cardiac fibrosis.

Western blot analysis showed that POU2F1 was expressed
in neonatal mouse cardiomyocytes, adult mouse cardiomyo-
cytes, and CFs (Supplementary Fig. 4A and 4B). There was no
significant change in the expression level of POU2F1 under
Ang TI (10~® mol/L) treatment in neonatal mouse cardiomyo-
cytes or adult mouse cardiomyocytes (Supplementary Fig.
4C—4F). Therefore, our study focused on the role of POU2F1
in CFs.

3.2. POU2F1 promotes CF transdifferentiation and ECM
protein synthesis in vitro

Pretreatment of CFs with Ad-POU2F1 significantly
increased the protein expression of POU2F1 (Fig. 2A and 2B).
Western blot analysis demonstrated that, compared to control
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cells, overexpression of POU2F1 increased the protein level of
fibronectin and a-SMA in CFs with or without Ang II treat-
ment (Fig. 2C and 2D). Additionally, immunofluorescence
imaging showed that the average intensities of fibronectin,
Collagen I, and a-SMA increased significantly in CFs overex-
pressing POU2F1 in both control and Ang II treatment condi-
tions (Fig. 2E—2H). Enzyme-linked immunosorbent assay
results showed that overexpression of POU2F1 promoted the
secretion of collagen I in CFs with or without Ang II treatment
(Fig. 2I). Pretreatment of CFs with Ad-sh-POU2F1 for 48 h
significantly decreased the protein expression of POU2F1
(Fig. 2J and 2K). Knockdown of POU2FI1 significantly
reduced expressions of a-SMA, collagen I, and fibronectin in
CFs treated by Ang II (Fig. 2L—2R). These results suggest
that POU2F1 mediates the CF transdifferentiation and ECM
protein synthesis induced by Ang II.

3.3. Protective effects of exercise training on Ang Il-induced
cardiac fibrosis are nullified by POU2F 1 overexpression

To clarify whether a decrease in POU2F1 contributes to the
protective effect of exercise training on cardiac fibrosis
induced by Ang II, an AAV9 vector carrying either the
POU2F1 or GFP gene was injected into 2 groups (sedentary
and exercise training) of 6-week-old male mice via the tail
vein in vivo. After 4 weeks, when the POU2F1 gene was
stably expressed in mouse hearts, the mice were treated with
Ang II for 6 consecutive weeks (Fig. 3A). It was then
confirmed that POU2F1 was overexpressed in AAV9-POU2F1
mice (Supplementary Fig. 5). Compared to the Ang
II+ AAV9-GFP + Sed group, cardiac diastolic dysfunction
(reflected by E/E’) was markedly aggravated in Ang
II+ AAV9-POU2F]1 + Sed mice. In fact, the beneficial effects
of exercise training on cardiac diastolic dysfunction appear to
have been nullified by AAV9-mediated POU2F1 overexpres-
sion (Fig. 3B). The fibrotic area of the heart tissues and the
expressions of fibronectin, a-SMA, and Collagen I were also
markedly higher in the Ang II+AAV9-POU2F1 + Sed group
than those in the Ang II + AAV9-GFP + Sed group. Again, the
alleviation of Ang Il-induced cardiac fibrosis by exercise
training appears to have been nullified by the overexpression
of POU2F1, as there was no significant difference in the
fibrotic area of the heart tissues or the expressions of fibro-
nectin, a-SMA, and Collagen I between the Ang 11+ AAV9-
POU2F1 +Sed and Ang II+AAV9-POU2FI + Run groups
(Fig. 3C—3GQ). Overall, these findings demonstrate that exer-
cise training likely reduces Ang Il-induced cardiac fibrosis by
inhibiting POU2F1 expression. However, AAV9-POU2F1 had
no significant effect on Ang II-induced cardiac hypertrophy or
cardiac systolic function (Supplementary Fig. 6).

3.4. Exercise training reduces POU2F1 by activating AMPK
and downregulating C/EBPf

Next, we explored potential mechanisms through which
exercise training regulates POU2F1. Through a TRANSFAC
database analysis, we predicted C/EBPB to be the upstream
transcription factor of POU2F1 and located a putative binding
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Fig. 2. POU2F1 promoted CF differentiation and enhanced extracellular matrix protein synthesis. (A—I) CFs were infected with Ad-Ctrl or Ad-POU2F1 then
treated with saline or Ang II for 48 h. (A) the expressions of POU2F1, fibronectin, and a-SMA were determined using the Western blot; (B—D) quantitative anal-
ysis of the relative protein expressions of (B) POU2F1, (C) fibronectin, and (D) a-SMA; (E) representative images and quantifications of the immunofluorescence
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site for C/EBPp at the —1457 to —1448 bp upstream sequence
of the mouse POU2F1 gene promoter (Fig. 4A). The results of
luciferase reporter assays showed that in HEK 293A cells
transfected with the wild-type POU2F1 promoter sequence
plasmid, overexpression of C/EBPB significantly increased
luciferase activity. In contrast, overexpression of C/EBPR did
not affect the luciferase activity in cells transfected with the
mutant POU2F1 promoter sequence plasmid. These results
suggest that C/EBP is the transcriptional factor for POU2F1
(Fig. 4B). ChIP results showed that the enrichment of the
POU2F1 promoter region to C/EBPB was significantly
increased following C/EBP overexpression in CFs (Fig. 4C).
Meanwhile, ChIP assays showed that the binding of C/EBP
to the POU2F1 promoter region was increased under Ang II
treatment, whereas exercise could attenuate this regulation in
vivo (Fig. 4D).

Additionally, pretreatment of CFs with Ad-C/EBP for 24 h
or 48 h significantly increased the mRNA and protein levels of
C/EBPB and POU2F1 (Fig. 4E—4H). Overexpression of
C/EBPp significantly increased the expressions of fibronectin
and a-SMA and promoted the secretion of collagen I (Fig. 4G,
41, and 47).

Furthermore, we found that exercise training activated
AMPK and downregulated C/EBP expression induced by
Ang Il in vivo (Fig. 4K—4M). In vitro, AMPK was activated to
mimic the effects of exercise training on CFs. Western blot
analysis demonstrated that the AMPK agonist metformin
inhibited the increase of C/EBPB and POU2F1 induced by
Ang II in CFs, whereas the AMPK inhibitor compound C
reversed this effect (Fig. 4N—4Q). In vitro, ChIP assays
demonstrated that AMPK agonist metformin prevented the
expected increase in the binding of C/EBPB to the POU2F1
promoter region upon Ang II exposure (Fig. 4R). These data
strongly suggest that exercise training reduces the expression
of POU2F1 by activating AMPK and downregulating
C/EBPB.

4. Discussion

Our study showed that exercise training attenuated Ang II-
induced cardiac fibrosis in mice by reducing the expression of
POU2F1, which could promote CF transdifferentiation and
cardiac fibrosis. Additionally, exercise training reduced the
level of POU2F1 via activation of AMPK, which downregu-
lated C/EBP@, thought to be the transcription factor for
POU2F1 (Fig. 5).

Generally, moderate-intensity exercise training is defined as
exercise during which 50%—70% VO, .y 18 reached.’ Long-
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term moderate-intensity exercise training is the most common
exercise mode used to explore the cellular and molecular
mechanisms of exercise-induced cardiac protection,”’ which is
consistent with the exercise protocol of this study. Exercise
training has been reported previously to have a role in cardiac
protection in various animal models. In mice with myocardial
infarction, for example, exercise training was found to alle-
viate cardiac fibrosis and improve cardiac function by
increasing fibroblast growth factor 21 and inhibiting the trans-
forming growth factor PB1 (TGFB1)-Smad2/3 signaling
pathway.”' Our previous study found that exercise training
could inhibit acute [(-adrenergic overactivation-induced
cardiac fibrosis by reducing the expression of inflammatory
cytokines.'® Moderate-intensity exercise is generally safe and
usually recommended for healthy adults of all ages. European
Guidelines recommend that adults perform a minimum of
150 min of moderate-intensity exercise training over 5 days
each week; additional benefits can be derived by doubling the
amount (300 min) of moderate-intensity exercise per week.””
Although risk assessments should be performed in order to
prescribe proper exercise programs or to provide advice for
individuals with heart failure, moderate continuous exercise is
the most commonly recommended exercise mode in uncompli-
cated cases.””

An important neurohormone in heart failure, Ang II causes
cardiac fibrosis and dysfunction. In the present study, we
found that exercise training can attenuate Ang II-induced
cardiac fibrosis and improve cardiac diastolic dysfunction. We
also found that POU2F1 is a potential mediator of the benefi-
cial effects of exercise training on Ang II-induced cardiac
fibrosis.

It has been reported previously that POU2F1 has an impor-
tant role in tumors and inflammation. Previous studies demon-
strate that POU2F1 promotes growth and metastasis of various
tumors such as hepatocellular carcinoma and gastric
cancer.”** 1In addition, POU2F1 could promote sepsis-
induced inflammatory response by inhibiting macrophage
apoptosis.”® However, the effect of POU2F1 on cardiac
fibrosis has not been studied or identified. A widely expressed
protein in the POU domain transcription factor family,
POU2F1 is characterized by the presence of a substantial
affinity for an 8-bp DNA site (octamer motif) and, therefore, is
also known as octamer binding protein 1.>7 It was first recog-
nized for its role in target genes related to immune regulation
(e.g., cytokines, including interleukin-2 (IL-2), IL-4, IL-8),28
but we know that some pro-inflammatory mediators are also
regulated by POU2F1.?’ Since myocardial inflammation and
the recruitment of various immune cells contribute to the

analysis of (F) fibronectin, (G) Collagen I, and (H) a-SMA in CFs; (I) the secretion of Collagen I in the cell culture supernatant of CFs was determined by ELISA;
(J—R) CFs were infected with Ad-NC or Ad-sh-POU2F1 to knock down POU2F1 then treated with saline or Ang II for 48 h; (J) Western blot analysis of POU2F1,
fibronectin, and a-SMA in CFs. Quantitative analysis of relative protein expression of (K) POU2F1, (L) fibronectin, and (M) a-SMA in CFs; (N) Representative
images and quantifications of the immunofluorescence analysis of (O) fibronectin, (P) Collagen I, and (Q) a-SMA in CFs; (R) the secretion of Collagen I in the
cell culture supernatant of CFs was determined by an ELISA. Data are presented as mean £ SEM. n=6. A two-way analysis of variance followed by Tukey’s post hoc
test was used. * p < 0.05; ** p < 0.01; *** p < 0.001. a-SMA = a-smooth muscle actin; Ad-Ctrl = control adenovirus; Ad-NC =negative control adenovirus;
Ad-POU2F1 = POU2F1-overexpressed adenovirus; Ad-sh-POU2F1 =sh-POU2F1 adenovirus; Ang Il =angiotensin II; CF = cardiac fibroblast; ELISA = enzyme-
linked immunosorbent assay; GAPDH = glyceraldehyde-3-phosphate dehydrogenase; POU2F1 =POU domain, class 2, transcription factor 1; SEM = standard

error of mean.
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Fig. 4. Exercise training reduced POU2F1 by activating AMPK and downregulating C/EBPR. (A) schematic of the binding site between C/EBPB and the mouse
POU2F1 promoter region and the structures of the reporter plasmids carrying the full POU2F1 promoter region (POU2F1 wild type) or the —1457 to —1448 bp site
deletion fragment (POU2F1 binding site deletion); (B) HEK 293A cells were transfected with the wild-type or mutant plasmid and then treated with control plasmid or



474

Cardiac fibroblast Ang Il

Cytoplasm

— pouzF14

Cardiac fibrosis f Cardiac diastolic function #

N. Feng et al.

Exercise e
training (

Cardiac fibroblast Ang Il

Cytoplasm

C/EBPB Y, |—

@ POU2F1Y

Cardiac fibrosis *Cardiac diastolic function f

Fig. 5. A working model of the role of POU2F1 in the protective effect of exercise training (attenuation of Ang II-induced cardiac fibrosis). AMPK = AMP-acti-
vated protein kinase; Ang Il =angiotensin II; POU2F1 = POU domain, class 2, transcription factor 1; C/EBPB = CCAAT enhancer-binding protein 3.

pathogenesis of cardiac fibrosis,’” it can be reasonably hypoth-
esized that reducing POU2F1 through exercise may lead to a
reduction in cardiac inflammation and, subsequently, an
improvement in cardiac fibrosis. We previously showed that
pathological stiffness can increase the expression of POU2F1,
which inhibits the transcription of fibrosis repressor factors.”!
In the present study, we found that POU2F1 mediated CF
transdifferentiation and ECM protein synthesis induced by
Ang I in vitro. Moreover, we saw that POU2F1 promoted
cardiac fibrosis in vivo. It is also worth noting that overex-
pression of POU2FI1 nullified the benefits exercise training
might have otherwise had for cardiac fibrosis. Together, these
results suggest that POU2F1 can be upregulated by both
mechanical and hormonal factors, and that it is the key factor
involved in the inhibitory effect exercise training has on
cardiac fibrosis.

It has been reported that POU2F1 is itself regulated by
multiple factors. High-throughput sequencing revealed that
POU2FI is a target gene of microRNA-205-5p (miR-205-5p)

and miR-146a-5p.>*> Another study revealed that the expres-
sions of miR-205-5p and miR-146a-5p were increased by
physical training.”* Wang et al.*” found that exercise training
could decrease the level of long noncoding RNA taurine upre-
gulated gene 1. Another study reported that taurine upregu-
lated gene 1 upregulated the expression of POU2F1 by
inhibiting the expression of miR-9-5p.”° These studies indi-
rectly indicate that exercise might reduce the level of POU2F1
by targeting several noncoding RNAs. Our study provides
direct evidence that exercise training can decrease the Ang II-
induced expression of POU2F1 by inhibiting the transcription
factor C/EBPR.

Indeed, C/EBPB plays a critical role in autoimmune
myocarditis-induced CF differentiation’’ and bleomycin-
induced pulmonary fibrosis.*® Our study revealed that C/EBPB
can upregulate POU2F1 to mediate Ang Il-induced cardiac
fibrosis. This is a novel mechanism of C/EBPB. Additionally,
we found that exercise training inhibits the upregulated expres-
sion of C/EBP in a model of cardiac fibrosis induced by Ang II.

C/EBPB overexpression plasmid, respectively. A dual-luciferase reporter assay was performed (n=3); (C) ChIP analysis using anti-C/EBPB antibody or IgG, soluble
chromatin (500—600 bp in length) from CFs overexpressing C/EBP, and primers targeting the region spanning the C/EBPB binding sites in the POU2F1 promoter;
(D) ChIP analysis using anti-C/EBPR antibody or IgG, soluble chromatin (500—600 bp in length) from mouse heart tissues, and primers targeting the region spanning
the C/EBPB binding sites in the POU2F1 promoter; (E) the expression of C/EBPB was determined by qPCR; (F) the expression of POU2F1 was determined by
qPCR; (G) representative images and quantitative analysis of the Western blot for (H) C/EBPB and POU2F1, as well as (I) fibronectin and o-SMA; (J) the secretion
of collagen I in the cell culture supernatant of CFs was determined by ELISA; (K) representative images and quantitative analysis of the Western blot for (L) p-AMPK
to total AMPK and (M) C/EBPB to GAPDH in the Ang Il-induced cardiac fibrosis model; (N—Q) CFs were pretreated with compound C (1 pwmol/L) for 0.5 h and
treated with metformin (1 mmol/L) for 0.5 h. Then, Ang II (10~ mol/L) was added to CFs for 48 h; (N) representative images and quantitative analysis of the relative
protein expressions of (O) p-AMPK to total AMPK, (P) C/EBPR to GAPDH, and (Q) POU2F1 to GAPDH in harvested CFs. (R) ChIP analysis using anti-C/EBP@ anti-
body or IgG, soluble chromatin (500—600 bp in length) from CFs treated with AngIl and/or metformin, and primers targeting the region spanning the C/EBPR binding
sites in the POU2F1 promoter. Data are presented as mean £ SEM. n=6 in (C—R). The ¢ test was used in (C), (E), (F), and (H-J). A two-way analysis of variance
followed by Tukey’s post hoc test was used in (B), (L), and (M). A one-way analysis of variance was used in (O—R). * p < 0.05; ** p < 0.01; *** p < 0.001. Ad-
Ctrl = control adenovirus; AMPK = AMP-activated protein kinase; Ang II =angiotensin II; bp =base pair; C/EBPR = CCAAT enhancer-binding protein (3; CFs = cardiac
fibroblasts; ChIP = chromatin immunoprecipitation; ELISA = enzyme-linked immunosorbent assay; GAPDH = glyceraldehyde-3-phosphate dehydrogenase; 1gG =immu-
noglobulin G; ns = not significant; p-AMPK = phospho-AMP-activated protein kinase Thr 172; POU2F1 =POU domain, class 2, transcription factor 1; qPCR = quantita-
tive polymerase chain reaction; Run = running; Sed = sedentary; SEM = standard error of mean.
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Our results are consistent with those reported by Bostrom
et al.,’”” who, in a previous murine model of physiological
hypertrophy, attributed the cardiomyocyte hypertrophy and
proliferation induced by endurance exercise to a reduction in
C/EBPB. They found that C/EBPB heterozygous mice
displayed substantial resistance to pathological cardiac hyper-
trophy induced by pressure overload. Therefore, C/EBPR
appears to be another key factor mediating the inhibitory
effect of exercise training on cardiac remodeling. Indeed, our
results identified that the inhibition of C/EBPB-POU2F1 axis
contributes to the protective role exercise training plays in
cardiac fibrosis. Finally, we demonstrated that exercise
training reduced POU2F1 via AMPK activation and, subse-
quently, C/EBP downregulation.

AMPK, an endogenous protective factor for the heart, can
be activated by several stimulations, such as exercise, hypoxia,
and metformin.”” Many studies have attributed the benefits of
exercise training to the activation of AMPK.*""** In the present
study, we found that exercise training could activate AMPK
in vivo, we also found that the activation of AMPK could
reverse the increase of C/EBP and POU2F1 induced by Ang
Il in vitro. We demonstrated in a previous study that exercise
training alleviated cardiac fibrosis by reducing reactive
oxygen species production in an AMPK-dependent manner.*
Our previous study also showed that AMPK can negatively
regulate C/EBP, which is the transcription factor of TGF(1,
a major pro-fibrotic factor.”* In pancreatic B cells, AMPK acti-
vation led to the dephosphorylation of C/EBPB T188, followed
by the destabilization and reduction of C/EBPB.*> We specu-
lated that AMPK might modulate the phosphorylation status
of C/EBP, ultimately decreasing its expression and activity
in the present study. These aforementioned studies support our
current results because they indicate that exercise training acti-
vates AMPK, which leads to a reduction in C/EBPB expres-
sion and decreased cardiac fibrosis. According to the outcome
of our present study, C/EBP not only suppresses the expres-
sion of TGFBI1, but it also reduces the level of POU2F1 to
inhibit cardiac fibrosis.

In this study, we reported the opposing effects of exercise
and Ang II on expressions of C/EBPB—POU2F1 and cardiac
fibrosis. Although exercise was shown to attenuate Ang II-
induced cardiac hypertrophy, AAV9-POU2F1 had no signifi-
cant effect on Ang Il-induced cardiac hypertrophy. Moreover,
there was no significant change in the expression level of
POU2F1 under Ang II treatment in cardiomyocytes in vitro.
That is, in Ang-II induced hypertrophic cardiomyocytes,
Ang II had no effect on POU2F1 expression. Ang II increased
the expression of POU2F1 only in CFs, promoting CF transdif-
ferentiation and ECM protein synthesis and resulting in
cardiac fibrosis. Therefore, we speculated that cardiac hyper-
trophic remodeling itself was not the main impetus for
POU2F1 expression changes. Meanwhile, POU2F1 showed
no impact on cardiac hypertrophy but was sufficient to
induce cardiac fibrosis. Taken together, the change in
C/EBPB—POU2F1 does not appear to be an indirect conse-
quence of changes in cardiac hypertrophic remodeling; it
appears to be a cause but not a consequence of cardiac fibrosis.

475

A major limitation of this study is that only male mice were
used in our model. However, a previous study found that exer-
cise attenuated chronic Ang II-induced cardiac fibrosis in both
sham-operated and ovariectomized female rats,’® indicating
that exercise could alleviate Ang II-induced cardiac fibrosis in
both males and females. Nevertheless, it remains unknown
whether reducing POU2F1 would also be the key mechanism
for alleviating Ang II-induced cardiac fibrosis through exercise
training in female animals. This would need to be clarified by
further study.

5. Conclusion

We found that exercise training inhibits Ang II-induced
cardiac fibrosis by negatively regulating POU2F1. Exercise
training reduces the expression of POU2F1 by activating
AMPK and decreasing C/EBP@, a transcription factor for
POU2F]1. Our findings indicate that POU2F1 is a novel mecha-
nism through which exercise training attenuates cardiac
fibrosis and suggest that it should be a therapeutic target for
future treatment of cardiac fibrosis.
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