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Abstract
Objective: Peroxiredoxin-3 (Prx-3) is widely acknowledged as an antioxidant that protects against mitochondrial
reactive oxygen species. Nonetheless, its role in cardiac fibrosis has not been elucidated. We aim to explore the role
and mechanism of Prx-3 in cardiac fibrosis.

Materials and Methods: In this experimental study, mice received subcutaneous injections of isoproterenol (ISO) for 14
consecutive days (10 mg/kg/d for three days, followed by 5 mg/kg/d for 11 days) to establish a cardiac fibrosis model. The
mice were subsequently injected with adenovirus-Prx-3 (ad-Prx-3) to enable Prx-3 overexpression. Echocardiography
was used to evaluate cardiac function. Mice heart fibroblasts were isolated and stimulated with transforming growth
factor B1 (TGFB1) to induce fibrosis in vitro. Cells were also transfected with ad-Prx-3 for overexpression of Prx-3.

Results: Echocardiographic diameters and fibrosis markers indicated that Prx-3 could inhibit ISO-induced cardiac
dysfunction and fibrosis. Fibroblasts with Prx-3 overexpression exhibited reduced activation, proliferation, and collagen
transcription. We found that Prx-3 reduced the expression of NADPH oxidase 4 (NOX4) and reduced P38 levels. After

Homepage: https://www.celljournal.org/

Vol 25, No 6, June 2023, Pages: 391-398

treatment with a P38 inhibitor, the Prx-3 overexpression-induced anti-fibrosis effect was mitigated.
Conclusion: Prx-3 could protect against ISO-induced cardiac fibrosis by inhibiting the NOX4-P38 pathway.
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Introduction

Myocardial fibrosis represents the compensatory
response of the heart after myocardial injury to
maintain the integrity of cardiac structure and
function (1). However, persistent myocardial fibrosis
and massive accumulation of extracellular matrix
can lead to cardiac interstitial expansion and affect
normal electrical conduction and diastolic function
(2). In most cardiovascular diseases, myocardial
fibrosis is associated with poor prognoses (3). It
is widely acknowledged that cardiomyocytes are
terminally differentiated cells. Once the myocardium
is damaged, the injured cardiomyocytes can only be
healed through scarring (4). During injury, fibroblasts
rapidly differentiate into myofibroblasts and secrete a
large amount of collagen-based extracellular matrix to
maintain cardiac function (5). However, the long-term
activation of new myofibroblasts and the accumulation

of extracellular matrix lead to increased myocardial
stiffness, cardiac dysfunction, and heart failure (6).

In various cardiovascular diseases, activation of the
neuroendocrine system leads to the secretion of pro-
inflammatory and pro-fibrosis factors (7), which causes
myocardial injury and stimulates subsequent fibrosis.
Therefore, research on the prevention and treatment
of myocardial fibrosis after myocardial injury plays an
important role in preventing and treating heart failure
induced by various causes.

Peroxiredoxin-3 (Prx-3) is a member of the
peroxidase family whose main function is to remove
peroxides from tissues and cells (8). Prx-3 is mainly
located in mitochondria (9). As the main site of
oxidative phosphorylation of energy, mitochondria are
the main subcellular structure for peroxide production
(10). It has been found that Prx-3 can eliminate the
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excess peroxide in mitochondria to counter antioxidant
stress (11). Prx-3 can protect various tissues and
organs from oxidative stress injury, including lung
tissues, liver, and intestinal ischemia (12). The results
of recent studies show that Prx-3 can protect against
various cardiovascular diseases. According to Sonn
et al. (10), mice that lacked Prx-3 had evidence of
mitochondrial dysfunction, cardiac hypertrophy, and
heart failure. Arkat et al. (11) reported that Prx-3 could
protect cardiomyocytes from high glucose-induced
injury in a diabetic cardiomyopathy model. However,
the role of Prx-3 in cardiac fibrosis remains unclear.
In this study, we use an isoproterenol (ISO)-induced
mice cardiac injury model to elucidate the effects of
Prx-3 on cardiac fibrosis and fibroblasts.

Materials and Methods
Compliance with ethical standards

In this experimental study, the Institutional Animal
Care and Use Committee of Guangxi Medical
University (2021-06223, Guangxi, China) approved
all our animal experiments. All animal studies were
performed in compliance with the “Animal Research:
Reporting of In Vivo Experiments” (ARRIVE)
guidelines (NIH Publication, revised 2011).

Animal model

Male C57BL6J mice (aged 8-10 weeks, 23.5-27.5
mg) were provided and raised at the SPF Laboratory
Animal Centre of Guangxi Medical University.
The cardiac fibrosis mice models were established
as previously described (13). Briefly, mice were
subjected to subcutaneous ISO injections (10 mg/kg/d
for three days, followed by 5 mg/kg/d for 11 days).
Mice in the control group were injected with the same
volume of normal saline (NS). One week before the
ISO injections, the mice received an injection of
adeno-associated virus 9 (AAV9)-Prx-3 to overexpress
Prx-3. The mice were also injected with AAV9-NOX4
to overexpress NOX4 (n=12 per group). A total of 72
mice were used in this study.

Adeno-associated virus vector

Vigene Bioscience Company (Shanghai, China)
provided us with AAV9-Prx-3, AAV9-NOX4, and
the negative control (AAV9-NC). All of the adeno-
associated virus vectors were constructed with 1395-
bp periostin promoter to induce fibroblast-specific
gene delivery. One week before the ISO injections, the
mice were injected with AAV9-Prx-3 or AAV9-NOX4
(60-80 ml, 5.0-6.5x10'3 VG/ml) through the tail vein.

Echocardiographic evaluation

An ultrasonic cardiography was carried out as
previously documented (14). We removed the chest hair
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of the mice by shaving and subsequently anesthetized
them with isoflurane (1.5%). After no response to
stimulation of the mouse’s feet, a 10 MHz linear array
ultrasonic transducer was used for ultrasonic detection,
and the data for ventricular cavity size and thickness
were collected by M-mode echocardiography. The left
ventricular ejection fraction (LVEF) and left ventricular
shortening fraction (LVFS) were calculated.

Picrosirius red staining

Picrosirius red (PSR) staining of heart tissue was
used to visualize collagen deposition (15). The heart
tissue was dehydrated and embedded in paraffin.
Histopathological sections were dehydrated with a
series of alcohol. Then, collagen in the heart tissues was
stained by PSR and photographed under a microscope.
The collagen area was analysed by Image-Pro Plus
6.0, and six hearts in each group were stained.

Isolation and culture of adult mice fibroblasts

Mice (aged 4-6 weeks) were sacrificed, and their
hearts were quickly harvested. After anticoagulation
with heparin, the hearts were placed in pre-cooled
phosphate buffered saline (PBS) solution; the atrium
was removed, the ventricles were cut into 1-3 mm?
tissue blocks and digested four times (15 minutes
each) with 0.125% trypsin EDTA (Gibco, USA). The
tissue was collected and digested in DMEM-F12 that
contained 15% foetal bovine serum (Gibco, USA). The
digestive juice was collected via centrifugation and the
cell mass was filtered after centrifugation. The filtered
cells were resuspended in DMEM-F12 medium and
subsequently inoculated on a 10-cm petri dish. After
90 minutes, non-adherent cells in the upper layer were
removed, and the fibroblasts that had adhered to the
bottom of the culture dish were collected. a-smooth
muscle actin (a-SMA) staining was used determine
the purity of the fibroblasts. The cells were transfected
with adenovirus (ad-Prx-3) or Prx-3 siRNA to
overexpress or knock down Prx-3 (Vigene Bioscience,
Jinan, China). Then, the cells were stimulated with
transforming growth factor p1 (TGFpB1, 10 ng/ml) (16)
for 48 hours to induce fibroblast activation.

Western blot and real-time polymerase chain
reaction

We isolated the total proteins in the cardiomyocytes
or heart tissue and conducted protein electrophoresis
by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). The protein was
transferred to immobilized membranes (Millipore,
Billerica, MA, USA), which were incubated with
the corresponding primary antibodies that included
total (T) P38 (1:1000 dilution, #ab178867) and
phosphorylated (P-) P38 (1:1000 dilution, Abcam
#ab4822), NADPH oxidase 4 (NOX4, 1:1000



dilution, #ab154244) and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH, 1:1000 dilution, Cell
Signalling Technology, #5174). After incubation with
the secondary antibody, the blots were developed with
enhanced chemiluminescence reagents (Bio-Rad,
Hercules, CA, USA) and captured by a ChemiDoc MP
Imaging System (Bio-Rad). GAPDH was used as an
internal reference protein.

Total RNA from mouse heart tissue or cardiomyocytes
was extracted. We reverse transcribed 2 pg of mRNA
into ¢cDNA with a cDNA Synthesis Kit (Roche
Diagnostics). A Light cycler 480 instrument (software
version 1.5, Roche) and SYBR Green PCR premix
(Roche) were used for the amplification reaction.
GAPDH was used as an internal reference gene to
standardize and quantify gene expressions.

Immunofluorescence staining

Cells were fixed with 4% paraformaldehyde,
permeabilized with 0.2% Triton X-100, then incubated
with the following primary antibodies: a-SMA (Abcam,
#ab7817) or proliferating cell nuclear antigen (PCNA,
Abcam, #ab29). Secondary antibodies such as Alexa
FluorH 568/488 goat anti-rabbit Immunoglobulin
IgG (Invitrogen Life Technologies, USA) were used.
The nuclei were stained with DAPI. A fluorescence
microscope (Olympus DX51, Japan) was used to take
photographs.

Statistical analysis

All data were expressed as mean £ SD. Comparisons
between the two groups were conducted with the
unpaired student’s t test. Comparison among multiple
groups was analysed by multivariate analysis of
variance and the post-hoc Tukey test. P<0.05 indicated
statistical significance.

Results

Effect of peroxiredoxin-3 on isoproterenol-induced
cardiac fibrosis

The mice were injected with AAV9-Prx-3 to
overexpress Prx-3 in the fibroblasts (Fig.1A). We
observed upregulation of Prx-3 mRNA in cardiac
fibroblasts (CF) isolated from the hearts injected with
AAV9-Prx-3. The level of Prx-3 in cardiomyocytes
isolated from these mice was comparable with the
NC group (Fig.1B). There was an increase in left
ventricular (LV) collagen volume in the ISO group,
while Prx-3 overexpression reduced the LV collagen
volume (Fig.1C). We quantified the transcription
of fibrosis markers collagen I, collagen III, and
connective tissue growth factor (CTGF) and observed
an increase in these markers in the ISO group; there
was reduced Prx-3 overexpression after the ISO
injection. Echocardiography evaluation of cardiac
function indicated an increased heart rate in the two ISO
groups; Prx-3 overexpression did not change the heart
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rate (Fig.1D). LVEF and LVFS were sharply decreased
in the ISO group compared with the NS group. Prx-3
overexpression increased LVEF and LVFS in mice post-
ISO injection. The ratio of mitral peak flow velocity in
early diastole to peak flow velocity in late diastole (E/A)
was decreased in mice that received the ISO injection and
increased following Prx-3 overexpression (Fig.1E, F).

Peroxiredoxin-3 overexpression in fibroblasts inhibits
transforming growth factor Pl-induced fibroblast
activation and function

In order to confirm the effects of Prx-3 on fibroblasts,
we transfected the cells with Ad-Prx-3 to overexpress the
Prx-3 protein (Fig.2A). Cell counts showed an increase in
cell proliferation in the TGFB1 group. In addition, Prx-3
inhibited cell proliferation (Fig.2B). Immunofluorescence
staining showed that TGFP1 caused an increase in
a-SMA expression, whereas Prx-3 inhibited a-SMA
expression (Fig.2C). RT-PCR results showed that TGFf1
increased mRNA levels of collagen I, collagen III, and
CTGF compared with the control group. In contrast,
overexpression of Prx-3 inhibited their expression
(Fig.2D). The cells were stained with PCNA to evaluate
cell proliferation. Cells with TGFB1 stimulation had
more PCNA-positive cells, whereas cells in the Ad-Prx-
3+TGFB1 group exhibited decreased PCNA-positivity
(Fig.2E).

Peroxiredoxin-3 silencing in fibroblasts mitigated
transforming growth factor B induced fibroblast
activation and function

It has not been determined if Prx-3 inhibition of
fibroblasts can increase cell activation and function.
Therefore, we transfected the cells with Prx-3 siRNA
to silence the Prx-3 protein (Fig.3A). The cell counting
assay results showed an increase in cell proliferation in
the TGFB1 group and Prx-3 silencing potentiated cell
proliferation (Fig.3B). TGFB1 caused an increase in
a-SMA expression and Prx-3 knockdown also increased
a-SMA expression (Fig.3C). RT-PCR results showed that
TGFP1 increased mRNA levels of collagen I, collagen
I, and CTGF compared with the control group; Prx-3
silencing caused enhanced expression of those markers
(Fig.3D). Cells with TGF1 stimulation had more PCNA-
positive cells. There were more PCNA-positive cells
observed in the Prx-3 siRNA+TGFB1 group than in the
ScRNA+TGFB1 group (Fig.3E).

NADPH oxidase 4-P38 pathway is the target of
peroxiredoxin-3 in fibroblasts

Next, we sought to explore the mechanism that
underlies the inhibitory effect of Prx-3 on cardiac fibrosis
by detecting the potential signalling pathways that may
be involved. We observed an increase in NOX4 in the
ISO group, whereas Prx-3 inhibited NOX4 expression.
The pro-fibrosis molecule P38 was also activated in the
ISO mice hearts and inhibited in the AAV9-Prx-3 group
(Fig.4A, B).
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Fig.1: The effect of Prx-3 on I1SO-induced cardiac fibrosis in mice. A. Protein level of Prx-3 in mice hearts after an AAV9-Prx-3 injection (n=4). B. mRNA level of
Prx-3 in cardiomyocytes and CF isolated from mice hearts injected with AAV9-Prx-3 (n=6). C. Representative images for PSR staining and quantified results
for LV collagen volume in mice hearts after ISO injection (n=6). D. mRNA level of fibrosis markers in mice hearts after ISO injection (n=6). Representative
E. Echocardiographic images in each group and F. Measurements in mice hearts ISO injection (n=10). Prx-3; Peroxiredoxin-3, I1SO; Isoproterenol, AAV9;
Adeno-associated virus 9, CF; Cardiac fibroblasts, PSR; Picrosirius red, LV; left ventricular, and **; P<0.01 vs. control group.
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Fig.2: Prx-3 overexpression in fibroblasts inhibits TGFB1-induced fibroblast activation and function. A. Protein level of Prx-3 in fibroblasts after Ad-Prx-3
transfection (n=4). B. Cell counts in fibroblasts after TGFB1 stimulation (n=6). C. a-SMA staining results of fibroblasts after TGFB1 stimulation (n=5).
D. mRNA level of fibrosis markers in fibroblasts after TGFB1 stimulation (n=6). E. PCNA (red) and nuclear (blue) staining results of fibroblasts in cells
transfected with Ad-Prx-3 and stimulated with TGFB1 (n=5). Prx-3; Peroxiredoxin-3, TGFB1; transforming growth factor 1, Ad; Adenovirus, a-SMA;
a-smooth muscle actin, *; P<0.05 vs. control group, and **; P<0.01 vs. control group.
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Fig.3: Prx-3 silencing in fibroblasts mitigated TGFB1-induced fibroblast activation and function. A. Protein levels of Prx-3 are reduced in fibroblasts after
Prx-3 siRNA transfection (n=4). B. Cell count assay shows an increase in proliferation in fibroblasts transfected with Prx-3 siRNA after TGFB1 stimulation
(n=6). C. a-SMA staining shows increased a-SMA levels in fibroblasts transfected with Prx-3 siRNA after TGFB1 stimulation (n=5). D. mRNA level of fibrosis
markers in fibroblasts after TGFB1 stimulation (n=6). E. PCNA staining shows increased PCNA levels in fibroblasts transfected with Prx-3 siRNA after TGFB1
stimulation (n=5). Prx-3; Peroxiredoxin-3, TGFB1; Transforming growth factor 1, PCNA; Proliferating cell nuclear antigen, a-SMA; a-smooth muscle actin,
*; P<0.05 vs control group, and **; P<0.01 vs control group.
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Fig.4: NOX4-P38 pathway is the target of Prx-3 in fibroblasts. A, B. Protein levels of NOX4, and total P38 and P-P38 in mice hearts after AAV9-Prx-3 injection
(n=4). NOX4; NADPH oxidase 4, Prx-3; peroxiredoxin-3, AAV9; adeno-associated virus 9, and **; P<0.01 vs. control group.
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Fig.5: NOX4 overexpression mitigates the anti-fibrosis effects of Prx-3. A. Protein levels of NOX4 and P-P38 in mice hearts after AAV9-NOX4 injection (n=4).
B. Representative image for PSR staining and quantified LV collagen volume results in mice hearts after ISO injection (n=6). C. mRNA levels of fibrosis
markers in the mice hearts after I1SO injection (n=6). D. Echocardiograph measurements in mice hearts after 1SO injection (n=10). NOX4; NADPH oxidase
4, Prx-3; Peroxiredoxin-3, AAV9; adeno-associated virus 9, PSR; Picrosirius red, LV; left ventricular, ISO; Isoproterenol, and **; P<0.01 vs. control group.

NADPH oxidase 4 overexpression mitigates the anti-
fibrosis effects of peroxiredoxin-3

First, we injected the mice with AAV9-NOX4 and
AAV9-Prx-3 to overexpress cardiac NOX4 and Prx-3,
followed by an ISO injection (Fig.5A). The LV collagen
volume was increased in the AAV9-NOX4+ AAV9-Prx-3
group compared with the AAV9-Prx-3 group (Fig.5B).
Transcription of those fibrosis markers increased in
the AAV9-NOX4+ AAV9-Prx-3 group compared with
the AAV9-Prx-3 group (Fig.5C). Echocardiography
evaluation of cardiac function showed decreased levels
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of LVEF, LVFS and E/A in the ISO group compared with
the NS group (Fig.5D). Overall, these findings indicate
that NOX4 overexpression can counter the anti-fibrosis
effects of Prx-3.

Discussion

Cardiac fibrosis embodies a stress response after a heart
injury, and can lead to myocardial remodelling and heart
pump failure (17). CFs are key cells in the occurrence and
development of myocardial fibrosis, and the main source
cells of the extracellular matrix. CFs can activate and



differentiate into myofibroblasts, which secrete a-SMA
contractile protein during myocardial injury induced by
various cardiovascular diseases (18). Excessive activation
of myofibroblasts leads to adverse cardiac remodelling
and heart failure (19). In this study, we provide previously
undocumented evidence that Prx-3 can inhibit ISO-
induced cardiac fibrosis and protect against cardiac
dysfunction. Our findings indicate that Prx-3 can directly
affect CFs and hamper the activation, proliferation, and
collagen synthesis of CFs during myocardial injury and
TGFp1 stimulation.

Prx-3 is a new member of the peroxidase family.
Prx-3 is mainly located in mitochondria, which is of
great significance in eliminating excessive oxidants
(20). Overwhelming evidence substantiates that Prx-
3 is associated with leukaemia, chemoresistance, and
tumorigenesis (21). Although studies have shown that
Prx-3 is important in cardiovascular diseases (10,
11), whether it plays a role in myocardial fibrosis
remains largely unclear. Our study corroborated that
Prx-3 directly affected TGFB1 induced CF activation,
proliferation, and collagen synthesis. Prx-3 silencing
caused a deterioration in TGFBl-induced cardiac
fibroblast activation, proliferation, and collagen
synthesis.

We also assessed the fibrosis pathways that may be
associated with Prx-3. P38 is a member of a family
of mitogen-activated protein kinases that mediate
responses to extracellular stimuli and cellular function
(18). P38 plays a major role in the activation of
fibroblasts under external stimuli (22). Knockdown
of P38a in fibroblasts prevents fibroblast activation
and secretory function, thereby inhibiting fibrosis
(20). During ISO-induced myocardial fibrosis,
cardiomyocyte injury leads to the massive secretion
of inflammatory and profibrotic factors, such as
TGFP1, and to massive activation of fibroblasts (23).
There is an increasing consensus that in ISO-induced
myocardial injury, the P38 gene knockout can inhibit
development of myocardial fibrosis (21, 23). Thus,
P38 signalling is one of the most typical regulators
of fibroblast activation and myocardial fibrosis. In
the present study, we found a significant increase in
cardiac P38 activation in the ISO group, and Prx-3
overexpression reduced P38 activation. In addition,
we found that ISO induced a significant increase in
cardiac NOX4 expression, whereas Prx-3 reduced
NOX4 expression. P38 is a sensory signal of oxidative
stress. These data suggest that Prx-3 may inhibit P38
activation by reducing NOX4 expression and reducing
cardiac oxidative stress. We observed an inhibition
in Prx-3 fibrosis after transfection with an NOX4-
overexpressing virus. Taken together, these findings
indicate that the protective effect of Prx-3 against
cardiac fibrosis is mainly mediated by NOX4-P38.

Conclusion
Overall, we found that Prx-3 could inhibit ISO-induced
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cardiac dysfunction and cardiac fibrosis. Prx-3 silencing
reduced TGFPl-induced cardiac fibroblast activation,
proliferation, and collagen synthesis. Prx-3 reduced NOX4
expression, thus hampering P38 activation during fibroblast
activation. Therefore, Prx-3 represents a potential new target
for the treatment of cardiac fibrosis.
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