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A B S T R A C T

Porcine epidemic diarrhea virus (PEDV) is a member of Coronavirus, which causes severe watery diarrhea in
piglets with high morbidity and mortality. ROS and p53 play key roles in regulating many kinds of cell process
during viral infection, however, the exact function in PEDV-induced apoptosis remains unclear. In this study, the
pro-apoptotic effect of PEDV was examined in Vero cells and we observed that PEDV infection increased MDM2
and CBP, promoted p53 phosphorylation at serine 20 and, promoted p53 nuclear translocation, leading to p53
activation in Vero cells. Treatment with the p53 inhibitor PFT-α could significantly inhibit PEDV-induced
apoptosis. We also observed PEDV infection induced time-dependent ROS accumulation. Treatment with anti-
oxidants, such as pyrrolidine dithiocarbamate (PDTC) or N-acetylcysteine (NAC), significantly inhibited PEDV-
induced apoptosis.

Moreover, further inhibition tests were established to prove that p53 was regulated by ROS in PEDV-induced
apoptosis. In addition, we also found that p38 MAPK and SAPK/JNK were activated in PEDV-infected Vero cells.
However, treatment with the p38 MAPK inhibitor SB203580, and the SAPK/JNK inhibitor SP600125 reversed
PEDV-induced apoptosis. Taken together, the results of this study demonstrate that activated p53 and accu-
mulated ROS participated in PEDV-induced apoptosis and p53 could be regulated by ROS during PEDV infection.
Activated p38 MAPK and SAPK/JNK exerted no influence on PEDV-induced apoptosis. These findings provide
new insights into the function of p53 and ROS in the interaction of PEDV with Vero cells.

1. Introduction

Porcine epidemic diarrhea (PED) is a destructive infectious disease
which has broken out in China and some other Asian and Western
countries. It has arisen significant economic and public health concerns
(Sun et al., 2016; Stevenson et al., 2013; Yang et al., 2018). PED is
caused by Porcine epidemic diarrhea virus (PEDV) which is seen as an
enveloped single-stranded positive-sense RNA virus belonging to the
order Nidovirales, family Coronaviridae and genus Alphacoronavirus.
The PEDV genome is composed of a 5′ untranslated region (5′UTR) and
at least seven open reading frames (ORFs): ORF 1a/1b, spike (S), ORF3,
envelope (E), membrane (M) and nucleocapsid (N), and a 3′UTR in
order (Egberink et al., 1988). Consistent with pathological changes in
vivo, PEDV infection could induce morphological and biochemical
changes in host cells and some cell lines in vitro such as IPEC-J2 and
Vero and Marc-145 (Kim and Lee, 2014; Zhao et al., 2014; Zheng et al.,

2018). Previous studies have reported that PEDV induces apoptotic cell
death via a mitochondrial AIF-mediated pathway (Kim and Lee, 2014)
and it is S1 protein obtained from PEDV that induces apoptosis in Vero
cells (Chen et al., 2018). However, little is known about the upstream
signalling in PEDV-induced apoptosis. Further studies are needed to
clarify which upstream signalling mechanisms are activated and in-
volved in the regulation of apoptotic signalling pathways during PEDV
infection.

The tumour-suppressor protein 53 (p53), a sequence-specific DNA
binding protein, is established as transcription factor that regulates cell
processes such as cell cycle arrest, senescence, apoptosis and ferroptosis
(Gao et al., 2016; Laptenko and Prives, 2006). In normal conditions,
p53 is stabilised at low levels by a series of regulators such as MDM2,
which works as a ubiquitin ligase to help degradation of p53, whereas
these processes become altered under cell stress (Kastenhuber and
Lowe, 2017). In response to stimulation, p53 is activated and is
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transferred into the nucleus in a phosphorylated form to regulate
transcription of target genes (Bálint and Vousden, 2001). The best-un-
derstood function of p53 is its ability to promote cell cycle arrest and
apoptosis (Kastenhuber and Lowe, 2017). Our previous research
showed that p53 was involved in PEDV-induced Vero cell arrest, in-
dicating that p53 may play a vital role in the mechanism of PEDV in-
fection (Sun et al., 2018). Moreover, relying on the induction of pro-
apoptotic Bcl-2 family and FasL family, p53 plays an essential role in
viral infection induced apoptosis. Similar examples can be found in
Canine Influenza Virus H3N2-infected MDCK cells (Zhou et al., 2017),
Novel H7N9 Influenza A Virus-infected A549 cells (Yan et al., 2016)
and Transmissible gastroenteritis virus-infected PK-15 cells (Huang
et al., 2013). However, whether p53 participates in PEDV-induced
apoptosis and the mechanism of how it impacts on apoptosis remains
unclear.

Reaction oxygen species (ROS) are known toxic products in cellular
metabolism. They are mainly produced by the mitochondria in most
mammalian cells, act as signalling molecules, and are involved in oxi-
dative stress during a variety of viral infections (Hamanaka and
Chandel, 2010). Cells maintain a balance of ROS by means of the an-
tioxidant system in physiological conditions (Torres et al., 2006).
However, triggered by stress stimuli such as ionising radiation, che-
motherapeutic drugs and viral infections, ROS can be excessively ac-
cumulated and regulate several pathological processes including pro-
liferation, inflammation, autophagy and apoptosis (Circu and Aw,
2010; Miyata et al., 2017). Several studies showed that ROS participate
in apoptosis induced by viruses. For example, parvovirus H-1 infection
induces apoptosis via mediating ROS accumulation (Hristov et al.,
2010). PPV infection induces ST cells apoptosis via activation of ROS
generation and mitochondria-mediated apoptotic signalling (Zhao
et al., 2016). ROS have also been implicated in some important apop-
totic signalling pathways, such as p38 MAPK and p53 pathways (Fuh
et al., 2002; Hamanaka and Chandel, 2010). For instance, during Ja-
panese encephalitis virus (JEV) infection induced HL-CZ apoptosis,
GRP78, p-ERK and p38 were activated and ROS were produced, sug-
gesting JEV may induce apoptosis via the ERK/p38-ROS pathway (Tung
et al., 2010). Treatment with 6-sho and TRAIL induced apoptosis via
p53 and ROS (Nazim and Park, 2018). ROS act as important mediators
that cooperate with molecular signals and participate in apoptotic
signal transduction, which are consistent with the reports aforemen-
tioned. Therefore, the roles of ROS and p53 in the induction of apop-
tosis in PEDV-infected Vero cell lines were investigated.

In this study, we aimed to reveal whether p53 and ROS are activated
during PEDV-induced apoptosis and the role that activated p53 and
ROS play in the PEDV induction of apoptosis and the interrelationship
between these signalling pathways. Our studies have shown that
phosphorylated p53 is present in virus-infected cells and transferred to
nucleus. Treatment with p53-specific inhibitors reversed PEDV-induced
apoptosis both in the expression of apoptosis-related protein levels and
the number of apoptotic cells, suggesting p53 plays a dominant role in
PEDV-induced apoptosis. Moreover, ROS were found to be produced
during this period and are closely related to apoptosis. However, acti-
vated p38 MAPK and SAPK/JNK played a limited role in PEDV-induced
apoptosis. In conclusion, our findings demonstrate that p53 and ROS
play significant roles in PEDV-induced apoptotic signalling pathway.

2. Materials and methods

2.1. Cells and viruses

Vero cells (ATCC, CCL-33) were grown in Dulbecco Minimal
Essential Medium (DMEM; Hyclone, Logan, UT, USA) supplemented
with 10% heat-inactivated foetal bovine serum (FBS; PAN-Biotech,
Aidenbach, Germany), 1% penicillin/streptomycin (Invitrogen) at 37 °C
in a 5% CO2 atmosphere in an incubator. In the present study, the PEDV
Shaanxi strain was isolated as previously described (Sun et al., 2018).

Virus titres were determined by 50% tissue culture infective doses
(TCID50) according to the Reed and Muench method (Reed, 1938).

2.2. Inhibitors and antibodies

The p53 inhibitors PFT-α, antioxygen N-acetylcysteine (NAC) and
pyrrolidine dithiocarbamate (PDTC) were purchased from Sigma. p38
MAPK inhibitor SB203580 and SAPK/JNK inhibitor SP600125 were
obtained from Merk. Antibodies against p53, p-p53(Ser15), p-
p53(Ser20), p-p53(Ser46), Bcl-2, Fas, p-p38 MAPK, Bax, MDM2, p300,
FasL, p38 MAPK, p-SAPK/JNK, SAPK/JNK, β-actin and COX IV were
purchased from Cell Signaling Technology (Danvers, MA, USA).
Horseradish peroxidase (HRP)-conjugated secondary antibodies for
western blot and FITC-conjugated anti-rabbit IgG were purchased from
Pierce (Pierce, Rockford, IL, USA).

2.3. Apoptotic rate measurement

The Annexin V-FITC Apoptosis Kit (BioVision, Inc., CA, US) was
used for apoptosis detection according to manufacturer’s instructions.
Briefly, cells were rinsed twice with PBS and re-suspended in 500 μl
binding buffer, followed by the addition of 5 μl of Annexin V-FITC and
5 μl of PI. After incubation in the dark for 30min at room temperature,
10,000 cells were acquired and a percentage of positive cells was
analysed by flow cytometry (Becton Dickinson).

2.4. Inhibitor treatments

Pifithrin-α (PFT-α) was stored as a 10mM stock solution in DMSO,
and SB203580 and SP600125 as a 20mM stock solution, while NAC
and pyrrolidine dithiocarbamate (PDTC) were used as a 1M and
100mM stock solutions, respectively. PFT-α (10 μM), SB203580
(10 μM), SP600125 (10 μM), NAC (5mM) and PDTC (50 μM) were di-
luted in DMEM respectively added to the culture medium, then culti-
vated for an hour before infection. Inhibitor was not included in the
virus inoculum. After 2 h of PEDV adsorption, the virus inoculum was
removed and fresh basal medium containing inhibitors was added to
the culture medium. At the indicated time, the cells were collected and
the related indices were detected.

2.5. Western blot analysis

Cells were harvested and rinsed with ice-cold PBS, then treated with
ice-cold RIPA lysis buffer with 1mM phenylmethyl sulphonylfluoride
(PMSF). Protein concentrations were measured using BCA Protein
Assay Reagent (Pierce). Equivalent amounts of proteins were loaded
and electrophoresed on 8–12% sodium dodecyl sulphate-poly-
acrylamide gel electrophoresis (SDS-PAGE). Subsequently, proteins
were transferred to polyvinylidene difluoride (PVDF) membranes
(Millipore Corp, Atlanta, GA, USA). The membranes were blocked in
Tris-buffered saline with 0.1% Tween 20 (TBST) containing 5% non-fat
skimmed milk at room temperature for 1 h, and then incubated with
indicated primary antibodies dissolved in bovine serum albumin (BSA)
or non-fat milk over night at 4 °C, followed by culturation with HRP-
conjugated secondary antibodies at room temperature for 1 h. The
signal was detected using ECL reagent (GE Healthcare).

2.6. ROS measurement

Cells were mock-infected and PEDV-infected at different times and
harvested at the same time. After rinsing three times with PBS, the cells
were incubated with 10 μMDCFH-DA at 37 °C for 30min in the dark,
after rinsing three times with fresh basal medium without serum,
trypsin digestion cells were used for final analysis by flow cytometry
(Becton Dickinson).
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2.7. Indirect immunofluorescence assay

Infected Vero samples were fixed with a mixture of cold methanol
and acetone (4:1) for 20min and blocked with 1% bovine serum al-
bumin for 1 h. The samples were then permeabilised using Triton X-100
for 10min and incubated for 2 h with anti-PEDV polyclonal sera (1:500)
to detect PEDV and anti-p53 monoclonal antibody (1:500) to detect
p53, respectively. The cells were rinsed three times for 5min with
phosphate-buffered saline (PBS) and incubated with the secondary
antibody (1:50) for one hour in the dark at room temperature. Cell
nuclei were counterstained with Hoechst 33258 for 5min. After three
rinses with PBS, treated cells were visually examined using a laser
scanning confocal microscope (Leica Microsystems).

2.8. MTT assay

An MTT assay was carried out to determine inhibition of cell ac-
tivity by inhibitors using the cell proliferation kit I (MTT) according to
manufacturer’s instructions (Roche Applied Science). Vero cells plated
in 96-well plates, at around 90% confluence, were dosed with a cor-
responding concentration of inhibitor and incubated for 24 h, then 20 μl
of MTT labelling reagent was added to each well and incubated at 37 °C
for 4 h. After 150 μl of solubilisation solution was added, the absor-
bance was measured at 550 nm in an enzyme-linked immunosorbent
assay reader.

2.9. Statistical analysis

All data were expressed as mean ± SD from independent experi-
ments conducted in triplicate. Results were analysed by one-way ana-
lysis of variance (ANOVA). For each assay, Student’s t-test were used
and a value of P < 0.05 was considered significant.

3. Results

3.1. Cell fusion and the cytopathogenic effect produced by PEDV

PEDV infection in Vero cells generally induces typical cytopatho-
genic effect (CPE) such as roundup, aggregation, cell fusion, vacuola-
tion and eventually causes cell death (Chen et al., 2018; Kusanagi et al.,
1992). To determine whether apoptosis occurs in PEDV infection in-
duced CPE and cell death, the morphological changes of PEDV-infected
Vero cells were firstly observed. As shown in Fig. 1A, after PEDV was
inoculated into Vero at 1MOI for 12 h, CPE appeared in Vero cells
which became more obvious at 24 h and 30 h compared to mock in-
fection. To further reveal the propagation of PEDV in Vero cells, in-
direct immuno-fluorescence was carried out. Compared with 12 h post
infection (h p.i.), 24 h p.i. exhibited more PEDV virion and was shown
to have successfully entered the nucleus, suggesting PEDV replication
occurs inside the infected cell extensively (Fig. 1B).

3.2. PEDV infection induces apoptosis in a dose-dependent manner

In order to detect the precise apoptotic rate in PEDV-infected Vero
cells at MOI of 0.1, 0.5 and 1, mock and infected cells were collected at
24 h post-infection stained by Annexin V-FITC/propidium iodide(PI)
(Chen et al., 2008) and analysed by flow cytometry. Representative cell
apoptosis histograms and profiles in Vero cells are illustrated in Fig. 2A
and B, respectively. The apoptotic rate significantly increased at dif-
ferent doses of PEDV infection compared with mock infection with
50.1% of apoptotic cells present at 1MOI, suggesting PEDV induces
notable apoptosis with virus post infection in a dose-dependent manner.

3.3. PEDV infection induces p53 signalling activation and translocation to
nucleus

The tumour-suppressor protein 53 (p53) participates in multiple cell
processes (Laptenko and Prives, 2006). To elucidate the mechanism of
p53 in PEDV-induced apoptosis, the expressions of p53 and relative
proteins were measured by western blot. From Fig. 3A and B, phos-
phorylated p53 at serine 20 was significantly increased at 6 h post in-
fection compared with mock infection, and with time, p-p53(Ser20)
protein level accumulated constantly, whereas p-p53(Ser15) protein
levels showed no significant changes compared with the corresponding
mock infection points. Interestingly, compared with mock infection,
total p53 levels decreased from 18 h p.i. in PEDV infection, whereas p-
p53(Ser46) protein levels showed no significant changes compared
with mock infection at each time of post infection measurement and p-
p53(Ser46) protein levels constantly decreased over time. Although p53
at early infection stages had no evident changes in PEDV-infected cells,
its relative proteins such as p300, MDM2, CBP showed a variety of
change trends in every time point of post infection(Fig. 3C and D).

Fig. 1. Inverted microscopy and immuno-fluorescence assays of PEDV infected
Vero cells. A. Cells were grown on 24-well plates and incubated with PEDV for
different times, CPE appeared to start from 12 h p.i. and became more obvious
at 24 h and 30 h compared with mock infection. B. Immunofluorescence assays
were used to further observe intracellular propagation of PEDV in Vero cells.
Vero cells were grown on coverslips in 24-well plates and infected with PEDV of
1MOI. Cells were fixed and incubated with mouse anti-PEDV polyclonal sera
(1:500) and Hoechst 33258 in mock-infected group, 12 and 24 h post infection.
(fluoview 400×).
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MDM2 increased from 6 h p.i. and continuously increased until 18 h p.i.
CBP had significantly higher levels of protein at 18 h p.i. and 24 h p.i.,
whereas p300 increased from 0 h p.i. to 12 h p.i. and decreased from
12 h p.i. to 24 h p.i. compared with the corresponding mock infection
points. These results showed that the expression of p300 increased from
6 h p.i. and peaked by 12 h p.i. and were followed by a steady decline
from 12 to 24 h p.i. PEDV infection upregulated MDM2 and CBP, which
might work together to cause a decrease in steady-state p53 abundance
and p53 half-life in infected cells.

To further detect the subcellular localisation of p53, immuno-
fluorescence assays were used to determine the changing position of
p53 at 12 h and 24 h after PEDV infection. We observed that p53 was
distributed in the whole cell including the cytoplasm and nucleus
without stimulation: however, p53 progressively gathered in the nu-
cleus upon at the stimulation of PEDV, in particular, p53 was almost
exclusively found in nucleus at 24 h p.i. as shown in Fig. 3E and F.
These results suggest PEDV involved in p53 nuclear translocation.

3.4. Activated p53 signalling family proteins play a vital role in PEDV
induced apoptosis

To explore the relationship between p53 and apoptosis during PEDV
infection, we firstly used pifithrin-a (PFT-α), a p53 specific inhibitor, to
assess its inhibitory effect on p53. As shown in Fig. 4A and B, PFT-α
worked well in inhibiting p-p53(Ser20), p-p53(Ser15) and p-p53(Ser46)
whereas exerted limited influence on total amount of p53. Next, we
investigated the relative expression of apoptotic proteins such as FasL,
Bax and Bcl-2 induced by PEDV infection under PFT-α treatment. Pre-
incubation of Vero cells with PFT-α in PEDV infection could evidently
down-regulate Bax, upregulate Bcl-2 in protein levels, and significantly
decrease the ratio of Bax/Bcl-2 in PEDV-infected Vero cells determined
by Western blot assay (Fig. 4C and D). FasL protein levels were not
affected by PEDV or PFT-α (Fig. 4C and E), suggesting FasL was not
associated with the p53 pathway and PEDV induced apoptosis. Further
inhibitor experiments should be measured by flow cytometry. Conse-
quently, PFT-a treatment significantly decreased PEDV-induced apop-
tosis in Vero cells (Fig. 4F and G). These results show that p53 plays an
essential role in the process of PEDV induction of cell apoptosis.

3.5. ROS were accumulated in PEDV-infected Vero cells in a time-dependent
manner

ROS play an important role in the process of apoptosis and activate
the mitochondria-mediated apoptotic pathway (Nazim and Park, 2018;
Xu and Zhang, 2015). To investigate the role of ROS in the process of
PEDV-induced apoptosis, we detected ROS level in PEDV-infected cells
using DCFH-DA followed by observation under flow cytometry. The
results indicate that the intensity of fluorescence was increased in
PEDV-infected cells compared with control cells with mock-infection at
all time-points examined, especially at 24 h post-infection (Fig. 5A). To

further analyse the ROS levels, quantitative analysis of ROS in PEDV-
infected cells was performed by histograms. As shown in Fig. 5B and C,
ROS accumulated significantly at all the tested time points compared
with control cells in a time-dependent manner (P < 0.05), and the
relative ROS levels also increased consistently with time. All the data
indicated that PEDV infection could trigger ROS accumulation in Vero
cells.

3.6. Inhibition of ROS reduces PEDV-induced apoptosis

To further explore the effect of ROS on PEDV induced apoptosis in
Vero cells, we used antioxidants PDTC and NAC, to suppress ROS
production in PEDV infected Vero cells and evaluate the relative ex-
pression of apoptotic proteins such as Fas, FasL, Bax and Bcl-2 by
Western blot. Results show that the ratio of Bax/Bcl-2 was significantly
decreased compared with PEDV-infected Vero cells following NAC
treatment, PDTC treatment and simultaneous treatment with both an-
tioxidants (Fig. 6A and B). These data indicated that PDTC and NAC
treatment obviously reversed PEDV-induced apoptosis, whereas the
ratio of FasL/Fas showed no significant change in PEDV infection or
antioxidant treatment (Fig. 6A and C). Similar results were observed by
flow cytometry analysis. Both PDTC and NAC treatment significantly
decreased the percentage of apoptosis in PEDV-infected Vero cells
compared with those PEDV infected cells without any inhibitor treat-
ment. When cells were treated with two antioxidants at the same time,
the inhibitory effect of PEDV-induced apoptosis decreased slightly but
not to any significant extent (Fig. 6D and E). These results indicated
that PEDV induced apoptosis in Vero cells occurs through ROS accu-
mulation.

3.7. Activation of p53 is partly mediated by ROS accumulation upon PEDV
infection

p53 and ROS all participated in PEDV-induced apoptosis, whereas
the relationship between p53 and ROS was still unclear. In this part,
inhibitor experiments were carried out to clarify the relationships be-
tween two key signals. Firstly, p53 and p-p53(Ser20) were observed
under the condition that cells were pre-processed with PDTC and NAC
and then infected with PEDV. PDTC and NAC suppressed the expression
of p53 compared with PEDV-infected cells, and treatment with the two
antioxidants at same time could increase the expression level of p53.
This phenomenon suggested that PEDV and antioxidants may partici-
pate in the regulation of p53 expression in a mutually antagonistic
manner (Fig. 7A and B). The expression of p-p53(Ser20) significantly
increased in PDTC and NAC treatment in PEDV infection compared
with PEDV-infected cells without antioxidants treatment, furthermore,
cells treated with two antioxidants at the same time showed a slightly
decreased protein levels (Fig. 7A and C).

DCF fluorescence intensity was observed on the condition that cells
were pretreated with PFT-α and then infected with PEDV. As shown in

Fig. 2. PEDV infection induces apoptosis in a dose-dependent manner. A. Mock and infected Vero cells at MOI of 0.1, 0.5 and 1 were collected and stained with
Annexin-V-FITC and PI at 24 h post infection, and then analysed by flow cytometry. B. Percentages of Annexin-V-FITC and PI positive cells from gated cells. Results
are representative of three independent experiments. Data are represented as mean ± SD, n= 3. (*,p < 0.05; **, p < 0.01).
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Fig. 7D and E, compared to cells without PFT-α, pretreated cells gen-
erally showed higher DCF fluorescence intensity. To present the change
rate of ROS more clearly, relative ROS level histograms were con-
structed and showed there was no significant change with PFT-α
treatment (Fig. 7F), indicating ROS accumulation caused by PEDV

infection was not affected by PFT-α treatment. Taken together, our data
suggest that p53 is partly mediated by ROS accumulation upon PEDV
infection whereas ROS production was not mediated by p53, indicating
ROS was the upstream signal of p53.

Fig. 3. PEDV infection induces p53 signalling activation and translocation to nucleus. A. Vero cells were infected with 1MOI PEDV. Cells were collected at the
indicated times and subjected to Western blot analysis using antibodies against p53 and p53-specific phosphorylation sites. B. Ratio of p-p53: total p53.
Representative densitometry of p-p53 relative to total p53 was calculated after being normalised to β-actin using Image J. C. Western blot analysis of the expression
of MDM2, p300 and CBP in PEDV-infected Vero cells. Vero cells were mock infected or PEDV infected for different time periods. D. Representative densitometry of
MDM2, p300 and CBP was calculated after being normalised to β-actin using Image J. E. Immunofluorescence analysis of intracellular p53 protein levels. PEDV
infected cells were stained with mouse anti-p53 monoclonal antibodies (1:500) and Hoechst 33258 at mock, 12 and 24 h post infection. (Fluoview 1000×) F. The
levels of p53 in nucleus for each infectious period, or mock infectious period were calculated from fluorescence intensity data using Image J. Results are re-
presentative of three independent experiments. Data are represented as mean ± SD, n=3. (*, p< 0.05) represents corresponding protein levels that were sig-
nificantly different from those at 0 h. (**, p < 0.01) represents corresponding protein levels that were extremely significantly different from those at 0 h.(****,
p < 0.0001).
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Fig. 4. Activated p53 signalling plays a vital role in PEDV induced apoptosis. A. Effect of the p53 specific inhibitor (PFT-α) on the total amount and phosphorylation
of p53. Vero cells were infected with PEDV for 24 h in the presence or absence of PFT-α (10 μM). Cells were collected and subjected to Western blot analysis. B.
Representative densitometry of phosphorylated p53 was calculated after being normalised to β-actin using Image J. C. Western blot analysis of the effects of PFT-α on
the expression of FasL, Bcl-2 and Bax. β-actin was used as an internal control. D. The ratio of Bax/Bcl-2 was analysed in PEDV-infected Vero cells in the presence or
absence of PFT-α at 24 h infection. E. Representative densitometry of FasL was calculated after being normalised to β-actin using Image J. F. Mock and infected Vero
cells in the presence or absence of PFT-α were collected and stained with Annexin-V-FITC and PI at 24 h post infection, and then analysed by flow cytometry. G.
Percentages of Annexin-V-FITC and PI positive cells from gated cells. Results are representative of three independent experiments. Data are represented as
mean ± SD, n= 3.(*, p < 0.05; **, p < 0.01).
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3.8. MAPK signalling was activated in PEDV-infection which was not
related to PEDV-induced apoptosis

The MAPK pathway is mainly divided into three components in-
cluding the p38 MAPK, JNK and ERK pathways, and plays an important
role in a variety of events in cell processes (Gary and Johnson, 2002; Xu
and Zhang, 2015). Increasing evidence has shown that activated p38
MAPK and SAPK/JNK participated in regulation of p53 and ROS-
mediated apoptosis (Dabiri et al., 2018; Lan et al., 2017; Shang et al.,
2017). Therefore, we determined the effect of PEDV infection on the
p38 MAPK and SAPK/JNK signal pathways in Vero cells. The results
showed that phospho-p38 MAPK and phospho-SAPK/JNK were trig-
gered by PEDV infection. Compared with mock infection, the protein
expression remained at a high level after PEDV infection (Fig. 8A and
B), indicating p38 MAPK and SAPK/JNK can be activated during PEDV
infection. Next, the specific inhibitors SB203580 and SP600125 were
used to block the expression of p38 MAPK and SAPK/JNK, to observe
whether p38 MAPK and SAPK/JNK were involved in PEDV-induced
apoptosis. As shown in Fig. 8C–E, the inhibitors worked well in our
system. The ratio of Bax/Bcl-2, however, exhibited had little change
following inhibitor treatment compared with the non-treated PEDV-
infected cells, suggesting suppression of p38 MAPK and SAPK/JNK was
unable to prevent apoptosis caused by PEDV infection (Fig. 8C and F).
Our data indicated that the p38 MAPK and SAPK/JNK signalling
pathways are not linked to PEDV-mediated apoptosis.

3.9. Molecular inhibitors had no inhibitory effect on cells activity

To exclude the effect of inhibitors on the toxicity of cells, we tested
the inhibitory effect of cells in the presence of inhibitor and antioxidant
treatment for 24 h. Cell proliferation analysis was performed by MTT
assay and showed that there was no significant influence under cells
treated with inhibitor and antioxidant for 24 h (Fig. 9).

4. Discussion

PEDV, an Alphacoronavirus that causes severe intestinal diarrhea in
piglets, has posed a major threat to the swine industry in China since
2010. Extensive outbreaks have occurred in the United States since
2013, and have caused significant economic costs to livestock breeding
(Stevenson et al., 2013; Sun et al., 2016). However, the pathogenesis of
PEDV has not yet been fully clarified and further research is needed.
Apoptosis, a programmed cell death process that occurs in a variety of
differentiated cells, is to protect organism from damage induced by
stimulation (Elmore, 2007). It is important to note that the relationship
between viral infection and cell apoptosis is bidirectional. In response
to viral infections, induction of apoptosis in infected cells can prevent
viral replication, dissemination or persistent viral infection of the cell to
protect organisms from further damage. During infection by some
virues, host cells acquire resistance to apoptosis and survive for a long
time which benefits viral replication. Important findings have indicated
that PEDV induces apoptotic cell death via the mitochondrial AIF-
mediated pathway (Kim and Lee, 2014) and it is the S1 protein obtained
from PEDV that induces apoptosis in Vero cells (Chen et al., 2018).
However, little is known about the changes of upstream signals such as
ROS and p53 in PEDV-induced apoptosis. Also, it is unclear whether
these signalling changes are caused by the direct or indirect effects of
apoptosis and how these signals are regulated remains to be confirmed
in Vero cells. In this study, we firstly demonstrated that PEDV infection
induced apoptosis in Vero cells via activation of the p53-mediated
pathway and that PEDV-induced intracellular ROS accumulation was
involved in promoting apoptosis.

Regulation of cell apoptosis involves the activation of many cell
signalling pathways (Barber, 2001). p53 signalling is involved in dif-
ferent essential cellular events and functions, such as the cell cycle, cell
differentiation, apoptosis and inflammation in specific cell types upon
different stresses (Laptenko and Prives, 2006). In coronaviruses, we
previously found that PEDV, through the p53-dependent pathway,

Fig. 5. ROS accumulated in PEDV-infected
Vero cells via a time-dependent manner. A.
Quantitative analysis of ROS in PEDV-infected
Vero cells. The relative ROS levels of cells in-
fected with PEDV at 1.0 MOI at 0, 6, 12, 18 and
24 h p.i. were analysed by flow cytometry. B.
The levels of ROS for each infectious time or
mock infectious time were calculated by the
DCF fluorescence intensity in PEDV-infected
cells. C. The relative ROS levels were calcu-
lated by the DCF fluorescence intensity in
PEDV-infected cells. Results are representative
of three independent experiments. Data are
represented as mean ± SD, n= 3. (*,
p < 0.05; **, p < 0.01).
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causes cell cycle arrest in the G0/G1 phase in Vero cells (Sun et al.,
2018), which was similar to the behaviour observed with MHV in
mouse fibroblast 17Cl-1 cells (Chen et al., 2004). Porcine parvovirus
infection induces apoptosis in PK-15 cells through activation of p53 and
mitochondria-mediated pathway (Zhang et al., 2015) SARS-CoV 3a
protein causes p38 MAPK-mediated upregulation of p53, which plays
an important role in 3a protein-mediated apoptosis (Mizutani et al.,
2004). In the present study, PEDV infection promoted expression of p53
phosphorylation at serine 20 from 6 h p.i. to 24 h p.i. at a high level,
which was similar to the trends of MDM2, whilst CBP accumulated from
18 h p.i. to 24 h p.i., indicating phosphorylated p53 was triggered under
PEDV infection. The expression of total p53 was steady before 12 h p.i.
and declined slightly from 18 h p.i. to 24 h p.i.. Similarly, indirect im-
munofluorescence assay results showed p53 gathered in the nucleus
gradually whilst the fluorescence intensity changed little with pro-
longed infection time. The expression of p300 increased from 6 h p.i.
and peaked at 12 h p.i. This was followed by a steady decline from 12 to
24 h p.i., which may be due to the different roles and effects of virus
and host cells at different regulation patterns in the p53 signalling
pathway. These data suggest that p53 and relative protein regulation is
a complex process in virus-infected cells. Bcl-2 family members are
known to be important gatekeepers of apoptotic responses (Bao, 1996;
Carpio et al., 2015; Tang and Wu, 2016). Bcl-2 family members are
classified into the following three functional groups: Anti-apoptotic
factors such as Bcl-2, pro-apoptotic factors such as Bax, and pro-apop-
totic activators, such as NOXA and PUMA (Carpio et al., 2015; Gallenne
et al., 2009). Bcl-2 binds and interacts with Bax to prevent

mitochondrial pore formation, which subsequently inhibits the execu-
tion of cell apoptosis. Therefore, the Bax/Bcl-2 ratio may be used to
determine apoptosis (Cory et al., 2003). Here, we observed a sig-
nificantly decreased ratio of Bax/Bcl-2 in PEDV infected cells and PFT-α
was able to reverse the high expression of Bax/Bcl-2. These data sug-
gested the inhibition of p53 could markedly reverse PEDV-induced
apoptosis, which has the same results as the inhibition experiments
confirmed by flow cytometry.

ROS are secondary products of aerobic metabolic events that mainly
include oxygen free radicals such as superoxide O2-, OH-radicals, HO2-
and some non-radical substances such as peroxide H2O2 and HNOO-
(Hamanaka and Chandel, 2010). In the present study, PEDV disturbed
the homeostatic balance between the generation and elimination of
ROS, leading to the accumulation of ROS at every corresponding time
after infection. Accumulating evidence from some studies has revealed
that ROS are related to apoptosis in many viral infections (Hristov et al.,
2010; Zhao et al., 2016; Tung et al., 2010). Since ROS were accumu-
lated during PEDV infection, further studies should be undertaken to
determine whether ROS are related to apoptosis. Therefore, antioxidant
treatment of PDTC and NAC was used to test this hypothesis. We found
that antioxidants were able to protect cells from PEDV-induced apop-
tosis regardless of the expression of apoptotic proteins or the number of
apoptotic cells, suggesting that ROS plays an important role in the
process of PEDV induction in cell apoptosis. However, as the applica-
tion of antioxidants at the concentrations used in our experiments did
not completely protect the cells from apoptosis, it appears that PEDV-
induced apoptosis in infected cells may involve other uncharacterised

Fig. 6. Inhibition of ROS reduced PEDV-induced apoptosis. A. Western blot analysis of Fas, FasL, Bcl-2 and Bax levels in PEDV infected Vero cells in the presence or
absence of antioxidant at 24 h post-infection. β-actin and Cox4 were used as internal controls. B. The ratio of Bax/Bcl-2 was analysed in PEDV-infected Vero in the
presence or absence of antioxidant after 24 h infection. C. The ratio of FasL/Fas was analysed in PEDV-infected Vero cells in the presence or absence of antioxidant
after 24 h infection. D. Mock and infected Vero cells in the presence or absence of antioxidant were collected and stained with Annexin-V-FITC and PI at 24 h post
infection, and analysed by flow cytometry. E. Percentages of Annexin-V-FITC and PI positive cells from gated cells. Results are representative of three independent
experiments. Data are represented as mean ± SD, n=3. (*, p < 0.05; **, p < 0.01).
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mechanisms acting in parallel with ROS.
In mammalian cells, ROS serve as second messengers that mediate

diverse redox-sensitive signalling pathways such as the MAPK and p53
signalling pathways (Bragado et al., 2007). Accumulating evidence
supports the notion that either ROS accumulation, the p53 pathway or
both may play critical roles in viral-induced apoptosis. Our study has
shown that ROS and p53 all participate in PEDV-induced apoptosis, yet
their relationships need to be further investigated. In this study, Wes-
tern blot assays revealed inhibition of ROS could reduce p53 expression
whereas treated with two antioxidants at same time and then infected
with PEDV, p53 increased indicating PEDV and antioxidants may par-
ticipate in the regulation of p53 expression in a mutually antagonistic
manner. Moreover, results from the DCFH-DA assay suggested that PFT-
ɑ cannot reverse ROS accumulation induced by PEDV infection. MAPKs

are a family of serine/threonine kinases that produce intracellular sig-
nals in response to various stimuli (Hao et al., 2015). The oxidative
stress-dependent activation of MAPKs was found to be involved in the
induction of cell apoptosis. Here, we also observed that phospho-p38
MAPK and phospho-SAPK/JNK were triggered by PEDV infection and
that protein expression remained at a high level after PEDV infection
(Fig. 8A and B), indicating p38 MAPK and SAPK/JNK can be activated
during PEDV infection. However, the ratio of Bax/Bcl-2 showed little
change following inhibitor treatment, in agreement with previous stu-
dies (Lee et al., 2016). Taken together, these results clearly indicate that
the PEDV dependent ROS/p53 mediated pathway induced apoptosis in
Vero cells whereas p38 MAPK and SAPK/JNK were not involved in
apoptosis.

Molecular inhibitors were used to inhibit signalling pathways

Fig. 7. Activation of p53 is partly mediated by ROS accumulation upon PEDV infection. A. Western blot analysis of p53 and phosphorylated p53 levels in PEDV
infected Vero cells in the presence or absence of antioxidant at 24 h post-infection. β-actin was used as an internal control. B. The ratio of p53/β-actin was analysed
and presented as a histogram. C. The ratio of phosphorylated p53/β-actin was analysed and presented as a histogram. D. Mock and infected Vero cells in the presence
or absence of PFT-α were collected and stained with Annexin-V-FITC and PI at 24 h post infection, and then analysed by flow cytometry. E. The levels of ROS in the
presence or absence of PFT-α were calculated by the DCF fluorescence intensity in PEDV-infected cells. F. The relative ROS level was calculated by the DCF
fluorescence intensity in PEDV-infected cells. Results are representative of three independent experiments. Data are represented as mean ± SD, n=3. (*,p < 0.05;
**, p < 0.01).
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during PEDV infection, however, treatment with an excessive amount
of inhibitors may have adverse effects on cell activity and cause cyto-
toxicity that disturbs normal cell metabolism. Similar examples can be
found in rafoxanide against MM cells (Xiao et al., 2019), PFOS against
SH-SY5Y cells (Li et al., 2015) and plumbagin against MCF-7 (A), SK-
OV-3 (B), and MCF-10A (De et al., 2019). Thus, to exclude the effect of
inhibitors on the toxicity of cells, we tested the inhibitory effect of cells
in the presence of inhibitor and antioxidant treatment for 24 h. Results
showed that treatment with 10 μMPFT-α, 10 μM SB203580, 10 μM
SP600125, 5mM NAC and 50 μM PDTC had no inhibitory effect on cell
viability, which indicated that there was no significant influence in cells
treated with inhibitor and antioxidant for 24 h. Therefore, the influence
of signalling inhibitors on cells can be excluded, in other words, all
changes in those proteins tested were caused by PEDV.

Collectively, our data provide a link between ROS, p53 and apop-
tosis induced by PEDV infection. The results demonstrate that PEDV
infection induced apoptosis in Vero cells via activated p53 signalling
and ROS accumulation. Our findings may provide insights into the
mechanism of PEDV interaction with p53 and ROS, and help to reveal
the pathogenesis of PEDV infection. A schematic diagram depicting the
signalling pathways required for PEDV activation and PEDV-induced

Fig. 8. The activation of p38-MAPK signalling by PEDV infection and its effect on apoptosis. A. Vero cells were mock or PEDV infected for different time periods.
Western blot analysis was performed using the indicated antibodies to detect phosphorylated p38 and JNK. B. Representative densitometries of phosphorylated p38
and JNK were calculated after being normalised to β-actin using Image J. C. Western blot analysis was performed to detect p38 MAPK, p-p38 MAPK, SAPK/JNK, p-
SAPK/JNK, Bax, Bcl-2 and FasL in the presence or absence of SB203580 and SP600125. D. The ratio of p-p38 MAPK/p38 MAPK was analysed and presented as a
histogram. E. The ratio of p-SAPK/JNK was analyzed and presented as a histogram. F. The ratio of Bax/Bcl-2 was analysed and presented as a histogram. Results are
representative of three independent experiments. Data are represented as mean ± SD, n= 3. (*, p < 0.05; **, p < 0.01).

Fig. 9. The effect of molecular inhibitors on cell activity measured by MTT
assay. Cells were grown on 96-well plates and incubated with inhibitors or
antioxidants at different concentrations (10 μMPFT-α, 10 μM SB203580, 10 μM
SP600125, 5mM NAC and 50 μM PDTC) for 24 h and MTT assays were per-
formed. Results are representative of three independent experiments. Data are
represented as mean ± SD, n=3. (*,p < 0.05; **, p < 0.01;#, no significant
difference).
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apoptosis is shown in Fig. 10. Further studies on the mechanisms of
PEDV-induced apoptosis should provide new insights into the interplay
between PEDV and its host.
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