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Porcine parvovirus (PPV) infection has been reported to induce the cytopathic effects (CPE) in some
special host cells and contribute the occurrence of porcine parvovirus disease, but the molecular mech-
anisms underlying PPV-induced CPE are not clear. In this study, we investigated the morphological and
molecular changes of porcine kidney cell line (PK-15 cells) infected with PPV. The results showed that
PPV infection inhibited the viability of PK-15 cells in a time and concentration dependent manner. PPV
infection induced typical apoptotic features including chromatin condensation, apoptotic body forma-
tion, nuclear fragmentation, and Annexin V-binding activity. Further studies showed that Bax was
increased and translocated to mitochondria, whereas Bcl-2 was decreased in PPV-infected cells, which
caused mitochondrial outer-membrane permeabilization, resulting in the release of mitochondrial cyto-
chrome c, followed by caspase-9 and caspase-3 activation. However, the expression of Fas and Fas ligand
(FasL) did not appear significant changes in the process of PPV-induced apoptosis. Moreover, PPV
infection activated p53 signaling, which was involved in the activation of apoptotic signaling induced
by PPV infection via regulation of Bax and Bcl-2. Taken together, our results demonstrated that PPV infec-
tion induced apoptosis in PK-15 cells through activation of p53 and mitochondria-mediated apoptosis
pathway. This study may contribute to shed light on the molecular pathogenesis of PPV infection.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Porcine parvovirus (PPV), a member of the autonomous Parvo-
virus, belonging to the genus Parvovirus of the family Parvoviridae,
is a major infectious pathogen of reproductive failure in swine [1].
PPV can spread primarily through vertical transmission during
gestation, causing early embryonic death, fetal mummification,
stillbirths, infertility and delayed return to estrus, resulting in
enormous economic losses for livestock industry [2,3]. Histological
lesions in kidney and other tissues of swine fetuses have been
demonstrated following either natural [4] or experimental PPV
infection [5,6], which characterized by cellular infiltration with
little cellular necrosis indicative of a host inflammatory [7]. In line
with in vivo pathologic changes, PPV also induces CPE when prop-
agated in swine testis (ST) cells [8].

Apoptosis is a major approach in virus-induced pathophysiolog-
ical changes and cytopathic effects [9]. Apoptotic cell death occurs
in various virus infectious swine diseases, such as transmissible
gastroenteritis virus (TGEV) [10], swine fever virus (SFV) [11] and
porcine reproductive and respiratory syndrome virus (PRRSV)
[12]. Parvoviruses also have been reported to trigger apoptosis in
host cells. Canine parvovirus type 2a (CPV-2a) infection in MDCK
cells induces apoptosis through extrinsic and intrinsic pathways
[13]; bocavirus minute virus of canines (MVC) infection induces
apoptosis in canine cells via mitochondrion-mediated apoptosis
pathway [14]; human parvovirus B19 (B19V) infection induces
apoptosis by tumor necrosis factor alpha pathways [15]. However,
little is known about the molecular mechanisms of PPV-induced
apoptosis.

In the present study, we investigated the effects of PPV infection
in PK-15 cells. The morphological and molecular changes in PPV-
infected cells suggested that PPV infection induced apoptosis
through activation of p53 and mitochondria-mediated pathway.
2. Materials and methods

2.1. Antibodies, cells and virus

Monoclonal antibodies against Fas, FasL, Bid, Bax, Bcl-2, cyto-
chrome c, poly (ADP-ribose) polymerase (PARP), b-actin, Cox4
and Histone were purchased from Santa Cruz Biotechnology (Santa
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Cruz, Inc., CA, US). Horseradish peroxidase (HRP)-conjugated sec-
ondary antibody was purchased from Pierce (Pierce, Rockford, IL,
US). Porcine kidney (PK-15) cells (ATCC, CCL-33) were cultured in
Dulbecco’s Modified Eagle’s Medium (Gibco BRL, Gaithersburg,
MD, US) supplemented with 10% heat-inactivated fetal bovine
serum (Thermo Scientific HyClone, Beijing, China), and incubated
at 37 �C in a 5% CO2 atmosphere incubator. The PPV YL strain
was isolated from liver of PPV infected piglets in Shaanxi Province
of China and identified by physicochemical test, neutralization test,
RT-PCR and sequence analysis [16]. Partial DNA sequence of PPV YL
has been submitted to GenBank (Accession No. JN860197.1). Virus
titers were determined by 50% tissue culture infective doses
(TCID50) assay according to Reed and Muench method [17], the
PPV YL strain at a titer of 108.11 TCID50/ml.

2.2. Cell viability assessment

The effects of PPV on PK-15 cells viability was determined by
MTT assay as described previously [18]. Briefly, 1 � 104 cells per
well were seeded into 96-well plates and infected with PPV at mul-
tiplicity of infection (MOI) (0.5, 1, 2, 4, 8 MOI) for different times.
Meanwhile, negative controls and blank controls were set up.
3-(4, 5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT, 5 mg/ml) was added to per well and kept at 37 �C for
4 h. Then dimethyl sulfoxide (DMSO) was used to dissolve the
resulting formazan crystals, the absorbance was measured by
microplate spectrophotometer (Infinite 200 PRO NanoQuant,
Tecan, Switzerland) at 570 nm.

2.3. Apoptosis assessment by AO/EB staining

PK15 cells in exponential growth were seeded into 24-well cul-
ture plates and infected with PPV at 1.0 MOI for different times.
The cells were stained with 100 ll of fresh-prepared acridine
orange/ethidium bromide staining solution (AO/EB, 100 lg/ml)
and incubated at room temperature for 5 min in the dark, then
observed under a fluorescence microscope (Nikon, Inc., Tokyo,
Japan) in less than 20 min.

2.4. DNA fragmentation assay

Cells with different treatments were collected and washed with
phosphate-buffered saline (PBS), pellets were then lysed with DNA
lysis buffer (20 mM EDTA, 100 mM Tris, pH 8.0, 0.8% SDS) at room
temperature for 1 h. After centrifugation for 10 min at 12,000 � g,
the supernatant was collected and treated with RNase A (final con-
centration, 500 lg/ml) for 1 h at 37 �C, followed by digestion with
proteinase K (final concentration, 500 lg/ml) for 2 h at 55 �C. After
that, isometric phenol/chloroform/isoamylol (25:24:1) was added
and centrifuged for 10 min at 12,000 � g, the supernatant was col-
lected and precipitated with 3 M NaAc and ethanol for overnight.
The DNA was dissolved in TE buffer (10 mM Tris, 1 mM EDTA, pH
8.0), and loaded onto 2.0% agarose gel electrophoresis for DNA
fragmentation analysis.

2.5. Quantification of apoptotic cells by flow cytometry

Annexin V-FITC/PI apoptosis detection kit (Keygen Biotech,
China) was used to detect the percentage of cells undergoing apop-
tosis according to the manufacturer’s protocol. The infected and
mock cells were digested by trypsinization without EDTA and
washed with ice-cold PBS for 3 times. The precipitation after cen-
trifugation was suspended with 500 ll binding buffer, followed by
the addition of 5 ll Annexin V-FITC and 5 ll propidium iodide (PI),
the mixture was then incubated at room temperature for 15 min in
the dark. The stained cells were analyzed by flow cytometry
(Beckman Coulter, Inc., Fullerton, CA, US) within an hour.

2.6. Caspase activity assay

Caspases colorimetric assay kits (Keygen Biotech, China) were
used to measure the activity of caspase-3, caspase-8 and cas-
pase-9 respectively. According to the manufacture’s recommenda-
tions, the cells were treated with lysis buffer, protein concentration
was measured using BCA Protein Assay Reagent (Vazyme, NJ, US).
Then 200 lg lysates of each sample were loaded into microplates
and incubated with each caspase substrate at 37 �C for 4 h, after
that, the absorbance values of samples were measured at 405 nm
in microplate spectrophotometer (Infinite 200 PRO NanoQuant,
Tecan, Switzerland).

2.7. Western blot analysis

Protein extraction and western blot assay were performed as
previously described [18]. The PPV-infected cells were harvested,
washed with ice-cold PBS and lysed with ice-cold RIPA lysis buffer
with 1 mM phenylmethyl sulfonylfluoride (PMSF) (Beyotime Inst.
Biotech, Beijing, China). Mitochondrial and cytosolic proteins were
isolated using the Mitochondria/cytosol Fractionation Kit (Pierce,
Rockford, IL, US) according to the manufacturer instructions.
Protein concentration was determined using BCA Protein Assay
Reagent. Equivalent amounts of proteins were subjected to
8–12% SDS–PAGE and electrophoretically transferred to polyvinyl-
idene difluoride (PVDF) membrane (Millipore Corp, Atlanta, GA,
US). The blots were blocked in PBS buffer with 5% non-fat dry milk
at room temperature for 1 h. Then, indicated primary antibodies
and HRP-conjugated secondary antibodies were incubated respec-
tively. Signals were visualized by enhanced chemiluminescence
(ECL) reagent (Pierce, Rockford, IL, US).

2.8. Statistical analysis

Data were shown as means ± SEM values of three independent
experiments. Each experiment was carried out in triplicate. Statis-
tical comparison of the results was analyzed by oneway analysis of
variance (ANOVA). A value of P < 0.05 was considered significant.

3. Results

3.1. PPV infection inhibited the growth of PK-15 cells

To assess the effect of PPV infection on the growth of PK-15
cells, we firstly investigated the viability of PPV-infected cells. At
24 h post infection (p.i.), a significant inhibition of cellular viability
appeared in PK-15 cells infected with PPV more than 1.0 MOI, and
became more evident with the increase of virus titers and infection
time (Fig. 1A). This result demonstrated that PPV infection inhibit
the growth of PK-15 cells in a time and dose dependent manner.

3.2. PPV infection induced apoptosis in PK-15 cells

To investigate whether apoptosis occurred in the process of
PPV-induced cell death, we observed the morphological and
molecular changes of PK-15 cells infected with 1.0 MOI of PPV
for indicated times. Annexin V and PI staining assay showed that
the apoptosis rate significantly increased at 12 h p.i. in
PPV-infected cells when compared with mock-infected population
(Fig. 1B). CPE appeared at 24 h p.i., and became evident at 36 h p.i.,
and 48 h p.i. (Fig. 1C, upper panel). Consistent with this change,
typical apoptotic features of nuclear morphology were observed



Fig. 1. PPV infection induced apoptosis in PK-15 cells. (A) The effect of PPV on cell viability. PK-15 cells were infected with PPV at different MOIs for the indicated times. Cell
viability was measured by MTT assay. (B) Apoptosis rate of PPV-infected PK-15 cells. Cells infected with 1.0 MOI of PPV were stained with Annexin V-FITC and PI at indicated
times and analyzed by flow cytometry. The Annexin V positive cells were regarded as apoptotic. (C) Morphological changes in PPV-infected cells. PK-15 cells were infected
with PPV at 1.0 MOI for different times, mock infection at 48 h served as control. PPV-induced CPE was observed under inverted microscope (upper panel). Nuclear
morphological changes were showed under fluorescence microscopy followed AO/EB staining (200 �) (lower panel). Arrows showed condensed chromatin and nuclear
fragmentation. (D) DNA fragmentation in PPV-infected cells. Cells were infected with PPV at 1.0 MOI for different times (left panel) or at different MOIs for 36 h (right panel),
DNA was isolated and analyzed using agarose gel electrophoresis. Lane M, 100 bp DNA molecular weight marker. Lane mock (left panel), sham-infected for 72 h; lane mock
(right panel), sham-infected for 36 h. The results are means ± SEM and representative of three independent experiments. ⁄P < 0.05, ⁄⁄P < 0.01 versus the control group (0 h).
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in PPV-infected cells. AO/EB staining showed that chromatin con-
densation and margination were visualized at 24 h p.i., nuclear
fragmentation appeared at 36 h p.i., whereas there was no signifi-
cant change appeared in mock infected cells (Fig. 1C, lower panel).
Chromosomal DNA fragmentation assay showed that DNA ladder
could be observed at 36 h p.i. in PK-15 cells infected with 1.0
MOI of PPV, and appeared to be more evident with time and dose
of infection (Fig. 1D). These results suggested that PPV infection
induced apoptosis in PK-15 cells.

3.3. PPV infection triggered apoptosis in PK-15 cells through induction
of caspase activity

Activation of the caspase proteinases is a central event in the
occurrence of apoptosis [19]. Therefore, we further measured
the activity of several caspases which play pivotal roles in the
activation of apoptotic pathway. As shown in Fig. 2A, when
PK15 cells were infected with PPV at 1.0 MOI, the level of
activated caspase-9 and -3 increased as early as 12 h p.i., but cas-
pase-8 activity was not observed in this study. To determine the
contribution of caspase-8 or -9 to activate caspase-3, we analyzed
the inhibitory efficacy of caspase-8 or caspase-9 inhibitor in cas-
pase-3 activity in PPV-infected cells. As shown in Fig. 2B, the
activity of caspase-3 was significantly inhibited in caspase-9
inhibitor-treated cells, but was not in caspase-8 inhibitor-treated
cells.

Caspase-3, as an effector caspase, can cleave some protein sub-
strates to trigger the apoptotic process [20]. Therefore, we further
determined the cleavage of PARP by western blot. As shown in
Fig. 2C, the cleavage of PARP was detected after 12 h p.i., whereas



Fig. 2. The enzymatic activities of caspase-8, -9 and -3 in PPV-infected cells. (A) Caspase activity in PPV-infected cells. The activity of caspases-8, -9 and -3 in PK-15 cells
infected with 1.0 MOI of PPV for indicated times were measured using the colorimetric assay kits. ⁄P < 0.05, ⁄⁄P < 0.01 versus the control group (0 h). (B) The effect of initiator
caspase-8 or -9 on the activation of caspase-3. Cells were incubated with 20 lM of caspase inhibitors for 1 h and then infected with 1.0 MOI of PPV for 24 h. Z-IETD-FMK and
Z-LEHD-FMK were used to inhibit the activation of caspase-8 and caspase-9, respectively. ⁄⁄P < 0.01 versus PPV infection alone without inhibitor for 24 h. (C) The cleavage of
PARP in PPV-infected cells. PK-15 cells were infected with 1.0 MOI of PPV for indicated times. Expression level of PARP was analyzed by western blot. The values are
means ± SEM and representative of three independent experiments.

Fig. 3. PPV-induced apoptosis of PK-15 cells was mediated by the activation of mitochondrial pathway. PK-15 cells were infected with PPV at 1.0 MOI for indicated times. The
cell lysates, cytosolic protein and mitochondrial protein were subjected to western blot analysis. (A) The expression of Fas or FasL in PPV-infected cells. (B) The cleavage of Bid
in PPV-infected cells. (C) The changes of Bax and Bcl-2 in PPV-infected cells. (D) The translocation of Bax and release of mitochondrial cytochrome c (Cyt c) in PPV-infected
cells. b-Actin and Cox-4 were used as endogenous controls for gene expression analysis of the cytosolic fractions and the mitochondrial fractions, respectively. All the data
shown are representative of three independent experiments.
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no cleaved PARP was detected in mock-infected cells. These results
suggested that caspase-9 and -3 were activated in the PPV-induced
apoptotic cells. Taken together, these results demonstrated that
PPV infection triggered apoptosis in PK-15 cells through activation
of caspase-9 and -3, but not caspase-8.
3.4. PPV induction of apoptosis was regulated by the mitochondria-
mediated apoptotic pathway

Consistent with the nonactivated caspase-8, the expression of
Fas and FasL did not appear significant changes in the process of



Fig. 4. The roles of p53 in PPV-induced cell apoptosis. PK-15 cells were pretreated with PFT-a (20 lM) for 1 h, and infected with PPV at 1.0 MOI for indicated times. (A) The
accumulation and phosphorylation of p53 in PK-15 cells. Total protein was harvested for detection of p53 and p-p53 by western blot. (B) The effect of PFT-a on p53
translocation (from cytosol to nucleus) at 24 h p.i. Histone was measured as endogenous control for nuclear fractions. (C) The effects of PFT-a on the expression of Bax and
Bcl-2 at 24 h p.i. (D) Effects of PFT-a on Bax translocation and cytochrome c (Cyt c) release at 24 h p.i. (E) Effect of PFT-a on activity of caspase-3 in PPV-infected cells. PFT-a
treated cells were infected by PPV for 24 h, cell lysates were extracted for colorimetric assay. (F) Effect of PFT-a on apoptosis rate of PPV-infected cells at 24 h p.i. The values
are means ± SEM of three independent experiments. ⁄P < 0.05, ⁄⁄P < 0.01 versus PPV-infected cells without PFT-a treatment.
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PPV-induced apoptosis (Fig. 3A), and cleavage of Bid was also
hardly observed in PPV-infected cells by western blot (Fig. 3B),
suggesting that the extrinsic pathway was not triggered in the pro-
cess of PPV-induced apoptosis.

Next, we evaluated the expression of Bcl-2 family members and
mitochondrial proteins in PK-15 cells infected with PPV at 1.0 MOI.
Compared with mock infected cells, the level of pro-apoptotic Bax
protein was gradually increased at 6 h p.i., while the expression of
anti-apoptotic member Bcl-2 protein was decreased slightly in
PPV-infected cells correspondingly (Fig. 3C), suggesting that PPV
infection increased the ratio of Bax/Bcl-2, which was in favor of
the disruption of mitochondrial function and the occurrence of
apoptosis. Thus, we further analyzed the content of Bax and cyto-
chrome c in the extract from either cytosol or mitochondria of
PPV-infected cells. As shown in Fig. 3D, the level of Bax protein
was found to be decreased in cytosol at 6 h p.i., accompanied by
a corresponding increase in the mitochondrial fraction, while the
release of mitochondrial cytochrome c (Cyt c) was observed at
12 h p.i., however, all of these changes could not be detected in
mock infected cells. Taken together, these results suggested that
the regulation of Bcl-2 family members and activation of mito-
chondria-mediated apoptotic pathway played pivotal roles in the
apoptosis induced by PPV infection in PK15 cells.
3.5. Characterization of the p53 status in PPV induction of cell
apoptosis

The mitochondrial pathway of apoptosis is tightly regulated by
the transcription dependent mechanisms of p53 [21]. The protein
stability and transactivation activity of p53 are associated with
several posttranslational modifications, including N-terminus
regions phosphorylation, nuclear localization and DNA binding
activity [22]. To further investigate the upstream apoptotic signals
in PPV-inducted apoptosis, we detected the levels and activity of
p53. In PK-15 cells, PPV infection promoted the accumulation of
total cellular p53 as early as 3 h p.i. compared to mock-infected
controls and remained elevated till 24 h p.i. Phosphorylation of
p53 at serine 15, 20 and 46 were detected at 3, 6, 12 h p.i., respec-
tively (Fig. 4A). Pifithrin-a (PFT-a), a specific inhibitor of p53
signaling that inhibits p53-dependent transcription of p53-
responsive genes, was used to detected the effects of p53 on
PPV-induced mitochondria apoptotic pathway. Pretreatment of
PK-15 cells with PFT-a blocked PPV-induced nucleus translocation
of p53 (Fig. 4B), and interfered with the expression of Bax but no
effect on Bcl-2 at 24 h p.i. (Fig. 4C). Then, the mitochondrial trans-
location of Bax and release of Cyt c were partially attenuated
(Fig. 4D), followed by the distinct decrease of caspase-3 activity
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in PFT-a treated cells (Fig. 4E). Compared to PPV-infected cells
without PFT-a treatment, apoptosis rate of PFT-a treated cells
was decreased from 18.89% to 10.93% (P < 0.05) (Fig. 4F). These
results suggested that PPV infection promoted the accumulation
and transcriptional activity of p53 to regulate the mitochon-
drion-mediated apoptosis pathway.
4. Discussion

Apoptosis is an important event in viral diseases pathogenesis
and generally exhibits a series of morphological and molecular
changes distinguished from other cell death subroutines [23]. In
the present study, we observed that PPV infection induced evident
apoptotic features in PK-15 cells, including chromatin condensa-
tion, DNA fragmentation and caspase-3/-9 activation, and found
that p53, as a key regulator, modulated mitochondria-mediated
apoptotic pathway to control the occurrence of apoptosis in PPV-
infected PK-15 cells.

The activation of caspase cascades plays essential roles in initi-
ation and execution of apoptosis induced by virus infection [24,25].
In PPV-infected cells, FasL was not detected. In addition, Bid, a spe-
cific proximal substrate of caspase-8, was not cleaved in PPV-
infected cells, suggesting that Fas-mediated death receptor path-
way was not involved in PPV induction of apoptosis. While the
activation of caspase-9/-3 and cleavage of PARP indicated the
potential of the mitochondria pathway. As predicted, PPV infection
increased the expression of pro-apoptotic member Bax protein and
decreased anti-apoptotic member Bcl-2, causing mitochondrial
outer-membrane permeabilization, followed by release of cyto-
chrome c and translocation of Bax, which contributed to the forma-
tion of apoptosome, then initiator caspase-9 and downstream
executor caspases were activated. These results were consistent
with the observation in canine [13] and murine [14] parvovirus,
suggesting that apoptosis induced by PPV infection was mitochon-
drion-mediated.

Previous reports have provided that the p53 tumor suppressor
protein is a transcriptional activator, regulating the expression of
Bax, Bcl-2 and some other apoptotic genes [26,27]. Our studies
demonstrated that PPV infection increased the accumulation and
activity of p53 in PK-15 cells, which preceded caspases activity
and expression changes of Bcl-2 family members. Phosphorylation
of p53 at serine 15, 20 and 46 in PPV-infected cells enhanced the
stability and transcriptional activity of p53, resulting in nuclear
translocation of cytoplasmic p53 [28]. Specific inhibition of p53
translocation to nucleus by PFT-a decreased the expression and
translocation of Bax. Suppression of Bax partially alleviated PPV-
induced cytochrome c release and caspase-3 activation and might
control the dysfunction of mitochondrial membrane potential [29].
These results indicated that p53 was required for induction of
mitochondrion-mediated apoptosis pathway during PPV infection.

In conclusion, our results demonstrated that PPV infection
impact on PK-15 cells fate through activation of p53 and mitochon-
dria-mediated apoptosis signaling. Our results may shed light on
the pathogenesis of PPV infection and provide insights into the
relationship between host and PPV. However, the complete molec-
ular mechanisms underlying PPV induction of cell death need to be
unveiled deeply.
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