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a b s t r a c t

Ochratoxin A (OTA), a worldwide mycotoxin found in food and feeds, is a potent nephrotoxin in animals
and humans. Porcine circovirus-associated disease (PCVAD), including porcine dermatitis and nephro-
pathy syndrome, is a worldwide swine disease. To date, little is known concerning the relationship
between OTA and porcine circovirus type 2 (PCV2), the primary causative agent of PCVAD. The effects of
OTA on PCV2 replication and their mechanisms were investigated in vitro and in vivo. The results in vitro
showed that low doses of OTA significantly increased PCV2 DNA copies and the number of infected cells.
Maximum effects were observed at 0.05 μg/ml OTA. The results in vivo showed that PCV2 replication was
significantly increased in serum and tissues of pigs fed 75 μg/kg OTA compared with the control group
and pigs fed 150 μg/kg OTA. In addition, low doses of OTA significantly depleted reduced glutathione and
mRNA expression of NF-E2-related factor 2 and γ-glutamylcysteine synthetase; increased reactive
oxygen species, oxidants, and malondialdehyde; and induced p38 and ERK1/2 phosphorylation in PK15
cells. Adding N-acetyl-L-cysteine reversed the changes induced by OTA. Knockdown of p38 and ERK1/2
by their respective specific siRNAs or inhibition of p38 and ERK1/2 phosphorylation by their respective
inhibitors (SB203580 and U0126) eliminated the increase in PCV2 replication induced by OTA. These
data indicate that low doses of OTA promoted PCV2 replication in vitro and in vivo via the oxidative
stress-mediated p38/ERK1/2 MAPK signaling pathway. This suggests that low doses of OTA are
potentially harmful to animals, as they enhance virus replication, and partly explains why the morbidity
and severity of PCVAD vary significantly in different pig farms.

& 2014 Elsevier Inc. All rights reserved.

Ochratoxins were the first major group of mycotoxins identified
after the discovery of aflatoxins and are produced by some fungal
species of Aspergillus and Penicillium [1,2]. Ochratoxin A (OTA),
which has a long biological half-life, is a worldwide mycotoxin that
naturally occurs in food and feeds such as corn silage, barley, oats,
rye, wheat, and other plant products [3,4]. It has been reported
that the contamination levels of OTA in feed and blood vary
between farms and countries [5,6]. As a consequence of its wide-
spread occurrence in food and feeds, livestock are continuously
exposed to OTA. Previous studies indicated that OTA exposure
produces a potent nephrotoxin in animals [7–9]. In addition to
being a nephrotoxin, OTA has hepatotoxic and immunotoxic
effects [10,11]. The molecular mechanisms behind these effects
of OTA include interference with antioxidant enzymes and altera-
tions in DNA structure [12]. In particular, OTA induces depletion of

NF-E2-related factor 2 (Nrf2) and γ-glutamylcysteine synthetase
(γ-GCS) mRNA levels and reduces glutathione (GSH) levels [13,14]
and protein-bound sulfhydryl groups, resulting in enhanced pro-
duction of reactive oxygen species (ROS). Reactive oxygen species
play key roles in the regulation of many signaling pathways [15–
17] such as the signal transduction pathways of p38 and extra-
cellular signal-regulated kinases 1/2 (ERK1/2) mitogen-activated
protein kinases (MAPKs), two MAPKs that are involved in the
regulation of cell proliferation, differentiation, and apoptosis
[18,19] and are activated in response to oxidative stress [20–22].

Porcine circovirus (PCV) is classified in the genus Circovirus of the
Circoviridae family. Two genotypes of PCV have been recognized:
PCV type 1 (PCV1) and PCV type 2 (PCV2). Although widespread in
pigs, PCV1 is considered to be nonpathogenic [23]. On the other
hand, PCV2 is the primary causative agent of several syndromes
collectively known as porcine circovirus-associated disease (PCVAD).
This cluster of diseases includes postweaning multisystemic wasting
syndrome (PMWS), which is a newly emerging worldwide swine
disease first reported in Canada in 1991 [24]; porcine dermatitis and
nephropathy syndrome; and porcine respiratory disease complex.
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The impact of PCVAD on production costs is significant, at up to $20
per pig in the United States [25]. The clinical signs of PCVAD are
nonspecific and variable. According to the American Association of
Swine Veterinarians, PCVAD can be subclinical or can include one or
more clinical manifestations, including multisystemic disease with
weight loss and high mortality, respiratory disease, porcine derma-
tologic and nephropathy syndrome, enteric signs including diarrhea,
and reproductive disorders on an individual or herd basis [25–27].
However, not all pigs infected with PCV2 will develop PCVAD, and
the severity levels differ in different pig farms. PCVAD development
has been linked to animal management, presence of concurrent viral
infections, stimulation of the immune system, and nutrition [28,29],
suggesting that other trigger factors are associated with the disease.
Our previous study indicated that oxidative stress enhanced PCV2
replication in vitro [30], which may partly explain the differences in
morbidity and severity of PCVAD in pig farms. However, to date, the
reason PCV2 infection is very common but PCVAD occurrence is
variable between pig farms remains unresolved.

To date, little is known concerning the relationship between
OTA and viral infection. Because OTA levels in feeds have been
found to vary [5,6], OTA has been suggested to cause oxidative
stress [9,31], and previous work has indicated that oxidative stress
enhances PCV2 replication [30]. Therefore, we hypothesize that:
(i) OTA promotes PCV2 replication, (ii) the differences in morbidity
and severity of PCVAD in different pig farms may be related to OTA
contamination level in feeds, (iii) OTA affects PCV2 replication via
the oxidative stress-mediated p38/ERK1/2 MAPK signaling path-
way, and (iv) low doses of OTA are potentially harmful to animals
because they enhance virus replication. Thus, the objectives of the
present work were to study the effects of OTA on PCV2 replication
in vitro and in vivo and the signal pathway mechanisms involved.

Materials and methods

Cell culture and virus infection

Porcine kidney 15 (PK15) cells, free of PCV, were provided by
the China Institute of Veterinary Drug Control. The cells were
maintained in Dulbecco's minimal Eagle's medium (DMEM; Invi-
trogen, USA) supplemented with heat-inactivated 8% fetal bovine
serum (FBS), penicillin (100 U/ml), and streptomycin (100 μg/ml)
at 37 1C in a humidified atmosphere containing 5% CO2. PCV type
was determined through sequencing (Invitrogen). Stocks of PCV2
were generated using the following procedure: PK15 cells were
infected with PCV2 at a multiplicity of infection (m.o.i.) of 1, when
cells had reached approximately 40–50% confluence. After 1 h
absorption, the inoculum was removed, and the cell monolayer
was washed three times with phosphate-buffered saline (PBS).
DMEM including 2% FBS, penicillin (100 U/ml), and streptomycin
(100 μg/ml) was subsequently added and incubation continued at
37 1C for 72 h. Next, the infected cells were subcultured in DMEM
and the PCV2 was serially passaged in PK15 cells. The virus
harvested at each passage was stored at �80 1C.

Cell toxicity assay

PK15 cells (3�103 cells/well) were cultured for 24 h in 96-well
plates and then exposed to different concentrations of OTA for
48 h and subjected to the colorimetric 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Sigma, USA).
Absorbance was measured at 490 nm with a secondary wave-
length of 650 nm. All tests were performed four times.

Quantitative real-time PCR

Quantitative real-time PCR was performed to determine both
the number of PCV2 DNA copies and the levels of p38, Nrf2, and γ-
GCS mRNA in PK15 cells. For PCV2 measurements, DNA was
extracted using the TaKaRa DNA Mini kit (TaKaRa, China) and the
purified DNAwas used as a template for PCR amplification using 50-
TAGTATTCAAAGGGCACAG-30 and 50-AAGGCTACCACAGTCAG-30 as
forward and reverse primers to amplify a 117-bp fragment from the
ORF2 gene of PCV2. Quantitative real-time PCR was carried out
using the ABI Prism Step One Plus detection system (Applied
Biosystems, USA). A recombinant pMD19 plasmid vector (TaKaRa)
containing a PCV2 genome insert as a reference and a TaKaRa SYBR
green real-time PCR kit were used.

Primers for analysis of p38 and β-actin (a control housekeeping
gene) were designed using Primer Premier software (Premier
Biosoft International, Palo Alto, CA, USA) based on known porcine
sequences. The forward primer 50-ACAAGACAATCTGGGAGGTA-30

and the reverse primer 50-CACTGCAACACGTAACCC-30 were used to
amplify a 116-bp fragment for the p38 gene. The forward primer 50-
CTGCGGCATCCACGAAACT-30 and the reverse primer 50-AGGGCCGT-
GATCTCCTTCTG-30 were used to amplify a 147-bp fragment for the
β-actin gene. The primer sequences used for Nrf2 [32] and γ-GCS
[33] were obtained from published articles. Total RNA was
extracted from PK15 cells using the RNAiso Plus kit (TaKaRa)
according to the manufacturer's protocol. Potential DNA contam-
ination of the extraction was eliminated using the DNA-Free kit
(TaKaRa) and the RNA quality was assessed by the absorbance ratio
at 260/280 nm. First-strand cDNA was synthesized and PCR was
carried out using the ABI Prism Step One Plus detection system
(Applied Biosystems) as described previously [34]. The relative
mRNA levels of target genes were determined using the Δ cycle
threshold (ΔCt) method with β-actin serving as a reference gene.
For the target genes, the ΔΔCt values of all the samples were
calculated by subtracting the average ΔCt of the samples from the
ΔCt of the control samples (PK15 cells without transfection). The
ΔΔCt values were converted to fold differences by raising 2 to the
power of �ΔΔCt (2�ΔΔCt) [34].

Indirect immunofluorescence assay (IFA)

PK15 cells were washed with PBS containing 0.1% Tween 20
(PBST) and fixed in 4% paraformaldehyde. After three washes, the
cells were perforated with 0.1% Triton X-100 and then blocked in
PBST containing 1% bovine serum albumin (BSA) at 37 1C for 45 min
to prevent nonspecific binding. Next, the cells were incubated at
37 1C for 1 h with porcine anti-PCV2 antibody (UnivBiotech, China)
diluted in PBST containing 1% BSA (PBSTB; 1:50), and after three
washes with PBST, FITC-conjugated rabbit anti-pig antibody (Sigma;
diluted 1:100 in PBSTB) was added and incubated for 1 h at 37 1C.
After three washes, the cells were examined under a fluorescence
microscope. Cells positive for PCV2 viral antigens were counted in
six fields of view.

GSH and malondialdehyde (MDA) assays

Cell extracts were prepared by sonication (Sonics VCX105, USA)
in ice-cold PBS and centrifuged at 12,000 rpm for 20 min to remove
debris. The supernatant fluid was collected and GSH levels were
determined spectrophotometrically at 412 nm by reaction with 5,50-
dithiobis-(2-nitrobenzoic acid) as described previously [35] using
commercially available kits (Jiancheng, China). MDA levels were
measured spectrophotometrically at 532 nm using the thiobarbituric
acid reaction method as described previously [36] using commer-
cially available kits (Jiancheng). Total protein concentration was
determined using a BCA protein assay kit (Beyotime, China). The
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data were expressed as nanomoles of GSH or MDA per milligram of
protein.

Intracellular ROS assay

Intracellular ROS in PK15 cells were measured with 20,70-dichlor-
ofluorescein diacetate (DCFH-DA; Sigma) as described previously
[37]. In brief, after the culture medium was removed, the cells were
washed three times with PBS. After dilution to a final concentration
of 10 mM with serum-free DMEM, DCFH-DA was added to the cells
and incubated for 30 min at 37 1C. Next, cells were washed three
times with PBS. The cells were resuspended in PBS and the total
intracellular fluorescence intensity was measured for more than
10,000 cells of each sample by flow cytometry (FACSCalibur, Becton–
Dickinson, USA). The level of total intracellular ROS, paralleled by an
increase in fluorescence intensity, was calculated as the percentage
of control cells without PCV2 infection.

Intracellular oxidants assay

Intracellular oxidant levels in PK15 cells were measured with
MitoSOX red mitochondrial superoxide indicator (Invitrogen) as
described previously [37]. Briefly, after the culture medium was
removed, the cells were washed three times with PBS. MitoSOX red
mitochondrial superoxide indicator, diluted to a final concentration
of 4 mM with serum-free DMEM, was added to the cells and
incubated for 10 min at 37 1C while being protected from light.
The cells were then washed three times with PBS. The cells were
resuspended in PBS and the fluorescence was measured immedi-
ately by FACSCalibur flow cytometer. The level of intracellular
oxidant levels, paralleled by an increase in fluorescence, was
calculated as the percentage of control cells without PCV2 infection.

Cell lysis and Western blot

PK15 cells were harvested into 80 μl of lysis buffer containing
protease inhibitor (Beyotime) and were sonicated (Sonics VCX105).
The lysate was centrifuged at 12,000 rpm for 20 min at 4 1C and the
supernatant fluid was immediately collected for use. Protein con-
centration was determined using the BCA kit (Beyotime). Sixty
micrograms of protein was diluted in sample loading buffer and
heated at 95 1C for 5 min. The denatured proteins were resolved by
12% sodium dodecyl sulfate–polyacrylamide gel electrophoresis and
transferred to polyvinylidene difluoride membranes. The mem-
branes were blocked for 40 min at room temperature in Tris-
buffered saline containing 5% BSA and 0.1% Tween 20, followed by
overnight incubation at 4 1C in specific primary antibodies (anti-
ERK1/2, anti-p-ERK1/2, anti-p38, anti-p-p38, or anti-β-actin) from
the cell signaling pathway. The membranes were washed and
incubated in secondary antibody (polyclonal anti-rabbit–horseradish
peroxidase from Sigma) at room temperature for 1 h. Blots were
visualized according to the standard enhanced chemiluminescence
system (Bio-Rad, USA).

Small interfering RNA (siRNA) transfection

A p38-specific siRNA was designed using the sequence of Sus
scrofa p38 mRNA (GenBank Accession No. XM_003356616.1) and
Invitrogen BlockiT RNAi designer. ERK-specific siRNA and control
siRNA sequences were obtained from published papers [35,38].
The p38-specific siRNA sequence was 50-GCAGGAGCUGAACAAGA-
CAtt-30. The ERK1/2-special siRNA sequence was 50-CUCCAAAG-
CUCUGGAUUUAtt-30. The control siRNA had the sequence 50-
UUCUCCGAACGUGUCACGUtt-30. The three double-stranded RNAs
were synthesized by Invitrogen. Duplexes were resuspended in
RNA-free water to obtain 20 μM solutions before use. PK15 cells in

DMEM 8% FBS without antibiotics were seeded in 12-well plates at
a density of 8�104 cells/well and incubated overnight at 37 1C.
When cells were 30–50% confluent, siRNA was introduced using
the X-tremeGene siRNA transfection reagent (Roche, USA) accord-
ing to the manufacturer's protocol. Transfection reagent (2.5 μl)
and 0.5 μg siRNA were added to each well and incubated for 5 h.
The cells were then washed with DMEM and transferred to
DMEMþ4% FBS.

Production of OTA

Aspergillus ochraceus (No. 3.4411) for production of OTA was
purchased from the Institute of Microbiology, Chinese Academy of
Sciences, China, and grown on sterilized shredded corn (250 g)
moistened by a 40% (v/w) addition of sterile water in 500-ml
conical flasks, by incubation on a rotary shaker at 28 1C for
2 weeks. The brown granular product, which bore no obvious sign
of fungal growth or sporulation, was sterilized at 100 1C for 20 min
(yield 6 kg) and stored at �20 1C. A sample was analyzed by LC–
MS/MS with diode array detection for OTA and found to contain
�20 μg/g corn substrate. The OTA-rich shredded corn was then
homogenized into pig rations to give the required concentration of
OTA in the basal diet.

Determination of OTA by LC–MS/MS

OTA extraction
OTA was extracted from corn substrate and basal diet as

described previously [39] with some modification. Two grams of
corn substrate or basal diet was mixed with 10 ml acetonitrile/water
(80/20, v/v) in a 50-ml centrifuge tube and vortexed for 2 min and
then was sonicated for 1 h and centrifuged at 4000 rpm for 15 min.
The supernatant fluid (5 ml) was transferred into a 10-ml centrifuge
tube and dried under nitrogen at 50 1C. One milliliter of acetonitrile/
water (v/v 20/80) was then added and the solution was filtered
through a 0.22-μm nylon membrane before LC–MS/MS.

OTA was extracted from the serum or tissues using the method
described previously [40]. Serum or tissue homogenates (1 ml) were
mixed with 5 ml methanol/water (80/20) in a 10-ml centrifuge tube
and vortexed for 2 min and then sonicated for 1 h and centrifuged at
4000 rpm for 15 min. Five milliliters of supernatant fluid was
transferred to a 10-ml centrifuge tube and dried under nitrogen
gas at 50 1C. After drying, the residue was resuspended in 500 μl
acetonitrile/water (20/80, v/v) containing 10 mmol/L ammonium
acetate by shaking and was then filtered as described above.

Standard solution
Accurately weighed solid portions of OTA (1.0070.01 mg)

were dissolved in 1 ml of ethanol to prepare a 0.5 mg/ml stock
solution and stored at �20 1C in amber glass vials. The working
standard solutions of OTA were prepared by suitably diluting the
stock solution with the mixture of acetonitrile/water (20/80, v/v)
containing 10 mmol/L ammonium acetate and were stored at 4 1C
in the dark. Accordingly, the stock solution of the IS ([13C20]OTA)
was used as purchased and diluted with the aforementioned
combined solution to 50 ng/ml. All working solutions were pre-
pared immediately before use.

LC–MS/MS
The OTA concentration was measured by LC–MS/MS (TSQ

Quantum Ultra, Thermo Scientific, USA) equipped with electro-
spray ionization (ESI). The chromatographic separation was per-
formed on an Agilent Poroshell 120EC-C18 column (50�2.1 mm,
3.0 μm) with a flow rate of 0.3 ml/min. The mobile phases
consisted of (A) water containing 0.05% formic acid and 5 mM
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ammonium acetate and (B) methanol. A linear gradient elution
program was applied using the following procedure. After an
initial time of 1 min at 90% A, B was increased to 100% within
2 min and maintained for 0.5 min, then reduced to 10% B over
0.5 min, with an equilibration time of 1 min. The injection volume
was 5 μl and the sample temperature was set at 4 1C.

The MS analysis was performed in positive ESI mode with a
spray voltage of 4 kV. The vaporizer temperature was 300 1C, and
the capillary temperature was 350 1C. Sheath gas pressure and aux
valve flow were 30 psi and 20 arb, respectively. The collision gas
pressure was 1.5 mtorr. Data acquisition and processing were
performed using Xcalibur software (Thermo Scientific). Addition-
ally, the parent ion (m/z) of OTA was 404.25 and the product ions
and collision energy were 239.1 and 22 ev, respectively. The most
intense production was employed as the quantifying ion, and the
less intense signals were used as qualifying ions for confirmation
of toxin identity [40].

Animals and feeding experiment

The study was conducted in a 300-sow pig farm. Clinical signs
of PMWS were observed on the farm, and the farm was known to
be enzootically infected with PCV2 based on previous serologic
analysis. Sixty weanling piglets (Landrace�Yorkshire�Duroc) age
6 weeks were selected for detection of PCV2 infection by real-time
PCR. PCV2 DNA copies detected by real-time PCR were 103–105

because of natural infection.
A total of 27 piglets of approximately equal body weight

(10.570.55 kg) were selected for the experiment, and the average
of PCV2 DNA copies detected by real-time PCR was 103.37. The pigs
were randomly divided into three groups and kept under similar
conditions of climate, ventilation, temperature, humidity, and light
in different rooms. Each group had three replicates, with 3 piglets
per replicate. The pigs were fed ad libitum either a good quality
commercial pig ration (control) provided by the pig farm or the
same ration artificially contaminated with the fermented OTA-rich
shredded corn to give the desired contamination levels of OTA in
the diet (75 and 150 μg/kg) for 42 days. All animals had free access
to tap water. Each pig was weighed at the beginning and the end
of the feeding trial. This study met the standards of the European
Guidelines for Animal Welfare and the study protocol was
approved by the Committee for the Care and Use of Experimental
Animals at the Agriculture University of Nanjing, and the Animal
Ethics Number for the study is SYXK (Su) 2011-0036.

Clinical monitoring was carried out daily. Blood samples of six
pigs in each group were taken through the precaval vein on days 0,
14, 28, and 42 until the termination of the experiment. At the end
of the experiment on day 42 (12 weeks of age), three piglets were
euthanized and tissue samples of liver, kidney, spleen, lung,
inguinal lymph nodes (ILN), and bronchial lymph nodes (BLN)
were collected. The serum and tissues samples were analyzed for
OTA concentrations by LC–MS/MS and for PCV2 DNA copies by
real-time PCR. The tissue samples were used for sequencing the
PCV2 genomic DNA.

Nucleotide sequencing of the PCV2 isolates from pigs in different
groups

To evaluate whether OTA could result in base pair and amino acid
changes in the PCV2 in pigs, the various full-length PCV2 PCR
products were amplified and sequenced from the DNA extracted
from the pigs in different groups using a method described previously
[41]. Briefly, the purified PCV2 genomic DNA was amplified by PCR
using the primer pair PCV2-F (920–946 nt, 50-ATCCACGGAG-
GAAGGGGGCCAGTT-30) and PCV2-R (925–901 nt, 50-GTGGATTGTT
CTGTAGCATTCTTCCA-30). The amplicon products with an A tail were

purified using the TaKaRa MiniBEST Agarose Gel DNA Extraction kit,
cloned into the pMD19 T vector system (TaKaRa), and transformed
into Escherichia coli competent cells. Positive colonies were detected
using PCR. Plasmid DNA was extracted using the Axygen Plasmid
Miniprep Kit (Axygen Biotechnology Co. Ltd., China) according to the
manufacturer's instructions. Nucleotide sequencing was run at a
commercial facility (Sangon Biotechnology Co., Ltd., China). The
sequences were compared pair-wise at both the nucleotide and the
amino acid levels using Lasergen and DNAMAN software.

Statistical analysis

Statistical analyses were performed by a one-way analysis of
variance followed by Duncan's multiple-range tests to separate the
means using the SPSS computer program for Windows (version
17.0). Results are expressed as the mean7standard error (SE). A p
value of less than 0.05 was considered statistically significant.

Results

Cytotoxic effects of various concentrations of OTA on PK15 cells

To assess whether any potential effect of OTA on PCV2 replication
could be the result of OTA inducing cell toxicity, we examined the
effects of OTA at various concentrations on cell viability. As shown in
Fig. 1, over the range of concentrations used, the viability of PK15
cells was not significantly affected by OTA up to a concentration of
1 μg/ml, but at concentrations of 2.0 and 4.0 μg/ml, OTA lowered cell
viability. Thus, in subsequent experiments, OTA was used at con-
centrations between 0.01 and 1.0 μg/ml.

OTA promotes PCV2 replication in PK15 cells

To identify the potential effect of OTA on PCV2 replication, PK15
cells at a density of 8�104/well in 12-well plates or 8�103/well in
96-well plates were incubated with PCV2 at an m.o.i. of 1 for 24 h
and then in the presence of 0.01–1.0 μg/ml OTA for a further 48 h
or with dimethyl sulfoxide (DMSO) alone as a solvent control
group. As shown in Fig. 2, DMSO had no effect on PCV2 replication.
The log10 PCV2 DNA copies (Fig. 2A) and the number of infected
cells (Fig. 2B) significantly increased after incubation with 0.01,
0.05, 0.1, and 0.5 μg/ml OTA compared with the control group, and
the maximal effects of PCV2 replication were observed in OTA at
0.05 μg/ml. No significant increase was observed in PK15 cells
treated with OTA at 1.0 μg/ml. These results indicate that low
doses of OTA increase PCV2 replication in PK15 cells.

OTA treatment of pigs

The OTA concentration in corn substrate was approximately
20 μg/g, whereas the OTA concentration in the basal diet was

Fig. 1. Effect of OTA on PK15 cell viability. PK15 cells were seeded at a density of
3�103/well in 96-well plates and cultured with OTA for 48 h at 0.01, 0.05, 0.1, 0.5,
1.0, 2.0, and 4.0 μg/ml. Cell viability was determined by MTT assay. Data are
presented as means7SE of four independent experiments. Significance compared
with control, npo0.05 and nnpo0.01.
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below detectable levels. Fig. 3 shows the LC–MS/MS chromato-
gram of the OTA standard, OTA in the corn substrate, and OTA in
the basal diet.

All the pigs remained clinically healthy throughout the entire
experimental period, except one pig from the 75 μg/kg OTA (low
dose) group. This pig began to show clinical signs of PMWS at 10
weeks of age, including wasting, lack of response to antibiotic
treatments, pallor, and dyspnea, and died at 11 weeks of age.

Serum and tissue concentrations of OTA are shown in Fig. 4A
and B. Before the initial exposure on day 0 of the experiment,
there was no detectable OTA or very low OTA in the serum of the
pigs. On days 14, 28, and 42 postfeeding with OTA diets, sign-
ificant increases in serum OTA concentrations were observed.
Levels rose to 0.27–0.47 μg/ml in the 75 μg/kg OTA group and
0.40–0.69 μg/ml in the 150 μg/kg OTA group. In pigs fed the basal
diet, the liver, kidney, spleen, ILN, and BLN tissues had very low
OTA concentrations close to the detection limit, and there was no
detectable OTA in the lung. In contrast, OTA concentrations
increased significantly in the tissues from OTA-treated pigs. Levels
increased from 0.05 to 0.11 μg/g in the 75 μg/kg group and from
0.08 to 0.16 μg/g in the 150 μg/kg OTA-treated group. The OTA
concentration was consistent with the concentration that showed
the promotion effects of OTA on PCV2 replication in the in vitro
experiment.

PCV2 DNA copies in the serum and tissues of pigs are shown in
Fig. 4C and D. Before the initial exposure on day 0 of the
experiment, the mean log10 PCV2 DNA copies was approximately
103.37. On days 14, 28, and 42 after feeding with OTA diets, a
significant increase in PCV2 DNA copies was observed in the
75 μg/kg OTA group on day 42 compared with the control group,
whereas a slight, but not statistically significant, increase in PCV2
DNA copies was observed on days 14 and 28. Significant increases
in PCV2 DNA copies were observed in kidney, spleen, and lung of
pigs treated with 75 μg/kg OTA and in the BLN of pigs treated with
75 and 150 μg/kg OTA. The results in vivo were largely consistent

with the in vitro data indicating that low doses of OTA promote
PCV2 replication but relatively high doses of OTA do not. Thus, in
subsequent experiments, the mechanisms of OTA promotion of
PCV2 replication were studied on PK15 cells.

At the end of the experiment, both groups of pigs treated with
basal diet plus 75 or 150 μg/kg OTA had lower final body weights
(22.2870.43 kg, 22.5670.31 kg), but there were no significant
differences compared with control pigs treated with basal diet
(23.2770.36 kg).

The virus strains isolated from the tissues of control and OTA-
treated pigs were sequenced. As shown in Fig. 5, three strains from
three different groups had a genome of 1,767 nt. The strain from
the 75 μg/kg OTA-treated pigs had 3 base changes at positions 257
(A), 338 (T), and 1368 (T) and the strain from the 150 μg/kg OTA-
treated pigs had 4 base changes at positions 257 (A), 338 (T), 429
(C), and 1368 (T) compared with the strain from control pigs with
bases at positions 257 (T), 338 (C), 429 (T), and 1368 (C). However,
these base changes did not result in amino acid changes of the Rep
and capsid proteins (data shown in Supplementary Fig. 1).

OTA induces oxidative stress in PK15 cells

To understand the increase in oxidative stress by OTA, Nrf2
mRNA, γ-GCS mRNA, GSH, ROS, oxidants, and MDA levels were
measured in PK15 cells. Cells at a density of 2�105/well in six-
well plates were inoculated with PCV2 at an m.o.i. of 1 for 24 h and
then in the presence of OTA at concentrations of 0.01, 0.05, 0.1, and
0.5 μg/ml or DMSO alone for 48 h. As shown in Figs. 6 and 7,
DMSO alone had no effects on the above parameters. Regardless of
whether PK15 cells were infected, OTA treatments significantly
decreased Nrf2 mRNA (Fig. 6A), γ-GCS(H) mRNA (Fig. 6B), γ-GCS
(L) mRNA (Fig. 6 C), and GSH levels (Fig. 6D) and increased ROS
(Fig. 7A), oxidants (Fig. 7B), and MDA levels (Fig. 7C) compared
with the control groups, and OTA at 0.05 μg/ml had the maximum

Fig. 2. OTA promotes PCV2 replication in PK15 cells. PK15 cells were infected with PCV2 for 24 h and then incubated together with OTA at concentrations of 0.01, 0.05, 0.1,
0.5, and 1.0 μg/ml for 48 h. Cells were assayed for (A) PCV2 viral DNA copies by real-time PCR and (B) the number of infected cells by IFA after a further 48 h in the presence of
OTA. Data are presented as means7SE of three independent experiments. Significance compared with control (without OTA and DMSO treatment), npo0.05 and nnpo0.01.
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Fig. 3. LC–MS/MS chromatograms. (A) OTA standard (10 μg/ml), (B) OTA in corn substrate, and (C) OTA in basal diet.
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effects within limits. These results suggest that low doses of OTA
induce cellular oxidative stress.

OTA promotes p38 and ERK1/2 phosphorylation in PK15 cells

Next, we investigated whether OTA could induce p38 and ERK1/2
phosphorylation in PK15 cells. PK15 cells at a density of 2�105/well in
six-well plates were inoculated with PCV2 at an m.o.i. of 1 for 24 h,
and then OTA was added at concentrations of 0.01, 0.05, 0.1, and
0.5 μg/ml. After incubation together for 48 h, the cells were harvested
and p38 and ERK1/2 phosphorylation was analyzed by Western
blotting. As shown in Fig. 8, exposure of the cells to OTA at these
concentrations significantly increased p38 and ERK1/2 phosphoryla-
tion levels in PK15 cells, compared with the control group. The
maximum effects on the phosphorylated forms of p38 (p-p38) and
ERK1/2 (p-ERK1/2) were observed with 0.05 μg/ml OTA. Levels of the
total forms of each MAPK (p38 and ERK1/2) remained unaltered after
OTA exposure. Thus, the data indicate that OTA induces p38 and ERK1/
2 phosphorylation in PCV2-infected PK15 cells.

Both p38 and ERK1/2 mediate promotion of PCV2 replication by OTA-
induced oxidative stress in PK15 cells

Because it has been reported that oxidative stress can activate
the p38 and ERK1/2 MAPK signaling pathway [42,43], we inves-
tigated whether OTA is able to promote PCV2 replication by
activation of p38 and ERK1/2 MAPK in response to the oxidative
stress in PK15 cells. To address this question we assessed the
effects of N-acetylcysteine (NAC) on PCV2 replication, oxidative
stress, and p38 and ERK1/2 phosphorylation. As shown in Fig. 9,
we found that NAC could significantly decrease the number of
PCV2 DNA copies (Fig. 9A) and the number of infected cells
(Fig. 9B), compared with the control group. In addition, NAC
abrogated the effects of OTA on PCV2 replication. OTA decreased
the mRNA expression of Nrf2, γ-GCS(H), and γ-GCS(L) (Fig. 9C) and
GSH levels (Fig. 9D) and increased ROS (Fig. 9D) and oxidant levels

(Fig. 9E) in PCV2-infected PK15 cells. However, NAC reversed the
changes induced by OTA. NAC did not abolish the effects of OTA on
the expression of p38 and ERK1/2, but on their phosphorylation
(Fig. 9F). These results indicate that the mechanism by which OTA
promotes PCV2 replication may be through an oxidative stress-
mediated p38 and ERK1/2 signaling pathway.

ERK- and p38-specific inhibitors attenuate OTA-promoted PCV2
replication in PK15 cells

To understand the correlation between p38 and ERK1/2 signaling
pathways and OTA-promoted PCV2 replication, we tested the effects
of the selective inhibitors SB203580 (p38-specific inhibitor) and
U0126 (ERK-specific inhibitor) on OTA-stimulated PCV2 replication.
As shown in Fig. 10, SB203580 significantly decreased PCV2 DNA
copies (Fig. 10A) and the number of infected cells (Fig. 10B), com-
pared with the control group, and attenuated the promotion of PCV2
replication induced by 0.05 μg/ml OTA (Fig. 10A and B). A similar
effect on PCV2 DNA copy number and the number of infected cells
was observed when cells were treated with U0126 (Fig. 10A and B).
SB203580 and U0126 had no effects on the oxidative stress indices
mentioned above (Fig. 10C, D, and E). SB203580 and U0126 inhibited
p38 and ERK1/2 phosphorylation, respectively (Fig. 10F). These
results indicate that inhibition of the p38 and ERK1/2 signaling
pathways attenuate OTA-promoted PCV2 replication in PK15 cells.

ERK- and p38-specific siRNAs inhibit OTA-promoted PCV2 replication
in PK15 cells

We used p38 siRNA and ERK siRNA to silence the expression of
the p38 and ERK signaling pathways, and the extent of p38 and ERK
knockdown was evaluated by determination of p38, p-p38, ERK1/2,
and p-ERK1/2 after PK15 cells were transfected with p38-specific,
ERK-specific, or a control siRNA (ssiRNA). As shown in Fig. 11,
transfection of PK15 cells with corresponding siRNA resulted in
significant decreases in p38 and ERK1/2 expression and their

Fig. 4. OTA concentration and PCV2 DNA copies. (A, B) OTA concentration in (A) serum and (B) liver, kidney, spleen, lung, ILN, and BLN from pigs fed either basal diet
(control) or basal diet with added OTA at 75 and 150 μg/kg. (C, D) PCV2 DNA copies in (C) serum and (D) liver, kidney, spleen, lung, ILN, and BLN from the same pigs were
assessed by real-time PCR. Data are presented as means7SE. Significance compared with control, npo0.05 and nnpo0.01.
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phosphorylation (Fig. 11A and B). Transfection of PK15 cells with
corresponding siRNA had no effects on the oxidative stress indices
mentioned above (Fig. 11C, D, and E).

To address whether p38 and ERK play key roles in the PCV2
replication promotion induced by OTA, PK15 cells were cultured

overnight and then transfected with p38, ERK, or a control siRNA.
After 5 h of transfection treatment, the medium was removed, and
fresh basal medium and OTA were added for a 48-h culture. As
shown in Fig. 12, a significant decrease in PCV2 DNA copies
(Fig. 12A) and the number of infected PK15 cells (Fig. 12B) in cells

Fig. 5. Sequence alignment of a fragment of the virus genomic sequence from control group and OTA-treated pigs.

F. Gan et al. / Free Radical Biology and Medicine 80 (2015) 33–4740



treated with the p38 or ERK siRNA without or with OTA was
observed compared with the control or OTA group, respectively.
Overall, these results demonstrate that the p38 and ERK1/2
signaling pathways are necessary for the promotion of PCV2
replication induced by OTA in PK15 cells.

Discussion

It has been reported that OTA contamination levels in feed and
in pig blood vary considerably between farms and countries [44].
It is also known that PCV2 infection is very common, but the
morbidity and severity of PCVAD vary in different pig farms. The

present work is the first to investigate the relationship between
OTA concentration and PCV2 replication in vitro and in vivo. The
in vitro data show that an increase in PCV2 replication is induced
by low doses of OTA in PK15 cells. To verify the results in vitro, we
used PCV2-positive infected pigs as models and found that a low
dose of OTA could increase PCV2 replication in the blood and
tissues of pigs, but a relatively high dose could not. The OTA
concentrations that promoted PCV2 replication in blood and
tissues were consistent with those in PK15 cells. Thus, we
investigated the mechanism of OTA promotion of PCV2 replication
in PK15 cells as an in vitro model and found that OTA affects PCV2
replication through oxidative stress-mediated p38 and ERK1/2
MAPK signaling pathways. The work indicates that OTA may act

Fig. 6. Effects of OTA on Nrf2 and γ-GCS mRNA levels and reduced GSH levels in PK15 cells. PK15 cells were incubated with or without PCV2 for 24 h before OTA treatment.
Cells were harvested after a further 48 h in the presence of OTA. The (A) Nrf2 and (B, C) γ-GCS mRNA levels and (D) reduced GSH levels were assayed as described under
Materials and methods. Data are presented as means7SE of three independent experiments. Without PCV2 infection, significance compared with control, npo0.05 and
nnpo0.01. With PCV2 infection, significance compared with control, #po0.05 and ##po0.01.

Fig. 7. Effects of OTA on ROS, oxidants, and MDA levels in PK15 cells. PK15 cells were incubated with or without PCV2 for 24 h before OTA treatment. Cells were harvested
after a further 48 h in the presence of OTA. Levels of (A) ROS, (B) oxidants, and (C) MDA were assayed as described under Materials and methods. Data are presented as
means7SE of three independent experiments. Without PCV2 infection, significance compared with control, npo0.05 and nnpo0.01. With PCV2 infection, significance
compared with control, #po0.05 and ##po0.01.
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Fig. 8. OTA activates p38 and ERK1/2 MAPK in PK15 cells. PK15 cells at a density of 2�105/well in six-well plates were inoculated with PCV2 for 24 h and then OTA was
added at concentrations of 0.01, 0.05, 0.1, and 0.5 μg/ml, and incubation continued for 48 h. After harvest, the cell proteins were extracted and subjected to Western blotting
as described under Materials and methods. Data are presented as means7SE of three independent experiments. Significance compared with control, npo0.05 and
nnpo0.01.

Fig. 9. Effects of OTA and/or NAC on PCV2 replication, oxidative stress, and p38 and ERK1/2 phosphorylation in PCV2-infected PK15 cells. PK15 cells were inoculated with
PCV2 for 24 h and then with OTA (0.05 μg/ml), NAC (4 mM), or OTA and NAC together before the cells were incubated for an additional 48 h. Cells were harvested and assayed
for (A) PCV2 DNA copies, (B) the number of infected cells, (C) Nrf2 and γ-GCS mRNA levels, (D) GSH and ROS levels, (E) oxidant levels, and (F) p38 and ERK1/2
phosphorylation as described under Materials and methods. Data are presented as means7SE of three independent experiments. Significance compared with control,
npo0.05 and nnpo0.01. Significance compared with OTA, #po0.05 and ##po0.01.
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as an important trigger for PCV2 infection, which could partly
explain why the morbidity and severity of PCVAD vary between
pig farms. In addition, the results suggest that low doses of OTA
may be harmful to animals by enhancing replication of the virus.

In the present in vitro experiment, the viability of PK15 cells was
significantly lowered by OTA at a concentration above 1.0 μg/ml,
consistent with previous studies [45,46]. In contrast, at OTA con-
centrations of 0.01–0.5 μg/ml, no cytotoxicity was observed, but
PCV2 replication was significantly enhanced, particularly at 0.05

μg/ml. Therefore, the promotion of PCV2 replication induced by low
doses of OTA seems specific and unrelated to cell toxicity. However,
we found that OTA at 1.0 μg/ml lowered cell viability and caused no
significant increase in PCV2 replication. We speculate that the effects
of different OTA concentrations are related to both the association of
the extent of PCV2 replication with oxidative stress and the cell's
physiological state. It is known that virus replication requires a cell
to be in a good physiological state. When a cell's physiological
state is not affected by OTA, oxidative stress could promote virus

Fig. 10. SB203580 and U0126 reverse PCV2 replication promotion induced by OTA in PK15 cells. PCV2-infected cells were incubated with OTA (0.05 μg/ml) with or without
SB203580 (10 μM) or U0126 (10 μM). Cells were assayed for (A) PCV2 viral DNA copies and (B) the number of infected cells, (C) mRNA levels of Nrf2 and γ-GCS, (D) GSH and
ROS levels, (E) oxidant levels, and (F) p38 and ERK1/2 phosphorylation levels as described under Materials and methods. Data are presented as means7SE of three
independent experiments. Significance compared with control, npo0.05 and nnpo0.01. Significance compared with OTA, #po0.05 and ##po0.01.
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replication, but when the cell's physiological state is lowered by OTA,
although OTA could induce oxidative stress, it could not promote
PCV2 replication.

In the present experiment in vivo, diets containing 75 and 150 μg
OTA/kg were used to feed pigs for 42 days. The lower level was
higher than the recommended dose limits of 50 μg OTA/kg set by
the European Commission [47] and lower than the recommended
dose limits of 100 μg OTA/kg set by China [48], whereas the higher
level was higher than the recommended dose limits set by both the
European Commission and China. However, both levels were much
lower than those used in many studies that have investigated the
effects of OTA on pigs [49,50]. It has been reported previously that
OTA depressed appetite and reduced growth rate, but these effects
were usually observed with feed contamination levels of OTA higher
than 200 μg/kg. Previous works have indicated that pigs fed a
contaminated diet at 800 μg OTA/kg presented with a significant
reduction in weight gain after 1 year [51]. The diets containing 75
and 150 μg OTA/kg used in the present study have a relatively low
OTA content, consistent with our finding that low doses of OTAwere
better than higher doses in promoting PCV2 replication in vitro, and
were unlikely to affect appetite or body weight. The present in vivo
study showed that a wide distribution of OTA was observed in
various pig tissues after OTA treatment, with the tissue distribution
in the following order: lung4kidney4BLN4liver4ILN4spleen.
Interestingly, this tissue distribution of OTA was different from that
observed in both pigs [52] and rats treated with 0.2 mg/kg bw, but
was similar to the results of the tissue distribution of OTA in rats
treated with the lower dose of 0.1 mg/kg bw [40]. The response of
tissues to OTA has been linked to a number of factors, such as the
length of feeding exposure, the dose, and the type of feed contam-
ination. The ranges of OTA concentrations were 0.27–0.47 μg/ml in

serum and 0.05–0.11 μg/g in tissues of the 75 μg/kg OTA treatment
group and 0.40–0.69 μg/ml in serum and 0.08–0.16 μg/g in tissues of
the 150 μg/kg OTA treatment group, which was consistent with the
concentration that produced the promotional effects of OTA on PCV2
replication in the in vitro experiment. Essentially, OTA increased
PCV2 DNA copies in tissues such as the kidney, spleen, and lung of
pigs treated with 75 μg/kg OTA and in BLN of pigs treated with 75
and 150 μg/kg OTA. The same effect was found only on day 42 in the
serum of pigs treated with 75 μg/kg OTA. The PCV2 replication
promotion induced by OTA in tissues was greater than that in serum,
which may be because OTA concentrations in tissues were much
lower than they were in serum. Overall, the results in vivo were
largely consistent with the in vitro data indicating that low doses of
OTA promote PCV2 replication but high doses of OTA do not. Overall,
the results in vitro and in vivo suggest that OTA increases PCV2
replication, which may then trigger PCVAD development.

The severity of PCVAD has increased in recent years in China,
resulting in significant economic losses in the swine industry.
PCV2 is the major swine pathogen associated with PCVAD. Genetic
variation among PCV2 isolates has been reported in recent years,
which could enhance virulence and pathogenicity of the virus
[53,54]. To assess whether OTA could cause PCV2 mutation, the
entire PCV2 gene was cloned and sequenced in different treat-
ments in the present study. The results showed that treatments
with 75 or 150 μg/kg of OTA in the diet resulted in base changes,
but did not result in amino acid changes. Thus, OTA treatment did
not enhance the virulence of the virus in pigs, although OTA could
increase PCV2 replication.

It has previously been reported that OTA treatment increases
production of ROS and MDA and leads to depletion of GSH [31,55].
In addition, oxidative stress was reported to increase virus

Fig. 11. Efficiency of p38 and ERK1/2 knockdown by siRNA in PK15 cells. PCV2-infected cells were incubated with or without p38 or ERK siRNA. Cell samples were assayed
for (A) p38 mRNA levels and actin, p38, and p-p38 protein expression; (B) ERK1/2 and p-ERK1/2 expression; (C) mRNA levels of Nrf2 and γ-GCS; (D) GSH and ROS levels; and
(E) oxidant levels. Data are presented as means7SE of three independent experiments. Significance compared with control, nnpo0.01.
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replication [30,56]. In the present study, 0.01–0.5 μg/ml OTA
significantly decreased GSH levels and increased ROS, oxidants,
and MDA levels in PK15 cells with or without PCV2 infection.
However, this effect is not dose-dependent. Cells exposed to higher
concentrations of OTA (0.1 and 0.5 μg/ml) had a smaller fall in GSH
than cells exposed to lower concentrations (0.01 and 0.05 μg/ml),
and 0.05 μg/ml OTA had the maximum fall in GSH. It has also been
reported that GSH depletion induced by buthionine sulfoximine
showed a non-dose-dependent effect [60]. GSH synthesis is a two-
step enzymatic reaction. First, in the rate-limiting step, γ-
glutamylcysteine (γ-GC), which is regulated by Nrf2 [57], is formed
by the action of glutamate–cysteine ligase. Second, γ-GC is coupled
with glycine by the action of GSH synthetase [58,59]. We deter-
mined the mRNA levels of GSH pathway genes such as Nrf2 and γ-
GCS (H and L) and found that there were higher mRNA levels of
Nrf2 and γ-GCS at 0.1 and 0.5 μg/ml OTA than at 0.01 and 0.05 μg/
ml OTA, respectively. We believe that the effects of OTA on ROS,
oxidants, and MDA levels may be secondary to the changes in GSH
levels in the present study. Such changes in oxidative stress may
explain why 0.05 μg/ml OTA has a maximal promotional effect on
PCV2 replication.

Because previous work has indicated that oxidative stress
increases PCV2 replication [30], we propose that OTA promotes
PCV2 replication by changing the intracellular redox status. Thus, the
antioxidant NAC, a free radical scavenger that is able to elevate GSH
levels and decrease ROS levels [61] and inhibit replication of several

viruses [62], was used in the present work. We observed that NAC
could prevent Nrf2 and γ-GCS mRNA levels decrease, prevent the
GSH depletion, prevent ROS and oxidant production, and prevent
PCV2 replication induced by 0.05 μg/ml OTA. This suggests that NAC
could decrease the oxidative stress induced by OTA and thus
abrogate the PCV2 replication promotion. These findings are con-
sistent with previous work showing that NAC strongly decreased
PCV2 replication in PK15 cells [35]. Overall, our results strongly
support the hypothesis that OTA-mediated PCV2 replication is
associated with oxidative stress.

Several previous studies have investigated the roles of MAPK
signal pathways in viral replication. It has been reported that viruses
such as borna disease virus, coronavirus, and PCV2 manipulate
the p38, ERK, or JNK signal pathways to regulate viral replication
[38,63–66]. In addition, it has been reported that OTA disturbs MAPK
signal pathways, with ERK1/2 and p38 being activated by OTA and
JNK being negatively regulated [67]. However, the signal mechanism
by which OTA promotes PCV2 replication has not been previously
investigated.

The present work provides several pieces of evidence that p38
and ERK1/2 are involved in the OTA-mediated promotion of PCV2
replication. First, OTA was found to induce p38 and ERK1/2 phos-
phorylation in PCV2-infected PK15 cells, consistent with recent
observations that OTA can activate p38 and ERK1/2 signaling path-
ways in human gastric epithelium cells [67]. Second, either the p38
inhibitor SB203580 or the ERK1/2 inhibitor U0126 significantly

Fig. 12. p38- and ERK-specific siRNA reverses the promotion of PCV2 replication induced by OTA in PK15 cells. PCV2-infected cells were transfected with either p38- or ERK-
specific siRNA or a control siRNA and incubated with OTA (0.05 μg/ml) for 48 h. Cells were assayed for (A) PCV2 viral DNA copies by real-time PCR and (B) the number of
infected cells by IFA. Data are presented as means7SE of three independent experiments. Significance compared with control, npo0.05 and nnpo0.01. Significance
compared with OTA, #po0.05 and ##po0.01.
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inhibited PCV2 replication and reversed the PCV2 replication promo-
tion induced by OTA at 0.05 μg/ml, consistent with previous studies
that PCV2 replication in PK15 cells was significantly reduced by
either SB202190 or U0126 [65,66]. Third, the promotion of PCV2
replication induced by OTA was blocked by the p38 siRNA or ERK
siRNA. This observation is consistent with an earlier report that
p-ERK1/2 and Cap proteins were significantly decreased in PCV2-
infected PK15 cells transfected with ERK siRNA [38]. Because the
present data show that OTA depletes GSH levels, elevates ROS
production, and promotes p38 and ERK1/2 phosphorylation, we
hypothesize that OTA promotes PCV2 replication by altering the
p38 and ERK1/2 signaling pathways, inducing oxidative stress.
Indeed, we found that supplementation of NAC significantly abro-
gated the p38 and ERK1/2 phosphorylation induced by OTA at
0.05 μg/ml. These results indicate that OTA-induced oxidative stress
exerts effects on PCV2 replication by activating p38 and ERK1/2
signaling pathways. However, our results do not exclude the possible
involvement of other signaling pathways and mechanisms by which
OTA promotes PCV2 replication.

Conclusion

In conclusion, the present work indicates that low doses of OTA,
but not relatively high doses, increased PCV2 replication in vitro and
in vivo. In addition, low doses of OTA increased PCV2 replication by
oxidative stress, which, in turn, activated p38 and ERK1/2 MAPK
signaling pathways in PK15 cells. Thus, our work suggests that OTA
may be an important trigger for PCV2 replication and that varying
levels of OTA in pig feed may partly explain why the morbidity and
severity of PCVAD vary among different pig farms. The observed
effects provide a scientific basis for the prevention and control of the
prevalence of PCVAD. Moreover, low doses of OTA may still be
harmful to animals by enhancing virus replication.
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