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Abstract Porcine epidemic diarrhea virus (PEDV) infects
the intestine of young pigs, but effective measures for pre-
vention and treatment are lacking. N-Acetylcysteine (NAC)
has been shown to reduce endotoxin-induced intestinal dys-
function. This study was conducted with the PEDV-infected
neonatal piglet model to determine the effect of NAC sup-
plementation on intestinal function. Thirty-two 7-day-old
piglets were randomly allocated to one of four treatments
in a 2 x 2 factorial design consisting of two liquid diets (0
or 50 mg/kg BW NAC supplementation) and oral adminis-
tration of 0 or 10* TCIDs, (50% tissue culture infectious
dose) PEDV. On day 7 of the trial, half of the pigs (n = 8)
in each dietary treatment received either sterile saline or
PEDV (Yunnan province strain) solution at 10*> TCIDs,
per pig. On day 10 of the trial, p-xylose (0.1 g/kg BW) was
orally administrated to all pigs. One hour later, jugular vein
blood samples were collected, and then all pigs were killed
to obtain the small intestine. PEDV infection increased
diarrhea incidence, while reducing ADG. PEDV infection
also decreased plasma p-xylose concentration, small intes-
tinal villus height, mucosal I-FABP and villin mRNA levels
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but increased mucosal MX1 and GCNT3 mRNA levels
(P < 0.05). Dietary NAC supplementation ameliorated the
PEDV-induced abnormal changes in all the measured varia-
bles. Moreover, NAC reduced oxidative stress, as indicated
by decreases in plasma and mucosal H,0, levels. Collec-
tively, these novel results indicate that dietary supplemen-
tation with NAC alleviates intestinal mucosal damage and
improves the absorptive function of the small intestine in
PEDV-infected piglets.
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Abbreviations

CAT Catalase

Cy Cycle threshold

H,0, Hydrogen peroxide

I-FABP Intestinal fatty acid-binding protein
MDA Malondialdehyde

MX1 Myxovirus resistance 1

NAC N-Acetylcysteine

PEDV Porcine epidemic diarrhea virus

SEM Standard error of the mean
TCID50 50% tissue culture infectious dose

Introduction

N-Acetylcysteine (also known as N-acetyl cysteine,
N-acetyl-L-cysteine or NAC) is a source of sulfthydryl
groups in cells and this sulfur-containing compound plays
a critical role in animal physiology (Hou et al. 2013; Wu
et al. 2004). For several decades, NAC has been used in
clinical practice, for example, as a mucolytic agent and
a curative for acetaminophen intoxication, doxorubicin
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cardiotoxicity, ischemia-reperfusion cardiac injury, acute
respiratory distress syndrome, bronchitis, radiocontrast-
induced nephropathy, chemotherapy-induced toxicity, HIV/
AIDS, heavy metal toxicity and virus infection (Samuni
et al. 2013; Berk et al. 2013; Radomska-Lesniewska and
Skopinski 2012; Sadowska 2012; Anderson et al. 2011;
Baker et al. 2009; Millea 2009; Dodd et al. 2008; Fishbane
2008; Atkuri et al. 2007; Fishbane et al. 2004; Zafarullah
et al. 2003; Cotgreave 1997).

NAC is rapidly metabolized by the small intestine to
produce glutathione (Hou et al. 2012, 2013) and it cannot
be detected in the blood and other tissues of animals with-
out intake from supplementation (Wu 2009). Enterocytes,
colonocytes, and other intestinal cells readily transport
NAC and convert it into L-cysteine, which helps to maintain
the integrity, growth, and function of the intestinal mucosa
(Hou et al. 2015; Wu et al. 2013; Wu 2014). We recently
demonstrated that dietary supplementation with 500 mg/
kg NAC alleviated the intestinal damage and dysfunction in
LPS-infected piglets (Hou et al. 2012, 2013, 2015), which
was mediated through the activation of multiple signal-
ing pathways involving PI3K/Akt/mTOR, EGFR, TLR4/
NF-kB, AMPK, and type I IFN pathways (Yi et al. 2017).

Porcine epidemic diarrhea virus (PEDV) belongs to the
Coronaviridae family (Bertolini et al. 2016), and is the
causative agent for porcine epidemic diarrhea (PED), a
disease which was first described in England in the 1970s
(Thomas et al. 2015). Since then, PED outbreaks have
become challenging problems in pig producing countries
all over the world, causing large economic losses (Berto-
lini et al. 2016). PEDV strains spread rapidly and causes
acute diarrhea, vomiting, dehydration and high mortality
(70-100%) in seronegative neonatal piglets (Jung and Saif
2015; Li et al. 2016; Bowman et al. 2015). As a result of
the significant impact of PEDV, the US pork industry lost
almost 10% of its domestic pig population after only a
1-year-epidemic period, amounting to approximately 7 mil-
lion piglets (Jung and Saif 2015). Since late 2010, severe
PED epizootics caused by new variants of PEDV have
affected millions of pigs in the People’s Republic of China
(Lv et al. 2016).

PEDV strains are highly enteropathogenic and can
acutely infect villous epithelial cells of the entire intes-
tine, although the jejunum and ileum are the primary target
sites. PEDV infection causes acute, severe atrophic enteri-
tis accompanied by viremia that leads to profound diar-
rhea and vomiting, followed by extensive dehydration, and
is a major cause of death in nursing piglets (Jung and Saif
2015).

In previous studies, we have demonstrated that dietary
NAC supplementation could reduce inflammation and oxi-
dative stress, alleviate damage to the small intestine (Hou
et al. 2013, 2015) and acetic acid-induced colitis in piglets
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(Wang et al. 2013). Therefore, we hypothesized that NAC
could ameliorate PEDV-infected intestinal injury and could
be used as a curative for the treatment of PED. This study
was conducted to test this hypothesis and elucidate the
underlying mechanisms. Findings of this study will provide
vital clues for the prevention and treatment of PED in pigs
and possibly other animal species with viral infection.

Materials and methods
Animal care and diets

The animal use protocol for this research was approved by
the Animal Care and Use Committee of Hubei Province,
China. All pigs used in this experiment were born natu-
rally at term (114 days of gestation). Thirty-two crossbred
healthy piglets (Duroc x Landrace x Yorkshire, 7-day-old
neonatal pigs) initially weighing 2.86 £ 0.3 kg were used
in this experiment. Pigs of the same gender were used for
keeping animal uniformity. Pigs were penned individually
(1.80 x 1.10-m pens) in a temperature-controlled nurs-
ery barn (28-30 °C). They were housed individually in
pens. NAC was obtained from Sigma Chemicals (Sigma
Chemical Inc., St. Louis, MO, USA). The experimental
basal diet (liquid milk replacer), which was formulated
to meet requirements of all nutrients for suckling piglets,
was obtained from Wuhan Anyou Feed Co., Ltd (Wuhan,
China). Prior to feeding, the milk replacer (powder) was
dissolved in warm water (4555 °C) to form a liquid feed
(dry matter content of 20%), as described by Wang et al.
(2014). Pigs were fed the liquid feed every 3 h between
8:00 a.m. and 8:00 p.m. This feeding strategy (more fre-
quent provision of food at a small amount for each feed-
ing) was adopted to prevent intestinal necrosis and improve
the efficiency of utilization of dietary nutrients for piglet
growth.

Experimental design

Throughout the study, pigs had free access to drinking
water and were housed individually. They were fed NAC-
supplemented liquid diet or the control liquid diet for
7 days before PEDV challenge (16 pigs/group). Immedi-
ately after PEDV challenge, the experiment was changed
to a 2 x 2 factorial design. The main factors consisted of
diet (0 or 50 mg/kg BW NAC supplementation in diet;
+NAC or —NAC) and challenge (PEDV or saline admin-
istration; +PEDV or —PEDV). On day 7 of the trial,
half of the pigs (n = 8) in each dietary treatment were
administered orally with either PEDV (PEDV epidemic
strain in Yunnan province) solution (kindly provided by
Dr. He in College of Veterinary Medicine in Huazhong
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Agricultural University) at the dose of 10* TCIDs, (50%
tissue culture infectious dose) per pig (PEDV infection)
or the same volume of sterile saline (Control). Each treat-
ment group contained 8 piglets. NAC (powder) or PEDV
(solution) was dissolved in sterile saline. The dose of
PEDV (10*° TCIDs,) was chosen to induce infection in
accordance with our previous study. To exclude a pos-
sible effect of PEDV-induced reduction in food intake
on the piglet intestine, all the piglets were pair-fed dur-
ing days 0-10 of the trial. On day 10 of the trial, 10%
D-xylose (1 mL/kg BW) was orally administrated to
piglets, and the p-xylose absorptive test was performed
to measure intestinal absorption capacity and mucosal
integrity (Haeney et al. 1978). At 1 h after the administra-
tion of p-xylose, blood samples were collected, and then
all pigs were killed under sodium pentobarbital anesthe-
sia (50 mg/kg BW, iv) to obtain the small intestine (Hou
et al. 2010, 2011a, b; Deng et al. 2009).

Blood sample collection

On day 10 of the trial, 1 h after the oral administration
of p-xylose, blood samples were collected from anterior
vena cava into heparinized vacuum tubes (Becton-Dick-
inson Vacutainer System, Franklin Lake, NJ, USA), as
described by Hou et al. (2010). Blood samples were cen-
trifuged at 3000 rpm for 10 min at 4 °C to obtain plasma
(Hou et al. 2010; Tan et al. 2009), which was stored at
—80 °C until analysis.

Intestinal sample collection

The pig abdomen was opened immediately from the ster-
num to the pubis, and the whole gastrointestinal tract was
immediately exposed (Hou et al. 2010; Li et al. 2009).
The small intestine was dissected free of the mesentery
and placed on a chilled stainless steel tray. The 3- and
10-cm segments were cut at mid-jejunum and mid-ileum,
respectively (Hou et al. 2010; Wang et al. 2008a). The
3-cm intestinal segments were flushed gently with ice-
cold phosphate buffered saline (PBS, pH 7.4) and then
placed in 10% fresh, chilled formalin solution for histo-
logical measurements (Hou et al. 2010; Nofrarias et al.
2006).

Intestinal segments (10-cm in length) were opened lon-
gitudinally and the contents were flushed with ice-cold
PBS (Hou et al. 2010; Wang et al. 2008a). Mucosa was col-
lected by scraping using a sterile glass microscope slide at
4 °C (Hou et al. 2010; Wang et al. 2009), rapidly frozen
in liquid nitrogen, and stored at —80 °C until analysis. All
samples were collected within 15 min after killing.

Blood biochemical measurements in plasma

Concentrations of biochemical parameters in plasma were
measured with corresponding kits using a Hitachi 7060
Automatic Biochemical Analyzer (Hitachi, Japan) (Wang
et al. 2016).

Determination of p-xylose in plasma

D-xylose in plasma was determined as described by Hou
et al. (2010). Briefly, 50 nL of the collected plasma was
added to 5 mL of the phloroglucinol color reagent solution
(Sigma Chemical Inc., St. Louis, MO, USA) and heated
at 100 °C for 4 min. The samples were allowed to cool to
room temperature in a water bath. A xylose standard solu-
tion was prepared by dissolving D-xylose in saturated ben-
zoic acid (prepared in deionized water) to obtain 0, 0.7, 1.3,
and 2.6 mmol/L. The xylose standard solution or the sam-
ple was added to the color reagent solution. Absorbance
of the resultant mixture at 554 nm was measured using a
spectrophotometer (Model 6100, Jenway LTD., Felsted,
Dunmow, CM6 3LB, Essex, England, UK). The standard
solution of 0 mmol/L p-xylose was considered as the blank.

Determination of diamine oxidase (DAQ) activity
in plasma

Diamine oxidase (DAO) activities in plasma were deter-
mined using spectrophotometry as described by Hosoda
et al. (1989). The assay mixture (3.8 mL) contained 3 mL
of phosphate buffer (0.2 M, pH 7.2), 0.1 mL (0.004%)
of horseradish peroxidase solution (Sigma Chemicals),
0.1 mL of o-dianisidine-methanol solution [0.5% of o-dian-
isidine (Sigma Chemicals) in methanol], 0.5 mL of plasma,
and 0.1 mL of substrate solution (0.175% of cadaverine
dihydrochloride, Sigma Chemicals). This mixture was
incubated for 30 min at 37 °C, and absorbance at 436 nm
was measured to indicate DAO activity (Hou et al. 2011a).
Protein was measured as described by Hou et al. (2010).
DAO was used as a marker of intestinal injury (Luk et al.
1980).

Levels of anti-oxidative enzymes and oxidation-relevant
products in plasma and intestinal mucosa

Plasma, jejunal and ileal mucosae were used for the analy-
ses of anti-oxidative enzymes and related products. Cata-
lase (CAT) activities, malondialdehyde (MDA) and hydro-
gen peroxide (H,0,) concentrations were determined as
described by Hou et al. (2013). Activities of CAT, as well
as MDA and H,0, were determined using commercially
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available kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) according to the manufacturer’s protocols.
Assays were performed in triplicate.

Measurement of mucosal protein, DNA, and RNA

The protein, DNA, and RNA were extracted from the jeju-
nal and ileal mucosae, using the TRI REAGENT-RNA/
DNA/Protein isolation reagent, and their concentrations
were determined colorimetrically (Hou et al. 2010, 2012).
Intestinal mucosal protein was analyzed according to the
method of Lowry et al. (1951). DNA was analyzed fluori-
metrically using the method of Prasad et al. (1972). RNA
was determined by spectrophotometry using a modified
Schmidt-Tannhauser method as described by Munro and
Fleck (1969). For measurement of mucosal protein, intes-
tinal mucosal samples (~0.1 g) were homogenized with a
tissue homogenizer in 1 mL of ice-cold PBS-EDTA buffer
(0.05 mol/L Na;PO,, 2.0 mol/L NaCl, 2 mmol/L EDTA, pH
7.4) and the homogenates were centrifuged at 12,000x g
for 10 min at 4 °C to obtain the supernatant fluid for assays.
For measurement of small intestinal DNA and RNA lev-
els, the mucosa was homogenized (~2 min) in a 100-fold
volume of ice-cold saline (0.9%) and the homogenate was
centrifuged at 1800x g for 10 min at 4 °C to obtain the
supernatant fluid for analysis.

Intestinal morphology

Intestinal segments for morphological analysis were
dehydrated and embedded in paraffin, sectioned at 4 um,
and stained with hematoxylin and eosin (Hou et al. 2010,
2012; Luna 1968). Morphological measurements were
performed with a light microscope (American Optical
Co., Scientific Instrument Div., Buffalo, NY, USA). Villus
height (the distance from the villus tip to crypt mouth) and
width (the distance of the widest villi), crypt depth (the
distance from the crypt mouth to the base) were measured
using a linear ocular micrometer with a computer-assisted
morphometric system (BioScan Optimetric, BioScan Inc.,
Edmonds, WA, USA). Only vertically oriented villi and
crypts were measured (Hou et al. 2010; Nofrarias et al.
2006). Values are expressed as means from ten adjacent
villi. Villus:crypt ratio and villous surface area (VSA)
were calculated.

Real-time PCR measurement
MX1, GCNTS3, I-FABP and Villin mRNA levels in jejunal
and ileal mucosae were quantified using real-time PCR.

Total RNA isolation, quantification, cDNA synthesis, and
real-time PCR were carried out as previously described
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Table 1 Sequences of the primers used for quantitative PCR analysis

Gene Primers

MX1 Forward  5-AGTGCGGCTGTTTACCAAG-3’
Reverse  5-TTCACAAACCCTGGCAACTC-3’

GCNT3 Forward  5-TGGATGAGAAGTCCCCAGAA-3’
Reverse  5-AGGCGTAAACCACCCGAAC-3’

I-FABP Forward  5-AGATAGACCGCAATGAGA-3'
Reverse  5-TCCTTCTTGTGTAATTATCATCAGT-3'

Villin Forward  5-TATTATTGGTGTTCGTGCTA-3’
Reverse  5-TCTGGAGGAATAGGATACTAA-3'

RPL4 Forward  5-GAGAAACCGTCGCCGAAT-3'
Reverse  5-GCCCACCAGGAGCAAGTT-3’

(Hou et al. 2013). The primer pairs used are shown in
Table 1.

Total RNA was quantified by using the NanoDrop®
ND-2000 UV-VIS spectrophotometer (Thermo Scien-
tific, Wilmington, DE, USA) at an OD of 260 nm, and the
purity was assessed by determining the OD260/0D280
ratio. All the samples had an OD260/0D280 ratio above
1.8, corresponding to 90-100% pure nucleic acids. Mean-
while, the integrity of RNA in each sample was assessed
using 1% denatured agarose gel electrophoresis. RNA
was used for RT-PCR analysis when it had a 28 S/18 S
rRNA ratio >1.8 (Hou et al. 2013).

Total RNA was reverse-transcribed using the Pri-
meScript® RT reagent Kit with gDNA Eraser (Takara,
Dalian, China) according to the manufacturer’s instruc-
tion. cDNA was synthesized and stored at —20 °C until
use. The RT-PCR analysis of gene expression was per-
formed using primers for MX1, GCNT3, I-FABP, Vil-
lin, and ribosomal protein L4 (RPL4) (Table 1) and the
SYBR® Premix Ex Taq™ (Takara, Dalian, China) on an
Applied Biosystems 7500 Fast Real-Time PCR System
(Foster City, CA, USA). The total volume of the PCR
reaction system was 50 pL. Amplification products were
verified by melting curves, agarose gel electrophore-
sis, and direct sequencing. Results were analyzed by the
cycle threshold (Cy) method (Fu et al. 2010).

The standard curves were generated using relative con-
centration versus the Cr. The linear correlation coefficient
of all genes were >0.995. Based on the slopes of the stand-
ard curves, the amplification efficiencies of the standard
ranged from 90 to 110% (derived from the formula effi-
ciency = 10Y751°°¢ _ 1) (Nygard et al. 2007). Moreover,
we tested other housekeeping genes (GAPDH and f-actin)
through analyzing gene stability as described by Vandes-
ompele et al. (2002), and found that RPL4 expression was
more stable than other housekeeping genes in the intestinal
mucosa; therefore, we used RPL4 as the normalizer in the
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calculation of relative mRNA levels for target genes. Each
biological sample was run in triplicate (Hou et al. 2013).

Statistical analysis

All experimental data for each group were analyzed by
ANOVA using the GLM procedure of SPASS17.0 appro-
priate for a 2 x 2 factorial design (SPSS Inc. Chicago,
IL, USA). The statistical model consisted of the effects
of diet (+NAC vs. —NAC) and challenge (saline vs.
PEDV) and their interactions. Data were expressed as
means £ pooled SEM. When a significant NAC x PEDV
interaction or a trend for NAC x LPS interaction
occurred, post hoc testing was performed using the
Bonferroni’s multiple comparison test. When variances
were heterogeneous, data were log-transformed before
ANOVA was conducted. Differences were considered
significant when P < 0.05. Probabilities which were
>0.05 but <0.10 were considered as trends.

Results
Average daily weight gain of piglets

Data on the average daily weight gain (ADG) of piglets are
summarized in Table 2. During days 0-7 of the trial (pre-
challenge), there were no differences in the ADG of pigs
fed the control and NAC-supplemented diets (P > 0.1).
During days 7-10 of the trial (post-challenge), PEDV
infection decreased the ADG (P < 0.05). No PEDV and
NAC interaction was observed. Importantly, PEDV infec-
tion resulted in the occurrence of diarrhea in all (100%)
pigs (P < 0.05), compared with pigs without PEDV infec-
tion (5% of the incidence of diarrhea) (data not shown).

Plasma biochemical parameters

Data on plasma biochemical parameters are summa-
rized in Table 3. Compared with the non-infected pigs,

Table 2 Effects of dietary NAC

; Items —PEDV +PEDV SEM P value

supplementation on the growth

performance of piglets after —NAC +NAC —NAC +NAC PEDV NAC PEDV x NAC

PEDV challenge
Days 0-7 (pre-challenge)

ADG (g) 98.8 106.4 96.3 99.9 13.4 0.748 0.688 0.879
Days 7-10 (post-challenge)
ADG (g) 118.3 99.6 58.3 50.0 24.9 0.004 0.449 0.770

Values are mean and pooled SEM, n = 8

Table 3 Effects of NAC Ttems —PEDV +PEDV SEM P value

supplementation on plasma

biochemical parameters of pigs —NAC +NAC —NAC +NAC PEDV ~ NAC PEDV x NAC

after PEDV challenge
ALT (U/L) 49.36" 4576  60.96°  44.04*  3.62 0.064 <0.001 0.015
AST (U/L) 53.23%  48.10° 59.13°  33.55"  4.19 0.160 <0.001 0.003
TBIL (umol/L) 874>  8.68°  8.08" 498 099 0005 0035 0.042
TP (g/L) 47.78 48.36 51.47 51.94 1.46 0.002 0.613  0.956
ALB (g/L) 29.69 30.19 3241 32.85 1.20 0.004 0.584 0971
TG (mmol/L) 0.31 0.35 0.46 0.59 0.07 <0.001 0.092  0.331
BUN (mmol/L) 0.90 0.85 3.41 3.94 0.99  <0.001 0.504 0423
Crea (umol/L) 71.29 76.63 78.50 82.25 4.90 0.075 0.200  0.820
GLU (mmol/L) 5.83 5.61 6.59 6.13 0.44 0.051 0.295 0.706
CL (mmol/L) 99.88  101.75 104.43  105.00 0.96 0.001 0.084 0.347
CK (U/L) 583.50 437.75 547.25 387.88 78.85 0.589 0.063 0.932
GGT (U/L) 37.36 36.61 45.94 47.24 3.15 0.003 0927 0.734
LDH (U/L) 591.71 61138 599.00 627.75 23.88 0.632 0.330 0.854

Values are mean and pooled SEM, n = 8

ab Within a row, means with different superscripts differ, P < 0.05

ALT alanine aminotransferase, AST aspartate aminotransferase, 7BIL total bilirubin, TP total protein, ALB
albumin, 7G thyroglobulin, BUN blood urine nitrogen, Crea creatinine, GLU glucose, CL chlorine, CK cre-
atine kinase, GGT y-glutamyltransferase, LDH lactate dehydrogenase
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the PEDV-infected pigs had higher concentrations of TP,
ALB, TG, BUN, CL and GGT in plasma (P < 0.05) and
tended to have higher plasma ALT (P = 0.064), and had
a lower plasma TBIL (P < 0.05). However, pigs fed NAC
had lower plasma ALT, AST and TBIL than the control
pigs (P < 0.05). There were significant PEDV and NAC
(or PEDV x NAC) interactions and crosstalk in affect-
ing plasma ALT, AST and TBIL (P < 0.05) such that
the responses of these parameters to the PEDV chal-
lenge were lower in those pigs fed the NAC compared
with the PEDV-infected pigs fed the saline (—NAC),
whereas there was no difference in these parameters in
saline (—PEDV) supplemented pigs, and the data indi-
cated that NAC supplementation attenuated the elevated
levels of plasma ALT and AST in the PEDV-infected pigs
(Table 3).

Blood DAOQO activity and p-xylose concentrations

Data on blood DAO activity and D-xylose concentra-
tions are summarized in Table 4. The PEDV-infected
pigs had a lower concentration of plasma p-xylose and
a higher activity of plasma DAO than non-infected pigs
(P < 0.05) (Table 4). However, pigs fed the NAC diet

had a higher concentration of plasma p-xylose than the
control pigs (P < 0.05). NAC supplementation enhanced
plasma p-xylose concentration in both control pigs and
the PEDV-infected pigs (P < 0.05).

Levels of anti-oxidative enzymes and oxidation-relevant
products in plasma and intestinal mucosa

Data on CAT activities, MDA and H,0O, concentra-
tions are summarized in Table 5. Compared with non-
infected (—PEDV) pigs, PEDV-infected pigs had lower
CAT activities in the plasma and ileum (P < 0.05), and
higher MDA concentrations in the jejunum and ileum
(P < 0.05), and H,0, concentrations in the plasma and
ileum (P < 0.05). There were no PEDV and NAC interac-
tions in CAT activity in the jejunum, and H,O, concen-
trations in the plasma, jejunum or ileum. However, the
pigs fed the NAC diet had a higher jejunal CAT activ-
ity (P < 0.05), had lower plasma and jejunal H,O, con-
centrations (P < 0.05), and tended to decrease ileal H,0O,
concentration (P = 0.083). Of interest, dietary NAC sup-
plementation reduced plasma and jejunal H,O, concen-
trations in PEDV-infected pigs (Table 5).

Table 4 Effects of NAC

. Items —PEDV +PEDV SEM P value
supplementation on blood
DAO activity and p-xylose —NAC +NAC —NAC +NAC PEDV NAC PEDV x NAC
concentrations of pigs after
PEDV challenge D-xylose (mmol/L) 0.40° 0.77¢ 0.10* 033> 0.104 0.001 0.015 0.939
DAO (U/L) 8.77 8.25 15.45 14.10 2.834 0.034 0.741 0.884
Values are mean and pooled SEM, n = 8
ab¢ Within a row, means with different superscripts differ, P < 0.05
Table 5 Effects of NAC Items —PEDV +PEDV SEM P value
supplementation on redox
status of the pigs after PEDV —NAC +NAC —-NAC +NAC PEDV NAC PEDV x NAC
challenge
CAT
Plasma (U/mL) 12.58 13.03 891 898 032 <0.001 0.690 0.768
Jejunum (U/mg protein)  23.63 24.76® 21.81* 30.09° 3.17 0443 0.048 0.125
Ileum (U/mg protein) 8.50 8.57 256 337 049 <0.001 0.662 0.717
MDA
Plasma (nmol/mL) 6.01 5.34 401 4.69 0.80 0.114 0.998 0.408

Jejunum (nmol/mg protein)  0.31

0.33 0.61 0.66 0.07 <0.001 0.641 0.782

Ileum (nmol/mg protein) 0.53 0.52 0.70  0.88 0.06 0.040 0.488 0.435
H,0,

Plasma (nmol/L) 79.95%  70.19° 108.12° 88.66° 8.76  0.001 0.025 0.431

Jejunum (nmol/mg protein) 17.42%° 13.79* 2245 12.62* 2.58  0.303 0.001 0.104

Ileum (nmol/mg protein) ~ 30.05  24.33 3373 31.89 1.033 0.013 0.083 0.359

Values are mean and pooled SEM, n = 8
CAT catalase, MDA malondialdehyde, H,0, hydrogen peroxide
&b Within a row, means with different superscripts differ, P < 0.05
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Concentrations of protein, DNA and RNA in the small
intestinal mucosa

Data on protein, DNA and RNA concentrations are summa-
rized in Table 6. PEDV infection decreased total RNA con-
centration in the jejunum and ileum (P < 0.05) and RNA/
DNA ratios in the ileum (P < 0.05). There were PEDV and
NAC interactions in jejunal and ileal protein concentra-
tions (P < 0.05) and ileal protein/DNA ratios (P < 0.05).
Our results also showed that dietary NAC supplementation
increased jejunal protein concentrations, ileal protein con-
centrations, and ileal protein/DNA ratios in PEDV-infected
pigs, whereas NAC had no effect on these variables in non-
infected pigs. No PEDV and NAC interaction was observed
in jejunal RNA/DNA or ileal protein/DNA ratios. Thus,
dietary supplementation of NAC increased jejunal RNA/
DNA and ileal protein/DNA ratios (P < 0.05). Additionally,
it was observed that under PEDV challenge dietary sup-
plementation of NAC increased the ileal RNA/DNA ratio
(P = 0.076) (Table 6).

Intestinal morphology

Data on the small intestinal morphology are summarized
in Table 7. PEDV infection decreased villus height, villus
height/crypt depth ratios, and villous surface area in the
jejunum and ileum (P < 0.001), and increased jejunal crypt
depth (P < 0.05). There were PEDV x NAC interactions in
villus height and crypt depth in the jejunum (P < 0.05), vil-
lous surface area in the jejunum and ileum (P < 0.05), and a

trend for ileal villus height (P = 0.060); the data indicated
NAC supplementation could elevate villus height and vil-
lous surface area in jejunum and ileum in non-infected
(—PEDV) pigs, whereas NAC had no influence on these var-
iables in PEDV-infected pigs. Of note, NAC supplementa-
tion could reduce jejunal crypt depth in PEDV-infected pigs,
but not in non-infected (—PEDV) pigs. No PEDV x NAC
interaction was observed for villus height/crypt depth ratios
in the jejunum and ileum. Dietary supplementation of NAC
increased villus height/crypt depth ratios in the jejunum and
ileum (P < 0.05), compared with the control (—NAC).

MX1, GCNT3, I-FABP and Villin mRNA levels
in jejunal and ileal mucosae

PEDV infection increased MX1 and GCNT3 mRNA lev-
els in the jejunum and ileum (P < 0.05), and decreased
I-FABP and villin mRNA levels in the jejunum and ileum
(P < 0.05) (Table 8). There were PEDV x NAC interactions
in ileal I-FABP mRNA levels (P < 0.05) and jejunal and
ileal villin mRNA levels (P < 0.001). NAC supplementa-
tion increased ileal I-lFABP mRNA levels, as well as jejunal
and ileal villin mRNA levels in PEDV-infected (+PEDV)
pigs, whereas NAC had no effect on these variables in non-
infected (—PEDV) pigs. No PEDV x NAC interaction was
observed for MX1 or GCNT3 in the jejunum or ileum. Die-
tary supplementation of NAC decreased MX1 and GCNT3
mRNA levels in the jejunum and ileum (P < 0.05), com-
pared with the control (—NAC). Specifically, dietary NAC
supplementation attenuated the elevations of mRNA levels

Table 6 Effects of NAC

; Items —PEDV +PEDV SEM P value
supplementation on the
intestinal mucosal growth of the —NAC +NAC —NAC +NAC PEDV NAC PEDV x NAC
pigs after PEDV challenge
Protein (mg/g tissue)
Jejunum  46.22% 46.20°  41.36°  49.10° 0.872 0.577  0.039  0.038
Ileum 54.57% 52.06®  48.46°  56.16°  1.135 0.651 0259  0.033
RNA (mg/g tissue)
Jejunum 2.11° 2.15° 1.73 1.96°  0.147 0.032 0283 0455
Tleum 2.13 2.04 1.65 175 0138 <0.001 0988 0216
DNA (mg/g tissue)
Jejunum 0.51 0.40 0.40 039 0018 0.121  0.130  0.217
Ileum 0.59 0.56 0.58 0.56  0.015 0.781 0246 0912
RNA/DNA ratio (g/g)
Jejunum 4.22 5.51 433 516  0.134 0.671  0.001  0.397
Tleum 3.65° 3.66" 276 3.19%  0.232 0.002 0269  0.295
Protein/DNA ratio (g/g)
Jejunum  91.35 11562 10298 12573  3.241 0239 0017 0984
Tleum 92.97% 93.48% 8593  98.81° 7.34 0726  0.036  0.043

Values are mean and pooled SEM, n = 8

> Within a row, means with different superscripts differ, P < 0.05

@ Springer



1938

L. Wang et al.

Table 7 Effects of NAC

. Items —PEDV +PEDV SEM P value
supplementation on the
intestinal mucosal morphology —NAC +NAC —NAC +NAC PEDV NAC PEDV x NAC
of the pigs after PEDV
challenge Villus height (pwm)
Jejunum  224° 266° 135% 128* 6.58 <0.001  0.347 0.039
Ileum 275° 309°¢ 140* 1412 4.24 <0.001  0.053 0.060
Crypt depth (um)
Jejunum  81° 87* 104° 86" 2.01 0.015  0.143 0.007
Tleum 82 83 86 74 3.14 0.724  0.391 0.283
Villus height/crypt depth
Jejunum 2.8 3.1 1.3 1.5 0.03 <0.001 0.006 0.150
Tleum 34 3.7 1.7 1.9 0.04 <0.001 0.002 0.494
Villous surface area (wm?)
Jejunum  17,646°  27,789° 12,954* 10,909* 582 <0.001  0.002 <0.001
Tleum 28,410°  35,942° 13,529* 14,120 753 <0.001  0.012 0.029
Values are mean and pooled SEM, n = 8
ab¢ Within a row, means with different superscripts differ, P < 0.05
Table 8 Effects of NAC Items —PEDV +PEDV SEM P value
supplementation on mRNA
expression of MX1, GCNTS3, —NAC +NAC —NAC +NAC PEDV NAC PEDV x NAC
I-FABP and villin in jejunal and
ileal mucosae of the pigs after MX1
PEDV challenge Jejunum  1.000*°  0.753*  3.293° 2762 0258  <0.001 0.042 0.443
Tleum 1.000°  0.490°  1.897% 1368  0.113  <0.001  <0.001 0.932
GCNT3
Jejunum  1.000° 0.571* 2.118¢ 2.033¢ 0.165 <0.001 0.040 0.156
Tleum 1.000? 0.602* 4.216° 3.421° 0.125  <0.001 0.030 0.445
I-FABP
Jejunum  1.000 0.956 0.380 0.340 0.025  <0.001 0.419 0.967
Tleum 1.000* 0.883* 0.109¢ 0.29° 0.057  <0.001 0.581 0.017
Villin
Jejunum  1.000° 0.882%  0.340° 0.580° 0.028  <0.001 0.007  <0.001
Tleum 1.000°  0.5% 0.465*  0.893°  0.057 0.084 0.940  <0.001

Values are mean and pooled SEM, n = 8

ab¢ Within a row, means with different superscripts differ, P < 0.05

for MX1 in the jejunum and ileum, GCNT3 in the ileum
of PEDV-infected pigs. Additionally, dietary NAC attenu-
ated the reductions of I-FABP in the ileum, and villin in the
jejunum and ileum of PEDV-infected pigs (Table 8).

Discussion

Based on the findings that NAC can exert beneficial effects
in treating inflammatory bowel disease in animal models
and human clinical trials (Hou et al. 2012, 2013, 2015;
Wang et al. 2013; Cetinkaya et al. 2005), we investigated
the protective effect of NAC on intestinal morphology and
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barrier function in PEDV-infected piglets because PEDV is
deemed to be highly enteropathogenic. We were prompted
to do this study in view of recent PED outbreaks in certain
countries, including China and USA (Bertolini et al. 2016).
An effective method for alleviating PED will be extremely
beneficial for the global swine industry and will also have
important implications for the prevention and treatment of
virus-induced intestinal dysfunction in human infants and
calves.

PEDV can infect pigs of all ages and causes acute and
watery diarrhea, vomiting, dehydration, and high mortal-
ity in neonatal piglets (Lv et al. 2016). In the current study,
a PEDV infection model was successfully developed with
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neonatal pigs by oral administration of 10*> TCIDs, PEDV
per pig. The PEDV-infected pigs exhibited the symptoms of
diarrhea and vomiting. In fact, oral administration of PEDV
decreased the ADG of the piglets and resulted in a diar-
rhea incidence of 100%. PEDV infections were reported
to cause acute, severe atrophic enteritis accompanied by
viremia (Jung and Saif 2015). In keeping with this notion,
we found that PEDV infection increased some plasma bio-
chemical parameters in pigs, such as ALT, TP, ALB, TG,
BUN, CL and GGT. Results of the present study indicated
that PEDV infection readily resulted in systemic inflamma-
tion in piglets.

Elevations in plasma transaminases (ALT and AST)
serve as a sensitive indicator of damage in tissues, particu-
larly the liver (Yi et al. 2014; Chen et al. 2013). In addition,
plasma TBIL level is also a valuable parameter of hepatic
injury (Chen et al. 2013). Interestingly, dietary NAC sup-
plementation alleviated the PEDV-induced increases in
plasma ALT and AST activities, as we reported previously
(Yi et al. 2014). Our new findings suggest that NAC supple-
mentation could attenuate the damaged the hepatic archi-
tecture and function induced by PEDV infection and indi-
cate a preventive effect of NAC against PEDV infection.

Intestinal biochemical indices, such as protein, RNA and
DNA concentrations, as well as RNA/DNA and protein/
DNA ratios, can be used to assess intestinal development
(Hou et al. 2012; Fasina et al. 2007; Iji et al. 2001; Jeuris-
sen et al. 2002). Mucosal protein and DNA contents are
important indicators for cell metabolism (Liu et al. 2008).
DNA concentration reflects the rate of mitosis in the pro-
duction of new columnar epithelial cells, whereas RNA/
DNA ratios indicate cellular efficiency and protein/DNA
ratios implicate the efficiency of cellular protein synthesis
(Fasina et al. 2007). In the present study, dietary supple-
mentation of NAC restored the protein concentration in the
jejunal and ileal mucosae, as well as protein/DNA ratios
in the ileal mucosa of PEDV-infected piglets. In addition,
regardless of PEDV infection, NAC increased the protein/
DNA ratios in the jejunal mucosa (Table 6). These results
demonstrate that dietary NAC stimulates the growth of the
small intestinal mucosa under PEDV infection, which is in
agreement with of our previous observations that dietary
supplementation of NAC restored DNA concentration, as
well as RNA/DNA and protein/DNA ratios in the jejunal
mucosa of LPS-challenged piglets (Hou et al. 2012).

PEDV acutely infects villous epithelial cells of the entire
intestine causing severe villous shortening (Jung and Saif
2015). Intestinal epithelial cells function as a physiological
and structural barrier (Khurana and George 2008). Villus
height, crypt depth, and villous surface area are biomarkers
of gross intestinal morphology (Liu et al. 2012). Thus, an
increase in villus height, villous surface area, and/or villus/
crypt ratio points to an improvement of nutrient digestion

and absorption (Hou et al. 2010; Montagne et al. 2003;
Wu et al. 1996). In the current study, the PEDV infection
decreased villus height, villus height/crypt depth ratios, and
villous surface area, yet increased crypt depth in the jeju-
num and ileum (Table 7). These results indicate that PEDV
induced a variety of morphologic alterations in the diges-
tive tract and an increase in mucosal permeability. Nota-
bly, in this regard, we observed that NAC supplementation
enhanced villus height, the ratio of villus height-to-crypt
depth, and villous surface area, and decreased crypt depth
in the jejunum and ileum (Table 7). These findings sup-
port the notion that NAC beneficially alleviates the PEDV-
induced damage of the intestinal structure. Our findings are
consistent with those of Hou et al. (2012) for lipopolysac-
charide-challenged weanling pigs fed a diet supplemented
with 500 mg NAC/kg.

Previous studies has reported that NAC improves the
barrier function and the ability of the small intestine to
absorb nutrients (Hou et al. 2012) and is potentially benefi-
cial as a complementary agent in treating ulcerative colitis
(Cetinkaya et al. 2005). Consistent with this view, in the
current study, dietary supplementation with NAC prevented
the PEDV-induced decrease in villin expression in jejunal
and ileal mucosae (Table 8). Because villin is a marker
of villus cell differentiation (West et al. 1988; Moll et al.
1987), enhanced villin expression implies that more villus
cells undergo differentiation (Wang et al. 2008b; Grone
et al. 1986). This result indicates a protective effect of NAC
against PEDV-induced enterocyte death and further sup-
ports the notion that dietary supplementation with NAC is
effective in preventing intestinal injury in neonates.

An intact intestinal barrier plays a central role in pre-
venting the penetration of luminal bacteria and dietary
allergens into the mucosa (Liu et al. 2012; Martin- Venegas
et al. 20006). Intestinal barrier function can be commonly
assessed by many indices, such as p-xylose concentra-
tion and DAO activity in plasma (Liu et al. 2012; Hou
et al. 2012). Plasma p-xylose concentration is a simple,
specific, and sensitive indicator of intestinal absorption
capacity. In healthy pigs, p-xylose is readily absorbed by
the small intestine. However, under conditions of malab-
sorption, the entry of p-xylose from the intestinal lumen
to the portal vein is impaired, thereby reducing p-xylose
concentrations in both blood and urine (Hou et al. 2012;
Mansoori et al. 2009). Additionally, plasma DAO can
serve as a biomarker for the severity of mucosal injury
(Hou et al. 2011b, 2012; Luk et al. 1983). In mammals,
DAO is abundantly expressed in the upper part of the
intestinal mucosa. Under certain circumstances, intesti-
nal mucosal cells undergo necrosis and are sloughed off
into the intestinal lumen, leading to an increase in the cir-
culating levels of DAO (Li et al. 2002). Similarly, intesti-
nal fatty acid-binding protein (I-FABP) is also detectable
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in the circulation during enterocyte death (Coufal et al.
2016). I-FABP locates mainly in small intestine entero-
cytes, and is released into the blood stream after intestinal
ischemia and cell disruption (Cheng et al. 2015; Pelsers
et al. 2005). Therefore, I-FABP is considered as another
marker of intestinal cell damage. In the present study, we
observed that PEDV decreased plasma pD-xylose concentra-
tion, while increasing DAO activity in the plasma. More-
over, PEDV resulted in a lower [-FABP expression in the
small intestine. These results indicate that PEDV induces
intestinal cell damage and impairs intestinal function.
Importantly, NAC supplementation improved intestinal
function, as indicated by increased plasma D-xylose con-
centration (Table 4) and ileal mucosal I-FABP mRNA lev-
els (Table 8). In addition, we found that NAC supplemen-
tation augmented the entry of orally administered p-xylose
into the systemic circulation (Table 4), which is consistent
with our previous observation (Hou et al. 2010, 2012). Fur-
thermore, we observed that NAC supplementation elevated
I-FABP mRNA levels in the ileum of PEDV-infected pigs
(Table 8). Taken together, these data indicate that NAC can
attenuate intestinal injury and improve intestinal function
under PEDV infection.

Elevation of reactive oxygen species (ROS) production
is well recognized as an essential factor in the pathogenesis
of GI mucosal diseases, including peptic ulcers, inflamma-
tory bowel disease (IBD), and GI cancers (Chu et al. 2016;
Bhattacharyya et al. 2014). As a scavenger of free radicals,
NAC interacts with oxidants and protects cells against oxi-
dative damage (Hou et al. 2013; Zafarullah et al. 2003). In
the current study, levels of MDA (malondialdehyde) and
H,0, (hydrogen peroxide) were elevated in the plasma and
small intestine of PEDV-infected pigs, while CAT (cata-
lase) activities in the plasma and intestine were decreased
(Table 5). MDA is an important indicator of oxidative dam-
age (Wang et al. 2013; Hou et al. 2011a) and can serve as
a useful biomarker of in vivo oxidative stress (Hou et al.
2014; Fang et al. 2002). ROS, such as H,0,, are produced
primarily by the mitochondria in cells as a by-product of
normal metabolism during the conversion of molecular
oxygen and hydrogen ions to water (Hou et al. 2013; Fang
et al. 2002). However, cells possess defense mechanisms
against ROS and other oxidants. H,0, is degraded to water
by anti-oxidative enzymes including CAT, which catalyzes
the reduction of H,0, to water (Wu et al. 2004). In the pre-
sent study, we found that NAC supplementation increased
CAT activity in the jejunum and decreased H,O, concen-
tration in the plasma and jejunum of PEDV-infected pigs
(Table 5). Thus, it appears that NAC exerts its antioxidant
effects in pigs at both the systemic and intestinal levels,
which is in agreement with our previous results from the
studies involving lipopolysaccharide-challenged weanling
pigs (Hou et al. 2013).
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The MX (myxovirus resistance 1, interferon-induced
p78) proteins are major effector molecules that prevent
influenza-infected animals from developing severe pheno-
types (Godino and Fernandez 2016). MX1 is an important
downstream effector of type I interferons characterized by
a tripartite GTP-binding domain and leucine zipper motif
(AlFadhli et al. 2016). The MX1 gene has been shown to
possess the disease-resistance function against a variety of
RNA viruses that include influenza A in several species,
including pigs, Sus scrofa (Godino and Ferndndez 2016).
In addition, MX1 plays a major role in apoptosis and
cytokine-mediated cell signaling (AlFadhli et al. 2016) and
its expression is strongly induced by viral infections (Haller
et al. 2007; Yan et al. 2014). We observed that PEDV
increased the expression of MX1 in the jejunum and ileum
(Table 8), which can be attenuated by NAC supplemen-
tation. This novel observation provides a new solution to
treating patients with virus-induced intestinal dysfunction.

Altered glycosylation is considered as a cancer hall-
mark. Expression of mucin-type core 2 1,6-N-acetylglu-
cosaminyltransferase enzyme (C2GnT-M), encoded by the
GCNTS3 gene, is detected in the colon, kidney, pancreas,
small intestine, trachea and stomach. C2GnT-M has been
reported to possess tumor suppressor properties (Gonzélez-
Vallinas et al. 2014). In our study, GCNT3 expression was
up-regulated in the jejunal and ileal mucosae of PEDV-
infected pigs. Intriguingly, NAC supplementation sup-
pressed GCNT3 expression in the jejunal and ileal mucosae
of the pigs. Because little is known about the association of
GCNT3 with PEDV infection, further studies are warranted
to determine if GCNT3 inhibitors could function as anti-
PEDV drugs.

In conclusion, dietary NAC supplementation exerts
beneficial effects on improving intestinal integrity and
absorption in PEDV-infected neonatal piglets. The effects
of NAC are associated with the following changes: (1)
alleviated small intestinal injury and improved the absorp-
tive function (indicated by the alleviation of the PEDV-
induced damage of the small intestinal structure, increases
in plasma p-xylose concentrations, protein concentration,
RNA/DNA ratios, and protein/DNA ratios, and up-regula-
tion of I-FABP and villin expression in the small intesti-
nal mucosa); (2) reduced oxidative stress (indicated by the
decrease of H,0, concentration in the plasma and small
intestinal mucosa); and (3) decreases in the expression of
MX1 and GCNT3 in the small intestinal mucosa. These
findings not only aid in the understanding the role of NAC
in PEDV-infected neonatal piglets, but also have impor-
tant implications for the improvement of infant nutrition in
humans and other animals during viral infection.
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