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Zinc oxide influences mitogen-activated
protein kinase and TGF-b1 signaling
pathways, and enhances intestinal
barrier integrity in weaned pigs

Ze He Song1,2, Kan Xiao1,2, Ya Lu Ke1,2, Le Fei Jiao1,2 and
Cai Hong Hu1,2

Abstract

Weaning is the most significant event in the life of pigs and is always related with intestinal disruption. Although it is well

known that zinc oxide (ZnO) exerts beneficial effects on the intestinal barrier, the mechanisms underlying these effects

have not yet been fully elucidated. We examined whether ZnO protects the intestinal barrier via mitogen-activated

protein kinases and TGF-b1 signaling pathways. Twelve barrows weaned at 21 d of age were randomly assigned to two

treatments (0 verus 2200 mg Zn/kg from ZnO) for 1 wk. The results showed that supplementation with ZnO increased

daily gain and feed intake, and decreased postweaning scour scores. ZnO improved intestinal morphology, as indicated by

increased villus height and villus height:crypt depth ratio, and intestinal barrier function, indicated by increased transe-

pithelial electrical resistance and decreased mucosal-to-serosal permeability to 4-ku FITC dextran. ZnO decreased the

ratios of the phosphorylated to total JNK and p38 (p-JNK/JNK and p-p38/p38), while it increased the ratio of ERK

(p-ERK/ERK). Supplementation with ZnO increased intestinal TGF-b1 expression. The results indicate that supplemen-

tation with ZnO activates ERK ½, and inhibits JNK and p38 signaling pathways, and increases intestinal TGF-b1 expres-

sion in weaned pigs.
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Introduction

Because of their immature immune and digestive sys-
tems, young animals are susceptible to immunologic
challenge.1 Pigs subjected to early weaning stress exhi-
bit more severe diarrhea and intestinal disruption com-
pared with late-weaned pigs.2 This results mainly from
the activation of the mucosal immune system, initiated
by bacteria, endotoxins and antigens.2 The activated
immune systems up-regulates the expression of pro-
inflammatory cytokines in the intestine, such as
TNF-a, IL-6, IL-1b and INF-g.3,4 The inflammatory
response and subsequent overproduction of pro-inflam-
matory cytokines induces a disrupted intestinal barrier
function.1,4

It is well known that zinc exerts anti-inflammatory
and anti-diarrheal effects, as well as intestinal barrier
protection in animal models and clinical trials.5 The
beneficial role of zinc in the epithelial barrier has been

shown both in vitro and in vivo.6,7 In particular, zinc
oxide (ZnO) appears to exert a strong effect in resist-
ance to intestinal diseases.6 Early weaned piglets
frequently experience intestinal barrier dysfunction,
post-weaning diarrhea and growth retardation.4

Supplementation with a high level of ZnO (between
2000 and 4000mg/kg of zinc) in weanling piglets ameli-
orates diarrhea and improves piglet growth perform-
ance.8,9 Although ZnO is reported to maintain
mucosal epithelial integrity and the normal function
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of intestine in weanling piglets,8–10 the molecular mech-
anisms have not yet been elucidated.

MAPK cascades transduce signals from a diverse
array of extracellular stimuli and form a highly inte-
grated network to regulate cell growth and cell differ-
entiation, especially stress responses.11 Our recent study
showed that weaning stress activated MAPK signaling
pathways in the intestine, which may be an important
mechanism of weaning-associated enteric disorders of
piglets.4 Furthermore, TGF-b1 is also believed to play
an important regulatory role in the post-weaning adap-
tation process in the intestine of the pig.12 The canon-
ical TGF-b signaling effectors are the SMAD family
proteins, which transduce signals from the cell surface
directly to the nucleus to regulate target gene transcrip-
tion.13 However, research on zinc-regulated MAPK sig-
naling and TGF-b1 expression has only so far been
reported in in vitro cell models.13,14 Few data are avail-
able regarding the effect of ZnO in vivo. This study was
conducted to assess the impact of ZnO supplementa-
tion on intestinal barrier function and to explore
whether ZnO supplementation could improve intestinal
barrier function through regulation of the MAPK and
TGF-b1 signaling pathways.

Materials and methods

Experimental design and sample collection

The experiment was approved by the Animal Care
and Use Committee, Zhejiang University. Twelve
crossbred (Duroc�Landrace�Yorkshire) barrows
were weaned at 21 d of age (body mass 6.1� 0.4 kg)
and randomly assigned to two groups based on body
weight and litter of origin. Weanling piglets were fed a
diet containing 0 or 2200mg Zn/kg from ZnO. Diets
were formulated to meet or exceed National Research
Council requirements for all nutrients (Table 1).15 All
piglets were individually housed in 1.3� 1.2m2 pens in
an environmentally controlled nursery barn.16 Each
treatment had six replicate pens. The piglets were
given access to feed and water ad libitum. Feed
intake was recorded daily. The feeding trial lasted 1
wk. Average daily gain (ADG), average daily feed
intake (ADFI) and feed conversion efficiency were
calculated.

The animals’ feces were observed every day, and the
scour score, according to Hu et al.,8,9 for each pig was
recorded according. The fecal scoring scale was from 1
to 5, where 1 represented no diarrhea, hard feces; 2
represented no diarrhea, normal consistency of feces;
3 represented mild diarrhea, soft and partially formed
feces; 4 represented moderate diarrhea, semi-liquid
feces; and 5 represented severe diarrhea, watery feces.

After the feeding trial (d 8 post-weaning), all the
piglets were killed and the gastrointestinal tract quickly
removed. Intestinal segments measuring 10 cm in length

were excised from the proximal jejunum, immediately
placed in Ringer’s solution and mounted in Ussing
chambers, as described by Hu et al.9 The specimens
from the mid-jejunum were excised and fixed in 10%
formalin. The mucosal samples from the mid-jejunum
were harvested by scraping with a glass slide, rapidly
frozen in liquid nitrogen and stored at �80�C for fur-
ther analysis.

Jejunal morphology and barrier function

The method for making hematoxylin and eosin slices of
jejunal tissue, and measurements of villus height and
crypt depth, was performed according to the proced-
ures of Hu et al.8 The transepithelial electrical resist-
ance (TER) and mucosal-to-serosal permeability to
4-ku FITC dextran (FD4; Sigma-Aldrich, St. Louis,
MO, USA) were determined in vitro in the Ussing
chamber, according to the procedures outlined by Hu
et al.4,9 Briefly, the jejunum segments were mounted in
the EasyMount Ussing chamber system connected to
Acquire and Analyse software (VCC MC6;

Table 1. Composition of the basal diet (on an

as-fed basis).

Ingredients (g/kg)

Maize 560.0

Soybean meal 294.0

Fish meal 55.0

Dried whey 45.0

Soybean oil 15.0

Limestone meal 5.0

Dicalcium phosphate 11.5

Sodium chloride 3.0

L-Lysine HCl 1.0

D,L-Methionine 0.5

Vitamin-mineral premixa 10.0

Analyzed composition (g/kg)

Digestible energyb (MJ/kg) 14.4

Crude protein 215.3

Lysine 14.6

Methionine 3.8

Calcium 9.1

Total phosphorus 7.3

Zn (mg/kg) 127.9

aProvided per kg of diet: vitamin A, 6000.00 IU; vitamin D3,

500.00 IU; vitamin E, 40.00 IU; pantothenic acid, 20.00 mg;

niacin, 30.00 mg; riboflavin, 5.00 mg; vitaminK3, 1.50 mg;

thiamine, 2.00 mg; pyridoxine, 3.00 mg; biotin, 0.10 mg;

folic acid, 0.60 mg; vitamin B12, 0.04 mg; choline,

800.00 mg; Cu (CuSO4�5H2O), 16.00 mg; Zn (ZnSO4),

100.00 mg; Fe (FeSO4), 125.00 mg; Mn (MnSO4�H2O),

15.00 mg; I (KI), 0.20 mg; Se (Na2SeO3), 0.30 mg.
bDigestible energy was calculated from data provided by

the Feed Database in China.
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Physiologic Instruments, San Diego, CA, USA). The
TER (��cm2) was recorded at 15-min intervals over a
2-h period and averaged to obtain the TER values for a
given pig. Meanwhile, mucosal-to-serosal flux of FD4
(ng/cm2/h) was determined. The FD4 was added on the
mucosal side, and the concentration of FD4 in the ser-
osal side was analyzed using a fluorescence microplate
reader (FLx800; Bio-Tek Instruments, Winooski,
VT, USA).

mRNA expression analysis by RT-PCR

The mRNA levels of TGF-b1 and TGF-b receptors
(TbR), as well as their downstream signals, were deter-
mined by RT-PCR, as described by Liu et al.16 and
Chen et al.17 Briefly, total RNA was extracted from
jejunal mucosa using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) following the manufacturer’s
guidelines. The purity and concentration of all RNA
samples were measured using a Nano Drop spectropho-
tometer (ND-2000; NanoDrop Technologies,
Wilmington, DE, USA). Reverse transcription using
the PrimeScripte RT reagent kit (TaKaRa
Biotechnology, Dalian, China) was carried out follow-
ing the manufacturer’s instructions. Quantitative
analysis of PCR was carried out on a StepOne Plus
real-time PCR system (Applied Biosystems, Foster
City, CA, USA) using SYBR Green Master mix
(Promega, Madison, WI, USA) according to the manu-
facturer’s instructions. The primers used are given in
Table 2. Gene-specific amplification was determined
by melting curve analysis and agarose gel

electrophoresis. The 2-��Ct method was used to ana-
lyze the relative changes in each target gene expres-
sion.18 The change (�) in Ct values in each group was
compared with the Ct value of GAPDH (�Ct).
Subsequently, ��CT was computed for each target
gene from the ZnO groups by subtracting the average
�CT for the control group. The final fold differences
were computed as 2-��Ct for each target gene. All
samples were run in triplicate. The results showed that
GAPDH exhibited no difference between two groups.

Western blot analysis

The Western blot analysis was performed according to
the procedures outlined by Hu et al.4 The following
primary Abs were used: MAPK Abs, rabbit mAb;
phospho-p38 (Thr180/Tyr182) rabbit mAb; phospho-
ERK 1/2 (Thr202/Tyr204) rabbit mAb; phospho-JNK
(Thr183/Tyr185) rabbit mAb; TGF-b1 rabbit mAb (all
from Cell Signaling Technology, Danvers, MA, USA).
The secondary Ab was HRP-conjugated anti-rabbit
antibody (Cell Signaling Technology). Western blot
was detected with an enhanced chemiluminescence
detection kit (Amersham, Arlington Heights, IL,
USA), photographed by a ChemiScope 3400 (Clinx
Science Instruments, Shanghai, China) and analyzed
using Quantity One software. b-Actin was used as an
internal control, and exhibited no difference between
the groups. The relative expression of TGF-b1 was
expressed as the ratio of TGF-b1 and b-actin. The
MAPK signal pathway activation was calculated as
the ratios of the phosphorylation levels (p-JNK,

Table 2. Primer sequences used for RT-PCR.

Primer name Primer sequence Size (bp) Accession numbers

TGF-b1 F:50GGACCTTATCCTGAATGCCTT30 133 NM214015

R:50TAGGTTACCACTGAGCCACAAT30

TbR I F:50CTGTGTCTGTCCACCATTCATTTG30 496 AF461808

R:50CAACTTTGCTATGTCTGTCTCCCC30

TbR II F:50CATCTCCTGCTAATGTTGTTGCC30 324 X70142

R:50CGGTTCTAAATCCTGGGACACG30

Smad2 F:50GAAGAGAAGTGGTGTGAGAAAGCAG30 428 BP437096

R:50AATACTGGAGGCAAAACTGGTGTC30

Smad3 F:50TGGAGGAGGTGGAGAAATCAGAAC30 541 AB052738

R:50CACACTCGCTTGCTCACTGTAATC30

Smad4 F:50CCTGAGTATTGGTGTTCCATTGC30 598 NM 214072

R:50TGATGCTCTGCCTTGGGTAATC30

Smad7 F:50TACTGGGAGGAGAAGACGAGAGTG30 241 AW359979

R:50TGGCTGACTTGATGAAGATGGG30

GAPDH F:50ATGGTGAAGGTCGGAGTGAAC30 235 NM001206359

R:50CTCGCTCCTGGAAGATGGT30

bp: base pair.
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p-p38, p-ERK) and the total levels of MAPKs (JNK,
p38, ERK 1/2).

Statistical analysis

Data were analyzed using the SAS statistical package
(SAS Institute, Cary, NC, USA),19 with each animal
considered an experimental unit. Results are expressed
as mean� SD. The fecal score data were tested using
the Mann–Whitney U-test. Differences between the
other means were analyzed with an unpaired t-test.
Differences were considered significant at P< 0.05.

Results

Growth performance and diarrhea index

The effects of ZnO on growth performance and the
diarrhea index of piglets after weaning are shown in
Table 3. Feeding high levels of ZnO (2200mg Zn/kg
in diet) to weanling piglets significantly improved
(P< 0.05) ADG and ADFI, and significantly reduced
(P< 0.05) the post-weaning scour scores compared
with the control.

Jejunal morphology and barrier function

The weanling piglets fed with ZnO had significantly
higher (P< 0.05) villus height and villus height:crypt
depth ratio at the jejunal mucosa compared with the
control pigs (Table 4). The TER and mucosal-to-sero-
sal flux of FD4 in the Ussing chamber were used to
assess the effects of ZnO on the intestinal barrier func-
tion of pigs. The TER values were significantly
increased (P< 0.05) and the mucosal-to-serosal fluxes
of FD4 were significantly decreased (P< 0.05) in the
jejunum of weanling pigs supplemented with ZnO com-
pared with the control pigs (Table 4).

MAPK signaling pathways

Figure 1 shows the effects of ZnO on the three MAPK
signaling pathways (JNK, p38, ERK). There was no
difference in the total protein levels for the MAPKs
between the two groups. However, compared with the

control, supplemental ZnO significantly decreased
(P< 0.05) the ratios of the phosphorylated forms and
the total levels of JNK and p38 (p-JNK/JNK and
p-p38/p38), while significantly increasing (P< 0.05)
the ratio of the phosphorylated forms and the total
levels of ERK (p-ERK/ERK).

TGF-�1 expression and its canonical SMAD
signaling pathway

The mRNA level (Table 4) and expression (Figure 2) of
TGF-b1 in jejunal mucosa was significantly increased
(P< 0.01) in piglets supplemented with ZnO compared
with the control pigs. However, the mRNA levels of the
TbRs (TbR, TbR II) and the downstream signals
(SMAD 2, SMAD 3, SMAD7) showed no difference
between the two groups (Table 5).

Discussion

Weaning is one of the most stressful events in the life of
piglets as they are abruptly forced to experience com-
bined stressors, such as shifting from a milk-based diet
to a cereal-based one, removal from the sow and litter-
mates, fighting and establishment of the social hier-
archy.4 Post-weaning diarrhea and growth retardation
are frequent occurrences in early-weaned piglets.4,10

The duration and severity of diarrhea can be controlled
by feeding pharmacological levels of ZnO (between
2000 and 4000mg/kg of Zn) to the weanling piglets.8–10

In this study, in line with previous research,8–10 supple-
menting with ZnO to provide 2200mg Zn/kg in the
weanling pig diet improved growth performance and
ameliorated weaning-associated diarrhea.

The gastrointestinal tract is fundamental to the
uptake of nutrients, but it also acts as a physical barrier
preventing harmful microorganisms and antigens from
entry into deeper tissues. The intestinal epithelium bar-
rier is formed from a single layer of epithelial cells and
intercellular junctions. The tight junctions, the most
apical of the intercellular junctions, work as the rate-
limiting step in the paracellular pathway and form a

Table 4. Effect of ZnO on jejunal morphology and barrier

function of weaning piglets.a

Control ZnO

Villus height (mm) 504.28� 42.62 637.65� 38.79b

Crypt depth (mm) 268.61� 20.47 246.08� 18.36

Villus height:crypt depth 1.88� 0.13 2.59� 0.15b

Transepithelial electrical

resistance (��cm2)

47.52� 6.20 58.30� 5.67b

Flux of 4 ku-FITC

dextran (mg.cm�2.h�1)

4.84� 0.61 2.32� 0.45b

aValues are means� SD (n¼ 6).
bDifferences were considered significant at P< 0.05.

Table 3. Effects of ZnO on growth performance and

post-weaning diarrhea of pigs.a

Control ZnO

Average daily gain (g) 141.15� 12.15 160.37� 10.79b

Daily feed intake (g) 178.25� 13.24 203.56� 14.95b

Feed-to-gain ratio 1.26� 0.09 1.27� 0.08

Fecal scores 4.18� 0.38 2.01� 0.26b

aValues are means� SD (n¼ 6).
bDifferences were considered significant at P< 0.05.
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selectively permeable barrier.4,9 The disruption of tight
junctions leads to increased intestinal permeability,
which contributes to the initiation and development
of many diseases, such as Crohn’s disease and

ulcerative colitis. Early weaning has been reported to
impair the intestinal barrier function of piglets.4,20 As
reviewed by Wijtten et al.,21 the intestinal barrier dys-
function induced by weaning is characterized by shor-
tened villus height, increased mucosal permeability,
disturbed active and passive absorption, and stimulated
pro-inflammatory cytokine production. In the present
study, the addition of ZnO to the diet increased villus
height and the TER value, and decreased FD4 flux
across the jejunal mucosa. These findings demonstrate
that feeding high levels of ZnO to weanling piglets
ameliorates weaning-associated intestinal injury and
improves intestinal barrier function, which is consistent
with recent research.9,10 There is abundance of research
on the modulation of zinc on intestinal mucosal repair.
A high level of ZnO prevented the increase of paracellu-
lar permeability induced by enterotoxigenic Escherichia
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Figure 1. Effects of ZnO on MAPK signal pathways in the jejunal mucosa of piglets. The three MAPKs are JNK, p38, and ERKs 1 and

2. The bands are representative blots from one of six pigs. The values are calculated as the ratios of their phosphorylation levels (p-

JNK, p-p38, p-ERK) and the total levels of MAPK. Data are means� SD (n¼ 6). *Differences were considered significant at P< 0.05.
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Figure 2. Effects of ZnO on the expression of TGF-b1 in the

jejunal mucosa of weanling piglets. The bands are representative

blots from one of six pigs. The relative expression of TGF-b1 was

expressed as the ratio of TGF-b1 and b-actin. Data are means�

SD (n¼ 6). *Differences were considered significant at P< 0.05.

Table 5. Effects of ZnO on the mRNA expression of TGF-b1,

TbR and their downstream signals in weanling pigs.a

Control ZnO

TGF-b 1.00� 0.47 2.53� 0.67b

TbR I 1.00� 0.26 1.13� 0.44

TbR II 1.00� 0.24 1.16� 0.41

SMAD2 1.00� 0.26 1.20� 0.27

SMAD3 1.00� 0.23 1.21� 0.28

SMAD4 1.00� 0.20 1.09� 0.20

SMAD7 1.00� 0.34 1.23� 0.37

aThe 2���Ct method was used to analyze the relative expression (fold

changes), calculated relative to the control group. Values are means� SD

(n¼ 6).
bDifferences were considered significant at P< 0.01.
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coli in human Caco-2 enterocytes.6 Rodriguez et al.22

showed that malnutrition in guinea pigs was associated
with a decreased number of tight junctional strands,
and pharmacological doses of zinc prevented such an
abnormality of tight junction morphology. High-dose
zinc alleviated tight junction injury in the intestine of
rats with acute colitis caused by dinitro-benzene-sulfo-
nic acid.7 However, the mechanisms of ZnO on muco-
sal integrity are still not well elucidated. Some
researchers think that ZnO prevents diarrhea owing
to its antibacterial activity. In vitro studies show that
ZnO inhibits the growth of Staphylococcus aureus and
E. coli.23 In piglets, high doses of ZnO reduce bacterial
translocation from the small intestine to the ileal mes-
enteric lymph node and decrease the viable Clostridium
count in the intestine.24,25 On the contrary, Jensen-
Waern et al.26 found that supplementation with
2500mg/kg in the form of ZnO did not decrease E.
coli or Enterococci in feces of weaned piglets.26

Roselli et al.6 reported that ZnO protected cells from
enterotoxigenic E. coli-induced damage by inhibiting
bacterial adhesion and internalization, preventing the
disruption of barrier integrity and modulating cytokine
expression, without a direct antibacterial effect.

To better elucidate the molecular mechanisms by
which ZnO supplementation supports epithelial barrier
integrity, we determined, for the first time, whether sup-
plementation with ZnO influenced MAPK signaling
pathways in weaned pigs. MAPKs are a family of
serine/threonine protein kinases widely conserved
among eukaryotes and convert extracellular stimuli
into a wide range of cellular responses. The MAPK
pathways consist of three major groupings and numer-
ous related proteins that constitute interrelated signal
transduction cascades.11 The three major groupings are
the ERK, JNK and p38 cascades. Using a porcine
model of intestinal ischemia, Shifflett et al.11 demon-
strated that inhibition of JNK resulted in enhanced
recovery of barrier function, whereas inhibition of
ERK1/2 and p38 MAPK had a deleterious effect on
mucosal recovery from ischemia. A recent study
showed that weaning stress activated p38, JNK and
ERK 1/2 signaling pathways in the intestine, which
may be an important mechanism of weaning-associated
enteric disorders of piglets.4 So far, only a few studies in
in vitro cell models have investigated the effects of zinc
on MAPK signaling pathways. Liang et al.14 found that
zinc inhibited hydrogen peroxide-induced apoptosis in
MC3T3-E1 cells via activation of ERK pathways and
inhibition of p38 and JNK pathways. In the present
study, we demonstrated, for the first time, that dietary
ZnO supplementation decreases the relative proteins
levels for phosphorylated p38 and JNK, while increas-
ing phosphorylated ERK 1/2, indicating that ZnO inhi-
bits the JNK and p38 signaling pathways while
activating ERK 1/2 signaling in weaned pigs. The
JNK and p38 cascades are activated by inflammatory

cytokines and by a wide variety of cellular stresses.27

Early weaning has been reported to up-regulate the
expression of pro-inflammatory cytokines in the intes-
tine.4 A recent study showed that ZnO supplementation
down-regulated the expression of pro-inflammatory
cytokines in weaned pigs.9,28 The down-regulation of
inflammatory cytokines is in line with the beneficial
effects of oral IFN-a in piglets at weaning.29,30 Oral
IFN-a modulated the inflammatory response to early
weaning and increased the daily mean mass gain of
pigs.30 The inhibition of ZnO on p38 and JNK signal-
ing pathways might be caused by the down-regulation
of pro-inflammatory cytokine levels. The ERK 1/2 cas-
cade is activated by growth factors, and preferentially
regulates cell growth and differentiation.27 Liang
et al.31 reported that zinc increased osteogenic function
in mouse MC3T3-E1 osteoblasts through the stimula-
tion of ERK signaling.31 Wang et al.32 reported that
supplementation with 3000mg Zn/kg from ZnO
increased the A-Raf-1 expression in the jejunum of
weaning piglets. Because Raf is a member of the Ras/
Raf/MEK/ERK signaling pathway, the activation of
ERK in ZnO-supplemented piglets may be expected.
The present study demonstrated, for the first time,
that dietary ZnO supplementation activated ERK 1/2
signaling in weaned pigs. In a follow-up study, the spe-
cific inhibitors of MAPKs may be used to investigate
whether inhibition of MAPKs can affect the beneficial
role of ZnO in intestinal barrier of weaned piglets.

TGF-b1 plays an important regulatory role in muco-
sal immune reactions and intestinal barrier restoration.
During injury or disease, TGF-b stimulates epithelial
cell migration, increases extracellular matrix and integ-
rin production, promotes intestinal epithelial restitu-
tion, and improves intestinal mucosa integrity.33,34

IFN-g has been reported to be the main permeability
increasing cytokine in the gut.35 TGF-b1 preserves
intestinal epithelial barrier function after exposure to
IFN-g. TGF-b plays an important role in the post-
weaning adaptation process in the intestine of the pig.
Mei and Xu12 showed that the expression intensity of
TGF-b1 at the intestinal villus epithelium decreased
significantly 4 d after weaning. The transient decline
in the TGF-b1 level of the intestinal villus following
weaning contributed to post-weaning intestinal villus
atrophy.12 The research on ZnO regulation of TGF-
b1 expression has so far only been reported in vitro.
Zinc markedly increased the concentration of TGF-b1
in culture medium secreted by osteoblastic MC3T3-E1
cells.36 In femoral tissues of newborn rats, and bone
tissues with fracture healing, zinc has a stimulatory
effect on the production of TGF-b1.37,38 In human
Caco-2 enterocytes, Roselli et al.6 showed that the
enterotoxigenic E. coli K88 infection reduced TGF-b1
expression compared with uninfected cells, and ZnO
up-regulated TGF-b mRNA in E. coli K88-infected
cells. However, owing to post-transcriptional
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regulatory actions, the increased expression of TGF-b
mRNA did not indicate the increased expression of
TGF-b protein.35 Therefore, in the current study, we
analyzed the expression of both the mRNA and the
protein. We showed, for the first time, that ZnO sup-
plementation increased the intestinal expression of
TGF-b1 in weaned pigs. The beneficial role of ZnO in
intestinal barrier function might be related to the
increase in intestinal TGF-b1 expression.

The canonical TGF-b signaling pathway is mediated
by SMAD family proteins. SMAD proteins—the only
substrates of TbR kinase—are critical mediators of the
TGF-b signaling transducer. SMAD 2 and SMAD3 are
receptor-regulated SMADS (R-SMADS). Following
stimulation by TGF-b, SMAD 2 and SMAD 3
become phosphorylated. Phosphorylated SMAD 2/3
can complex with SMAD4 (the common-mediator
SMAD), and then translocate to the nucleus and regu-
late gene expression.13 To determine whether ZnO sup-
plementation affected SMAD signaling pathways in
weaned pigs, mucosa scraped from jejunum was ana-
lyzed for the expression of TbR (TbR, TbR II) and the
downstream signals (SMAD 2, SMAD 3, SMAD 7).
The results showed that ZnO supplementation had no
effect on the relative mRNA levels for TbR levels (TbR
I, TbR II) or the downstream signals (SMAD 2, SMAD
3, SMAD 7). We also analyzed phosphorylated SMAD
2/3, but we did not find a suitable Ab for pig. Using Ab
for humans, we failed to detect the SMADs proteins by
Western blotting. Therefore, we analyzed the changes
in the mRNA level. However, several studies have also
shown that the mRNA expression of SMADs can also
be affected in some situations. In further studies, using
other methods, we will try to detect the phosphoryl-
ation or other post-translational modifications of
SMADs.

It is well-established that the beneficial role of
TGF-b1 in the epithelial barrier is exerted mainly as
a result of SMAD-independent signaling pathways.39

Howe et al.33 reported that TGF-b1-induced epithelial
barrier enhancement was mediated by ERK 1/2 and
SMAD 2/3 signaling pathways in human T84 colonic
epithelial cells. TGF-b1 is known to activate the ERK
1/2 pathway in multiple cell types.33 There is some
evidence that the activation of the ERK 1/2 signaling
is linked to the TGF-b1 induced modulation of tight
junction permeability.40 In cultured rat intestinal epi-
thelial cells (IEC-6), TGF-b1 increases wound closures
via ERK activation.41 TGF-b1 stimulates re-epithelia-
lization in human corneal epithelial cells through the
Ras/MEK/ERK signaling pathway.42 In mesenchymal
cells, TGF-b1 induced ERK activation through the
TGF-b/phosphotidylinositol 3-kinase (PI3K)/p21-acti-
vated kinase2 (Pak2)/Raf/MEK/ ERK pathway.43

TGF-b1 also activates ERK signaling through direct
phosphorylation of ShcA.44 ERK was reported to
regulate the integrity of tight junction and the barrier

function of the epithelium.45 In Caco-2 cells, phospho-
ERK directly interacts with occludin and prevents
hydrogen peroxide-induced disruption of tight junc-
tions.45 The activation of ERK 1/2 leads to increased
expression of claudin-4 in MDCK cells.46 In the pre-
sent study, supplementation with ZnO increased the
intestinal expression of TGF-b1 and activated the
ERK 1/2 signaling pathway. The results indicated
that the activation of ERK 1/2 signaling might be
linked to the improvement of the intestinal barrier
induced by supplementation with ZnO.

In summary, dietary addition of ZnO improved
intestinal barrier function, activated the ERK 1/2 sig-
naling pathway, while inhibiting the JNK and p38 sig-
naling pathways, and increased intestinal expression of
TGF-b1 in weaned piglets.
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