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Abstract. The aim of the present study was to investigate the 
effects of lactadherin on plasma D‑lactic acid and small intes-
tinal mucin (MUC) 2 and claudin‑1 expression levels in rats 
with diarrhea induced by rotavirus (RV) infection. A total of 
75 seven‑day‑old healthy Sprague‑Dawley rats were randomly 
divided into the following five groups: Control (C), RV infec-
tion (RVI), lactadherin before rotavirus infection (LBRI), 
lactadherin after rotavirus infection (LARI), and blank (B). 
On day 4 of artificial feeding, the rats in groups RVI, LBRI 
and LARI were intragastric administered 1x106 PFU RV; 
whereas the rats in groups  C and  B were intragastrically 
administered an equal volume of maintenance solution 
from the RV supernatant and normal saline, respectively. In 
the LBRI and LARI groups, rats received daily intragastric 
administration of 0.25 mg lactadherin for three days prior to 
and following infection with RV, respectively. The course of 
diarrheal symptoms was observed in each group and samples 

were collected on days 1, 4, and 7 post‑infection in order to 
determine the mucosal morphology, plasma D‑lactic acid 
levels and the expression levels of MUC2 and the intracellular 
junction protein, claudin‑1, in the small intestine. On day 4 
post‑infection, the rats in group RVI demonstrated severely 
damaged small intestines and typical diarrheal characteristics, 
as detected by light microscopy; whereas rats in groups LBRI 
and LARI demonstrated intact small intestinal villi with 
partial vacuolation of epithelial cells and changes in the posi-
tion of their nuclei. Electron microscopy demonstrated that 
the rats in the RVI group had sparse, shortened, disordered 
intestinal microvilli and widened intercellular junctions; 
whereas those in groups LBRI and LARI had long intestinal 
microvilli sparser compared with groups B and C and slightly 
widened intercellular junctions. Plasma D‑lactic acid levels 
were increased in groups RVI, LBRI and LARI, as compared 
with groups B and C, and the greatest levels were detected in 
the RVI group on days 1, 4 and 7 post‑infection. In addition 
to maintaining intestinal permeability, lactadherin enhanced 
the expression levels of MUC2 and reduced the expression of 
claudin‑1; therefore, further protecting the intestinal epithelial 
barrier, which may contribute to the prevention and treatment 
of diarrhea induced by infection with RV.

Introduction

Rotavirus (RV) infection is the leading cause of diarrheal 
diseases in infants and children worldwide. In developing 
countries, RV‑induced diarrhea accounts for 20‑70% of diar-
rheal diseases in hospitalized children <5‑years of age (1,2). 
Infection with RV causes an estimated 600,000 deaths per year 
worldwide, with >85% of RV‑associated mortality occurring 
in developing or resource‑limited countries  (3). This high 
incidence of RV‑induced diarrhea has caused great economic 
burden.

Lactadherin, also known as human breast antigen 46 or 
milk‑fat globule‑EGF factor 8, is a secreted glycoprotein of 
the milk‑fat globule membrane. In milk, lactadherin func-
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tions as an antiviral protein inhibiting the symptoms of RV 
infection; however, little is known regarding its physiological 
function (4‑6). Lactadherin binds to ligands in epithelial cells, 
which may indicate it has a protective function on intestinal 
cells  (5). RV infection is capable of inducing diarrhea via 
various mechanisms, including the destruction of intestinal 
epithelial cells, intestinal villus ischemia and enteric nervous 
system activation (3). The authors of the present study have 
previously demonstrated that paracellular leakage induced by 
damage to the intracellular junctions may be associated with 
the pathogenesis of RV‑induced diarrhea  (5). Intracellular 
junctions form part of the intestinal epithelial barrier, and 
prevent the invasion of microorganisms and their toxins from 
the intestinal tract (7). Therefore, RV infection may be associ-
ated with the intestinal epithelial barrier.

The present study was conducted to investigate the effects 
of lactadherin on the intestinal epithelial barrier. Various 
parameters associated with the intestinal epithelial barrier, 
including plasma D‑lactic acid, intestinal mucin (MUC) 2 
and intracellular junction claudin‑1 protein were investigated 
in order to investigate the mechanism underlying lactadherin 
intervention. The results of the present study may provide 
evidence for the prevention and treatment of patients with 
RV‑associated diarrhea.

Materials and methods

Reagents and equipment. A group A RV diagnostic kit was 
purchased from Beijing Cosmos Biological Pharmaceutical 
Co., Ltd., (Beijing, China), and the plasma D‑lactic acid 
assay kit was purchased from BioVision, Inc. (Milpitas, CA, 
USA). Rabbit anti‑MUC2 polyclonal antibody (ab76774) 
was purchased from Abcam (Cambridge, UK), and rabbit 
anti‑claudin‑1 antibody (NBP1‑67515) was purchased from 
Novus Biologicals, Ltd. (Milan, Italy). SYBR® Premix Ex 
Taq™, ROX reference dye  II and PrimeScript™ reverse 
transcription (RT) reagent kit were purchased from Takara 
Biotechnology Co., Ltd. (Dalian, China). Forward and 
reverse primers and human lactadherin DNA were purchased 
from Sangon Biotech Co., Ltd., (Shanghai, China). 

Laboratory animals and model preparation. Seven‑day‑old, 
specific pathogen‑free, healthy Sprague‑Dawley rats (n=75) 
were purchased from Shanghai SLAC Laboratory Animal 
Co., Ltd. (Shanghai, China). Experimental protocols were 
approved by the ethics committee of Xinhua Hospital 
Affiliated to Shanghai Jiaotong University School of 
Medicine (XHEC‑F‑2014‑024; Shanghai, China). Rats were 
allocated at random into five groups (n=15 each), including: 
Control (C), RV infection (RVI), lactadherin before RV 
infection (LBRI), lactadherin after RV infection (LARI) 
and blank (B) groups. Human RV Wa strains were provided 
by the Institute of Virology of the Chinese Academy of 
Preventive Medicine (Beijing, China). Rats were intra-
gastrically fed formula milk without lactadherin from 
seven‑days‑old (8). On day 4 of artificial feeding, 10‑day‑old 
rats in group  RVI were intragastrically administered 
1x106 PFU RV. The LBRI group was intragastrically admin-
istered 0.25 mg lactadherin daily for the first three days of 
artificial feeding and received 1x106 PFU RV, via the same 

route, on day 4. The LARI group was intragastrically admin-
istered 1x106 PFU RV on day 4 of artificial feeding and 
0.25 mg lactadherin thereafter for three consecutive days. 
Group C received an equal volume of maintenance solution 
from the RV supernatant (without RV), which contained 
Dulbecco's modified Eagle's medium supplemented with 
1 ug/ml trypsin (both Gibco; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA), on day 4 of artificial feeding; whereas 
group B received an equal volume of normal saline on day 4 
of artificial feeding. On days 1, 4 and 7 following RV admin-
istration, five rats were randomly selected and anesthetized 
with 100 mg/kg ketamine (Fujian Gutian Pharma Co., Ltd., 
Fujian, China) and 10 mg/kg diazepam (Jilin Province Tat 
Animal Pharmaceutical Co., Ltd., Jilin, China) prior to 
sacrifice via decapitation. Blood samples were harvested 
and plasma specimens were collected following centrifu-
gation of 0.3‑0.5 ml blood at 950 x g at 4˚C for 10 min, 
which was subsequently stored at ‑20˚C prior to D‑lactic 
acid determination. A 5.5‑cm section was harvested from 
the small intestinal tissue along with a 5‑cm section via 
the ileocecal valve, which were immediately washed with 
phosphate‑buffered saline (PBS; Thermo Fisher Scientific, 
Inc.). Prior to sectioning for electron microscopy, a 2‑mm 
specimen segment was fixed with 2% glutaraldehyde (Novon 
Scientific Co., Pleasanton, CA, USA) and a 2‑cm specimen 
segment was frozen in liquid nitrogen and stored at ‑80˚C 
prior to RT‑quantitative polymerase chain reaction (qPCR) 
analysis. In preparation for the pathological sections, a 2‑cm 
specimen segment was fixed with 10% neutral formalin 
buffer (Sinopharm Chemical Reagent Co., Ltd., Shanghai, 
China). 

Lactadherin expression. Lactadherin was provided by 
Zhangjiang Biotechnology Co. Ltd., (Shanghai, China). The 
human lactadherin DNA fragment was amplified by PCR 
from human lactadherin cDNA prior to cloning into the 
BamHI and EcoRI restriction sites of the pFastBac™ HTA 
vector (Invitrogen; Thermo Fisher Scientific Inc.). Once 
the recombinant bacmid was confirmed, Sf9 insect cells 
(Zhangjiang Biotechnology Co. Ltd.) were transfected, as 
previously described (9). 

Lactadherin western blot identification and purification. 
Sf9 cells were detected as polygonal following transfec-
tion, as previously described  (9), and the supernatant of 
medium was collected and amplified. Following protein 
extraction and separation by sodium dodecyl sulfate‑poly-
acrylamide gel electrophoresis, as previously described (9), 
50 µg protein was incubated with 200 µg/ml rabbit MFG‑E8 
(H‑60) polyclonal immunoglobulin  G (1:200; sc‑33545; 
Santa Cruz Biotechnology, Inc., Dallas, TX, USA) at 4˚C for 
12‑14 h. Subsequently, the recombinant protein was further 
purified using S‑Sepharose, Q‑Sepharose ion‑exchange 
chromatography, and Sephacryl S‑100 gel filtration chroma-
tography (GE Healthcare Life Sciences, Shanghai, China), 
according to the manufacturer's protocol, to 95% purity, as 
demonstrated by densitometric scanning (Image Lab Gel 
Doc XR+ system; Bio‑Rad Laboratories, Inc., Hercules, CA, 
USA). The purity and molecular weight of lactadherin were 
consistent with native lactadherin.
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Diarrhea model establishment

RV antigen detection in feces. RV antigen rapid detection 
card (Beijing Cosmos Biological Pharmaceutical Co., Ltd.) 
was used according to the colloidal gold method (10) with the 
following criteria: (i) Positive, two red lines; (ii) negative, one 
control line; and (iii) invalid, no control line, invalid experi-
ment or repetitive detection required.

Feces characteristics. Rat feces were characterized according 
to four grades as follows: 1, Normal color (brown) and nature; 
2, abnormal color (green or yellow‑green) and normal nature; 
3, normal color and abnormal nature (thin or watery); and 
4, abnormal color (green or yellow‑green) and nature (thin or 
watery) (11). Diarrhea was diagnosed if the total points were 
≥2 (Table I).

Ultraviolet spectrophotometry of enzyme activity. Plasma 
D‑lactic acid levels were determined using a commercial kit 
according to the manufacturer's protocol. Standard samples 
of 0, 5, 10, 15, 20 and 25 µl, were added to a 96‑well plate, 
with the volume adjusted to 50 µl using Tris‑buffered saline 
(Thermo Fisher Scientific, Inc.). A total of 50  µl plasma 
specimen was added to the blank wells and 50 µl enzyme 
reaction mixture was added to all sample wells, in addition 
to standard and specimens. Following incubation at room 
temperature for 30 min, optical density (OD) was measured 
at 450 nm using a Synergy™ H4 spectrophotometer (BioTek 
Instruments, Inc., Winooski, VT, USA). Standard curve was 
obtained in order to calculate plasma D‑lactic acid levels as 
follows: y=0.062x+0.616.

Hematoxylin and eosin (HE) staining. In order to examine 
intestinal mucosal morphology, 5 cm small intestinal tissue 
specimens were harvested from the ileocecal valve on day 4 
post‑infection. Tissue specimens were fixed with 10% neutral 
formalin buffer were subjected to gradient ethanol dehydra-
tion, xylene transparency, paraffin embedding, sectioning 
and HE staining (Changdao Biological Technology Co., Ltd., 
Shanghai, China) prior to light microscopy (Olympus CX21; 
Corporation, Tokyo, Japan) to observe the morphology of the 
small intestine mucosa.

Electron microscopy. In order to examine the ultrastructure 
and intracellular conjunctions of the intestinal epithelial cells, 
5 cm small intestinal tissue specimens were harvested from the 
ileocecal valve on day 4 post‑RV infection. Intestinal tissues 
were fixed with 2% glutaraldehyde and pure epoxy resin 618 
embedding (China National Chemical Co., Ltd., Beijing, 
China), sectioning, lead citrate e‑dyeing and electron micros-
copy analysis was performed by the Electron Microscopy 
Division at Shanghai Jiaotong University School of Medicine.

Immunohistochemical streptavidin‑peroxidase analysis. 
Immunohistochemical analysis of small intestinal MUC2 and 
intracellular junction claudin‑1 protein was performed using 
intestinal tissue specimens harvested on day 4 post‑infection. 
Tissue specimens were fixed, embedded, sectioned and 
de‑waxed using conventional methods (12) and high‑pressure 
antigen retrieval of specimens was subsequently performed by 

incubating the specimens in 3% H2O2 at room temperature for 
10 min. Subsequently, the specimens were soaked twice in PBS 
for 5 min, and incubated with normal goat serum (Shanghai 
Haoran Biological Technology Co., Ltd., Shanghai, China) 
at room temperature for 20 min. The serum was discarded 
and the specimens were subsequently incubated with rabbit 
primary polyclonal anti‑MUC2 (1:100) and anti‑claudin‑1 
(1:100) antibodies 4˚C overnight. Following this, the specimens 
were rinsed three times with PBS for 5 min and incubated with 
horseradish peroxidase‑conjugated goat anti‑rabbit secondary 
antibody (1:100; 111‑035‑003; Jackson ImmunoResearch 
Laboratories, Inc., West Grove, PA, USA) working solution at 
room temperature for 60 min. Specimens were subsequently 
rinsed three times with PBS for 5 min and developed using 
3,3'‑diaminobenzidine reagent (Wuhan Boster Biological 
Technology, Ltd., Wuhan, China). Hematoxylin counter-
staining was performed and the specimens were mounted 
using the conventional method (12). Five fields of view were 
randomly selected and images of the intestinal mucosal layer 
were captured using a light microscope (magnification, x40). 
Image Pro Plus 6.0 (Media Cybernetics, Inc., Rockville, MD, 
USA) was used to compare the average OD of the brown 
yellow particles amongst the various rat groups, which was 
calculated according to the area of brown yellow particles and 
their OD values, as follows: A=OD/area.

RT‑qPCR. The mRNA expression levels of intestinal MUC2 
mucin and intracellular junction claudin‑1 protein expression 
levels were analyzed using RT‑qPCR, using the following 
primers: MUC2, forward 5'‑AGA​CCG​TAG​TGC​TGT​TGA​
CTGA‑3', and reverse 5'‑GGT​AGG​AGG​AGG​GTT​TGA​
AGAT‑3'; claudin‑1, forward 5'‑AAA​AGA​TGT​GGA​TGG​
CTG​TCA‑3', and reverse 5'‑GTG​GTG​TTG​GGT​AAG​AGG​
TTGT‑3'; and β‑actin, forward 5'‑CCC​ATC​TAT​GAG​GGT​
TACGC‑3' and reverse 5'‑TTT​AAT​GTC​ACG​CAC​GAT​TTC‑3'. 
Total RNA was extracted using TRIzol® (Invitrogen; Thermo 
Fisher Scientific, Inc.) and 0.2 ml chloroform (Sinopharm 
Chemical Reagent Co., Ltd.) per sample. Following incubation 
at 37˚C for 15 min, the 100 µg RNA was reverse‑transcribed to 
cDNA at 85˚C for 5 sec using a Veriti 96‑well thermal cycler 

Table I. Feces scoring of pups among the five groups at vari-
ous time points.

Day	 Control	 RVI	 LBRI	 LARI	 Blank

D1	 1.0±0.0a	 2.0±0.5b	 1.0±0.5a,b	 2.0±0.5b	 1.0±0.0a

D2	 1.0±0.0a	 3.0±1.0b	 2.0±0.5a,b	 2.0±1.0a,b	 1.0±0.0a

D3	 1.0±0.0a	 3.0±.0.5b	 2.0±1.0a,b	 2.0±0.5a,b	 1.0±0.0a

D4	 1.0±0.0a	 4.0±1.0b	 3.0±1.0a,b	 3.0±0.0a,b	 1.0±0.0a

D5	 1.0±0.0a	 3.0±0.5b	 1.0±1.0a	 2.0±1.0a	 1.0±0.0a

D6	 1.0±0.0a	 3.0±0.5b	 1.0±0.5a	 1.0±1.0a	 1.0±0.0a

D7	 1.0±0.0	 1.0±1.0b	 1.0±0.0	 1.0±0.0	 1.0±0.0

Data are presented as the median ± quartile interval, where the quar-
tile interval is the degree of dispersion. aP<0.05 vs. the RVI group; 
bP<0.05 vs. the control group. RVI, rotavirus infection; LBRI, lacta-
dherin before RVI; LARI, lactadherin after RVI.
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(Applied Biosystems; Thermo Fisher Scientific, Inc.). To a 
final volume of 20 µl, the PCR reaction mixture contained 
10 µl 1X SYBR Premis Ex Taq II™, 0.8 µl forward primer 
(0.4 µM), 0.8 µl reverse primer (0.4 µM), 0.4 µl 1X ROX 
reference dye II, 2 µl DNA template and 6 µl RNase‑free 
dH2O. Amplification conditions were as follows: 1 cycle of 
95˚C for 30 sec; followed by 40 cycles of 95˚C for 5 sec 
and 60˚C for 34 sec; and one cycle of 95˚C for 15 sec, 60˚C 
for 1 min, and 95˚C for 15 sec. Results were automatically 
computed and analyzed using ABI 7500 software (Applied 
Biosystems; Thermo Fisher Scientific, Inc.). cDNA expres-
sion levels were transformed to mRNA expression level, 
and the sample values were normalized against the β‑actin 
reference values.

Statistical methods. Data were analyzed using the SAS statis-
tical software package (version 8.02; SAS Institute Inc., Cary, 
NC, USA), and presented as the mean ± standard deviation. 
Multi‑group and pairwise comparisons were performed using 
single factor analysis of variance and Student‑Newman‑Keuls 
tests, respectively. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Influence of lactadherin on the course and degree of diarrhea. 
The feces of rats in groups B and C demonstrated negative RV 
antigen detection results, which was consistent with their lack 
of diarrheal symptoms. Positive results were detected in groups 
RVI, LBRI and LARI, which was consistent with their clinical 
symptoms of diarrhea 24 h after intragastric administration 
of RV, including increased water content or abnormal fecal 
color. The severity of diarrhea peaked 4 days after intragastric 
administration of RV.

Among the five rat groups, the most severe clinical symp-
toms of diarrhea were detected in the RVI group, including 
substantially increased fecal water content, high defecation 
frequency and long disease duration, with normal feces predom-
inantly observed by day 7. By comparison, groups LBRI and 
LARI demonstrated less severe clinical symptoms of diarrhea, 
including slightly increased fecal water content and short disease 
duration, with normal feces predominantly observed by day 6.

Influence of lactadherin on mucosal morphology in rat small 
intestine. At 4 days post‑RV infection, rats in groups C and B 
exhibited intact intestinal villi without swelling, degenera-
tion, necrosis or inflammatory cell infiltration, as detected by 
light microscopy (Fig. 1A and E). By contrast, swelling and 
congested intestinal villi with fractures, substantial vacuola-
tion of epithelial cells, changes in the position of the nucleus, 
non‑obvious inflammatory cell infiltration and minimal 
lymphocytic infiltration was detected in the RVI group 
(Fig. 1B). In the LBRI and LARI groups, light microscopy 
demonstrated relatively intact intestinal villi with partial vacu-
olation of epithelial cells and partial alterations in the position 
of the nucleus (Fig. 1C and D).

Figure 1. Microphotographs demonstrating alterations in the mucosal mor-
phology of the small intestines of all groups on day 4 following infection 
with rotavirus (RV). (A) Control; (B) RV infection (RVI); (C) lactadherin 
before RV infection (LBRI); (D) lactadherin after RV infection (LARI); and 
(E) blank (B) groups,  captured using light (magnification, x200) and electron 
microscopy (magnification, x17,500).

 A

 B

 C

 D

 E

Figure 2. Plasma D‑lactic acid levels on days 1, 4 and 7 following RV infec-
tion. *P<0.05 vs. the C group at the same time point; #P<0.05 vs. the RVI 
group. RV, rotavirus; C, control; RVI, RV infection; LBRI, lactadherin before 
RV infection; LARI, lactadherin after RV infection; B, blank. 
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Figure 4. Average OD of the rat groups with positive (A) MUC2 and (B) claudin‑1 expression levels. *P<0.05 vs. the C group at the same time point; 
#P<0.05 vs. the RVI group. OD, optical density; MUC2, mucin 2; C, control; RVI, rotavirus infection; LBRI, lactadherin before RVI; LBRI, lactadherin 
after RVI; B, blank.

Figure 3. Immunohistochemistry of mucin 2 (MUC2) and claudin‑1 on day 4 following rotavirus (RV) infection. Using a light microscope, (A‑E) MUC2 
expression was predominantly detected in the perinuclear area of the cytoplasm and the nucleus; whereas (F‑J) claudin‑1 expression was predominantly 
detected in the cell membrane. (A and F) Control (C); (B and G) RV infection (RVI), (C and H) lactadherin before RV infection (LBRI), (D and I) lactadherin 
after RV infection (LARI); and (E and J) blank (B) groups (magnification, 200x). 

 A  B  C

 D  E
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 F

 I

 G

 J

 H

 B
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As detected by electron microscopy, groups C and B 
demonstrated compact, neat and long intestinal microvilli 
with closed intracellular junctions at 4 days post‑RV infection 
(Fig. 1A and E); as compared with the sparse, shortened and 
disordered intestinal microvilli with broadened intracellular 
junctions and swollen mitochondria detected in the RVI 
group (Fig. 1B). As compared with groups B and C, groups 
LBRI and LARI demonstrated longer intestinal microvilli 
with slightly broadened intercellular junctions and swollen 
mitochondria (Fig. 1C and D).

Influence of lactadherin on rat plasma D‑lactic acid levels. 
On days 1, 4 and 7 following RV infection, plasma D‑lactic 
acid levels were significantly elevated in groups RVI, LBRI 
and LARI, as compared with group C (P<0.05). Notably, 
plasma D‑lactic acid levels were highest in the RVI group, 
particularly on day 4 post‑infection (Fig. 2).

Effects of lactadherin on MUC2 and claudin‑1 expression 
levels in rat small intestine. In groups C and B at 4 days 
post‑RV infection, MUC2 expression was evenly distributed 
(Fig. 3A and E) with no substantial variations in the average 
OD values (Fig. 4A). In the RVI group, MUC2 expression 
was predominantly detected in the perinuclear space and 
cytoplasm with low expression levels detected in the nucleus 
(Fig. 3B); whereas MUC2 expression was concentrated to 
specific areas in groups LBRI and LARI (Fig. 3C and D). 
Furthermore, significantly increased average OD values were 
demonstrated in the LBRI and LARI groups, as compared 
with groups B and C (P<0.05). The lowest average OD was 
detected in the RVI group, as compared with the other groups 
(Fig. 4A).

In groups C and B 4 days post‑RV infection, claudin‑1 
expression was predominantly detected in the cell membrane 
(Fig. 3F and J), with no differences in the average OD values 
(Fig. 4B). In groups RVI, LBRI and LARI, claudin‑1 expres-
sion was predominantly detected in the cell membrane, with 
low expression levels detected in the nucleus and cytoplasm 
(Fig. 3G‑I). Claudin‑1 expression was greatest in the RVI 
group. The associated average OD values were increased in 
groups RVI, LBRI and LARI, as compared with groups B 
and C, with the greatest values detected in the RVI group 
(Fig. 4B).

Results of MUC2 and claudin‑1 mRNA assays. On day 1 
post‑RV infection, MUC2 mRNA expression levels were 
significantly increased in groups RVI, LBRI and LARI, 
as compared with groups  B and  C (P<0.05). On day  4 
post‑infection, MUC2 mRNA expression levels were elevated 
in groups LBRI and LARI and group RVI had significantly 
decreased, as compared with groups  B and  C. By day  7 
post‑infection, no substantial differences in MUC2 mRNA 
expression levels were detected amongst the various groups 
(Fig. 5A).

No substantial differences in claudin‑1 mRNA expression 
levels were detected amongst the various groups on day 1 
post‑infection. However, on day 4 post‑infection, claudin‑1 
mRNA expression levels were significantly increased in groups 
RVI, LBRI and LARI, as compared with groups B and C 
(P<0.05). Claudin‑1 mRNA expression levels were highest 
in the RVI group. On day 7 post‑infection, claudin‑1 mRNA 
expression levels were significantly elevated in the RVI group, 
as compared with the other groups (P<0.05) (Fig. 5B).

Discussion

The RV genus belongs to the Reoviridae family, the 
members of which have genomes containing 11  segments 
of double‑stranded (ds)RNA and primarily infect infants 
<2 years old (13). Lactadherin is crucially involved in reducing 
the incidence of RV‑associated diarrhea and relevant diarrheal 
symptoms (4,14,15). Previous studies have demonstrated that 
breast milk contains lactadherin with a specific sequence, i.e., 
N'‑Arg‑Gly‑Asp (RGD) crosslinked with integrin αVβ3 and 
αVβ5, thus competitively inhibiting the RV combination with 
host cells (12,14‑17). The results of the present study demon-
strated that, following infection with RV, rats in the groups 
treated with lactadherin, LBRI and LARI, exhibited less 
severe diarrheal symptoms, as compared with the RVI group. 
Furthermore, light and electron microscopy analysis demon-
strated that rats in the LBRI and LARI groups suffered less 
damage to intestinal tissue, as compared with the RVI group, 
suggesting that lactadherin may have a role in the prevention 
and treatment of RV‑associated diarrhea.

It has previously been demonstrated that intestinal mucosal 
permeability increases prior to the substantial changes in 
intestinal mucosal morphology (18,7). Therefore, intestinal 

Figure 5. Small intestinal (A) mucin 2 (MUC2) and (B) claudin‑1 mRNA expression levels on days 1, 4 and 7 post‑infection. *P<0.05 vs. group C at the same 
time point; and #P<0.05 vs. the RVI group. MUC, mucin; C, control; RVI rotavirus infection; LBRI, lactadherin before RVI; LARI, lactadherin after RVI; 
B, blank.

  A   B
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mucosal permeability reflects early damage to the intestinal 
mucosa barrier, and D‑lactic acid levels may be used to quan-
titatively assess intestinal mucosal barrier function  (18,7). 
The present study demonstrated that D‑lactic acid levels were 
elevated in rats in groups RVI, LBRI and LARI, as compared 
with those in groups B and C on days 1, 4 and 7 following 
RV infection. RV infection may have caused damage to the 
intestinal mucosal barrier and increased intestinal perme-
ability, allowing the transport of bacterially produced D‑lactic 
acid from the intestine to the plasma via the damaged mucosa, 
leading to increased plasma D‑lactic levels. D‑lactic acid 
levels peaked on day 4 post‑infection, suggesting that the 
intestinal lesions became most severe at this point, which 
is consistent with the peak of clinical diarrheal symptoms. 
Furthermore, plasma D‑lactic acid levels decreased in groups 
LBRI and LARI, as compared with the RVI group. Analyses 
of the mucosal morphology of the rat's small intestines using 
light and electron microscopy demonstrated that the damage 
to the small intestinal tissues was less severe in the LBRI 
and LARI groups, as compared with the RVI group on day 4 
post‑infection. These results suggested that lactadherin may 
have counteracted the increased intestinal permeability 
induced by RV infection.

The intestinal epithelial barrier is the first‑line of mucosal 
immune defense, and includes the mucus layer, intestinal 
epithelial cell layer and the tight junctions of intestinal 
epithelial cells, which are associated with intestinal perme-
ability  (19). Previous studies have demonstrated that the 
intestinal mucus layer, in particular mucin, is able to inhibit 
the adhesion of viruses to intestinal epithelial cells (11,20,21). 
To date, 21 mucins have been discovered, of which MUC2, 
which is most abundant in the small intestine, is one of the 
most important (22). The mucus gel later is an integral struc-
tural component of the intestine, which provides a medium 
for protection, lubrication and transport between the luminal 
contents and the epithelial lining (23). As such, as a structural 
component of the protective mucus layer, MUC2 ensures 
intestinal mucus has a high density and viscoelasticity and the 
synthesis rate of MUC2 is a potential parameter for intestinal 
barrier function (24). Boshuizen et al  (22) have previously 
demonstrated that MUC2 mRNA expression levels were 
reduced in the jejunums of RV‑infected rats, which increased 
in the ilea of the rats on day 1 post‑infection but remained 
at similar levels at other time points, as compared with the 
control. The results of the present study demonstrated that on 
day 1 post‑infection, small intestinal MUC2 mRNA expres-
sion levels were increased in the rats in groups RVI, LBRI and 
LARI, as compared with those in groups B and C. The dsRNA 
and VP4 outer capsid protein of RV may have respectively 
activated corresponding signal transduction pathways for 
the direct or indirect upregulation of MUC2 expression (22); 
therefore, further improving the capability of the immune 
system to defend against infection. On day 4 post‑infection, 
the mRNA expression levels of MUC2 in the RVI group were 
reduced compared with those detected in groups B and C, 
which may have been due to a reduction in MUC2 secre-
tion caused by a decline of the body's MUC2 reserve and 
the apoptosis of goblet cells, which are capable of secreting 
MUC2. Regarding the increased MUC2 mRNA expression 
levels detected in groups LBRI and LARI, as compared with 

groups B and C, it is hypothesized that lactadherin promoted 
intestinal epithelial cell growth and goblet cell maturation, thus 
reducing the apoptosis of intestinal epithelial cells. MUC2 is 
a crucial component of the intestinal epithelial barrier which 
protects against microbial infection; therefore, this increase in 
MUC2 expression levels may enhance the defensive function 
of the intestinal epithelial barrier. This may explain why rats 
in the LBRI and LARI groups exhibited reduced intestinal 
permeability following lactadherin administration, which 
counteracted the increased intestinal permeability induced 
by infection with RV. Following the removal of inflammatory 
lesions and the recovery of epithelial cells, MUC2 expres-
sion levels should return to normal; however, the underlying 
mechanisms require further study.

The integrity of the intestinal epithelial barrier is 
maintained by intestinal epithelial cells and intracellular 
junctions, which ensure that the areas between two cells are 
impermeable  (25‑27). Previous studies have demonstrated 
that paracellular leakage caused by damage to the intracel-
lular junctions may be an important mechanism underlying 
RV‑associated diarrhea (20,28). Tight junctions have a key 
role in the association of cells (25‑27,29) and in recent years, 
claudin‑1 has been proposed as an important component of 
the tight junctions in the intestinal barrier (30,31). However, 
claudin‑1 expression levels increase, rather than decrease, with 
increasing inflammatory intestinal permeability (25,26). In the 
present study, no substantial variations in claudin‑1 mRNA 
expression levels were detected amongst the rat groups receiving 
various treatments on day  1 post‑RV infection. However, 
claudin‑1 mRNA expression levels were elevated in the RVI, 
LBRI and LARI groups, as compared with groups B and C; 
furthermore, the RVI group demonstrated increased levels on 
day 4 post‑infection, as compared with the LBRI and LARI 
groups. On day 7 post‑infection, claudin‑1 mRNA expression 
levels increased in the rats in group RVI, as compared with the 
other groups. Furthermore, claudin‑1 mRNA expression was 
predominantly detected in the cell membrane; however, low 
expression levels were detected in the cytoplasm and nuclei of 
rats in the RVI, LBRI and LARI groups. These results were 
consistent with a previous study investigating inflammatory 
bowel disease, conducted by Poritz et al (32). Furthermore, the 
present study demonstrated that claudin‑1 mRNA expression 
levels were increased in the RVI, LBRI and LARI groups, 
as compared with groups B and C on day 4 post‑infection; 
whereas these levels were increased in the RVI group, as 
compared with groups  B and  C on day  7 post‑infection. 
Similarly, plasma D‑lactic acid levels were elevated in the 
RVI, LBRI and LARI groups, as compared with groups B 
and C on days 4 and 7. Claudin‑1 may function as a channel 
protein in the regulation of tight junctions and its upregulation 
is likely to have increased the permeability between epithelial 
cells, resulting in increased intestinal permeability in the rats 
in groups RVI, LBRI and LARI. Furthermore, the claudin‑1 
mRNA expression and plasma D‑lactic acid levels were 
reduced in the LBRI and LARI groups, as compared with the 
RVI group on days 4 and 7 following infection with RV. These 
results suggested that lactadherin may reduce the upregulated 
expression of claudin‑1 mRNA associated with RV infection in 
order to maintain the intestinal epithelial barrier and improve 
intestinal permeability.
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In conclusion, the present study demonstrated that lactad-
herin increased the expression levels of small intestinal MUC2 
and reduced the expression levels of claudin‑1 intracellular 
junction protein, thus protecting the intestinal epithelial barrier 
and counteracting the increased intestinal permeability caused 
by infection with RV. These results suggested that lactadherin 
may be used in the prevention and treatment of RV‑associated 
diarrhea.
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