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1 | INTRODUCTION

Abstract

Vitamin A (VA) is one of the most widely used food supplements, but its molecular
mechanisms largely remain elusive. Previously, we have demonstrated that VA inhib-
its the action of lipopolysaccharide (LPS) on intestinal epithelial barrier function and
tight junction proteins using IPEC-J2 cells, one of representative intestinal cell lines
as a cellular model. These exciting findings stimulated us continue to determine the
effects of VA on LPS-induced damage of intestinal integrity in mice. Our results dem-
onstrated that LPS treatment caused reductions of the mRNA levels of tight junction
proteins including Zo-1, Occludin, and Claudin-1, well-known biomarkers of intes-
tinal integrity, and these reductions were reversed by VA pretreatment. Intestinal
immunofluorescent results of Claudin-1 revealed that LPS disrupted the structure
of tight junction and reduced the expression of Claudin-1 at protein level, which was
reversed by VA pretreatment. These results suggest that VA may exert a profound

role on preventing intestinal inflammation in vivo.
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substances in the intestinal lumen and preventing the invasion of
pathogenic antigens (Buckley & Turner, 2018; De Santis, Cavalcanti,

Vitamin A (VA) is a commonly used food supplement that maintains
visual function, tissue development, differentiation, and immune
response. Particularly, VA has been confirmed having its critical role
of anti-inflammatory effect (Xiao et al., 2019; Zhang et al., 2019).
Interestingly, VA plays an essential role in tight junctions in vitro
(Osanai, 2017; Rybakovsky et al., 2017). Tight junctions are import-
ant components of the intestinal epithelial barrier. The develop-
ment of most diseases is related to the intestinal epithelial barrier

in the clinic, and the intestine has a function of separating the

Mastronardi, Jirillo, & Chieppa, 2015). Thus, alteration of tight junc-
tions is becoming an important biomarker of determining the func-
tion of intestine (Wardill, Gibson, Logan, & Bowen, 2014). Studies
have confirmed that LPS, one commonly and important inflamma-
tion activator, produces damages on tight junctions in vitro (Chen
et al., 2015; Main, Weber, Baumgard, & Gabler, 2012). Previously,
we have shown that VA protected against LPS-induced damage on
tight junctions in vitro (He et al., 2019). However, whether or how

effect of VA on tight junction of intestine in vivo remains elusive.
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Thus, we use miniature mice to further explore the effect of VA on
tight junctions in vivo.

2 | MATERIALS AND METHODS
2.1 | Materials

Vitamin A was purchased from Sigma-Aldrich and dissolved in
DMSO to prepare a stock solution of 100 mM. LPS was purchased
from Sigma-Aldrich as well and dissolved in PBS to prepare the solu-
tion stored at -20°C. IL-6, TNF-a, and p-actin were purchased from
Cell Signaling Technology. Sodium carboxymethyl cellulose was pur-
chased from Aladdin Biochemical Technology Co., Ltd.

2.2 | Animals and treatments

Specific pathogen-free male C57BL/6N mice weighing 20-22 g
(purchased from Hunan Slack Jing da Experimental Animal Co., Ltd)
were housed in specific pathogen-free conditions at Hunan Normal
University, China. Animal experiments were performed in accord-
ance with the National Guideline for Experimental Animal Welfare
and with approval of the Animal Welfare and Research Ethics
Committee at Hunan Normal University (approved animal proto-
col number 201808, extended animal protocol number 2019041).
C57BL/6N mice were randomly divided into four groups: control,
LPS (5 mg/kg), VA (1 mg/kg), LPS (5 mg/kg) + VA (1 mg/kg) groups.
The mice were treated with oral VA for 4 days and intraperitoneal
LPS for 24 hr. The doses of LPS and VA were adopted from previous
published work (Kim, Kim, Park, Kim, & Chang, 2015).

2.3 | Collection of mice intestinal tissue samples

At the end of each experiment, the mouse cervical spine was dislo-
cated and the intestinal tissues were collected immediately. After
washing with PBS at 4°C, and intestinal tissues were either for cryo-

sections or stored in liquid nitrogen for further study.

2.4 | Reverse transcriptase-polymerase
chain reaction

The PCR system consisted of 5.0 pl of YBR Green qPCR Mix, 0.2 pl
of cDNA, 0.3 pl of each primer, and 4.2 pul of double-distilled water in
a final volume of 20 pl. The detailed information of each primer was
presented in Table 1. Each sample was determined in triplicate, and
the housekeeping gene GAPDH was used as the internal standard
for the PCR. Quantitative real-time PCR was performed with a Real
Master Mix SYBP ROX (5 Prime) according to the manufacturer's
protocols using the same pig GAPDH primer.

2.5 | Western blot

Tissues proteins were fractionated by sodium dodecyl sulfate-po-
lyacrylamide gel electrophoresis, transferred to membranes, and
then incubated overnight at 4°C with different primary antibodies
described in Reagents section above (Cell Signaling Technology) in
buffer containing bovine serum albumin. Membranes were washed
with triethanolamine-buffered saline (TBS) containing 0.05% Tween-
20, blotted with secondary antibody for 1 hr at room temperature,
and then washed again three times. Pierce Super Signal chemilumi-
nescent substrate (Rockford, IL, USA) was added, and the blot was
imaged immediately on a ChemiDoc system (Tanon 4600) and a
Perfection V500 camera (Epson). Band intensities were quantified
using ImageJ.

2.6 | Preparation of cryosections

Each intestine tissue was transferred from fixative to 300 pl 2.3 M
sucrose in 0.1 M sodium phosphate pH 7.4 at 4°C for 1 hr, then
embedded and quick-frozen in OCT compound (Tissue-Tek). 5-pm
cryosections were cut at —20°C collected on chrome alum/gelatin-
subbed slides, and stored up to 24 hr at -20°C. Optimally oriented
cryosections were selected for further processing.

2.7 | Immunofluorescence microscopy

Localization of Claudin-1, one representative of tight junction pro-
teins in intestine in each group, was determined by immunofluores-
cence microscopy. First, cryosection of intestine tissues was washed
with PBS. For Claudin-1 staining, cryosection of intestine tissues was
fixed with 2% (v/v) formaldehyde in PBS for 30 min and incubated
with 1% (v/v) Triton X-100 in PBS 3 times for 5 min each to permea-
bilize cells and then washed and blocked for 30 min with 1% (w/v)
bovine serum albumin (BSA) in PBS. Cryosection was then incubated
with primary antibody against rabbit Claudin-1 (1:100) overnight at
4°C. Cryosection was then washed again with PBS and incubated
with the secondary antibody, Alexa Fluor 488 goat anti-rabbit (1:100)
(Proteintech). Cryosection was then washed again with PBS, and the
permeable support membrane was then mounted side up between
a slide and coverslip with a DAPI-containing mounting medium
(Beyotime Biotechnology). Microscopic images of the mounted mem-
branes were taken on a Zeiss LSM 510 Meta Confocal Laser Scanning
Microscope (Leica, DFC450C). Scan areas were chosen based on in-

tact tissue structures, avoiding the edges of the square cutouts.

2.8 | Statistical analysis

SPSS16.0 (SPSS Inc.) was used for statistical analysis. Measurement

data were presented as mean * standard deviation (SD). Comparison
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TABLE 1 The detailed information of
primers for RT-PCR

CTGGCATTGACTGGGGTCA
GCCTGGTGGTGGAACTTGCTC
AAGGAAGCGATGAAGCAGAAGGC
GCCACTAATGTCGCCAGACCTG
GCCACAAGCAGGAATGAGAAGAGG
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FIGURE 1 RT-PCRresults of Zo-1, Occludin, and Claudin-1 in intestine tissues from control, LPS (5 mg/kg), VA (1 mg/kg), LPS (5 mg/
kg) + VA (1 mg/kg) groups. Treatment with 5 mg/kg LPS significantly decreases mRNA levels of Zo-1, Occludin, and Claudin-1, indicating
damage of epithelial integrity. In contrast, 1 mg/kg VA enhances mRNA expression of tight junction (*p < .05, compared with control, n = 4

for each group)

of means among multiple groups was performed by one-way analy-
sis of variance (ANOVA), followed Dunnett post hoc test. A statisti-

cal significance was defined when p < .05.

3 | RESULTS
3.1 | Effect of vitamin A on gene expression of tight
junction in intestinal tissues in mice

We utilized intestine tissues among four groups to determine
whether there is any alteration of tight junctions. mMRNA levels of
Zo-1, Occludin, and Claudin-1 were determined by Reverse tran-
scriptase-polymerase chain reaction (RT-PCR). As shown in Figure 1,

VA increased gene expression of Zo-1, Occludin, and Claudin-1. In

contrast, as we expected, LPS downregulated Zo-1, Occludin, and
Claudin-1 at mRNA Levels. Interestingly, mRNA levels of Zo-1,
Occludin, and Claudin-1 with cotreatment of VA and LPS were
significantly increased compared with the treatment of LPS alone.
These observations clearly demonstrated that treatment of VA at-
tenuated LPS-induced decrease in these tight junctions at mRNA
levels, indicating that VA inhibits the action of LPS on tight junctions

in vivo.
3.2 | Effect of Vitamin A on inflammatory responses
in mice

To explore anti-inflammatory function of VA on intestinal tissues,

alterations of TNF-a and IL-6 as biomarkers of inflammation during
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these treatments were examined. As shown in Figure 2a, LPS in-
creased TNF-a and IL-6 expressions, while VA alone significantly
decreased TNF-a and IL-6 expression at mRNA levels. Interestingly,
cotreatment of VA and LPS exhibited profoundly attenuated effect
of VA on LPS-induced inflammation, and evidenced by significant
decrease in TNF-a and IL-6 compared with LPS treatment group.
Profoundly, similar trend at protein levels was observed via Western
Blot (Figure 2b,c).

3.3 | Immunofluorescent evaluation of the
localization and expression of tight junction

Immunofluorescence was used to detect the localization and ex-
pression of tight junctions since results collected by immunoflu-
orescence microscopy are more intuitive. As shown in Figure 3,
tight junction of Claudin-1 is neatly arranged in mouse intestine
tissues in the control group, while VA alone profoundly enhanced
Claudin-1 expression with perfect arrangement. However, LPS-

treated group showed severely structural disruption with decrease

in tight junction protein Claudin-1. In contrast, VA treatment pro-
tected this disruption when the mice were treated with both VA
and LPS.

4 | DISCUSSION

Vitamin A is one of the most conventional daily food supplements
with minimum toxicity and great nutritional values. It new func-
tions have continuously attracted scientific attentions. Okayasu
et al. (2016) disclosed that VA can block development of dextran sul-
fate sodium-induced colitis and colon cancer using a mouse model.
Holloway, Kim, and Quadro (2019) disclosed that the homeostasis
RA, the active form of VA, may be involved in modulating the car-
diac hypertrophy of pregnancy and VA can enhance cardiac function.
Applying VA deficiency model, Qi et al. (2019) explored novel changes
of genes involved in nutrition metabolism and immune responses in
growth retardation piglets. Cui et al. (2019) explored that VA defi-
ciency enhances development of Lewis lung carcinoma through in-

duction of type 2 innate lymphoid cells and activates macrophages.
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Thus, supplying VA could attenuate development of Lewis lung carci-
noma by improving type 2 immune response (Cui et al., 2019).

These important findings mentioned above imply that VA has
very likely potential function on strengthening immune system. In
contrast, intestinal inflammation induced by toxins is a deadly clini-
cal problem. Preventing this intestinal inflammation problem has an
unmet clinical demand. LPS, one of the important immune modula-
tors, is widely used as an efficient model for mimicking inflammation
event induced by toxins.

Recently, it has been reported that the development of inflam-
mation -caused diseases is associated with alteration of intestinal
tissue proteins, particularly tight junction proteins (Yang et al,,
2019). Our previous study has shown that VA inhibits the action of
LPS on the intestinal epithelial barrier function and tight junction
proteins at cellular level (He et al., 2019). However, it is unknown
whether this protective effect of VA could be seen in vivo or not.
Thus, in this study we continue to explore whether this inhibitory
effect of VA exists in vivo or not. Our data show that VA alone
has dramatic effect on increasing the expression of tight junctions
both at RNA levels (RT-PCR) and protein levels (IF). Combined
them together, VA could attenuate LPS-boosted increase in in-
flammation biomarkers and reverse the LPS-caused decrease in
tight junction proteins simultaneously. Furthermore, VA can pre-
vent LPS-induced disruption and reduction in tight junctions. We
are the first to reveal the protective effect of VA on LPS-induced
disruption of tight junctions and to clearly observe the location of

tight junctions in mouse intestines.

FIGURE 3 Representative
immunofluorescent images of
cryosections of intestine tissues from

the treatments of control, LPS (5 mg/

kg), VA (1 mg/kg), LPS (5 mg/kg) + VA

(1 mg/kg) (n = 4 for each group). Primary
antibody Claudin-1 was used as one of
biomarkers of tight junction proteins,
while DAPI was used for counter-staining
nucleus. LPS caused obviously severe
disruption of Claudin-1 structurally, while
VA dramatically prevented this disruption.
Consistent observations regarding protein
expressions of Claudin-1 were collected
as well

Recently, Fan, Liu, Song, Chen, and Ma (2017) found that
moderate dietary protein restriction could promote coloniza-
tion of beneficial bacteria in both ileum and colon, then enhance
tight junction protein function, indicating the importance of tight
junction protein. Moreover, sodium butyrate reduced antibiotics
in a piglet diet in promoting performance and to control wean-
ing diarrhea by the modulation of intestinal permeability and
the bacterial communities in the ileum and colon (Huang et al.,
2015). Interestingly, Sterlin et al. (2019) reported that human gut
microbiomes evolved in the absence of immunoglobulin A (IgA).
Furthermore, Ma et al. (2018) summarized that intestinal bacte-
ria-immune crosstalk and nutritional regulation on their inter-
play, to understanding their interactions. In contrast, another
report does not support that a short-term pro-inflammatory ef-
fect of A. muciniphila strain in the IL-107" mouse model for IBD
(Ring et al., 2019). Another study reveals that Reglllb-target rec-
ognition, killing of Gram-negative bacteria in infectious diarrhea,
proposes avenues toward novel therapeutic interventions for
Salmonella diarrhea (Miki, Okada, & Hardt, 2018). Using human
patient specimens, Kiely, Pavli, and O'Brien (2018) demonstrated
that inflammation is related to microbiome, which is spatially and
timely altered in inflammatory bowel disease (IBD). Interestingly,
Mamantopoulos, Ronchi, McCoy, and Wullaert (2018) analyzed
the association between maternal inheritance and long-term sep-
arate housing and host-microbiota interactions, illustrating the
importance of host-microbiota and inflammatory responses. As

summarized in Figure 4, we find that VA enhances expressions
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FIGURE 4 Working model describes
protective effect of VA on LPS-induced
damage on intestines in mice. VA
enhances expressions of tight junctions,
while LPS decreases their expressions.
Pretreatment of VA shows a profound
effect on enhancing LPS-induced
decrease in intestinal tight junctions
and correcting LPS-caused disruptive
alteration of intestinal tight junctions in
mice
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Intestine

Tight junctions

of tight junctions, while LPS decreases their expressions in mice,
consistent with our previous observation in vitro. Pretreatment of
VA shows a profound effect on enhancing LPS-induced decrease
in intestinal tight junctions and correcting LPS-caused disruptive
alteration of intestinal tight junctions in mice. Dramatically, intes-
tinal immunofluorescent results of Claudin-1 revealed that LPS
disrupted the structure of tight junction and reduced the expres-
sion of Claudin-1, while VA pretreatment reversed the two events.

5 | CONCLUSIONS

The present study reveals that VA enhances expression of intestinal
tight junction proteins and reverses both LPS-induced increase in in-
flammation and decrease in intestinal tight junction proteins. These
results for the first time confirm that VA plays a profound role on

preventing intestinal inflammation.
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