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ABSTRACT: The integrity of the intestinal barrier is critical for homeostasis. In this study, we investigated the protective effect of
pterostilbene (PTE) on the intestinal epithelium barrier. I vitro results of transepithelial electrical resistance (TEER) in Caco-2 cells
indicated that PTE counteracted tumor necrosis factor @ (TNFa)-induced barrier damage. In vivo PTE pretreatment markedly
ameliorated intestinal barrier dysfunction induced by dextran sulfate sodium (DSS). Notably, intestinal epithelial tight junction (TJ)
molecules were restored by PTE in mice exposed to DSS. The mechanism study revealed that PTE prevented myosin light-chain
kinase (MLCK) from driving phosphorylation of MLC (p-MLC), which is crucial for maintaining intestinal TJ stability.
Furthermore, PTE blunted translocation of NF-«xB subunit p6S into the nucleus to downregulate MLCK expression and then to
safeguard TJs and barrier integrity. These findings suggest that PTE protected the intestinal epithelial barrier through the NF-xB-
MLCK/p-MLC signal pathway.
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B INTRODUCTION including inflammation and oxidative stress target T]s to cause
a leaky intestinal barrier.'*

Given the crucial role of the intestinal barrier as an interface
between health and disease, dietary approaches targeting
inflammation and oxidative stress are preferentially recom-
mended to mitigate intestinal barrier damage. For example, the
Mediterranean diet has been well established as a health
dietary pattern to prevent diseases including intestinal barrier
dysfunction due to its high proportion of polyphenolic
compounds such as resveratrol and flavonoids."? Pterostilbene
(PTE) is a 3,5-dimethylated analogue of resveratrol and is
frequently found in berries and grapes. PTE has higher
intestinal absorption and bioavailability than resveratrol due to
the partial methylation on 3,5-diphenols of resveratrol that
leads to increased lipophilicity (Figure 1)."°~'® Given that
resveratrol is recognized to maintain intestinal barrier homeo-
stasis,'” questions are raised regarding whether or not PTE can
effectively prevent intestinal barrier dysfunction.

Therefore, in this study, we aimed to determine the

The intestinal barrier is composed of multiple components
including gut microbiota, unstirred water, mucus, intestinal
epithelial cells (IECs), and immune cells."”” Besides, the
intestinal barrier acts as an intact interface to facilitate
nutrients’ intake and to prevent the transport of harmful
entities from the intestinal lumen into the internal milieu.””
Mounting evidence suggests that dysfunction of intestinal
barrier homeostasis is linked to various pathological con-
ditions. For example, unhealthy foods like alcohol and a high-
fat diet increase intestinal permeability by creating aperture
and easy penetration of toxic compounds through the damaged
epithelial layer into the blood stream.”” Indeed, the
pathogenesis of a broad spectrum of diseases, including
inflammatory bowel disease, obesity, diabetes, and cancer, is
tightly associated with a leaky intestinal barrier.*” Therefore,
maintaining the integrity of the intestinal barrier is of great
importance in disease prevention.

Among the components of the intestinal barrier, IECs are

critical factors for intestinal homeostasis. Actually, the gut tract preventive effects of PTE on the intestinal epithelial barrier
is fully covered by the IEC layer, which segregates gut and the possible underlying mechanisms. Our findings revealed
microbiota and host immune cells and selectively controls that PTE maintained intestinal epithelial barrier homeostasis

nutrient absorption.'’ Furthermore, tight junctions (TJs) as

the intercellular multiprotein complexes of IECs regulate the Received: January 14, 2021 AGRICULTURAL 3o
transportation of substances through paracellular pathways. A Revised:  March 13, 2021
dysfunction of TJs results in augmented permeation of harmful Accepted:  March 14, 2021
entities such as bacteria, antigens, and toxins into the Published: March 24, 2021

circulation." ™"* A growing body of research in both animals
and human beings indicated that various harmful factors
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Figure 1. Chemical structures of pterostilbene and resveratrol.

by alleviating the loss of epithelial tight junctions (T]Js)
mediated by a NF-k<B-MLCK-p-MLC signal cascade.

B MATERIALS AND METHODS

Materials and Cell Culture. For detailed materials used herein,
please refer to Supporting Information Table S1. PTE, human colonic
Caco-2 cells, and cell culture were used, as previously de-
scribed.'>***" Briefly, Caco-2 cells were inoculated on the collagen-
coated permeable polycarbonate membrane of a transwell at a density
of 1 X 10°/mL. The cells were grown as monolayers for 21 days prior
to experiments. During these days, the medium was changed every 2
days in the first week and then daily from the second week.

Transepithelial Electrical Resistance (TEER). The Caco-2
monolayer was treated with PTE (10 uM) for 6 h prior to TNFa
(30 ng/mL) challenge, and then an epithelial voltammeter was used
to measure the TEER of the cells at 2, 4, 8, 12, 24, and 48 h during
the experiment. The electrode was placed in 75% alcohol for 15 min
before measuring. To ensure the stability and accuracy of the
resistance values, the culture plate was placed on an ultraclean bench
for balance for 30 min, and then the resistance values were measured
successively from three different directions of the transwell culture
plate.

Animals and Treatment. Eight-week-old CS7BL/C mice (male,
18—22 g) were purchased from Vital River Laboratory Animal
Technology Co. Ltd. (Beijing, China). The mice were kept at ambient
temperature of 23 + 3 °C and humidity of 50 + 10% under a 12 h
alternating light and dark cycle for a week to adapt to the environment
prior to the experiment. Experimental procedures are illustrated in
Figure 2. Briefly, the animals were grouped as the following with 10
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- L1 1 ! | -  DSS
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Figure 2. Schematic diagram of oral administration of PTE to mice.

mice per group: (i) control group (CON), mice were given free
access to drinking water and food; (ii) DSS group (DSS), mice had
free access to water containing 2.5% DSS, which was renewed daily
for 7 days; and (iii) PTE group (PTE), mice were orally
administrated with 10 mg/kg PTE dissolved in coconut oil in
addition to the above DSS treatment. The dosage of PTE in the
experiments is consistent with our previous report in which PTE at 10
mg/kg showed a protective effect on concanavalin A-induced acute
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lethal liver injury.”* Accordingly, both the control group and the DSS
group received an equal volume of coconut oil as the PTE group. All
mice were sacrificed on day 8. All animal experimental procedures
were strictly in line with the regulation of the Experimental Animals
Ethics Committee of Tianjin University of Commerce (TKLFB-
2020012) according to the Guide for the Care and Use of Laboratory
Animals (order no. 2006-398, Ministry of Science and Technology,
China).

Sample Collection. The venous blood was obtained from inner
canthus and centrifuged at 2000g for 10 min at 4 °C. The supernatant
was stored at —80 °C for subsequent experiments. The length of the
colon was measured in each mouse. The colon was divided into two
parts, one was placed in 4% paraformaldehyde for paraffin embedding
and the other was stored at —80 °C.

Disease Activity Index (DAI) Score. The mice were monitored
for their daily health, including weight loss, diarrhea, and bloody stool.
The DAI was determined as described previously.”

Histological Analysis. The colon tissues were fixed in 4%
paraformaldehyde for paraffin embedding. Colon paraffin-embedded
sections were cut into 4 yum thickness. According to the standard
procedure, the colon sections were deparaffinized, rehydrated, and
stained. The slides were examined using light microscopy (Nikon
CLIPSECi-L, Tokyo, Japan).

Measurement of Intestinal Epithelial Permeability. The mice
were orally administered with 44 mg/kg of fluorescein isothiocyanate
(FITC)-dextran 4 h prior to sacrifice. Subsequently, the serum
samples obtained from venous blood were centrifuged at 630g and 4
°C for 10 min. Concentrations of FITC-dextran were determined
according to the manufacturers. Briefly, 200 yL of serum samples was
added to a completely black 96-well plate, and the absorbance was
measured at 528 nm emission and 485 nm excitation.

Bacterial Translocation. The bacterial content in mesenteric
lymph nodes (MLNs) was determined to assess the degree of
bacterial translocation. The genomic DNA of Escherichia coli Trans10
was extracted using the TIANamp Bacteria DNA Kit. The genomic
DNA of E. coli Trans10 was used as a standard curve calculating the
weight of genomic DNA of bacteria in MLNs per unit weight.

Isolation of Total RNA and the Quantitative Real-Time
Polymerase Chain Reaction (qRT-PCR). The TRIzol reagent was
used to isolate total RNA from colon tissue. The total RNA was
transcribed into cDNA by a transcriptor cDNA synthesis kit. FastStart
SYBRGreen Master Mix was used to perform quantitative real-time
PCR, according to our previous report.12 The primers are listed in
Supporting Information Table S2.

Western Blot Analysis. Radioimmunoprecipitation assay buffer
was used to extract colonic proteins. The bicinchoninic acid protein
assay kit was used for determining protein concentrations. Protein
samples were separated on 8, 10, and 12% sodium dodecyl sulfate-
polyacrylamide gels, and then wet-transferred to poly(vinylidene
fluoride) (PVDF) membranes. Skim milk in Tris-buffered saline with
0.5% Tween-20 (TBST) was used to block membranes for 1 h, and
then the primary antibodies were incubated at 4 °C overnight. The
following day, membranes were washed three times 10 min each using
TBST. The membranes were then incubated with a secondary
antibody at room temperature for 1 h, washed with TBST three times
10 min each, and then detected with an Amersham Imager 600
(General Electric Healthcare Life Sciences, Chicago, IL).

Immunofluorescence Staining. Immunofluorescence was de-
tected using a tyramide signal amplification (TSA) kit, according to
the instruction. The image of immunofluorescent was captured using
a Leica confocal microscope (20X and 100X oil immersion
objectives). Fluorescence quantification was performed using Image
J. Statistical Analysis.

Statistical Analysis. Values were obtained from at least three
independent experiments and presented as mean + standard deviation
(SD). One-way ANOVA testing was assessed using GraphPad Prism
software (San Diego, CA) otherwise indicated. Data were considered
statistically significant when the p value was less than 0.0S.
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B RESULTS

PTE Reversed the TNFa-Induced Intestinal Epithelial
Barrier in Vitro. To explore the feasibility of the preventive
effect of PTE on the intestinal barrier, the epithelial barrier
function was first assessed by determining the TEER in Caco-2
cells. As shown in Figure 3, TNFa significantly decreased the
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Figure 3. PTE counteracted the change of TEER on TNFa challenge.
Two-way ANOVA testing was assessed using GraphPad Prism
software. Values are shown as mean + SD (rn = 3) (ns = no
significant; **¥¥p < 0,0001 for DSS vs PTE groups).

TEER after 48 h of stimulation (p < 0.0001), compared with
the control group. However, the TNFa-induced barrier loss
was obviously restored by PTE pretreatment, indicating that
PTE has the potential protection of the intestinal epithelial
barrier.

PTE Improved the Health Status in DSS-Treated Mice.
According to the published protocols, the DSS-induced colitis
model in mice has been broadly used to assess intestinal
epithelial injury because DSS causes characteristic damage on
epithelial cells and subsequent barrier dysfunction and
inflammation.>**> Therefore, to further understand the
preventive effects of PTE on the intestinal epithelial barrier,
we performed in vivo investigation using this model. The

clinical signs including the survival rate (Figure 4A), body
weight loss (Figure 4B), and disease activity index (Figure 4C)
in the PTE group of mice were relatively normal compared to
that in the DSS group. These observations suggested that PTE
improved the quality of life of DSS-induced mice.

PTE Protected Colon Integrity in Mice. Given the above
observations, we next investigated whether definite intestinal
pathological changes are associated with clinical signs. As
shown in Figure SA, pretreatment with PTE broadly rescued
the DSS-induced pathological gross changes including the
reduced colon length, severe hyperemia and edema, thickened
intestinal wall, and ulceration. Furthermore, according to the
HE staining and histopathological scores of colon tissue
(Figure SB), severe crypt defect and extensive inflammation
were easily observed in damaged colon of mice induced by
DSS. In contrast, PTE evidently prevented the colon
histopathological damage from DSS challenge.

To better understand the preventive impact of PTE on
intestinal barrier loss, the FITC-dextran flux was determined.
As shown in Figure SC, DSS administration led to a significant
increase of the FITC-dextran flux, whereas pretreatment with
PTE clearly counteracted the increased flux induced by DSS.
In accordance, further supporting evidence came from our
observation on bacterial translocation. The bacteria normally
colonize in the gut lumen. However, when the intestinal
epithelial was dysfunctional, bacteria may migrate to
mediastinal lymph nodes (MLNs).”® As shown in Figure 5D,
DSS treatment resulted in bulky bacteria in MLNs. However,
pretreatment with PTE powerfully precluded bacteria from
migrating to MLNS.

Taken together, these data indicated that PTE effectively
prevented the DSS-induced intestinal epithelial barrier loss.

PTE Regulated the Expression of TJs. Having identified
that PTE prevents DSS-induced barrier loss, we further
investigated the underlying mechanisms. TJs are essential for
maintaining the integrity of the intestinal epithelial barrier due
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Figure 4. Protective effect of PTE on the intestinal epithelial barrier. (A) Survival rate of mice, (B) body weight alterations, and (C) DAI scores of
mice during 7 days’ observation. All error bars represent mean + SD (**p < 0.01 for DSS vs PTE groups).
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Figure S. PTE treatment attenuated DSS-induced intestinal barrier dysfunction. (A) Appearances and lengths of colon samples, (B) HE staining
images and histopathological scores, (C) concentration of FITC in mice, and (D) bacterial translocation to the MLNSs. All error bars represent
mean + SD. (*p < 0.05, **p < 0.01, and ***p < 0.001 for DSS vs PTE group).

to their paracellular location and permeability.”” Therefore, we
first screened TJs in mouse colon tissues. Indeed, whether at
mRNA or protein levels, TJs associated with preventing the
harmful substance from passing through the paracellular
barriers, including occludin, ZO-1, and claudin-4, were
markedly downregulated upon DSS stimuli (Figure 6A—C).
We further compared the effect of treatment with and without
PTE on TJs. Consistent with the above morphological and
functional observation, treatment with PTE significantly
restored the DSS-induced loss of intestinal TJs. In addition,
we also tested claudin-2, a cation-channel-forming molecule,
which is contrary to the previously mentioned TJs and acts as a
vandal to form a leaky intestine.”® As expected, PTE treatment
reversed DSS-induced upregulation of intestinal claudin-2
(Figure 6D). To confirm the effect of PTE treatment on
intestinal TJs visually, we performed immunofluorescence
assay on the mice colon. The results showed that PTE
treatment restored the intestinal epithelial ZO-1 (green) and
occludin (red) decreased by DSS stimuli (Figure 6F,G). Taken
together, these data indicated that PTE protects the intestinal
epithelial barrier by regulating TJs.

PTE Prevented DSS-Induced Activation of the MLCK-
p-MLC Pathway. Previous studies suggested that intestinal T
loss is tightly dependent on MLCK-triggered phosphorylation
of MLC (p-MLC) and inhibition of the MLCK-p-MLC signal
pathway reverses the T loss and barrier dysregulation in DSS-
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induced intestinal injury models.'*” Therefore, we evaluated
whether PTE treatment altered DSS-induced T]J loss involved
in the MLCK-p-MLC pathway. As shown in Figure 7A,
consistent with the changes of TJs, PTE treatment led to the
definite reversal of DSS-induced upregulation of MLCK as well
as corresponding phosphorylated MLC. Owing to the
significance of MLCK on intestinal barrier homeostasis, our
observation indicated that PTE-mediated disruption of the
MLCK-p-MLC signal pathway prevented DSS-induced TJ
barrier loss.

PTE Inhibited the Intestinal MLCK Expression
Associated with Restraining NF-xB Activation. Having
identified the preventive role of PTE associated with MLCK-
dependent TJ dysregulation, we then asked how PTE
modulated the expression of MLCK. Concerns were raised
that NF-kB activation led to the initiation of the MLCK-p-
MLC pathway in the inflamed intestine.”*° Our previous
report suggested that PTE possesses remarkable anti-
inflammatory potency associated with the inhibition of NF-
kB activation.”’ Therefore, we hypothesized whether PTE
altering the MLCK expression is associated with the NF-xB
signaling pathway. To test this idea, immunoblotting was
performed in mouse intestinal tissues to assess the relationship
between PTE treatment and NF-kB activation. As shown in
Figure 7B, increased phosphorylation of canonical NF-xB
components, nuclear p65 (p-p6S), and cytoplasmic IkBa (p-
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Figure 6. Effects of PTE on loss of intestinal tight junctions in DSS-induced mice. Intestinal mRNA levels of TJs: occludin (A), ZO-1 (B), claudin-
4 (C), and claudin-2 (D). (E) Intestinal T] proteins. (F) and (G) Immunofluorescence assessment of intestinal T] molecules ZO-1(green) and
occludin (red). All error bars represent SD (ns = no significant; **p < 0.01 and ****p < 0.0001 for DSS vs PTE groups).

IkBa), upon DSS stimuli were notably inhibited by PTE
treatment, indicating that PTE inactivated the NF-xB signal in
an inflamed intestine barrier. The observation was further
confirmed by immunofluorescence assays in which the results
showed that the alterations of intestinal epithelial cytoplasmic
MLCK (green) were in line with nuclear NF-xB/p6S (red)
responding to with or without PTE treatment (Figure 7C,D).
Indeed, the phenomena are subjected to the well-established
mechanism that p6S as a transcription factor shifts into the
nucleus to regulate the intestinal MLCK expression and TJ
permeability.”*”* Taken together, these data indicate that PTE
inhibited the intestinal MLCK expression associated with

restraining NF-kB activation.
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B DISCUSSION

As the number one discussed hallmark of health, the integrity
of the barrier, definitely including the intestine, is indispensable
for physiologically handling body homeostasis.”** Evidence
from vast experimental or medicinal research studies indicates
that intestinal barrier dysfunction resulted from risk factors
related to a wide range of illnesses.’*® For example, diets high
in saturated fat impair tight junction-mediated paracellular
barrier preceding the onset of diabetes and IBD.>”*" However,
a healthy diet such as high intake of fruits is beneficial for our
health.”” Defect of intestinal permeability-facilitating gut
translocation of microbiota might enhance susceptibility and
severity to systemic inflammation such as sepsis and even the
ongoing Coronavirus Disease 2019 (COVID-19).***!
Although the underlying molecular mechanisms of the
initiation of intestinal barrier loss have not yet been thoroughly
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Figure 7. PTE inhibited NF-kB activating intestinal MLCK. (A) PTE treatment inhibited intestinal MLCK and p-MLC, (B) PTE treatment
inhibited intestinal p-IkBa and p-p6S, and (C) and (D) immunofluorescence assessment of colocation of cytoplasm MLCK (green) and nuclear
p6S (red). Values are shown as mean + SD (n = 3) (*¥**p < 0.001 and ****p < 0.0001 for DSS vs PTE groups).

elucidated, the loss of gut epithelial MLCK-mediated TJ
molecules is an agreeable potential therapeutic target. Indeed,
while TJs located on both membrane sides of epithelial cells
regulate paracellular permeability and the epithelial barrier
dysfunction superficially manifests leaky gut and TJ defect,
accumulating evidence had established convergence that
epithelial MLCK is a critical upstream regulator of increased
TJ permeability.***’ According to this idea, Graham et al.
developed a specific intestinal epithelial MLCK inhibitor,
which restored TJ loss and corrected barrier dysfunction in
experimental rodent IBD.”

In addition to directly targeting MLCK, intestinal epithelial
NF-kB is considered to modulate MLCK activity. Specifically,
activated NF-kB releases p6S, which undergoes cytoplasmic-to-
nuclear translocation and combines with the MLCK promoter
to amplify MLCK.** Accordingly, MLCK mediates MLC
phosphorylation, which causes myosin contraction leading to
TJ dysregulation.”> Our present study revealed that, as a
dimethylated analogue of resveratrol (Figure 1), PTE targeted
intestinal MLCK-mediated TJ barrier dysfunction related to
inhibition of the activation of NF-kB. Notably, notwithstanding
PTE and resveratrol exhibit many pharmacological similarities.
Reports from our observation and other groups suggested that
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the pharmacological features of the PTE chemical structure are
more metabolically stable and bioavailable, thus PTE possesses
stronger antioxidant and anti-inflammatory activities than
resveratrol.** Therefore, given increasing reports regarding
the ameliorative effect of dietary resveratrol on intestinal
*»%7 whether dietary PTE might
represent a higher-priority strategy to the application of
functional food in preventing intestinal barrier loss than
resveratrol will be worth investigating in future. Interestingly,
Chen et al. found that glycosylated PTE, pterostilbene 4'-f-
glucoside, ameliorated DSS-induced colitis by targeting an AU-
rich element-binding protein tristetraprolin, which plays an
important role in promoting degradation of proinflammatory
mediators and subsequently limiting the inflammatory
response.”” By complement and parallel to their proposed
mechanisms, our study suggested that PTE inhibited activation
of the master inflammatory regulator NF-xB and subsequently
MLCK-mediated barrier loss.

In summary, our present study has demonstrated that PTE
safeguards the intestinal epithelial integrity in mice via
targeting MLCK-mediated TJ defect and barrier loss. This
study based on dietary stilbene PTE provides a potential

mucosal barrier defects,
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solution for the protection of the integrity of the intestinal
epithelial barrier.
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