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nivalenol and kaempferol on
expression of tight junction proteins at different
stages of Caco-2 cell proliferation and
differentiation†

Xiaojie Wang, Li Li and Genyi Zhang *

The barrier function of intestinal tract is essential to gut health, and the expression of tight junction (TJ)

proteins in human epithelial colorectal adenocarcinoma (Caco-2) cells, mimicking the intestinal stem cell

proliferation and differentiation, was investigated after treatment by the mycotoxin of deoxynivalenol

(DON) and phenolic compound of kaempferol (KAM). The results showed that DON (5 mM) significantly

reduced the expression of claudin-4 while kaempferol (100 mM) increased the expression of claudin-3

during Caco-2 cell proliferation. After being cultured for 11 days, the DON treatment, unexpectedly,

augmented the expression of claudin-4 with an increased TEER. For differentiated Caco-2 cells after a 21

day culture, both the TEER and claudin-4 levels were significantly reduced by DON while KAM

pretreatment alleviated the damage caused by DON accompanying an increase of TEER, claudin-3, and

ZO-1. Thus, kaempferol and DON differentially affected the expression of tight junction proteins at

different stages of Caco-2 cell proliferation and differentiation, and an increase of the integrity of TJ

after KAM pretreatment indicates KAM has the potential to protect the integrity of the barrier function of

the intestinal epithelium for improved health.
1. Introduction

The mycotoxin deoxynivalenol (DON) has become a major
human health concern since it is widely present in contami-
nated barley, wheat, corn, and oats with high concentrations.1–4

Within the scope of toxicity caused by DON exposure, signi-
cant damages to the tight junction of the intestinal epithe-
lium,5–8 which is one recently emerged target in the toxicological
assessment of mycotoxin, is one important mechanism. Due to
the importance of the barrier function of the intestinal epithe-
lium to human health, strategies to reduce the exposure of DON
or to reduce its in vivo toxicity are essential to the prevention of
DON-induced chronic intestinal inammation and related
diseases.

The tight junction (TJ) between epithelium cells is a network
formed by various proteins including integral transmembrane
proteins of occludin, claudins, and peripheral adaptor proteins
such as zonula occludens-1 (ZO-1) associated with the actin
cytoskeleton and other signaling proteins.9–12 The TJ is one
critical functional component to the barrier function of
epithelium cells, and the expression levels of TJ proteins and
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their distribution contribute to the TJ barrier function.
However, literature study using porcine intestinal epithelial cell
line showed that mycotoxin of DON decreased the expression of
claudin-4 with impaired intestinal barrier function.13 Similar
result was also observed in differentiated Caco-2 cell monolayer
with increased membrane permeability aer exposure to DON.5

Accordingly, strategies by employment of various bioactive
substances to regulate tight junction proteins have become
a hot research area.14–18 The repair effect of galacto-
oligosaccharide on DON-induced damage in Caco-2 mono-
layer and mice intestine showed that GOSs stabilized the
expression and cellular distribution of claudin-3 in the mono-
layer Caco-2 cells.19 The protective effects of quercetin, nar-
ingenin, berberine and curcumin on the integrity of tight
junction have all been reported.20–23 Gut microbiota fermented
product of butyrate also enhances the intestinal barrier func-
tion through facilitating the assembly of TJ proteins.24 Thus,
bioactive compounds might be an effective strategy to combat
the toxicity of DON for improved barrier functions of intestinal
epithelium to protect the body against luminal bacteria and
toxic materials. Kaempferol is a polyphenol antioxidant with
a rich content in fruits and vegetables, and its benecial effects
in reducing the risk of chronic diseases have been extensively
studied.25

Kaempferol can not only augment the body's antioxidant
defense system, and modulate key elements of signaling
RSC Adv., 2019, 9, 34607–34616 | 34607
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pathways related to cellular apoptosis and inammation, it also
exerts protective effect against toxic materials.26–28 As
a preserving agent, kaempferol could activate the MAPK
pathway and to increase the antioxidant capacity such as the
expression of antioxidant enzyme of HO-1. Concerning the
protective effect on cellular tight junction, kaempferol could
substantially increase the transepithelial electrical resistance
(TEER, tight junction marker) in a Caco-2 cell line, promote the
protein expression of ZO-1 and -2, occludin, and claudin-1, -3,
and -4, and the actin cytoskeletal association of the tight junc-
tion proteins in cholesterol-rich lipid microdomain.29 However,
to our knowledge, there is no literature reports on the protective
effect of kaempferol on the DON-induced TJ damage. Addi-
tionally, literature study showed that the TJ complexes of Caco-2
cells at different stages of differentiation had different sensi-
tivity to the bioactive compounds.16 Thus, the impact of
kaempferol on DON-induced TJ changes was studied at
different stages of proliferation and differentiation of Caco-2
cells so that a deeper understanding of the physiological func-
tion of kaempferol in protecting the intestinal barrier function
will be achieved.
2. Materials and methods
2.1. Chemicals and reagents

Deoxynivalenol (DON, C15H20O6, $98% purity) was purchased
from Sigma Aldrich (St Louis, MO, USA). Kaempferol (C15H10O6,
$98% purity) was purchased from Aladdin Biochemical Tech-
nology Co., Ltd (Shanghai, China). Antibodies of b-actin,
claudin-3, claudin-4, occludin and ZO-1 were obtained from
Sigma Aldrich (St Louis, MO, USA). Secondary antibodies were
obtained from Abcam Co., Ltd (Shanghai, China). Alkaline
phosphatase (AKP) activity measurement kit was purchased
from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China). The NuPAGE® MOPS SDS Buffer Kit, NuPAGE® Bis-Tis
Mini Gels and iBlot® 2 Transfer Stacks were purchased from
Thermo Fisher Scientic (Waltham, MA, USA).
2.2. Culture of Caco-2 cells

Human epithelial colorectal adenocarcinoma cells (Caco-2 line,
passages 22) obtained from Chinese Academy of Sciences Cell
Bank (Shanghai, China) were cultured in 25 cm2 Corning
culture asks (Corning Incorporated, Corning, New York, USA)
in Minimum Essential Medium (MEM) (Life Technologies, Inc.,
Invitrogen, Shanghai, China), and supplemented with 20% fetal
bovine serum (FBS), 1% penicillin–streptomycin (10 000 U
mL�1), 1% Glutamax, 1% sodium pyruvate, and 1% nonessen-
tial amino acids (Life Technologies). Cells were kept at 37 �C in
a humid atmosphere of 5% CO2–95% air. The trypsinization at
cell density of 80% conuence was performed with 0.25%
trypsin–EDTA (Life Technologies) for about 4 minutes, and
a new passage of Caco-2 cell will be cultured in asks. The cells
between 25–35 passages were used for the experiments.
34608 | RSC Adv., 2019, 9, 34607–34616
2.3. Establishment of Caco-2 cell monolayer model

Add 600 mL and 50 mL of culture medium to a 24 well plate and
collagen-coated polytetrauoroethylene (PTFE) insert (0.33 cm2

membrane area with 0.4 mm pores, Corning Incorporated,
Corning, New York, USA), respectively. Then place them in
a 3 �C incubator for at least 1 h, and digest the fused cells to
achieve more than 90% of single cells. The transwell plate was
taken out from the incubator, and 50 mL of the cell suspension
was added to the inside of the insert to reach a cell density of 1.3
� 105 cells per cm2. The rst medium change will be nished
within 16 hours. Medium was then refreshed every other day
within the rst week, and every day aer a week. Aer 21 day of
culture, a conuent monolayer was achieved with a mean
transepithelial electrical resistance (TEER) about 260 � 65 U

cm2 measured by a EVOM2 epithelial cell transmembrane
resistance meter (WPI, Shanghai, China). The experiment can
be carried out within one week thereaer, and the medium
needs to be changed 12–24 hours before the experiment.
2.4. TEER measurement

The AP side and the BL side of the cultured Caco-2 cells were
washed with a Hank's solution (pH 7.4) to remove cell mono-
layer surface attachments. Then 0.1 mL and 0.6 mL Hank's
solution were added to inside and outside of the insert, and
aer 20 min incubation at 37 �C and 5% CO2, the TEER value
was measured with an EVOM2 resistance meter (WPI). Before
the measurement, the STX2 electrode was immersed in a 75%
ethanol solution for 15 min, and then washed with Hank's
solution and equilibrated for 5 min. The electrodes were
sequentially inserted into the well of a 24 well transwell culture
plates to detect the resistance value, and each of the three
reserved positions of each well was measured. The calculation
formula is as follows:

TEER ¼ (R � R0) � S

S: the effective membrane area (cm2), R: the measured resis-
tance value (U), R0: the blank resistance value of the insert
without cells (U)
2.5. Permeability test of transmembrane transport marker

Fluorescein isothiocyanate (FITC)-dextran (FD-4, Sigma-
Aldrich) (1 mg mL�1) or 200 mM propranolol (Sigma-Aldrich)
were dissolved in Hank's solution. The above permeability
indicator solution (0.1 mL) was added to the AP side with 0.6mL
Hank's solution in the BL side. Aer 2 hours incubation, the
uorescence intensity of FD-4 was measured by a microplate
reader (Molecular Devices Incorporated, Sunnyvale, USA) at 480/
520 nm.30 Propranolol content was determined by high perfor-
mance liquid chromatography (HPLC), the column was
a Macherey-Nagel C-18 reversed-phase column (250 mm � 4.6
mm, 5 mm). The chromatographic conditions were as follows:
column temperature 37 �C, mobile phase was phosphate solu-
tion (25 mM, pH 6.00): acetonitrile (70 : 30), the ow rate is 1
mL min�1, the injection volume is 10 mL, and the detection
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra06222j


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

2/
9/

20
25

 2
:5

9:
02

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
wavelength is 225 nm. Apparent permeability coefficient (Papp)
was calculated according to the following equation:

Papp ¼ DQ � V/(DtAC0)

DQ: concentration of the BL side in Dt, the unit is mg mL�1 (or
mM), V: volume of the solution on the BL side, and the unit is mL
(or L), A: effective membrane area of the insert, C0: initial
concentration of the compound in mg mL�1 (or mM).

2.6. Determination of alkaline phosphatase (ALP) activity

The test was performed according to the ALP kit instruction and
samples were taken from both sides of the transwell membrane
on days of 3, 7, 11, 16 and 21 aer Caco-2 cell inoculation. The
absorbance at 520 nm was measured by a microplate reader
(Molecular Devices), and the ALP activity at different time
points was calculated as follows:

ALP activity in culture medium ðKing0s unit=100 mLÞ

¼ At � Ac

As � Ac

� phenol standard concentration
�
0:02 mg mL�1�

� 100 mL� sample dilution multiple

where King's unit is dened as product of 1 mg of phenol in
100 mL of liquid reacted at 37 �C for 15 min; At is the measured
OD value; As is the standard OD value, and Ac is the OD value of
the blank.

2.7. Determination of proliferation inhibition rate and
survival rate of Caco-2 cells

Cell proliferation inhibition rate and survival rate were deter-
mined by CCK-8 method.31 The cell density was adjusted to 4 �
104 cells per mL, and 200 mL per well was seeded in a 96 well
plate. When the cells were in the logarithmic phase aer 24
hours of adherent growth, the medium was discarded, and 200
mL of the medium containing DON/kaempferol was added to
continue the culture for another 24 hours. One hour before the
end of the culture, the medium was also discarded, and 10%
CCK-8 solution (Beyotime Biotechnology, Shanghai, China) was
added to 100 mL. Aer incubation at 37 �C for 1 h, the absor-
bance A was measured at 450 nm. Cell proliferation inhibition
rate Y ¼ [1 � (Ay � Abx)/(Ac � Abz)] � 100%, wherein bx and bz
are the corresponding blank group, c is the negative control
group, and y is the drug treatment group.

Kaempferol pretreatment refers to the cells pre-incubated
with kaempferol for 24 h, followed by treatment with DON for
another 24 h. Method for determining the survival rate is the
same as the inhibition rate of proliferation. The calculation
formula is cell survival rate ¼ 100% � cell proliferation inhi-
bition rate.

2.8. Western blot

The culture medium was removed, and the cells were washed
twice with 4 �C pre-cooled PBS, then 80 mL of RIPA potent lysate
(Beyotime) containing 1 mM protease inhibitor PMSF (Beyo-
time) was added to each insert of the 24 well transwell plate.
Aer lysed for 2 min, the cells were scraped down into 1.5 mL
This journal is © The Royal Society of Chemistry 2019
pre-cooled centrifuge tubes. Centrifuged at 14 000� g for 5 min
at 4 �C, the supernatant was stored at �80 �C for testing. All of
the above operations were performed on ice. The protein
concentration was determined using a BCA protein concentra-
tion assay kit (Beyotime).

Prepare the sample solution according to the instructions of
the NuPAGE®MOPS SDS Buffer Kit. Aer mixing, the protein in
solution was denaturated at 70 �C for 10 min. The preformed gel
was placed in an electrophoresis tank, and then 200 mL of 5%
NuPAGE® MOPS SDS loading buffer was added to each of the
front and rear tanks, and 500 mL of NuPAGE® antioxidant was
added to the front tank. Pull out the comb and add 20 mL of each
sample. Electrophoresis lasts about 75 minutes at a voltage of
200 V and an electric current of 80 mA. When the electropho-
resis was completed, the gel was taken out and transferred at
20 V, 1 min; 23 V, 4 min; 25 V, 2 min, and then blocked with
a TBST containing 5% BSA at room temperature for 2 h under
shaking.

Aer incubating with a suitable concentration of primary
antibody for claudin-3, claudin-4, occludin and ZO-1 at 4 �C
overnight, the primary antibody dilution was discarded and
washed 6 times with TBST on a shaker for 10–20 min each time.
The secondary antibody dilution was added and incubated for
2 h at room temperature, then the secondary antibody dilution
was removed and washed again with TBST on a shaker for 6
times. Aer color developed, exposed and photographed, gray-
scale analysis was performed using Image J soware (Bethesda
soworks LLT, Bethesda, USA).
2.9. Statistical analysis

Signicant analysis of differences between groups were per-
formed using SPSS soware (IBM Corporation, Armonk, USA),
and p < 0.05 was set as the level of statistical difference. Charts
in the article were plotted using Origin 8.5 (OriginLab Corp.,
MA, USA). The data were presented as mean � standard devi-
ation. The heatmap analysis was drew with R package of
ggplot2.
3. Results
3.1. Characteristics of Caco-2 cell model in different stages

Caco-2 cell line was from human colorectal cancer cells, and
cells grown on a porous permeable membrane aer inoculation
at a specic density can fuse and differentiate to form
a continuous monolayer. Because of its similarity to differenti-
ated intestinal epithelial cells (microvilli structure, enzymes
associated with the intestinal brush border epithelium, cell
polarity and tight junctions), it is commonly used to simulate
the human intestinal epithelium aer a Caco-2 monolayer was
established.

3.1.1. Integrity and permeability. The transepithelial elec-
tric resistance (TEER) and the ux rate of uorescent FD-4 are
two complementary markers to characterizes the permeability
of the Caco-2 cell monolayer. It can be seen from Fig. 1 that the
Caco-2 cells have a low resistance value and a high FD-4 ux rate
in the beginning of culture until a stable value of TEER (250 U
RSC Adv., 2019, 9, 34607–34616 | 34609
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Fig. 1 The TEER value (A) and FD-4 permeability (B) at different stages of Caco-2 cell proliferation and differentiation. The data were presented
as mean � SD of at least three replicates.

Fig. 2 Alkaline phosphatase activity at different stages of proliferation
and differentiation of Caco-2 cells modeling. AP: apical side, BL:
basolateral side. The data were presented as mean � SD of at least
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cm2) and FD-4 ux rate (Papp: 10
�7 cm s�1) that are character-

ized of Caco-2 cell monolayer achieved aer culture for 21 days.
Clearly, there were two different stages according to the TEER
values: the rst stage from 3–11 days representing the prolif-
erative stage with lower TEER, and the second stage from 11–21
days representing the proliferative/differentiation stage.
Apparently, the 11th day was likely a turning point from cell
proliferation to differentiation, and so the cell cultures at days
of 3rd, 11th and 21st were chosen as the time points to inves-
tigate the changes of tight junction proteins under different
conditions. The experimental result was also consistent with
the general belief that the rst 7–10 days aer Caco-2 cell
inoculation is the rapid proliferation and differentiation stage
of the cells, and the last 10 days is the functional perfect stage of
the cells including cell polarization and the construction of the
active transport systems in differentiated cells.

Another risk in the process of Caco-2 cell modeling is the
possibility of forming multilayer cells rather than the mono-
layer model required by the research. Propranolol, as a marker
of intracellular transport, was used to verify the integrity of
Caco-2 cell monolayer according to its Papp value (>10 �
10�6 cm s�1). In the current study, the average Papp value of
propranolol determined by HPLC was 13.69 � 10�6 cm s�1 (ESI
Fig. A and B†), which is greater than the standard, demon-
strating that the permeability of the Caco-2 cells model meets
the experimental standard.32

3.1.2. Activity of alkaline phosphatase (ALP) in Caco-2 cells
at different stages of proliferation and differentiation. During
the differentiation process of Caco-2 cells, their polarization will
form apical side (AP) of villous surface and basolateral side (BL)
of basal surface. Alkaline phosphatase (ALP) is a marker of
brush border formation in AP side of small intestinal epithe-
lium. When ALP was used as an indicator of cell differentiation,
its activity increased gradually along the time on AP side, but no
changes of ALP on the BL side was observed (Fig. 2), indicating
the polarity of Caco-2 cells was successfully established at the
end of 21st day. In the meantime, different properties of ALP
(start point, rapid increase phase, and stable stage) were shown
from its activity prole along the differentiation process, and its
34610 | RSC Adv., 2019, 9, 34607–34616
activity at the time points of 3rd, 11th, and 21st day, just as
reected from TEER, can be considered as another indicator of
Caco-2 cell proliferation and differentiation.
3.2. Determination of DON and kaempferol (KAM)
treatment concentration

The differentiation of Caco-2 cells is a continuous process
involving cell proliferation and differentiation. Thus, the Caco-2
cell differentiation affected by DON and KAM was studied
according the selected time scheme to determine the dosage for
later TJ protein expression studies. When the cell viability
(proliferation stage) was measured aer incubation in
a complete culture medium containing different concentrations
of DON or kaempferol for 24 hours, different proles were
shown for DON and KAM. The inhibition rate of DON was
tightly dependent on the concentration of DON (Fig. 3A), and
polynomial t analysis demonstrated that the half-maximal
inhibitory concentration (IC50) of DON for Caco-2 cell
three replicates.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Effects of DON (A) and kaempferol (B) on proliferation inhibition rate of Caco-2 cells. The data were presented as mean � SD of at least
three replicates.
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proliferation was 8.50 mM. For kaempferol, the minimal
concentration to inhibit Caco-2 cell growth was 100 mM
(Fig. 3B). Thus, DON is more toxic than KAM concerning the cell
viability, and the negative inhibition rate at lower concentra-
tions of KAM (<100 mM) suggests it may even be benecial to the
cell growth.

For differentiated Caco-2 cells, the parameter of cell
permeability was applied to evaluate the impact of DON and
Fig. 4 Effect of DON and KAM on the permeability (normalized by contro
and D) for 24 h. Fold changes referred to the ratio with initial values mea
least three replicates. Different letters represent a significant difference

This journal is © The Royal Society of Chemistry 2019
KAM on the integrity of cell-to-cell adhesion or tight junction.
Obviously, the DON treatment substantially reduced the trans-
epithelial electrical resistance (TEER) values in a concentration-
dependent manner ($ 5 mM), which is consistent with the
conversely increased FD-4 ux rate (Fig. 4A and B). However, in
the KAM treatment (up to 200 mM) groups, no signicant impact
on cell permeability was observed, implying that KAM would
l) of Caco-2 cell monolayer after treatment by DON (A and B) or KAM (C
sured before treatment. The data were presented as mean � SD of at
at a level of p < 0.05.

RSC Adv., 2019, 9, 34607–34616 | 34611
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not adversely affect the Caco-2 cell monolayer in the used
dosage (Fig. 4C and D).

In summary, by considering the above effects of DON and
KAM on the proliferation and the permeability of differentiated
monolayer Caco-2 cells as well as the existed literature
reports,29,33 a dosage of 5 mM DON and 100 mM KAM were used
to study the effects of DON and KAM on the tight junction of
Caco-2 cells at different stages of proliferation and
differentiation.
3.3. Tight junction protein expression in Caco-2 cells at
different stages of proliferation and differentiation

The permeability of monolayer Caco-2 cell is intimately asso-
ciated to the cell adhesion, particularly the tight junction which
is a network formed by many different proteins. In order to gain
a complete understanding, occludin and claudins (3 and 4)
representing the transmembrane protein, and peripheral
adaptor protein of zonula occludens-1 (ZO-1) were selected as
the targets to investigate the impact of DON and KAM on the
integrity of TJ at different stages (proliferative stage at 3rd day,
turning point at 11th day, and differentiated stage at 21st day).

3.3.1. Effects of DON and kaempferol on the tight junction
protein expression in proliferative Caco-2 cells. On the 3rd day
aer the cells were inoculated into the insert, culture medium
containing DON, KAM and KAM + DON (rst 100 mM KAM 24
Fig. 5 Effects of KAM pretreatment on the permeability (A and B) and t
proliferation stage (3 days after inoculation). The fold changes refer to
presented as mean � SD of at least three replicates. Different letters of t

34612 | RSC Adv., 2019, 9, 34607–34616
hours, then 5 mMDON 24 hours) were added to both sides of the
insert to treat the cells. It can be seen from Fig. 5A and B that the
TEER of the blank control rapidly increased to 5.76 times of the
initial value (2 days before treatment), and the ux of FD-4 was
also reduced to about 10% of the initial value. However, both
DON and KAM signicantly reduced the TEER. Particularly, the
addition of DON aer KAM pretreatment lead to a dramatic
reduction of TEER resulted from a high permeability of the
cells, and KAM pretreatment worsened the permeability
compared to DON alone.

When the TJ protein expression was examined (Fig. 5C and
D), KAM treatment alone signicantly reduced the protein
expression of occludin, and DON signicantly reduced the
expression of claudin-4 and occludin, which is consistent with
the decreased TEER and high ux rate of FD-4. KAM pretreat-
ment did not improve the expression of claudin-4 adversely
affected by DON, but the protein expression of claudin-3 was
increased signicantly. When the correlation between TEER
and protein expression was analyzed, the expression level of
claudin-4 is signicantly correlated with the cell permeability,
indicating the TJ protein of claudin-4 is associated with the cell
permeability at the proliferation stage. DON treatment not only
reduced claudin-4, but also reduce the cell proliferation (Fig. 3),
and both can cause a high permeability. Although KAM is better
than DON (probably due to no inhibition for cell proliferation),
KAM pretreatment worsened the TEER (maybe related to ZO-1)
ight junction protein expression (C and D) in Caco-2 cells during the
the ratios relative to initial values before treatment. The data were

he same parameter indicating significant differences at the 0.05 level.

This journal is © The Royal Society of Chemistry 2019
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with an increase of claudin-3, indicating claudin-3 is not related
to the permeability at the proliferation stage of the Caco-2 cells.
Thus, both inhibiting cell proliferation and impairing tight
junctions are likely the main reasons for the adverse effect of
DON and KAM on the cell permeability in the early stage of
Caco-2 cell differentiation.

3.3.2. Effects of DON and KAM on the tight junction
protein expression in proliferative/differentiated Caco-2 cells.
When the 11th day Caco-2 cells were treated by DON and KAM
as well as KAM + DON, the TEER value of the DON and KAM +
DON group signicantly increased compared to the control and
KAM group, especially the KAM pretreatment group with the
highest TEER and lowest FD-4 ux rate (Fig. 6A and B). However,
the TEER and FD-4 ux rate were not as before showing an
inverse relationship, particularly for KAM group. These results
were completely reversed when compared to the Caco-2 cells in
their early proliferative stage.

The TJ protein expression pattern aer treatments also
showed a substantial difference from the proliferative Caco-2
cells (Fig. 6C and D). In DON alone treatment group, except
a slight reduced occludin expression, the expression of claudin-
4 was signicantly increased. For KAM group, the occludin
expression was signicantly increased, and a higher level of
claudin-3 was also observed (compared to the control). Aer
kaempferol pretreatment, no changes were found for the
expression levels of claudin-4, occludin and ZO-1, but the
Fig. 6 Effects of KAM pretreatment on the permeability (A and B) and t
intermediate stage of differentiation (11 days after inoculation). The fold c
data were presented as mean � SD of at least three replicates. Different
0.05 level.

This journal is © The Royal Society of Chemistry 2019
expression of claudin-3 was signicantly increased, which was
consistent with the permeability of KAM pretreatment group.
Altogether, no reduction of TJ protein expression was found in
the treatment group compared to the control, which is
substantially different from the proliferative Caco-2 cells. When
the relationship between TEER and TJ protein was analyzed, it
seems both claudin-4 (high TEER in DON alone) and claudin-3
(high TEER in KAM pretreatment group) contribute to the
reduced permeability of Caco-2 cells in the proliferative/
differentiated stage.

The disappearance of inverse relationship between TEER
and FD-4 ux rate and positive effect of both DON and KAM on
TJ protein expression signify the uniqueness of the Caco-2 cell
model at the 11th day, which might represent the separation
point of cell proliferation and differentiation. Although we do
not have a good explanation for the observed phenomenon,
a higher tolerance to environments or the basic biological
mechanism of compensating changes for adaption and survive
might played a role in this special stage of Caco-2 cell
differentiation.

3.3.3. Effects of DON and KAM on the tight junction
protein expression in differentiated Caco-2 cell monolayer.
Aer the proliferation and differentiation for 21 days, the Caco-
2 cells become a monolayer that is similar to the epithelium in
the small intestine. As shown in Fig. 7A and B, DON signi-
cantly decreased the TEER value with increased FD-4 ux while
ight junction protein expression (C and D) in Caco-2 cells during the
hanges refer to the ratios relative to initial values before treatment. The
letters of the same parameter indicating significant differences at the

RSC Adv., 2019, 9, 34607–34616 | 34613
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Fig. 7 Effects of KAM pretreatment on the permeability (A and B) and tight junction protein expression (C and D) in differentiated Caco-2 cell
monolayer (21 days after inoculation). The fold changes refer to the ratios relative to initial values before treatment. The data were presented as
mean � SD of at least three replicates. Different letters of the same parameter indicating significant differences at the 0.05 level.
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the monolayer permeability in KAM group is comparable to the
control, and KAM pretreatment also signicantly improved the
TEER and reduced the adverse effect onmonolayer permeability
caused by DON. Apparently, although the same treatment
conditions were applied to Caco-2 cells, the resulted monolayer
permeability is different from either the cells at proliferative
stage or at the intermediates stage of differentiation.

From the results of protein expression (Fig. 7C and D), DON
alone caused a noteworthy decrease in claudin-4, while KAM
alone and its pretreatment signicantly increased the protein
expression of claudin-3 and ZO-1 without affecting the expres-
sion of claudin-4.

3.3.4. Correlation between permeability and TJ protein
expression. The permeability of Caco-2 monolayer under
different stages of differentiation aer treatment of mycotoxin of
DON and phenolic compound of KAM was investigated. The
correlation analysis between the permeability and TJ protein
revealed that claudin-4 is the core TJ protein to the permeability
of the Caco-2 cell monolayer, and it is also the target protein of
DON's cytotoxicity affecting the TJ integrity of Caco-2 cells at
different stages. For KAM, although it specically promoted the
expression of claudin-3, the permeability of the Caco-2 cell
monolayer did not signicantly correlated with the expression of
claudin-3. The cluster analysis (Fig. 8) showed that TEER of Caco-
2 cell monolayer (differentiated) is more closely associated with
claudin-4 and occludin and FD-4 is more closely related to ZO-1
34614 | RSC Adv., 2019, 9, 34607–34616
and claudin-3. In the Caco-2 cell at 11th days, TEER is more
closely with claudin-4 and ZO-1, and FD-4 is more closely with
claudin-3 and occludin. For the proliferative Caco-2 cells,
a completely different cluster relationship was observed except
the TEER and claudin-4. From the viewpoint of treatments, KAM
and control is likely one cluster while DON and KAM-
pretreatment is another cluster. Thus, the impact of DON and
KAM on the permeability of the Caco-2 cells is strongly depen-
dent on its differentiation stages and the expression of claudin-4.
4. Discussion

The intestinal epithelium, which is composed of a monolayer of
cells, acts not only as the primary site for nutrient uptake but
also as the barrier to the external environment. The rapid
turnover of the monolayer cells needs a continuous dividing of
intestinal stem cells resided at the bottom of crypts. The divided
stem cells then enter the transit-amplifying zone where they
proliferate and differentiate until they migrate to the villus tip
as matured cells. Certainly, the microenvironment formed by
luminal materials, particularly food materials in the lumen, will
have a great impact on cell proliferation and differentiation.
The phenolic compounds of KAM rich in fruit and vegetable is
a common food component with a variety of health benets.
Mycotoxin of DON, which is toxic to human health, is becoming
a food hazard problem due to its wide contamination in many
This journal is © The Royal Society of Chemistry 2019
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Fig. 8 The heatmap analysis of the TJ protein expression and the permeability of the Caco-2 cell models at stages of proliferation and
differentiated state (left side), and including the intermediate stage (11th day). A: control, B: DON, C: KAM, D: KAM + DON. The number after the
parameter represents different stages (1: 3rd day, 2: 11th day, 3: 21st day).
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crops and food products. Thus, the antagonistic effect of KAM
on the cytotoxicity DON affecting the epithelium barrier func-
tion, as the rst step to enter into the body, was investigated by
mimicking the process of intestinal cell proliferation and
differentiation as they moved from the base of the crypt to the
villus tip.

The toxic effect of DON on the Caco-2 cell monolayer was
evidenced by a dose-dependent decrease of the TEER values at
a concentration of $5 mM (Fig. 4). Further study demonstrated
the TJ protein expression of claudin-4 and claudin-3 were
signicantly reduced in differentiated monolayer stage (Fig. 7).
This result is consistent with literature reports using Caco-2 cell
monolayer model5 and porcine intestinal epithelial cell line
(IPEC-1).13 Regarding the mechanism, the inhibition of protein
synthesis and activation of a mitogen-activated protein kinases
(MAPK) signaling pathway, specically the reduced TJ protein
claudin-4 all contribute to the toxic effect of DON to the
epithelium barrier function.5,13,34 However, we also observed
that the impact of DON one Caco-2 cell permeability and the
expression on claudin-4 is dependent on the stages of Caco-2
cell proliferation and differentiation. DON inhibited the
expression of claudin-4 at its proliferation and differentiated
(monolayer) stages, but increased the claudin-4 expression at
11th day, which is an intermediate stage of Caco-2 cell differ-
entiation. Although we do not know the exact reason, it does
strengthen the relationship between permeability and the
expression of claudin-4.

In contrast to the development stage-dependent toxicity of
DON, KAM did not affect the expression of claudin-4, but always
promotes the expression of TJ protein of claudin-3. However,
KAM only induced a leveled permeability to the control, which
is not correlated to the expression of claudin-3 (Fig. 5–7).
However, for the differentiated Caco-2 cell monolayer, KAM
pretreatment did signicantly reduced the permeability aer
DON exposure (Fig. 7 KAM + DON) without inuencing the level
This journal is © The Royal Society of Chemistry 2019
of claudin-4. Actually, there have been reports on the benecial
effects on epithelium barrier of many polyphenol compounds
including berberine, grape seeds extract, quercetin, green tea
polyphenols through MAPK activation and inhibiting inam-
mation induced by NF-kB as well as scavenging ROS.35 Similarly,
KAM also regulates MAPKs and NF-kB signaling pathways to
induce many health benets,36 and it should be benecial to the
barrier function of epithelium. Indeed, there have been
numerous studies indicating that claudin-3 is a barrier-forming
TJ protein.37 The permeability of Caco-2 cells grown on transwell
lters was reduced by mycotoxin of ochratoxin A treatment,
which is due to reduced expression of claudin-3 and 4.38 An
increase of gastric epithelium permeability by oxidative stress is
also associated with a reduction of claudin-3 protein.39 Thus,
pretreatment by KAM, which specically upregulates the
expression of claudin-3, may have the potential to reduce the
damage to epithelium permeability caused by DON. In the
meantime, KAM treatment also upregulate the expression of
ZO-1 that may also contribute the reduced permeability of Caco-
2 cell monolayers.
5. Conclusion

In this study, the response of tight junctions of Caco-2 cells at
different stages of proliferation and differentiation to myco-
toxin DON and phenolic compound kaempferol was studied.
The results showed that DON and kaempferol affect the cell
proliferation in a dose-dependent manner, and the permeability
of the Caco-2 TJ affected by DON and KAM is highly dependent
on the stage of cell proliferation and differentiation. Further
research found that claudin-4 is the target protein of DON while
claudin-3 is specically upregulated by KAM, and KAM
pretreatment signicantly increase the integrity of differenti-
ated Caco-2 cell monolayer. Thus, KAM, through upregulating
RSC Adv., 2019, 9, 34607–34616 | 34615
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claudin-3 and ZO-1, may have a high potential to improve the
epithelium integrity damaged by DON exposure.
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