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g efficiency of two bioactive
flavonols quercetin and myricetin on rat intestinal
epithelial (IEC-6) cells via suppressing Rho
activation

Jing Fan,a Tie-Jing Li*c and Xin-Huai Zhao *ab

Polyphenols are beneficial to human health because of their bio-activities. In this study, two flavonols

quercetin and myricetin with or without heat treatment at 100 �C for 30 min were assessed for their

barrier-promoting efficiency in rat intestinal epithelial (IEC-6) cells. The results indicated that the heated

and unheated flavonols at dose levels of 2.5–20 mmol L�1 had a nontoxic effect on the cells treated for

24 and 48 h but enhanced the values of cell viability larger than 100% (especially at a dose level of 5

mmol L�1). Moreover, the cells exposed to these flavonols of 5 mmol L�1 for 24 and 48 h had improved

barrier integrity compared to the control cells without any flavonol treatment, reflected by enhanced

transepithelial electrical resistance and anti-bacterial effect but decreased paracellular permeability and

bacterial translocation. Moreover, the results from both mRNA and protein expression verified 1.1–3.4

fold up-regulation of zonula occludens-1, occludin, and claudin-1 that are critical to tight junctions and

barrier function of cells. Furthermore, the expression of other two proteins RhoA and ROCK in the

treated cells was also down-regulated, demonstrating suppressed Rho activation and consequently

barrier promotion via the RhoA/ROCK signaling pathway. Overall quercetin, due to its lower molecular

polarity, mostly gave higher barrier-promoting efficiency than myricetin, while the heated flavonols were

always less efficient than the unheated counterparts to promote barrier integrity of IEC-6 cells. It is thus

highlighted that flavonols can provide barrier-promoting effects on intestinal epithelial cells with

a promoting efficiency dependent on flavonol polarity; however, heat treatment especially excessive

heat treatment of plant foods might lead to damaged flavonol activity.
Introduction

The small intestine in the body is not only the nal organ to
digest and absorb dietary nutrients, but also the key organ to
prevent exogenous pathogens from entering systemic circula-
tion.1 Thus, intestinal integrity is essential for the survival,
growth, and health of animals and humans. It has been found
that the occurrence of a variety of diseases is related to intes-
tinal mucosal barrier dysfunction.2 Reasonably, it is assumed
that the enhancement of the intestinal barrier can reduce the
risk of diseases, because an impaired intestinal barrier may
result in an easy barrier crossing of lipopolysaccharides,
peptidoglycans, bacteria, and other harmful factors into the
body. As we know, the entrance of these harmful factors into the
body is responsible for the pathogenesis of many diseases such
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as inammatory bowel diseases and leaky gut syndrome.3–5

However, various dietary fractions can contact intestinal
mucosa and thereby affect barrier and other functions of the
small intestine. Dietary bers, for example, can be fermented in
the intestinal lumen, resulting in the production of the so-
called short-chain fatty acids (SCFAs). The three past results
thus found that SCFAs could support the proliferation of
intestinal epithelial cells and more important, protect the
integrity of the intestinal barrier.6–8 Epidemiological evidence
also indicated that increased protein intake might lead to an
increase in intestinal permeability, due to the production of
toxic substances by the proteins and microbial interactions.9,10

Using animal models, high-fat and high-sugar Western diets
were evidenced to impaire intestinal barrier function.11,12

Moreover, food additives like emulsiers, surfactants, and
organic solvents, which are oen used in food processing, were
also proved to cause the opening of tight junctions (TJ) between
cells and thus damage barrier function in animal experi-
ments.13–16 Overall, dietary components might have both posi-
tive and negative effects on intestinal barrier function. Because
of the particularity of intestinal structure and function, the
RSC Adv., 2020, 10, 27249–27258 | 27249
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progress in this eld will be of fundamental importance based
on the importance of human health.

TJ of intestinal epithelium undertakes several complex tasks,
including the paracellular transport of water, various ions and
nutrients as well as blocking bacterial translocation, which
points out the importance of exploring TJ permeability and
barrier function.17,18 However, this balance can be disrupted
under disease condition.18 TJ is comprised by a series of fusion
points between the outer leaves of adjacent cells, which can ll
the gap between cells. In the present time, three complete
proteins occludin, claudins, and junction-associated molecule
(JAM) have been found in TJ. The rst two constitute the
backbone of TJ chain, while JAM seems to be important to
immune surveillance and inammatory response.19–22 At the
same time, zonula occludens-1 (ZO-1) is connected to occludin
and claudins via different domains, while its carboxyl terminal
can bind to actin cytoskeleton. Thus, the proteins at TJ can
communicate with the proteins in the cells through ZO-1.21–25 In
the family of claudins, claudin-1 exists in high resistance
epithelial cells but not in leaky epithelial cells; hence, claudin-1
is very important for the mammalian epidermal barrier.26

Occludin, claudin-1, and ZO-1 are therefore widely used to
assess the TJ-associated barrier function of intestinal epithelial
cells.

A variety of vegetables and fruits are indispensable in daily
diet because of their nutritional values and health benets. In
recent years, it has been found that polyphenols in these foods
have desired biological functions. Flavonoids as the most
important polyphenols have attracted wide attention because of
their good anti-oxidant, anti-inammatory, anti-cancer, anti-
cardiovascular disease, and anti-aging effects.27–30 In view of
the importance of intestinal barrier function and the ubiquity of
avonoids with excellent biological activities, we also try to
explore whether there is a direct relationship between them.
Quercetin and myricetin are avonols in the avonoid family.31

Intake of quercetin and myricetin will lead to direct interaction
between the two avonols and intestinal epithelial cells.
However, there are few studies to assess their barrier-promoting
efficiency in rat intestinal epithelial cells (e.g. IEC-6 cells). What
more noteworthy is that molecular structures of quercetin and
myricetin are same in both A-ring and C-ring but different in B-
ring (two –OH versus three –OH). This structural character
arouses our enthusiasm for further research to reveal whether
number change of –OH in B-ring might affect their barrier-
promoting efficiency. Moreover, avonols are sensitive to
oxygen and thus easy to be oxidized.32,33 Hence, heat treatment
will accelerate oxidative rates of avonols. Heat treatment is
widely used in both family diets and industrially produced
foods. In the past, avonols were found with degradation aer
heating.34 It is also hoped that another question will be
answered in this study; that is, whether heat treatment of the
two avonols will bring about changed barrier-promoting effi-
ciency in IEC-6 cells.

In this study, quercetin and myricetin and their heated
counterparts (100 �C, 30 min) were assessed for their barrier-
promoting effects in IEC-6 cells, using those commonly used
indicators likes transepithelial electrical resistance (TEER),
27250 | RSC Adv., 2020, 10, 27249–27258
paracellular permeability, anti-bacterial activity, and bacterial
translocation. At the same time, the effects of these samples on
barrier integrity of IEC-6 cells were also investigated from
a molecular point of view, via assaying both gene and protein
expression of occludin, claudin-1, ZO-1, RhoA, and ROCK.
These obtained scientic data were used to determine whether
the two avonols had different barrier-promoting effects on
IEC-6 cells, and whether the used heat treatment could damage
or promote their barrier-promoting efficiency.

Materials and methods
Materials

Quercetin and myricetin (purity > 98%) were obtained from
Shanghai Yousi Biotechnology Co., Ltd. (Shanghai, China).
Fetal bovine serum (FBS) was brought from Wisent Inc. (Mon-
treal, Quebec, Canada). Trypsin–EDTA was brought from
Beyotime Institute of Biotechnology (Shanghai, China). Dul-
becco's modied Eagle's medium (DMEM), dimethyl sulfoxide
(DMSO), and 4 kDa uorescein isothiocyanate (FITC)-dextran
(FD-4), were all provided by Sigma-Aldrich Co. (St Louis, MO,
USA). Phosphate-buffered saline (PBS) and Luria-Bertani (LB)
agar were both purchased from Solarbio Science and Tech-
nology Co., Ltd. (Beijing, China). The water used in this study
was ultrapure water prepared with a Milli-Q Plus system (Mil-
lipore Corp., New York, NY, USA). Other chemicals were
analytical reagents.

Cell Counting Kit-8 (CCK-8) was purchased from Dojindo
Molecular Technologies, Inc. (Kyushu, Japan). The primary
antibodies such as GAPDH (ab181602), occludin (ab216327)
and claudin-1 (ab15098) were all brought from Abcam plc.
(Cambridge, UK). The primary antibodies RhoA (AF6352) and
ZO-1 (AF5145) were produced by Affinity Biosciences (Cincin-
nati, OH, USA) while primary antibody ROCK (A11158) was
brought from ABclonal, Inc., Company (Wuhan, Hubei, China).
The goat anti-rabbit secondary antibody was obtained from
Bioss Biotechnology Co., Ltd. (Beijing, China). The bacterial
strain Escherichia coli (ATCC 25922) was kindly provided by the
Food Microbiology Laboratory in Northeast Agricultural
University (Harbin, Heilongjiang, China), and stored at �80 �C
until used.

Culture conditions of the cells

IEC-6 cells, having the characteristics of stable passage of crypt
epithelial cells,35 were obtained from the American Type Culture
Collection (Rockville, MD, USA), cultured in an incubator (Type
HF 90, Heal Force, Hongkong, China) with a medium
composing of 10% FBS, 90% DMEM, 100 U L�1 bovine insulin,
and 100 mg mL�1 penicillin and streptomycin. Incubator
temperature was set at 37 �C while CO2 concentration was
adjusted to 5%.

Heat treatment of polyphenols and assay of their cytotoxic
effects

Both quercetin and myricetin were dissolved in DMSO to reach
a concentration of 40 mmol L�1, and then diluted with serum-
This journal is © The Royal Society of Chemistry 2020
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Table 1 The primers used in this study

Gene Species Primer (50–30)

ZO-1 Rat FORWARD CCACCTCGCACGTATCACAAGC
REVERSE GGCAATGACACTCCTTCGTCTCTG

Occludin Rat FORWARD CCTCCTTACAGGCCGGATGA
REVERSE AGCATTGGTCGAACGTGCAT

Claudin-1 Rat FORWARD GTTTCATCCTGGCTTCGCTG
REVERSE AGCAGTCACGATGTTGTCCC

RhoA Rat FORWARD AGGCGGGAGTTAGCCAAAAT
REVERSE GTACCCAAAAGCGCCAATCC

Rock Rat FORWARD GGTGATGGAGTACATGCCAGGTG
REVERSE ATCCAGTGCAAGCACGACTTCAG

GAPDH Rat FORWARD CCCTCTGGAAAGCTGTGG
REVERSE GCTTCACCACCTTCTTGATGT
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free medium to dose levels of 2.5–20 mmol L�1. The solution of
each dose level was divided into two groups. One group was
directly used to treat the cells, while the other group was heated
at 100 �C for 30 min and used to treat the cells aer cooling.

The cells were inoculated in 96-well plates (100 mL per well)
and adjusted cell density to 2 � 103 cells per well. Aer the cells
attached, they were starved in serum-free medium for 12 h.
Fresh medium containing the unheated or heated avonols was
used to treat cells for 24 and 48 h respectively. The cells treated
with normal medium (negative control) were regarded as 100%
cell viability by CCK-8 assay. According to the kit instruction,
the cells were washed twice with PBS (10mmol L�1, pH 7.2) aer
medium removal, and added with fresh medium containing
10% CCK-8 solution. Aer an inoculation of 90 min, the
absorbance of each well at 450 nm was measured at a micro-
plate reader (Bio-Rad Laboratories, Hercules, CA, USA). Cell
viability was calculated as previously described.36

Assay of transepithelial electrical resistance

Transwell inserts with growth area of 1.12 cm2 and membrane
pore size of 0.4 mm (Corning, Kennebunk, ME, USA) were placed
in 12-well plates. Cell suspension (5 � 105 cells per mL, 0.5 mL)
was inoculated into the apical side, while normal medium (1.5
mL) was added to the basolateral side. TEER value was
measured every 24 h using the Millicell-ERS2 Volt-Ohm Meter
(Millipore Corp., Bedford, MA, USA). Fresh medium was
changed every other day until TEER value reached to 50 U cm2.
The cells in the inserts were treated with a serum-free medium
for 12 h. The medium containing the unheated or heated
avonols was used to culture the cells for 24 and 48 h. The cells
treated with normal medium were also used as negative control
with TEER value of 100%. The specic calculation refers to the
previous method.36

Assay of paracellular permeability

This assay was done using the Transwell inserts. When TEER
value reached to 50 U cm2, the cells were treated with the
medium containing the unheated or heated avonols for 24 and
48 h, while the cells treated with normal medium were served as
negative control. Aer that, medium containing FD-4 of 0.5 mg
mL�1 was added to the apical side for 24 h. Finally, 100 mL
mediumwas out of the basolateral side, placed in 96-well plates,
and detected using uorescence microplate reader (Innite
M200 pro, TECAN, Männedorf, Switzerland). The excitation and
emission wavelengths were set at 490 and 520 nm, respectively.
The result was expressed as percentage value of the negative
control as a previous study did.36

Assay of anti-bacterial activity

Resistance ability to E. coli ATCC-25922 of the supernatant of
the cells treated with the unheated and heated avonols for 24
and 48 h was evaluated. The rejuvenated bacteria in the Luria-
Bertani (LB) medium cultured to logarithmic phase were
washed with the PBS for 3 times, and bacterial concentration
was adjusted to 1 � 106 CFU mL�1 using the PBS. Bacterial
suspension of 10 mL was mixed with 500 mL cell supernatant and
This journal is © The Royal Society of Chemistry 2020
cultured at 37 �C for 2 h. The cells treated with fresh medium
were served as a control. Anti-bacterial activity was determined
as previously described.36
Assay of bacterial translocation

The cells were inoculated into transwell inserts (12 mm diam-
eter, 3.0 mm pore size, polyester membrane, Corning, Kena-
bond, ME, USA) until TEER value reached to 50 U cm2. The cells
were then exposed to the medium containing the unheated or
heated avonols for 24 and 48 h. The cells treated with normal
medium were used as negative control. E. coli was added to the
apical side of inserts with adjusted level of 105 CFU per well. The
medium out of the basolateral side (100 mL) was placed on the
LB Agar to determine the colony number aer E. coli and the
cells were co-cultured for different times (1–4 h).
Quantitative real-time PCR assay

IEC-6 cells were plated at 5 � 105 cells per dish, cultured with
serum-free medium for 12 h aer cell adherence, and then
treated with the samples (5 mmol L�1) for 24 h. The cells treated
with normal medium were served as a control. The total RNA
was extracted from the cells using the RNAprep Pure Cell Kit
(Tiangen Biochemical Technology Co., Ltd., Beijing, China),
while reverse transcription of cDNA was done using the Pri-
meScript TMRT Reagent Kit (Takara Bio Ltd., Kusatsu, Japan).
Go Tag®qPCR Master Mix kit (Promega (Beijing) Biotechnology
Co., Ltd., Beijing, China) and Applied Biosystems StepOnePlus
Real-time PCR System (Life Technologies Corp., Carlsbad, CA,
USA) were used in PCR amplication. Primer sequences of ZO-1,
occludin, claudin-1, RhoA, and ROCK-1 (Table 1) were designed
by Thermo Fisher Scientic (China) Co., Ltd (Shanghai, China).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used
as internal standard. Expression levels of these genes were
analyzed with the 2�DDCt method, where DDCt ¼ DCttest �
DCtcontrol.37
Western-blot assay

IEC-6 cells were plated at 2 � 106 cells per dish, treated for 24 h
with the samples of 5 mmol L�1, washed by ice-cold PBS, and
RSC Adv., 2020, 10, 27249–27258 | 27251
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lysed on ice with a radio-immuno-precipitation assay (RIPA)
lysis buffer (China Nanjing KGI Biotechnology Development
Co., Ltd., Nanjing, Jiangsu, China) and 5 mL phenyl-
methansulfonyl uoride (PMSF, 0.1 mol L�1) for 30 min. Aer
centrifugation (14 000g) at 4 �C for 5 min, cell supernatants
were collected and measured for protein concentrations using
a BCA protein concentration detection kit (Beyotime Institute of
Biotechnology, Shanghai, China). SDS-PAGE gels (30 mg per
well) of 7.5% (ZO-1 and ROCK), 10% (occludin and claudin-1),
and 13% (RhoA) were used to separate these proteins. The
gels were transferred to the polyvinylidene uoride (PVDF)
membranes aer electrophoresis. Skimmed milk in PBS of 5%
including 0.1% Tween-20 (PBST) was used to block the PVDF at
37 �C for 2 h. Aer then, primary antibodies (1 : 1000 dilution)
were used to connect with these proteins at 4 �C overnight. PBST
was used to wash the membranes for three times. Secondary
horseradish peroxidase-conjugated antibody (1 : 1500 dilution)
was used to incubate with the membrane at 20 �C for 1 h. The
enhanced chemiluminescence was used to detect protein bands
at a Dolphin Series Gel Imaging System (Weiteke Corp., Ltd.,
Reno, NY, USA). The Gel-Pro Analyzer 4 soware (Media
Cybernetics, Rockville, MD, USA) was used in quantication.
GAPDH was used as endogenous standard to normalize band
density.
Statistical analysis

The data were reported as the averages � standard deviations of
three independent assays. Univariate analysis of variance (ANOVA)
was used for signicance analysis between the groups. The data
were analyzed by Duncan multiple comparison using the SPSS
soware package version 16.0 (SPSS Inc., Chicago, IL, USA). The
results of bacterial translocation were analyzed by chi-square test.
Fig. 1 Viability values (%) of IEC-6 cells treated with the unheated and
heated quercetin and myricetin at four dose levels for 24 (a) and 48 h
(b). Different letters above the columns indicate that one-way ANOVA
of the means differs significantly (p < 0.05).
Results
Cytotoxic effect of these avonols on the cells

It was necessary to determine whether the cells might receive
obvious toxicity when they were exposed to quercetin and
myricetin. The results from CCK-8 assay showed that the cells
treated with the unheated and heated avonols of 2.5–20 mmol
L�1 had viability values of 80.9–119.4 (24 h) or 82.4–122.9% (48
h) (Fig. 1), indicating both growth inhibition and proliferation.
When the two avonols were used at 5 mmol L�1, the cells totally
had the highest viability values. The data also reected that
using the heated avonols in cells always led to lower viability
values than using the unheated avonols, suggesting the con-
ducted heat treatment induced increased cytotoxic effect. It was
also found that viability values of the treated cells were
enhanced accompanying the increase of treating time, because
the viability values of 48 h were always higher than those of 24 h.
Moreover, quercetin showed higher activity than myricetin in
the cells. In the following assays of this study, dose level 5 mmol
L�1 was thus regarded as a better selection for cell exposure.
27252 | RSC Adv., 2020, 10, 27249–27258
Effect of these avonols on transepithelial electrical
resistance

TEER assay is a classic method to detect the integrity of cell
monolayer. Thus, barrier integrity of these treated cells was also
judged by the measured TEER values. The results showed that
the treated cells during incubation had TEER increases gradu-
ally (Fig. 2), evidencing their enhanced barrier integrity. The
cells treated with quercetin showed higher TEER values than
these treated with myricetin (e.g. 133.4% versus 124.6% at 48 h),
indicating quercetin had higher barrier-promoting efficiency
than myricetin. Also found, the unheated avonols were always
more efficient than the heated ones to increase TEER values,
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Time-responses of TEER in IEC-6 cells treated with the
unheated and heated quercetin and myricetin at 5 mmol L�1 for 24 and
48 h. Different letters above the columns indicate that one-way
ANOVA of the means differs significantly (p < 0.05).
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highlighting barrier-promoting efficiency of the two avonols
was reduced by the used heat treatment.

Effect of these avonols on paracellular permeability

The permeability assay also can reect intestinal mucosal
barrier function, because an increased permeability means
worse TJ and weaker intestinal barrier. When the cells were
treated with the unheated and heated avonols for 24 and 48 h,
Fig. 4 Anti-bacterial activities (a) of the culture supernatants of IEC-6
cells as well as E. coli translocation across the cell monolayer with
flavanol treatment of 24 (b) or 48 h (c). The unheated and heated
quercetin and myricetin were used at 5 mmol L�1. Different letters
above the columns indicate that one-way ANOVA of the means differs
significantly (p < 0.05). The asterisks indicate the significance from the
control cells determined by the chi-squared tests.

Fig. 3 FD-4 diffusion in IEC-6 cells treated with the unheated and
heated quercetin andmyricetin at 5 mmol L�1 for 24 and 48 h. Different
letters above the columns indicate that one-way ANOVA of the means
differs significantly (p < 0.05).

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 27249–27258 | 27253
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Fig. 5 Relative mRNA (a) and protein (b) expression of ZO-1, occludin,
and claudin-1 in IEC-6 cells treated with the unheated and heated
quercetin and myricetin at 5 mmol L�1 for 24 h. *p < 0.05, compared
with the control group.
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cumulative throughput of FD-4 transferred from the apical to
basolateral sides was measured to show paracellular perme-
ability of the cells. The results (Fig. 3) demonstrated that all
treated cells had FD-4 ux less than 100%, suggesting an
improved barrier function. Moreover, longer treating time led to
much reduction in paracellular permeability or greater barrier
promotion. Overall, the quercetin-treated cells received better
barrier than the myricetin-treated ones (FD-4 ux 74.2% versus
83.3% at 48 h), while the heated avonols were consistently less
efficient than the unheated counterparts (FD-4 ux 81.5% versus
74.2% for quercetin at 48 h, or 91.7% versus 83.3% for myricetin
at 48 h). These results thus also veried barrier promotion of
two avonols on IEC-6 cells and how heat treatment damaged
this activity.

Anti-bacterial activity and bacterial translocation of the
treated cells

The assaying results mentioned above conrmed that the two
avonols were able to enhance barrier function of IEC-6 cells,
and reasonably possessed helpful capacity in the intestine to
prevent harmful bacteria from entering blood circulation. Two
other assays were hence used to verify this capacity: anti-
bacterial activity and bacterial translocation.

First, all treated cells showed increased anti-bacterial activity,
because lower bacterial numbers were detected (Fig. 4a). Using
different culture times (24 and 48 h) totally led to unclear change in
anti-bacterial activity for the treated cells. Consistently, heat treat-
ment of the two avonols clearly caused lower anti-bacterial activity
because larger bacterial numbers were detected. More interesting,
the myricetin-treated cells displayed higher anti-bacterial activity
than the quercetin-treated cells. Second, all treated cells showed
reduced bacterial translocation, because fewer positive inserts were
detected (Fig. 4b and c), suggesting the two avonols possessed
capacity to strength biological barrier function of IEC-6 cells. In
detail, cell treatment of 24 or 48 h by these samples had no inu-
ence on the assessed bacterial translocation, while quercetin per-
formed an efficiency same to myricetin to block bacterial
translocation. It was also seen that longer co-culture time of the
cells and bacteria led to more positive inserts or greater bacterial
translocation. In consistence with other assaying results of this
study, the cells treated with the unheated avonols gave decreased
positive inserts or reduced bacterial translocation (i.e. enhanced
barrier integrity), verifying that the heat treatment weakened
barrier-promoting efficiency of the two avonols.

Expression changes of the TJ-related mRNA and proteins in
the treated cells

Barrier function of cells is mediated by TJ proteins; thus, the
treated cells were assayed for the expression of ZO-1, occludin,
and claudin-1 in both mRNA and protein levels. The results
(Fig. 5a) showed that mRNA expression levels of ZO-1, occludin,
and claudin-1 were all up-regulated. Following this up-regulated
mRNA expression, the three TJ proteins were also up-regulated
(Fig. 5b). Overall, their mRNA and protein expression levels
were increased by 1.2–1.7 and 1.1–3.4 folds, respectively. Up-
regulated ZO-1, occludin, and claudin-1 might lead to rm TJ,
27254 | RSC Adv., 2020, 10, 27249–27258
declaring barrier promotion of these samples applied to IEC-6
cells. It was also found that quercetin showed better barrier-
promoting efficiency than myricetin, because it induced
higher up-regulation on the three TJ proteins. Furthermore,
heat treatment of the two avonols damaged their activities to
promote barrier integrity; subsequently, the treated cells
received reduced expression of ZO-1, occludin, and claudin-1.
From a molecular point of view, heat treatment of avonols
was adverse to the barrier-promoting function of avonols.
A signaling pathway mediating barrier function of the treated
cells

The results above proved that both quercetin and myricetin
could up-regulate the three TJ-related proteins. Thus, it was
necessary to verify the possible signaling pathway that mediates
the TJ-related proteins; for example, the RhoA/ROCK pathway.
This journal is © The Royal Society of Chemistry 2020
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The treated IEC-6 cells were detected for the mRNA and protein
expression of RhoA and ROCK. The results showed that mRNA
expression levels of RhoA and ROCK in the treated cells were
reduced clearly, compared with the control cells without
avonol treatment (Fig. 6a). At the same time, protein expres-
sion levels of RhoA and ROCK in the cells were also decreased
by avonol treatment (Fig. 6b). Down-regulated RhoA and
ROCK expression in the treated cells indicates a suppressed Rho
GTPase activation. A signaling pathway mediating barrier
function of IEC-6 cells is thus deciphered (Fig. 7). Compared
with quercetin and myricetin, the heated counterparts all
showed lower potentials to perform their action. This fact
means heat treatment especially excessive heat treatment of the
two avonols was an unbenecial event, considering barrier-
promoting effects of avonols on IEC-6 cells.
Fig. 7 A signaling pathway responsible for barrier-promoting effect of
quercetin and myricetin in cells. Two flavonols act on IEC-6 cells to
cause the suppression of RhoA/ROCK. This suppression prevents the
separation of GDP from the Rho GTPase, reduces enzyme activity, and
causes the suppression of ROCK. Afterwards, phosphorylation of
Discussion

As is known to us, paracellular barrier of the intestine is very
important for biological survival, and TJ is an important part of
myosin light chain phosphatase (MLCP) is reduced while phosphory-
lation of myosin light chain (MLC) is suppressed, which leads to
contractility inhibition of the actinomyosin. Subsequently, ZO-1
protein will highly interact with occludin and claudins proteins to form
tight junctions, causing enhanced barrier function.

Fig. 6 Relative mRNA (a) and protein (b) expression of RhoA and
ROCK in IEC-6 cells treated with the unheated and heated quercetin
and myricetin at 5 mmol L�1 for 24 h. *p < 0.05, compared with the
control group.

This journal is © The Royal Society of Chemistry 2020
the small intestinal barrier. TJ of intestinal epithelial cells could
be regulated by a variety of stimuli; for example, glycated casein
digest and butyrate that were reported to improve barrier
integrity of IEC-6 cells by reducing paracellular permeability.36,38

It is estimated that dietary intake of avonoids ranges from 3 to
1000 mg d�1.39 Thus, biogenic avonoids are possible to
interact with intestinal epithelial cells and consequently lead to
changed barrier integrity. Today, many plant foods rich in
avonoids are consumed in the form of commercial processed
products, for which heat treatment is a necessary processing
step aiming to inactivate harmful microorganisms or toxins.
Possible impact of food processing or storage on bioactive
properties of polyphenols is an important issue to food scien-
tists. A study comparing the barrier-promoting efficiency of
various avonoid compounds or verifying whether heat treat-
ment has positive or negative effect on their barrier promotion
thus deserves our consideration. Dietary avonoids mainly exist
in the form of glycoside conjugates (except of avan-3-ols and
proanthocyanidins). It is generally believed that the absorption
of these glycosides is related to glycoside hydrolysis. If these
glycosides can't be hydrolyzed in the small intestine, they will be
transported to the colon where they will be hydrolyzed by
microbes to release aglycone.40,41 It was found that even if die-
tary avonoids were absorbed in the small intestine, a large
amount of them was still transferred to the large intestine.42,43 A
study on the biotransformation of myricetin in mice also
showed that the main metabolic site of myricetin was the
colon.44 Dietary avonoids are thereby difficult to be absorbed
in the small intestine, and reasonably exert various effects on
RSC Adv., 2020, 10, 27249–27258 | 27255
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intestinal epithelial cells. It is reasonable for this study using
quercetin and myricetin (aglycone forms) as target substances.

Using these evaluated indices, both quercetin and myricetin
were veried to provide barrier promotion for IEC-6 cells,
causing enhanced TEER and anti-bacterial effect but decreased
paracellular permeability and bacterial translocation. More-
over, quercetin mostly was more effective than myricetin to
perform this barrier promotion, which might associate with
their different chemical structures. Based on their chemical
formulae, quercetin andmyricetin have 5 and 6 hydroxyl groups
in their molecules, respectively. Quercetin thus has lower
polarity than myricetin. It has been proposed that avonoids
with less non-modication in the B-ring have the greatest
interactivity with cell membrane.45 It is thus a reasonable
conclusion for this study that quercetin had higher efficiency
than myricetin in IEC-6 cells, due to its lower polarity and easy
enrichment in the cells to perform biological function.46 Why
myricetin led to better antibacterial effect than quercetin in the
cells might be also arisen from their different structures in B-
ring. It was found that if B-ring was replaced, anti-bacterial
activity was enhanced; however, A-ring substitution reduced
anti-bacterial activity.47 Anti-bacterial activity of avonoids is
regarded due to their inhibition of DNA gyrase, while this
inhibitory activity is limited to B-ring hydroxylated
compounds.48,49 For example, quercetin gives anti-bacterial
action on E. coli through its inhibition on DNA gyrase.50 In B-
ring, myricetin has three hydroxyl groups while quercetin has
two hydroxyl groups. Myricetin was able to give stronger inhi-
bition on E. coli in cell culture. Aerwards, the myricetin-treated
cells were measured with higher anti-bacterial activity than
those quercetin-treated cells.

In general, sensitive food components might carry out
various chemical changes during food processing, which is
important to the food industry when considering the potential
benecial biofunctions of these components. Polyphenols from
a chemical point of review are unstable, and their degradation
are easily accelerated by these environmental factors like
temperature, oxygen/oxidants, and alkaline, because of high
chemical susceptivity of polyphenols to these factors. It is
known that when quercetin is undergone heat treatment in
water, the main degraded products have chemical structures
different from quercetin itself; for example, the formed 2,4,6-
trihydroxymandelate and 2,4,6-trihydroxyphenylgloxylate that
do not belong to the avonol family.51 Moreover, polyphenols
like anthocyanins and procyanidins were degraded in the pro-
cessed berry fruits that were stored at ambient temperature,
resulting in polyphenol losses accompanied by the formation of
various polymeric pigments of higher molecular weights via
condensation reaction.52 It is an accepted fact that structural
variation may lead to different biological characteristics.53,54

Consequently, baking treatment essential to cocoa processing
was proved to reduce total phenolic content of cocoa beans,55

while baking, pasteurization, and other processing of California
almonds led to reduced total phenols and iron-reducing
capacity.56 Based on these mentioned facts, it is possible that
heat treatment of polyphenols will lead to structural modica-
tion and then bioactivity changes. So, anti-cancer effects of four
27256 | RSC Adv., 2020, 10, 27249–27258
avonols in human colorectal cancer HCT-116 cells was nega-
tively impacted by both thermal and oxidative treatments,33

while the blueberry juice packed in glass bottles in response to
the increase of storage time had decreased anthocyanin content
and reduced inhibitory activity against human colon cancer HT-
29 cells.57 A previous study also indicated that the polyphenol
fractions obtained from thermally treated blueberry products
had lower anti-proliferation on murine liver cancer Hepa-1c1c7
cells than those obtained from non-thermally treated ones,58

proving a negative impact of thermal treatment on anti-cancer
effects of polyphenols. Furthermore, structural change of
other food components has been veried to alter their barrier
promotion on cells. The results in two recent studies using IEC-
6 cells as cell model showed that caseinate glycation of the
Maillard-type led to decreased barrier promotion of the resul-
tant caseinate digest, whereas that of the transglutaminase-type
endowed the resultant caseinate digest with enhanced barrier
promotion, compared with unglycated caseinate digest.36,59 The
two glycated caseinate digests were different in their glycation
sites and chemical structures of the conjugated saccharides,
thus were detected with decreased and increased barrier-
promoting efficiency. The two studies thus supported that the
heated avonols had changed barrier-promoting efficiency in
the cells. Overall, heat treatment especially excessive heat
treatment of plant foods should be paid a critical attention to
examine its positive or negative effect on bioactivity of avo-
noids, based on the present and other relevant results.

Possible biological mechanisms associated with barrier
promotion of various substances in cells have been well-studied
in both medicine and food elds. A pharmaceutical analogue
FTY720 could enhance endothelial barrier function by
a pathway involving c-Abl signaling.60 High density lipoprotein-
associated sphingosine 1-phosphate was proved to promote
endothelial barrier via the S1P1/Akt signaling pathway.61 Sino-
menine could improve permeability of glomerular endothelial
cells by inhibiting the activation of RhoA/ROCK signaling
pathway.62 A propolis extract was able to increase the expression
of occludin and ZO-1 via the activation of AMPK and ERK in
human intestinal epithelial Caco-2 cells.63 Moreover, rutin (a
derivative of quercetin) was declared to prevent the
hyperglycemia-induced barrier dysfunction of renal endothelial
cells through suppressing RhoA/ROCK signaling pathway.64

This study also observed the down-expression of RhoA and
ROCK in IEC-6 cells in the presence of avonol stimulus. TJ
proteins in IEC-6 cells thus might be regulated through the
RhoA/ROCK signaling pathway. In theory, when the RhoA/
ROCK signaling pathway is activated, it induces the dynamic
reorganization and contraction of the F-actin cytoskeleton
around the cells; subsequently, this event damages cellular
barrier integrity mediated by TJ proteins.65–67 Thus, the two
avonols were regarded to exert barrier-promoting effect on
IEC-6 cells via attenuating Rho activation. The results from
other studies also supported that RhoA/ROCK signaling
pathway was indeed involved in barrier promotion via up-
regulating ZO-1, occludin, and claudin-1 expression.68,69

However, whether other signaling pathways are also involved in
This journal is © The Royal Society of Chemistry 2020
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barrier integrity of IEC-6 cells with avonol stimulus should be
veried in future study.

Conclusion

Both quercetin and myricetin at lower dose level were nontoxic
to IEC-6 cells but could provide barrier-promoting effect on the
cells via increasing transepithelial electrical resistance and anti-
bacterial effect but decreasing paracellular permeability and
bacterial translocation. From a biological point of review, three
TJ proteins ZO-1, occludin, and claudin-1were up-regulated by
the two avonols through their suppression on the RhoA/ROCK
signaling pathway that are critical to the TJ-mediated barrier
function of cells. Overall, quercetin due to its lower molecular
polarity had higher barrier-promoting efficiency in the cells
than myricetin, while the heated avonols at 100 �C for 30 min
received reduced barrier promotion than the unheated coun-
terparts. It is thus suggested that bioactive avonols could
provide a helpful action on intestinal epithelial cells through
promoting cellular barrier integrity; at the same time, heat
treatment especially excessive heat treatment of plant foods
should be examined for its effect on avonol activity, regarding
its negative impact on barrier-promoting efficiency of bioactive
avonols.
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