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a b s t r a c t

Scutellaria baicalensis Georgi (skullcap) has been widely used as a dietary ingredient. The purpose of this
study was to reveal novel function of skullcap and its mechanism on allergen permeation in intestinal
epithelial cells. Intestinal epithelial Caco-2 cell monolayers were used to evaluate the inhibitory effect
of skullcap on ovalbumin (OVA) permeation by measuring transepithelial electrical resistance (TEER)
and the quantity of permeated OVA. TEER increased and the OVA flux decreased in a dose-dependent
manner through up-regulating tight junction-related proteins in cells incubated with increasing concen-
trations of skullcap extract. In the in vivo study, the amounts of OVA from orally ingested albumen
reduced on administration of the skullcap extract. We also revealed for the first time that the active
component of skullcap extract for inhibition of OVA permeation was baicalein. These findings demon-
strated that skullcap extract might attenuate a food allergic response by inhibiting allergen permeation
in vitro and in vivo.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction NF-jB and the mitogen-activated protein (MAP) kinase signaling
Scutellaria baicalensis Georgi (skullcap) is a species of flowering
plants of the Lamiaceae family. Skullcap is used extensively as a
dietary ingredient and as a traditional herbal medicine in oriental
countries such as China, Japan, and Korea. In particular, the root
of skullcap is an important medicinal herb material and has been
widely used to treat inflammation, cancer, and bacterial and viral
infections of the respiratory tract and gastrointestinal tract (GIT)
(Lu, Joerger, & Wu, 2011; Ye, Xui, Yi, Zhang, & Zhang, 2002; Yoon
et al., 2009). Skullcap extract inhibited the expression of
pro-inflammatory factors, including inducible nitric oxide synthase
(iNOS), cyclooxygenase (COX)-2, prostaglandin E2 (PGE2), IL-1b,
IL-6, and tumour necrosis factor (TNF)-a by downregulating
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pathway in RAW 264.7 cells (Kim et al., 2009). Recently, a study
demonstrated the anti-allergic effect of skullcap by showing that
skullcap treatment suppressed passive cutaneous anaphylaxis in
rats and 48/80-induced histamine release in rat peritoneal mast
cells (Jung et al., 2012). Although studies on the physiological
functions of skullcap, including anti-inflammatory and anti-
allergic effects, have progressed actively, the detailed functions
and mechanisms underlying skullcap’s effects have not been
elucidated.

Allergy is a hypersensitivity disorder of the immune system; it
develops when the immune system reacts to normally harmless
substances in the environment. The incidence of allergic diseases
including atopic dermatitis, asthma, and anaphylaxis are continu-
ously increasing. In particular, food allergy is an increasing clinical
problem and has been estimated to affect 5–6% of children and
3–4% of the adult population (Sampson, 1999; Venter et al.,
2008). Eggs, milk, wheat, peanuts, soybeans, and rice are com-
monly known food allergens (Tanabe, 2007). Although the allergic
responses triggered by orally ingested food allergens are generated
through various complicated mechanisms, the first among several
steps is allergen permeation into the GIT. The intestinal epithelium
has not only an absorption function for dietary factors but also a
barrier function to restrict the permeation of noxious substances.
However, some dietary proteins like allergens can cross the
intestinal epithelium via paracellular diffusion pathways, and they
cause allergic immune responses through access to effector T cells,
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dendritic cells, and mast cells (Kaminogawa, Hachimura,
Nakajima-adachi, & Totsuka, 1999). The major determinant of
paracellular diffusion is the intercellular tight junction (TJ). The
TJ is generally expressed in intestinal epithelial cells, and it is
located around the apical end of the lateral cell membrane.
Modulation of TJ can control the permeability of food factors or
allergens via paracellular diffusion pathways.

Cells of the human adenocarcinoma cell line, Caco-2, which are
derived from a colon carcinoma, spontaneously undergo the pro-
cess of differentiation that leads to the formation of monolayers.
The cell monolayers have been used as an in vitro model that mim-
ics the human intestinal epithelium. (Grasset, Pinto, Dussaulx,
Zweibaum, & Desjeux, 1984; Hidalgo, Raub, & Borchardt, 1989)
The cells have been mainly used to estimate the bioavailability
or transport of dietary factors because the cells express nutrient
transporters and TJ proteins (Konishi, Kobayashi, & Shimizu,
2003; Shimizu, Tsunogai, & Arai, 1997). In this study, we estab-
lished an in vitro system to evaluate food allergen permeation by
using Caco-2 cell monolayers, and we investigated the inhibitory
effects of natural product extracts derived from food and plant
on the permeation of a food allergen, ovalbumin (OVA), across
Caco-2 cell monolayers to attenuate food allergy.
2. Material and methods

2.1. Materials

The Caco-2 cell line was obtained from the American Type
Culture Collection (Rockville, MD, USA). Dulbecco’s modified
Eagle’s medium (DMEM), fetal bovine serum (FBS), penicillin–
streptomycin, non-essential amino acids (NEAA), Dulbecco’s phos-
phate-buffered saline (D-PBS), and Hank’s balanced salt solution
(HBSS) were purchased from WelGENE (Daegu, Korea). Ovalbumin
(OVA), bile salts (mixture of sodium cholate and sodium deoxycho-
late), horseradish peroxidase (HRP), 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT), and sodium dodecyl
sulphate (SDS) were purchased from Sigma (St. Louis, MO, USA).
The primers for real-time PCR were obtained from Macrogen
(Seoul, Korea), and 3-(4-hydroxyphenyl) propionic acid was pur-
chased from Wako Pure Chemicals Inc., Ltd. (Osaka, Japan).
RNeasy� Mini Kit, QuantiTect� Reverse Transcription Kit, and
2 � Rotor-Gene SYBR� Green master mix were purchased from
QIAGEN (Valencia, CA, USA).

2.2. Sample preparation

The 14 samples that were used in this study were purchased
from Kyeong-dong Oriental Pharmacy (Seoul, Korea) and identified
by Professor Y. Bu, Department of Herbal Pharmacology, Kyung
Hee University. The specimen (KFRI-SL-101) has been kept in func-
tional materials research group, Korea Food Research Institute.
Each extract was obtained by microwave extraction in 70% ethanol
for 5 min. The ethanol extract was concentrated under vacuum in a
rotary evaporator. The concentrated extract was finally lyophilised
(�50 �C), and kept at 4 �C until needed. The dried ethanol extract
was dissolved in saline prior to use. This fraction was used in all
in vitro and in vivo studies.

2.3. Cell culture

The Caco-2 cells were cultured at 37 �C in humidified air
containing 5% CO2. The cells were maintained in a 100-mm dish
with DMEM containing 1000 mg/l of glucose and supplemented
with 10% FBS, 1% NEAA, 100 U/ml of penicillin, and 100 lg/ml of
streptomycin. The cells were seeded at a density of 2 � 105 cells/
ml on a 12-transwell or 24-well plate (Costar, Corning, NY, USA)
and allowed to grow for 3 weeks for the experiments; the medium
was changed every 2–3 days.

2.4. Measurement of transepithelial electrical resistance

The monolayers of Caco-2 cells were used from day 21 after
seeding. The integrity of the Caco-2 cell monolayers was checked
by measuring the transepithelial electrical resistance (TEER) by
using a Millicell-ERS device (Millipore, Bedford, MA, USA). The
monolayers of Caco-2 cells were used when their TEER values were
in the range 300–500 O cm�2. The cell monolayers were washed
twice with Hank’s balanced salt solution (HBSS), and then they
were pre-incubated for 30 min at 37 �C in a CO2 incubator to stabi-
lise the cell monolayers. The cell monolayers were treated with
each sample and bile salts (mixture of sodium cholate and sodium
deoxycholate) for 60 min, and OVA was added for 3 h at 37 �C.
After 3 h of incubation with OVA the TEER of the cell monolayers
was measured, and the medium on the basolateral side of the
monolayer, which contained the permeated OVA, was collected
for enzyme-linked immunosorbent assay (ELISA).

2.5. Elisa

The monolayers of Caco-2 cells in the 12-transwell plate were
pre-incubated with bile salts and skullcap extract for 1 h and then
treated with 400 lg/ml OVA for 3 h in HBSS. After incubation, the
level of permeated OVA on the basolateral side of the monolayer
was determined using a commercially available ELISA method.
Primary and secondary antibodies for ELISA were obtained from
OVA-immunised rabbits. The secondary antibodies were conju-
gated with horseradish peroxidase (HRP) according to the protocol
(Nakane & Kawaoi, 1974). The flash count between HRP and
3-(4-hydroxyphenyl) propionic acid was detected fluorometrically
using Fluoroskan Ascent Microplate Fluorescence Reader (Thermo
Labsystems, Waltham, MA, USA) set to excitation 320 nm and
emmition 405 nm wavelengths.

2.6. Cytotoxicity assay

The cytotoxicity of Caco-2 cells was determined by performing
MTT assay. Briefly, the cells were seeded in 96-well plates at a
density of 2 � 105 cells/ml and incubated with various concentra-
tions of the skullcap extract for 3 h. The cells were washed twice
with Dulbecco’s phosphate-buffered saline (D-PBS) (200 mg/l KCl,
200 mg/l KH2PO4, 8000 mg/l NaCl, 2160 mg/l Na2HPO4�7H2O),
and 100 ll of MTT solution (2 mg/ml) was added to each well. After
incubation at 37 �C under 5% CO2 for 4 h, the cells were dissolved in
100 ll of 10% SDS (in 10 mM HCl). The amount of formazan was
determined by measuring absorbance at 595 nm using an Epoch
microplate reader (BioTek, Winooski, VT, USA).

2.7. Real-time reverse transcription PCR

Total RNA was isolated from the cells using the RNeasy� Mini
Kit according to the manufacturer’s instructions. Reverse transcrip-
tion of the RNA was performed using the QuantiTect� Reverse
Transcription Kit. First-strand cDNA was prepared from 1 lg of
total RNA. The real-time PCR reaction was performed in a volume
of 25 ll containing 0.1 lg of cDNA, 1 lM of each primer, and
2 � Rotor-Gene SYBR� Green master mix. Each sample was
denatured at 95 �C for 5 min and subsequently subjected to
40 cycles of 5 s each of denaturation at 95 �C and 10 s at the appro-
priate annealing temperature (60 �C). The primer sequences are
shown in Table. 1. The real-time PCR reactions were run on
Rotor-Gene Q (QIAGEN, Valencia, CA, USA). The gene expression



Table 1
Sequences of primers used for real-time PCR.

Gene Forward primer Reverse primer Genebank No.

Claudin-1 CCAGTCAATGCCAGGTACGAAT TTGGTGTTGGGTAAGAGGTTGTT AF134160
Occludin ACAGAGCAAGATCACTATGAGACA TGTTGATCTGAAGTGATAGGTGGA NM_002538
ZO-1 TGGTGTCCTACCTAATTCAACTCA CGCCAGCTACAAATATTCCAACA ZM_175610
JAM-1 AACACACTGGGACATACACTTGT CGATGAGCTTGACCTTGACCT AF111713
b-actin TCATGAAGTGTGACGTGGACATC TGCATCCTGTCGGCAATG NM_001101

Table 2
Yield (%, w/w) of ethanol extracts and solvent fractions from skullcap.

Skullcap (Scutellaria baicalensis) Yeild (%, w/w)

70% Ethanol extract Hexane Fr. Chloroform Fr. Ethyl acetate Fr. Butanol Fr. Water Fr.

45.68 2.6 4.26 5.74 40 47.4
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levels were normalised to the expression level of the housekeeping
gene (b-actin). Relative gene expression changes, calculated using
the 2-delta delta CT method, are reported as number-fold changes
compared to those in the control samples.

2.8. Animals

Six-week-old male ICR mice, weighing approximately 29–31 g,
were purchased from OrientBio Inc. (Kyeonggi, Korea). The mice
were housed in an air-conditioned room (23 ± 2 �C) with a 12-h
light/dark cycle. They were allowed free access to food and tap
water. All animals received humane care, and the study protocols
were approved and performed in accordance with the guidelines
for the animal use and care of Korea Food Research Institute.

2.9. Solvent fractionation of skullcap extract

The resultant ethanol extract of skullcap was further
fractionated with different solvents. Dried skullcap extract was
suspended in distilled H2O, and then sequentially partitioned with
hexane, chloroform, ethyl acetate, butanol, and water. All solvent
fractions were evaporated until dry. The detailed method and
yields of the solvent fractions are shown in Table. 2.

2.10. Determination of total phenolic content

Measurement of total phnolic content (TPC) was determined
using the Folin–Ciocalteu method (Singelton, Orthifer, &
Lamuela-Raventos, 1999). 100 ll of samples (100 lg/ml) were oxi-
dised with 50 ll of 50% Folin–Ciocalteu reagent (Sigma, St. Louis,
MO, USA). After incubation at room temperature for 3 min, the
reaction was neutralised with 100 ll of 10% sodium carbonate
(Shinyo pure chemical, Osaka, Japan). After 1 h, the absorbance of
test solutions was measured spectrophotometrically at 700 nm.
TPC was calculated using tannic acid (Sigma, St. Louis, MO, USA)
as a standard.

2.11. Determination of total flavonoid content

Measurement of total flavonoid content (TFC) was based on the
method described by Moreno, Isla, Sampietro, and Vattuone
(2000). Briefly, 0.1 ml of ethanol solution (containing 0.5 mg of
sample) was added to eppendorf tubes containing 20 ll of 10%
aluminium nitrate (Junsei, Tokyo, Japan), 20 ll of 1 M potassium
acetate (Junsei, Tokyo, Japan), and 860 ll of ethanol. After incuba-
tion at room temperature for 40 min, the absorbance of test
solutions was measured spectrophotometrically at 415 nm. TFC
was calculated using quercetin (Sigma, St. Louis, MO, USA) as a
standard.
2.12. Statistical analysis

Results are expressed as the mean ± standard deviation (SD). A
statistical analysis was performed using the SAS statistical soft-
ware package (SAS Institute, Cary, NC, USA). Differences between
the experimental data were assessed by 1-way analysis of variance
(ANOVA), followed by Duncan’s multiple-range test; a value of
P < 0.05 was considered significant.

3. Results

3.1. Effects of natural product extracts on intestinal barrier function in
monolayers of Caco-2 cells

We examined the effects of extracts from 14 natural products
derived food and plant (sickle senna, Chinese twinleaf, black
pepper, cocklebur, magnolia, wrinkled giant hyssop, dandelion,
green tea, nepeta herb, turmeric, skullcap, beefsteak plant, cheon-
ggukjang, and fenugreek) on the intestinal barrier function by mea-
suring TEER in Caco-2 cell monolayers. The control included 0.4%
DMSO instead of extract in HBSS. Of the 14 natural product ex-
tracts, skullcap significantly increased the TEER value in Caco-2 cell
monolayers (Fig. 1). This result indicates that the skullcap en-
hances the intestinal barrier function. In contrast, the other 13 nat-
ural product extracts did not change the TEER value in the Caco-2
cell monolayers.

3.2. Effects of skullcap extract on TEER and OVA flux in Caco-2 cell
monolayers

We investigated the effects of skullcap extract on the intestinal
barrier function by measuring TEER in the Caco-2 cell monolayers.
The TEER increased in a dose-dependent manner in the cells that
were incubated with increasing concentrations (100, 200, and
400 lg/ml) of skullcap extract for 3 h (Fig. 2A). We also investi-
gated the skullcap extract ability to inhibit allergen permeation
in Caco-2 cells. We used OVA, the major allergen in egg; OVA
permeated the basolateral side of the monolayer via paracellular
diffusion after 3 h, which was detected using ELISA. The OVA flux
decreased in the cells incubated with 100, 200, and 400 lg/ml of
skullcap extract in a dose-dependent manner (Fig. 2B). This result
indicates that skullcap extract may inhibit the allergic response by
suppressing OVA permeation.

3.3. Effects of skullcap extract on TEER and cytotoxicity in Caco-2 cell
monolayers

We investigated the effects of skullcap extract on TEER over
time in the Caco-2 cell monolayers. The skullcap extract increased



Fig. 2. Effects of skullcap extract on TEER and ovalbumin (OVA) flux in Caco-2 cell monolayers. The Caco-2 cell monolayers were incubated with 100, 200, and 400 lg/ml
skullcap extract for 3 h. TEER was measured at 3 h (A), and OVA flux on the basolateral side of the monolayer via paracellular diffusion for 3 h was detected using ELISA (B).
Each value is presented as mean ± SD (n = 3). a–cValues with different letters differ significantly (P < 0.05). Data were analysed using ANOVA followed by Duncan’s multiple-
range test. Abbreviations: TEER, transepithelial electrical resistance; OVA, ovalbumin.

Fig. 1. Effects of natural product extracts on intestinal barrier function in Caco-2 cell monolayers. The intestinal barrier function was measured in terms of TEER in Caco-2 cell
monolayers for 3 h. Fourteen natural product extracts (sickle senna, Chinese twinleaf, black pepper, cocklebur, magnolia, wrinkled giant hyssop, dandelion, green tea, nepeta
herb, turmeric, skullcap, beefsteak plant, cheonggukjang, and fenugreek) were screened using TEER values in Caco-2 cell monolayers. Control included 0.4% DMSO instead of
extract in HBSS. Each value is presented as mean ± SD (n = 3). a,bValues with different letters differ significantly (P < 0.05). Data were analysed using ANOVA followed by
Duncan’s multiple-range test. Abbreviations: TEER, transepithelial electrical resistance.
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the TEER value in a time-dependent manner (Fig. 3A). The TEER
value rapidly increased to 183% of the initial value during the first
5 h and then gradually decreased to 135% at 10 h.

The Caco-2 cells were incubated with 10–800 lg/ml of skullcap
extract. We evaluated the cell damage and cytotoxicity by micro-
scopic observation and by performing MTT assay. No significant
change in the cell morphology was evident under microscopy after
the cells had been treated with skullcap extract. Further, none of
the treatments led the cells to produce a significant amount of
formazan (Fig. 3B). These results show that the cells used in our
studies maintained their normal state.
3.4. Effects of skullcap extract on TJ-related protein mRNA expression
in Caco-2 cell monolayers

The expression of TJ-related protein mRNA was examined by
real-time PCR analysis using whole-cell mRNA extracts after
incubation with skullcap extract for 0.5 h. Claudin-1, occludin,
zonnula occludens (ZO)-1, and junctional adhesion molecule
(JAM)-1 were selected and evaluated as targets for modulation of
TJ. The skullcap extract significantly increased the mRNA levels
of occludin, ZO-1, and JAM-1 in a dose-dependent manner
(Fig. 4B–D). Although claudin-1 mRNA expression level did not
significantly change compared to that in the control, an increased
tendency of claudin-1 mRNA expression was observed in Caco-2
cell monolayers (Fig. 4A).
3.5. Effects of skullcap extract on albumen absorption in ICR mice

Next, we examined the effect of skullcap extract on albumen
absorption in ICR mice. Mice were fed 200 mg/kg body weight of
skullcap extract by oral administration and then 500 mg/kg body
weight of albumen was given to the mice after fasting overnight.
The sera samples from each group were obtained by collecting
blood from the orbital venous plexus (Fig. 5A). We observed water
intake and changes in body weight for 1 week. Neither the water
intake nor the body weight of the skullcap extract-treated group
(group 3) differed from the control group (group 1) or albumen



Fig. 3. Effects of skullcap extract on TEER and cytotoxicity in Caco-2 cell monolayers. The effect of skullcap extract on TEER in Caco-2 cell monolayers was examined in a time-
dependent manner (A). The cells were also incubated with 10–800 lg/ml of skullcap extract to evaluate cell damage and cytotoxicity using MTT assay (B). Each value is
presented as mean ± SD (n = 3). Bars are significantly different from the control at ⁄P < 0.05. Data were analysed using ANOVA followed by Duncan’s multiple-range test.
Abbreviations: TEER, transepithelial electrical resistance; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.

Fig. 4. Effects of skullcap extract on tight junction (TJ)-related protein mRNA expression in Caco-2 cell monolayers. Expression of TJ-related protein mRNA was examined by
real-time PCR analysis using whole-cell mRNA extracts after incubation with skullcap extract for 0.5 h. Claudin-1 (A), occludin (B), ZO-1 (C), and JAM (D) were evaluated as
targets for modulation of TJ. Each value is presented as mean ± SD (n = 3). a–cValues with different letters differ significantly (P < 0.05). Data were analysed using ANOVA
followed by Duncan’s multiple-range test. Abbreviations: TJ, tight junction; ZO-1, zonnula occludens-1; JAM, junctional adhesion molecule.
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group (group 2) for 7 days (data not shown). We investigated the
amount of OVA and ovomucoid (OM) metabolised from the
albumen in sera. Skullcap extract significantly inhibited the OVA
and OM production induced by the administration of albumen in
mice (Fig. 5B and C). Thus, the skullcap extract may attenuate var-
ious allergen-induced gastrointestinal diseases by suppressing
allergen permeation.

3.6. Effects of skullcap extract fractions on TEER and OVA flux in
Caco-2 cell monolayers

We examined the effects of skullcap extract fractions on the
intestinal barrier function by measuring TEER in Caco-2 cell
monolayers. Among five fractions (hexane, chloroform, ethyl
acetate, butanol and water), hexane and ethyl acetate fractions
significantly increased TEER value in Caco-2 monolayers (Fig. 6A).
We also investigated the ability of skullcap extract fractions to in-
hibit OVA permeation using ELISA. The OVA flux was decreased by
only ethyl acetate fraction (Fig. 6B). This result demonstrated that
the inhibitory effect of skullcap extract on allergen permeation was
caused by compounds in ethyl acetate fraction.

It has been known that ethyl acetate fraction includes many
phenolic compounds and flavonoids. We investigated TPC and
TFC of each fraction. As a result, we confirmed that ethyl acetate
fraction included the most phenolic compounds and flavonoids
by TPC and TFC assay (Table. 3). We suggest that the effects of



Fig. 5. Effects of skullcap extract on albumen absorption in ICR mice. ICR mice were fed 200 mg of skullcap extract/kg body weight by oral administration for a week and then
500 mg albumen/kg body weight was given to the mice after fasting overnight. The mice were divided into 3 groups: control (group 1), albumen (group 2), and skullcap
extract (group 3) (A). The sera from each group were obtained from blood collected from the orbital venous plexus of the mice. The amounts of OVA (B) and OM (B)
metabolised from albumen were detected using ELISA. Each value is presented as mean ± SD (n = 3). a,bValues with different letters differ significantly (P < 0.05). Data were
analysed using ANOVA followed by Duncan’s multiple-range test. Abbreviations: OVA, ovalbumin; OM, ovomucoid.

Fig. 6. Effects of skullcap extract fractions on TEER and OVA flux in Caco-2 cell monolayers. Five fractions (hexane, chloroform, ethyl acetate, butanol and water) from
skullcap extract were prepared. The Caco-2 cell monolayers were incubated with 400 lg/ml of each skullcap fraction for 3 h. TEER was measured at 3 h (A), and OVA flux on
the basolateral side of the monolayer via paracellular diffusion for 3 h was detected using ELISA (B). Each value is presented as mean ± SD (n = 3). a–dValues with different
letters differ significantly (P < 0.05). Data were analysed using ANOVA followed by Duncan’s multiple-range test. Abbreviations: TEER, transepithelial electrical resistance;
OVA, ovalbumin.
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Table 3
Total phenols content and total flavonoids content (%, w/w) of solvent fractions from
skullcap.

Skullcap (Scutellaria
baicalensis)

Total phenols content
(%, w/w)

Total flavonoids content
(%, w/w)

Hexane fraction 17.17 ± 0.19 4.61 ± 0.02
Chloroform fraction 46.87 ± 1.01 15.71 ± 0.22
Ethyl acetate fraction 71.32 ± 1.65 28.83 ± 0.79
Butanol fraction 13.38 ± 0.07 5.24 ± 0.06
Water fraction 9.40 ± 0.13 2.66 ± 0.03
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skullcap on the intestinal barrier function and allergen permeation
are caused by multiful or single flavonoid(s) such as baiclaein,
baicalin, and wogonin.

3.7. Effects of single component (baicalin and baicalein) on TEER and
OVA flux in Caco-2 cell monolayers

We analysed the components in ethyl acetate fraction by HPLC.
The HPLC was carried out with a Jasco PU-980 liquid
Fig. 7. Effects of single component (baicalin and baicalein) on TEER and OVA flux in Caco
(A). The Caco-2 cell monolayers were incubated with 100 lM of baicalin or baicalein for
monolayer via paracellular diffusion for 3 h was detected using ELISA (C and E). Each valu
(P < 0.05). Data were analysed using ANOVA followed by Duncan’s multiple-range test.
chromatography system (JASCO, Tokyo, Japan) equipped with mul-
ti wavelength detector Jasco MD-2010 plus (JASCO, Tokyo, Japan).
As a result, the ethyl acetate fraction included 9 components such
as baicalin and baicalein (Fig. 7A). We investigated the effects of
baicalin and baicalein on OVA permeation across Caco-2 cell mon-
olayers. Baicalein enhanced the TEER value and inhibited OVA per-
meation, but not baicalin (Fig. 7B–E). We suggest that baicalein in
skullcap acts as an active component to suppress OVA permeation
across Caco-2 cell monolayers.
4. Discussion

One of the most important functions of the gastrointestinal epi-
thelium is to maintain a physiological barrier by forming protein
complex networks that block the diffusion of pathogens, toxins,
and allergens from the external environment into the tissues. TJ
is a key determinant of intestinal barrier function in the protein
complex networks that are connected to epithelial cells. TJs are
organised by specific interactions between various intracellular
proteins and transmembrane proteins: interactions have been
-2 cell monolayers HPLC chromatogram of ethyl acetate fraction recorded at 280 nm
3 h. TEER was measured at 3 h (B and D), and OVA flux on the basolateral side of the
e is presented as mean ± SD (n = 3). a,bValues with different letters differ significantly
Abbreviations: TEER, transepithelial electrical resistance; OVA, ovalbumin.
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identified with 3 transmembrane protein families: occludin (Fur-
use et al., 1993), claudins (Furuse, Fujita, Hiiragi, Fujimoto, & Tsuk-
ita, 1998), and JAM (Martìn-Padura et al., 1998). Intracellular
proteins, such as ZO-1, ZO-2, ZO-3, cingulin, and 7H6 act to main-
tain the structure and function of TJs through interactions with
transmembrane proteins (Gonzalez-Mariscal, Betanzos, Nava, &
Jaramillo, 2003). The expression levels of these TJ-related proteins
could be enhanced by food- and herbal plant-derived factors
(Isobe, Suzuki, Oda, & Tanabe, 2008). As a result, the intestinal bar-
rier function is enforced, and the body is protected from risks of
inflammatory bowel disease (IBD) and food allergic disorder. For
example, a cheese casein-derived peptide, Asn-Pro-Trp-Asp-Gln,
inhibited OVA permeation by increasing occludin expression in
Caco-2 cells and effectively suppressed OVA permeation in rats
(Yasumatsu & Tanabe, 2010). Recently, quercetin and myricetin
were reported to enhance the assembly of ZO-2, occludin, and clau-
din-1 and the expression of claudin-4 via PKCd inhibition in studies
about TJ regulation by flavonoids (Suzuki & Hara, 2009). Further-
more, kaempferol was reported to enhance the assembly of ZO-1,
ZO-2, occludin, claudin-1, claudin-3, and claudin-4 and the expres-
sion of ZO-2 and claudin-4 (Suzuki, Tanabe, & Hara, 2011). Our
results showed that skullcap extract inhibited OVA permeation
across Caco-2 cell monolayers by upregulating the expression of
occludin, ZO-1, and JAM. The administration of skullcap extract
suppressed OVA permeation in the serum of ICR mice (Figs. 4
and 5). These results showed for the first time that skullcap extract
enhanced the intestinal barrier function by modulating the
TJ-related proteins (occludin, ZO-1, and JAM). Consequently, skull-
cap extract may attenuate IBD and allergic disorders.

In this study, we added bile salts to the cells to mimic the
gastrointestinal environment. It was reported that bile salt treat-
ment of intestinal epithelial cells increased gut permeability by
modulating TJ via epithelial growth factor receptor activation in
Caco-2 cells (Raimondi et al., 2008). Despite the increased perme-
ability observed in our study, the enhancing effect of TJ by skullcap
extract overwhelmed the bile salt-induced depressed effect of TJ on
TEER in Caco-2 cells. The enhancing effect of skullcap extract on
the intestinal barrier function may not only prevent food allergic
disorder by affording protection from allergens but also cure
intestinal inflammatory disease by reducing the permeability of
the inflammatory inducer. These effects of skullcap could be
applied not only in intestinal epithelial cells but also in other epi-
thelial or endothelial cells. Recently, it was reported that baicalin
derived from skullcap reduced the permeability of the blood–brain
barrier (BBB) by increasing the expression of claudin-5 and ZO-1 TJ
proteins in brain microvascular endothelial cells (Zhu et al., 2012).
This study suggested that the baicalin could suppress the inflam-
matory reaction and tissue injury of the brain by reinforcing the
BBB. Our study showed that skullcap extract could inhibit allergen
permeation by enhancing the intestinal barrier function via
expression of TJ proteins. We expect the preventive anti-allergic
effect to be observed in both intestinal epithelial cells and bron-
chial epithelial and epidermal cells through the inhibition of
permeation of allergens such as pollen, dust, and ticks.

To reveal active components in skullcap extract, we investi-
gated five fractions using different solvent from skullcap ethanol
extract on OVA permeation in Caco-2 cells. As a result, the ethyl
acetate fraction significantly enhanced the TEER value and inhib-
ited the OVA permeation (Fig. 6). Fig. 6 and Table 3 showed that
the active components in skullcap extract to inhibit OVA perme-
ation were flavonoid classes. However chloroform fraction did
not enhance the TEER value and inhibit the OVA permeation
though the fraction included many phenols and flavonoids. We
hypothesised that the reason was that flavonoids of the ethyl
acetate fraction have more polar characteristics than that of
chloroform fraction.
In general, the major flavonoids of skullcap have been
identified, such as baicalein, baicalin, and wogonin. Besides these
components, it contains many constituents, and more than 60
structures (for example; wogonoside, oroxylin A, oroxylin A
glucoside, paconiflorin, glycyrrhizic acid, glycyrrhetinic acid,
liquiritin, isoliquirition, liquiritigenin, isoliquiritigenin and ononin)
have been identified (Li, Jiang, & Chen, 2004). We analysed the
active components (flavonoids) in ethyl acetate fraction by HPLC;
9 components were detected (Fig. 7A). Among the 9 components,
we examined the effects of baicalin and baicalein. Baicalein
significantly inhibited OVA permeation, but not baicalin
(Fig. 7B–E). In the future, 7 components (E1–E7) will be isolated
from the ethyl acetate fraction and study the inhibitory effect
and mechanism. In addition, studies in in vivo allergic disorder
models are necessary to verify the anti-allergic effect of baicalein
or skullcap extract via the inhibition of allergen permeation.
5. Conclusion

In this study, we demonstrated that skullcap extract that has
been used as a dietary ingredient suppresses OVA permeation by
up-regulating occludin, ZO-1, and JAM expression in intestinal epi-
thelial cells. The inhibitory effect of skullcap extract on OVA per-
meation was also demonstrated in an in vivo study. We also
revealed for the first time that the active component of skullcap ex-
tract for inhibition of OVA permeation was baicalein. Therefore,
our results confirm the efficacy of skullcap as an anti-allergic agent
and elucidate a novel mechanism for the anti-allergic effects of
skullcap. These results can contribute to the prevention or/and
cure of food allergic disorders and IBDs.
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