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lates P-glycoprotein in Caco-2
cells and colons from rats with experimental colitis
via direct and gut microbiota-mediated
mechanisms†

Wanghui Jing,ab Xuejiao Gao,a Beilei Han,a Bin Wei,a Nan Hu,a Sai Li,a Ru Yan*ac

and Yitao Wangac

P-Glycoprotein dysregulation and microbial imbalance have been implicated in inflammatory bowel

diseases. Here we found that oral dosing of Mori Cortex, the root bark of Morus alba L. markedly

alleviated inflammatory responses, reinstated microbial balance, and enhanced P-glycoprotein (P-gp)

expression in rat colitis (UC) induced by oral administration of dextran sulfate sodium. The effects of

Mori Cortex extract (MCE) on colon P-gp were examined using Caco-2 cells which revealed a time-

dependent regulatory profile. The distinct effects on P-gp by individual main components may account

for the direct biphasic effects of MCE. The involvement of gut microbiota in P-gp regulation by MCE was

assessed by incubating the culture supernatant (CS) of fecal bacteria from normal, UC or MCE pretreated

rats with Caco-2 cells. Interestingly, compared to normal CS, UC CS but not MCE CS diminished P-gp

expression in Caco-2 cells, and this down-regulation could be reversed by pretreatment of Caco-2 cells

with MCE. Moreover, MCE CS treated Caco-2 cells generated proinflammatory IL-1b and IL-8

comparable to that of the normal group and lower than the UC group, whereas, the anti-inflammatory

IL-10 stimulated by MCE CS was significantly higher than the UC CS. In conclusion, MCE alleviated

colitis-like symptoms and enhanced the intestinal epithelial integrity (P-gp up-regulation) in experimental

colitis. The mechanisms involve both a direct effect and a gut microbiota-mediated pathway.
1. Introduction

Inammatory bowel disease (IBD) is a chronic inammatory
disorder which affects the gastrointestinal tract with an ever-
increasing incidence and tendency to more severe clinical
phenotypes. IBD is classied into two primary types that show
distinct pathologic features, namely ulcerative colitis (UC) and
Crohn's disease (CD). The etiology of IBD is still poorly under-
stood. Various environmental and host factors, such as genetic,
epithelial, immune and nonimmune factors, are believed to be
involved. Recently, impaired intestinal epithelial integrity of the
intestinal epithelium is regarded as one of the major factors of
IBD pathogenesis.1,2 Both UC and CD were presumed to be
a consequence of a defective mucosal barrier and a dysregulated
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immune response to the host's gut microbiota in genetically
susceptible individuals.3

P-Glycoprotein (P-gp) is an ATP-dependent efflux transporter
pump highly expressed in apical surfaces of the intestinal
epithelial cells. It constitutes an important component of the
intestinal barrier and mediates the efflux of numerous bacterial
toxins, carcinogens and drugs from the intestinal mucosa to gut
lumen.4 P-gp may also have a role in the transport of cytokines,
in particular IL-1b, IL-2, IL-4 and IFN-g, out of activated normal
lymphocytes into the surrounding medium, which may regulate
a range of physiological responses.5 The levels of P-gp expres-
sion gradually rise from the duodenum to the distal parts of the
intestine with the highest levels of expression in the distal small
bowel and colon.6 Alteration of P-gp expression and function
was reported to be associated with the pathogenesis of several
diseases including IBD. Diminished P-gp expression was
observed in the gut mucosa of patients with active UC,7 while an
signicantly elevated P-gp expression was found in children
with CD.8 Furthermore, MDR1 polymorphisms are associated
with both CD and UC with a stronger association with UC.9

Transgenic mouse with mdr 1a gene deciency developed
spontaneous colitis resembling human UC,10 while those lack-
ing MRP2 and BCRP couldn't.11 These ndings imply the
This journal is © The Royal Society of Chemistry 2017
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association of P-gp with IBD and make MDR1 a new candidate
gene for therapy of IBD.

Gut microbiota harboring in gastrointestinal tract plays an
essential role in regulating host immune homeostasis. Shis in
microbial composition lead to immune dysregulation, which is
believed to be a critical factor in IBD initiation and progres-
sion.12 In mdr1a (�/�) mice, the development of an alternate
microbial population precedes the development of IBD,13 and
oral antibiotic treatment could attenuate or reverse colitis
induced by mdr1a gene deciency,14 underlining the link
between P-gp and gut microbe in pathogenesis of IBD. Certain
probiotics, such as Lactobacilli acidophilus and the soluble
factors it secreted could stimulate P-gp expression and activity
in Caco-2 cells and in mice with dextran sulfate sodium (DSS)-
induced colitis. L. acidophilus treatment alleviated the inam-
mation and prevented the reduction of P-gp expression in the
distal colon.15 Both antibacterial drugs rifampicin and cipro-
oxacine and P-gp inducer spironolactone ameliorated the
clinical hallmarks of colitis in 2,4,6-trinitrobenzenesulfonic
acid (TNBS)-induced colitis of the rats.16 Again, these results
shed a light on the potential of P-gp as a new therapeutic target
and the involvement of gut bacteria in intestinal P-gp
regulation.

Mori Cortex, the root bark ofMorus alba L., is traditionally used
in China for relieving pulmonary disorders, such as chronic
obstructive pulmonary disease, asthma, cough, or as a diuretic
agent. It is also a main constitute herb in several compound
formulas used for alleviation of GI disorders.17 Recent in vivo and
in vitro studies revealed a variety of health-promoting effects of
this herb and its main components, including anti-inammatory,
anti-oxidant, and anti-microbial activities.18–20 The ethanolic
extract of M. alba L. leave was reported to exhibit signicant anti-
ulcerogenic activity in experimentally induced gastric ulcer in
rats.21 Co-administration of mulberry, the fruits of M. alba L.,
signicantly upregulated the P-gp activity in normal rats and
consequently decreased the systemic exposure of cyclosporine,
a probe substrate of P-gp.22 Several components found in Mori
Cortex also showed regulatory effects on P-gp expression and
activity,23,24 while most of the studies were carried out in vitro and
some of the results were controversial. The questions that whether
Mori Cortex could enhance the P-gp expression and alleviate IBD
remain to be addressed.

Therefore, in the present study, the effect of Mori Cortex on
colitis was rst assessed on a rat model with DSS-induced
experimental colitis. The P-gp alteration in colons from rats
with colitis as well as in Caco-2 cells, a human epithelial colo-
rectal adenocarcinoma cell line that naturally expresses the
MDR1 gene, in response to Mori Cortex intervention was char-
acterized. The involvement of gut microbiota in the P-gp regu-
latory effects of Mori Cortex was further delineated in Caco-2
cell model.

2. Materials and methods
2.1 Chemicals and reagents

Dextran sulfate sodium (DSS; MW 36 000–50 000) was purchased
from MP Biomedicals (Solon, OH). Pierce™ Bicinchoninic Acid
This journal is © The Royal Society of Chemistry 2017
(BCA) protein assay kit was purchased from Thermo Fisher
Scientic (Waltham, MA, USA). Anti-P-gp mouse monoclonal
antibody (mAb) was purchased from Calbiochem (Darmstadt,
Germany). Anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) rabbit antibody, goat anti-rabbit IgG horseradish
peroxidase (HRP)-conjugated antibody, anti-mouse IgG-HRP
conjugated antibody and complete protease inhibitor cocktail
were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA). ECL advanced western blotting detection kit was purchased
from GE Healthcare (Becton-Dickinson, NJ). The enzyme-linked
immunosorbent assay (ELISA) kits for TNF-a, IL-1b, IL-4, IL-6,
IL-8 and IL-10 were obtained from R&D Systems (Minneapolis,
MN). 4-Nitrophenyl-b-D-glucopyranoside (PNP-GN), 4-nitro-
phenyl-b-D-glucuronide (PNP-GS) and 4-nitrophenol were
purchased from Sigma-Aldrich (St. Louis, MO). 3-(4,5-
Dimethylthiazole-2-ly)-2,5-diphenyl tetrazolium bromide (MTT)
was purchased from USB Co. (Cleveland, OH). Rhodamine 123
(Rho123) was purchased from Sigma-Aldrich Co. (St Louis, MO).
Dulbecco's Modied Eagle's medium (DMEM), fetal bovine
serum (FBS), penicillin–streptomycin and nonessential amino
acids were obtained from Gibco BRL Life & Technologies (Grand
Island, NY). All other chemicals usedwere of analytical grade and
obtained commercially. Transwell® plates (12-well, 0.4 mm pore
size, 1.12 cm2, polycarbonate membrane) were purchased from
Corning Costar Co. (Cambridge, MA). Caco-2 cells at passage 19
were obtained from the American Type Culture Collection
(ATCC, Rockville, MD).
2.2 Preparation of Mori Cortex extract

The preparation of the Mori Cortex extract (MCE) and the
chemical prole of the extract obtained using LC-MS/MS anal-
ysis have been described in our recent report.25 A portion of the
MCE (20.0 g) was dissolved in 100 mL of 50% propylene glycol
solution for the experiment. Prenylavonoids (mainly morusin,
cyclomorusin, sanggenon B, sanggenon D and kuwanon C) and
Diels–Alder type adducts (kuwanon G and kuwanon O) present
as the main constituents, while stilbenes, 2-arylbenzofuran
derivatives and other types, including mulberroside A, mul-
berroside C, moracin M, moracin O and moracin P and morin
were the minor components in the extract.
2.3 Animals

Male Sprague-Dawley (200–250 g) rats were purchased from the
Laboratory Animal Research Center of Chinese University of
Hong Kong (Hongkong, China). Eighteen animals were
randomly divided into three groups (6 animals in each group)
and allocated to individual metabolic cages (Tecniplast, Italy).
Animals were housed in an air-conditioned room (23 � 2 �C)
with a relative humidity of 55 � 5% under a 12/12 hour light/
dark cycle and fed corn and soybean diet. Animals were
allowed to get acclimated to the environment for one week prior
to experiment. The animal experiments were conducted
according to a protocol (le no.: ICMS-AEC-2013-05) approved
by the Animal Ethics Committee, the Institute of Chinese
Medical Sciences, the University of Macau.
RSC Adv., 2017, 7, 2594–2605 | 2595
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Table 1 16S rRNA gene-targeted primers

Target bacteria Primer Sequence (50–30) bp

Bidobacterium g-Bid-F CTCCTGGAAACGGGTGG 556
g-Bid-R GGTGTTCTTCCCGATATCTACA

Enterobacteriaceae Eco1457F CATTGACGTTACCCGCAGAAGAAGC 195
Eco1652R CTCTACGAGACTCAAGCTTGC

Bacteroides
fragilis

g-Bfra-F ATA GCC TTT CGA AAG
RAA GAT CCA

501

g-Bfra-R GTA TCA ACT GCA ATT TTA
Clostridium
coccoides

g-Ccoc-F AAATGACGGTACCTGACTAA 440
g-Ccoc-R CTTTGAGTTTCATTCTTGCGAA

Clostridium
leptum

sg-Clept-F GCACAAGCAGTGGAGT 239
sg-Clept-R CTTCCTCCGTTTTGTCAA

Universal
(all bacteria)

341-F CCTACGGGAGGCAGCAG 190
534-R ATTACCGCGGCTGCTGG
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2.4 In vivo study

2.4.1 DSS-induced experimental colitis in rats. In the in
vivo study, rats received either drinking water alone (normal
group), 1 week (day 0–day 7) DSS stimulation (UC group) or 1
week DSS insult plus 3 week MCE intervention (MCE group).
DSS solution at 5% (w/v) was freshly prepared daily by dissolv-
ing DSS into sterilized distilled drinking water. Rats in MCE
group received theMCE 50% propylene glycol solution (0.5 g/2.5
mL kg�1) once daily via oral gavage 1 week prior to initiating
DSS stimulation and continued for 3 weeks (day 7–day 14).
Meanwhile, animals from the normal and UC groups received
the same volume of 50% propylene glycol solution via oral
gavage for 3 weeks.

2.4.2 Daily observation and sample collection. Body
weight, stool consistency and rectal bleeding were recorded
daily throughout the experimental period according to the
disease activity index (DAI) scoring system adopted in our
laboratory.26 Feces and blood samples were collected from
each rat every other day throughout the experiment (day 7–day
14). Blood samples (200 mL each) were obtained from orbital
sinus, le at 37 �C for 30 min, then centrifuged at 1000 � g for
10 min to obtain serum. On the last day (day 14), animals were
sacriced by decapitation. The colon was removed to exam
ulcers in colon lining and measure the length and the weight
of colons. One-centimeter of the distal colon was obtained for
histological assessment. The rest of colon tissue was cut into
pieces and snap frozen by liquid nitrogen for western blot
analysis as described below. The spleen was rinsed with ice-
cold normal saline and wiped dry before measurement of
the weight.

2.4.3 Histological assessment of colon tissue. Colon
tissues were immediately xed with paraformaldehyde (4% in
PBS) overnight. The xed tissues were then embedded in
paraffin wax, sectioned, and stained with hematoxylin and
eosin (H&E). The histological specimen was examined in �40
and �400 elds under a light microscope.

2.4.4 Measurement of myeloperoxidase activity in colon
tissue. The myeloperoxidase (MPO) activity in the colon tissue
was determined as described in our previous report.26 One unit
of MPO activity was dened as the amount of enzyme required
to convert 1 nmol of hydrogen peroxide to water per minute at
room temperature.

2.4.5 Determination of serum cytokines. The concentra-
tions of TNF-a, IL-1b, IL-6, IL-4 and IL-10 in the serum were
determined with an ELISA kit from R&D Systems (Minneapolis,
MN) following the manufacture's guidance.

2.4.6 16S rRNA-based gut microbiota analysis. Gut bacteria
compositions were analyzed using 16S rRNA-based RT-PCR
method with minor modications27,28 and amplication sizes
were given in Table 1. Briey, the target bacteria include Bi-
dobacterium, Enterobacteriaceae, Bacteroides fragilis, Clos-
tridium coccoides, Clostridium leptum. Respective primers29,30

and amplication sizes were provided in ESI Table S1.† Fecal
DNA was extracted and target genes were absolutely quantied
using the ABI 7500 real time PCR instrument (Applied Bio-
systems, USA). The experiment was performed in triplicate.
2596 | RSC Adv., 2017, 7, 2594–2605
2.4.7 Preparation of culture supernatant (CS) from gut
bacteria. Gut bacterial suspension (100 mg mL�1) was prepared
from fresh fecal samples as described recently.27 The gut bacteria
were anaerobically incubated overnight in BHI medium (20 mg
mL�1) at 37 �C in a GasPak EZ Anaerobe Pouch system. The
bacteria were spun down by centrifugation at 3000 rpm for
10 min. The culture supernatant (CS) was ltered through a 0.22
mm lter and then diluted (1 : 10 and 1 : 50) with serum-free cell
culture medium DMEM before been used for co-incubation
studies according to the results of the lactate dehydrogenase
(LDH) cytotoxicity assay.
2.5 In vitro study

2.5.1 Direct effects of MCE and its main components on P-
gp in Caco-2 cells. Caco-2 cells were cultured in DMEM con-
taining 10% (v/v) fetal bovine serum, 100 UmL�1 penicillin, and
100 mg mL�1 streptomycin. Cells were seeded into 6-well plates
(Corning Inc., Cambridge, MA) at a density of 4 � 105 cells per
well in 2 mL of DMEM. Aer 7 days, the culture medium was
replaced with fresh medium or medium containing MCE
(0.25 mg mL�1) or individual compound (50 mM) and further
incubated for 0.5, 2, 4, 6, 12 and 24 h, respectively, to determine
the short-term effect.

To examine the long-term effects, Caco-2 cells were seeded
onto 12-well transwell® collagen-coated inserts at a density of 1
� 105 cells per well and cultured in DMEM for 21 days to
develop cell monolayer. Culture medium was replaced every
other day. Cells were then incubated with fresh DMEM, DMEM
containing MCE (0.25 mg mL�1) or individual compound (50
mM) for another 7 days. The culture medium was replaced with
fresh DMEM or DMEM containing MCE or test compounds
every two days.

2.5.2 Indirect effects of MCE on P-gp in Caco-2 cells. To
determine whether Mori Cortex can modulate intestinal P-gp
expression indirectly via gut bacteria-involved mechanisms,
Caco-2 cells were treated with culture supernatants of gut
bacteria obtained from the in vivo study. In one case, differen-
tiated Caco-2 cell monolayers in 6-well normal plates were
incubated with CS (�10 and �50 dilutions) of gut bacteria
This journal is © The Royal Society of Chemistry 2017
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collected from normal, UC and MCE groups for 24 h, respec-
tively. In another case, differentiated Caco-2 cell monolayers in
12-well Transwell® plates were pre-treated with MCE (0.25 mg
mL�1) for 7 days and cells cultured without MCE pretreatment
served as controls. Aer washed with HBSS twice, the cells in
MCE group and control group were incubated with CS from UC
group (�10 dilution) for another 24 h.

2.5.3 Uptake and transport of Rhodamine123 in Caco-2
cells. The short-term effect (direct effect) of MCE on P-gp
activity was determined by measuring the uptake of Rho123,
a probe substrate of P-gp, in Caco-2 cells.31 Aer pretreated with
MCE (0.25 mg mL�1) for 24 h, cells were washed and incubated
with 5 mM Rho123 for 15, 30, 60, 90 and 120 min, respectively.
To determine the cellular accumulation of Rho123, 200 mL of
the cell lysate was added to a microplate (96 wells, black color,
Becton-Dickinson, NJ) and uorescence intensity was measured
(excitation wavelength 485 nm, uorescence wavelength
535 nm) by SpectraMax M5 Multi-Mode Microplate Readers
(Molecular Devices, USA).

The transport of Rho123 was determined to evaluate the
long-term effect of MCE (direct & indirect effect) on P-gp
activity according to a previous report.32 Briey, Caco-2 cell
monolayers in 12-well transwell plate were treated with MCE
(0.25 mg mL�1) for 7 days or pretreated with MCE (0.25 mg
mL�1) for 7 days followed by 24 h-stimulation with CS from UC
group (�10 dilution) as described above. Samples (100 mL)
were taken from receiver compartments (basolateral side
1.5 mL or apical side 0.5 mL) at 15, 30, 60, 90 and 120 min,
respectively. The uorescence intensity of Rho123 was
Fig. 1 MCE alleviated colitis-like symptoms in an experimental colitis rat
(c) spleenweight and (d) colonmyeloperoxidase activity. Data represent t
were fed with 5% DSS in drinking water for 7 consecutive days. To evalua
(0.5 g kg�1 in 50% propylene glycol solution) for 3 weeks (day �7 to 14
drinking water only. *p < 0.05, **p < 0.01, ***p < 0.001 vs. normal grou

This journal is © The Royal Society of Chemistry 2017
measured as described above. Each experiment was performed
in triplicates.
2.6 Western blotting analysis of P-gp in colon tissues and
Caco-2 cells

Colon tissues were snap frozen and ground in liquid nitrogen.
Tissues or cells were lysed in presence of the protease inhibitor
cocktail on ice for 30 min. Equal amounts of lysate proteins
(50 mg of colon tissue; 20 mg of cells) were mixed with Laemmli
sample buffer and separated in an 8% sodium dodecyl sulfate
(SDS) polyacrylamide gel. The membranes were blocked in 5%
non-fat milk for 1 h under room temperature and incubated
with monoclonal P-gp antibody (Calbiochem, Darmstadt, Ger-
many) and GAPDH antibody in the blocking milk overnight at
4 �C. Membranes were then incubated with anti-mouse IgG-
HRP antibody and anti-rabbit IgG-HRP antibody for 1 h at
room temperature, respectively. The bands were visualized with
Amersham ECL advanced Western blotting detection kit (GE
Healthcare, Piscataway, NJ). Band intensity was analyzed with
Image-Pro Plus 6.0 (IPP 6.0, Media Cybernetics, Inc., USA)
soware.
2.7 Data analysis

Data are expressed as mean � standard error of mean (S.E.M.).
The statistical analysis was carried out using GraphPad Prism
5.0 with unpaired student's t-test or one way analysis of variance
(ANOVA) analysis. A P-value less than 0.05 was deemed statis-
tical signicance.
model. (a) The disease activity index (DAI), (b) colon weight/length ratio,
hemeans� S.E.M (n¼ 6 rats per group). For induction of colitis, animals
te the effect of MCE, animals received daily oral administration of MCE
) in addition to 1 week DSS insult (day 0 to 7). Normal group received
p; #p < 0.001 vs. UC group (ANOVA test).

RSC Adv., 2017, 7, 2594–2605 | 2597
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3. Results
3.1 MCE alleviated DSS-induced colitis

Rats treated with 5% DSS developed severe colitis-like symp-
toms, including diarrhea, prostration, and bloody stool
accompanied by severe weight loss. The disease activity index
(DAI) including body weight loss, stool consistency and gross
bleeding started to increase on day 3 and showed a slight
decline aer the abrogation of DSS (Fig. 1a). Shortening of the
colon and increment of the colon weight to length ratio are
typical macroscopic changes associated with DSS-induced
colitis. In the present study, the DSS-treated rats still showed
elevated colon weight/length ratios aer DSS stimulation was
halted for 1 week (day 14) (Fig. 1b). The spleen plays important
Fig. 2 MCE treatment altered the cytokine profile in rats with DSS-induc
serumweremeasured with ELISA kits. Data represent means� S.E.M (n¼
in drinking water for 7 consecutive days. To evaluate the effect of MCE
propylene glycol solution) for 3 weeks (day�7 to 14) in addition to 1 week
0.05 vs. normal group, #p < 0.05 vs. UC group (ANOVA test).

2598 | RSC Adv., 2017, 7, 2594–2605
roles in immune function through removing old red blood cells
and synthesizing antibodies to recognize and attach foreign
pathogens and allergens. Enlarged spleen (splenomegaly) is
found among people with UC.33 In this study, enlarged spleens
were also found in rats receiving DSS insults (Fig. 1c). The
inamed intestinal mucosa in UC is prominently featured by
neutrophil accumulation. Myeloperoxidase (MPO) is most
abundantly expressed in neutrophil granulocytes and its activity
is taken as a quantitative measure of neutrophil accumulation
inux into colon tissue. The colon mucosa collected from rats
receiving DSS treatment showed signicantly elevated MPO
activities even aer the abrogation of DSS stimulation (Fig. 1d).
Histological assessment of the distal colon tissues revealed
inammatory cell inltration in the mucosa, loss of goblet cells
ed colitis. The concentrations of TNF-a, IL-1b, IL-6, IL-4, and IL-10 in
6 rats per group). For induction of colitis, animals were fed with 5% DSS
, animals received daily oral administration of MCE (0.5 g kg�1 in 50%
DSS insult (day 0 to 7). Normal group received drinking water only. *p <

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 MCE abrogated colonic P-gp decrease in DSS rat colitis. The P-
gp expression in colon tissue was evaluated using western blot and the
membranes were probed with antibody against P-gp and GAPDH,
respectively. (a) Representative western blot stain; (b) relative stain
intensity. Data represent means � S.E.M (n ¼ 6 rats per group). For
induction of colitis, animals were fed with 5% DSS in drinking water for
7 consecutive days. To evaluate the effect of MCE, animals received
daily oral administration of MCE (0.5 g kg�1 in 50% propylene glycol
solution) for 3 weeks (day�7 to 14) in addition to 1 week DSS insult (day
0 to 7). Normal group received drinking water only. ***p < 0.001 vs.
normal group, #p < 0.05 vs. UC group (ANOVA test).
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and epithelium, distorted crypts, and edema in the rats with
DSS-induced colitis (ESI Fig. S1†).

Daily oral intake of the MCE for continuous 3 weeks atten-
uated the responses of animals to DSS stimulation, leading to
decreased DAI scores (Fig. 1a) and lower colon weight/length
ratios (Fig. 1b) than the UC group. MCE treatment also allevi-
ated spleen enlargement caused by DSS (Fig. 1c). The colonic
mucosa from MCE treated rats showed histological improve-
ment in crypt architecture, reduction in the levels of mucosal
injury, edema, and inltration of inammatory cells (ESI
Fig. S1†). However, the MPO activity in colon mucosa, which
was signicantly elevated by DSS, was unaltered by MCE treat-
ment (Fig. 1d).

3.2 MCE attenuated the inammation in rats with colitis

The cytokine network in IBD is a complex, dynamic system that
plays an important role in disease pathogenesis and progres-
sion.34 In the acute experimental colitis rat model induced by
DSS, both pro-(TNF-a, IL-1b, IL-6) and anti-inammatory (IL-4
and IL-10) cytokines were signicantly increased aer DSS
stimulation and showed a time-dependent manner (Fig. 2).
Except for IL-4 which was detected on day 3, all other cytokines
were detected on day 1 aer initiation of DSS stimulation. Aer
DSS withdrawal, the pro-inammatory cytokine levels kept
increasing, although at slower rates, and reached maximum
levels on day 11 (TNF-a, IL-6) or day 14 (IL-1b), while the levels of
both anti-inammatory cytokines (IL-4 and IL-10) were signi-
cantly decreased, which on day 14 was yet much higher than the
basal levels. The pattern of cytokines supports the acute self-
limited character of ulcerative colitis,34 however, the ever-
increasing pro-inammatory cytokines observed in DSS-
treated rats were different from those reported in the DSS-
induced mice colitis model in which both the anti-(IL-10 and
IL-12) and the pro-inammatory cytokines followed bi-phasic
changes: increase with DSS stimulation and decrease aer
DSS withdrawal.26

In general, the 1 week MCE pretreatment of rats prior to
initiating the DSS stimulation did not block the cytokines
elevation elicited by DSS insult. However, concomitant daily
oral intake of MCE could mitigate the further increases of the
pro-inammatory cytokines, which were close to the basal levels
on day 14, while enhanced the production of anti-inammatory
cytokines in the recovery phase (Fig. 2).

3.3 MCE abrogated colonic P-gp decrease in DSS rat colitis

Compared to normal rats, the rats of UC group showed
a signicantly decreased P-gp expression (�60%) in colon
mucosa on day 14 (Fig. 3). Interestingly, the MCE treatment
abrogated the decrease of P-gp protein expression induced by
DSS, leading to the P-gp protein level comparable to the normal
group.

3.4 MCE altered microbial composition in colitic rats

In our study, the total bacteria and 5 bacteria which have been
reported to be associated with UC were measured with the
developed 16S rRNA-based RT-PCR method (Fig. 4). The
This journal is © The Royal Society of Chemistry 2017
amount of the total bacteria in normal group was relatively
stable throughout the experimental period. DSS stimulation
resulted in a quick decrease of the total bacteria which was
restored on day 7. On day 1, the genome copies of Enter-
obacteriaeae and Bacteroides fragilis in UC group showed slight
increases with signicant differences observed in Enter-
obacteriaeae content, while the genome copies of Clostridium
coccoides were decreased, and Clostridium leptum and Bido-
bacterium were unaltered by DSS stimulation. When DSS stim-
ulation was continued, rats of UC group showed signicant
decreases in Bidobacterium and Clostridium coccoides on day 7.
The level of Clostridium leptum didn't show signicant changes.
The Enterobacteriaeae and Bacteroides fragilis were signicantly
higher than that of the normal group and 5–20 folds that of
respective initial levels determined on day 7. Aer removal of
DSS stimulation, rats of the UC group showed a complete
restoration of Enterobacteriaceae and a partial restoration of
Bacteroides fragilis, while the genome copies of Bidobacterium
and Clostridium coccoides retained at decreased levels on day 14.
The level of Clostridium leptum remained the same to normal
group on day 7, while a signicant decrease was observed one
week aer withdrawal of DSS (day 14).

In the MCE group, the genome copies of benecial bacteria
Bidobacterium were increased by MCE treatment which was
signicantly higher than both normal and UC groups. In
contrast, the genome copies of Enterobacteriaceae and Bacter-
oides fragilis enhanced by DSS stimulation were completely
counteracted by concomitant oral administration of MCE.
However, the MCE treated rats exhibited marked decreases in
the predominant gut bacteria Clostridium coccoides and Clos-
tridium leptum at the early stage of DSS insult (day 1), which
RSC Adv., 2017, 7, 2594–2605 | 2599
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Fig. 4 MCE altered microbial composition in DSS-treated rats. Fresh fecal samples collected from each rat of each group were pooled and
prepared for fecal bacteria. DNA from fecal bacteria was extracted using MiniBEST bacterial genomic DNA extraction kit. Then fecal DNA was
assayed immediately using 16S rRNA RT-PCR. Data represent means� S.E.M. from triplicate reactions. For induction of ulcerative colitis, animals
were fed with 5% DSS in drinking water for 7 consecutive days from day 0 to 7. To evaluate the effect of MCE, animals received 3 week (day�7 to
day 14) MCE intervention (50% propylene glycol solution, oral gavage) plus 1 week DSS insult. *p < 0.05, **p < 0.01, ***p < 0.001 vs. normal group;
#p < 0.05, ##p < 0.01, ###p < 0.001 vs. UC group (ANOVA test).
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partially restored on day 7 (Clostridium coccoides) or completely
restored to normal level on day 14 (Clostridium leptum).
3.5 MCE regulated P-gp in Caco-2 cells in a biphasic manner

A concentration of 250 mg mL�1 of MCE was chosen for the in
vitro experiments according to the results of cytotoxicity and
anti-proliferation assays on Caco-2 cells. When Caco-2 cells
were treated by MCE for a short time period (up to 24 h), as
shown in Fig. 5a, the P-gp expression was inhibited in a time-
dependent manner with a 67% inhibition at 24 h. However,
an opposite effect was observed when MCE pretreatment was
extended to 7 days (Fig. 5b), indicating a biphasic regulation of
MCE on intestinal P-gp expression.

The biphasic regulation effect of MCE on P-gp in Caco-2 cells
was further consolidated with Rho123 uptake and transport
studies. As shown in Fig. 5c, the accumulation of Rho123 in
Caco-2 cells increased in a time-dependent manner within 24 h
2600 | RSC Adv., 2017, 7, 2594–2605
of incubation. The presence of MCE signicantly enhanced the
uptake of Rho123 into Caco-2 cells by 46–69% at all time points
tested, agreeing well with the decreased P-gp expression
detected in MCE-treated Caco-2 cells. Rho123 showed a prefer-
ential transport in the BL-to-AP direction which was further
enhanced by the long-term treatment (7 days) of Caco-2 cells
with MCE, resulting in the mean efflux ratio of Rho123 1.4-fold
of control group (Fig. 5d). This enhanced efflux of Rho123 by
long-term treatment with MCE is in concert with the up-
regulation of P-gp expression in Caco-2 cells.
3.6 MCE constituents regulated P-gp expression differently

As shown in ESI Fig. S3a,† 24 hour exposure to mulberroside A
and sanggenon C resulted in signicant induction of P-gp
expression in Caco-2 cells, while morusin led to a down-
regulation of P-gp expression. Kuwanon G, morin, and oxy-
resveratrol showed no effects within 24 hour. When the
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 MCE regulated P-gp in Caco-2 cells in a biphasic manner. Cells were treated with 0.25 mg mL�1 MCE for short-term or long-term. The
short-term effect (up to 24 h) on P-gp was evaluated using Western blot (a) and uptake of Rho123 (b); the long-term effect (7 days) on P-gp was
evaluated using western blot (c) and transport of Rho123 (20 mM) (d) across Caco-2 cell monolayers. Cells incubated with medium in parallel for
0 h (short-term) and 7 days (long-term) served as controls. Data represented mean � S.E.M. from triplicate experiments. *p < 0.05 vs. control
(Ctrl) group, **p < 0.01 vs. Ctrl group (unpaired student's t-test).
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incubation time was prolonged to 7 days (ESI Fig. S3b†), P-gp
expression in presence of sanggenon C, kuwannon G, morin
and mulberroside A was up-regulated, while 7 day exposure to
morusin did not affect P-gp expression signicantly. Oxy-
resveratrol still showed no effect on P-gp expression in Caco-2
cells when the exposure was extended.

3.7 MCE modulated P-gp in Caco-2 cells via gut bacteria-
involved mechanism

To evaluate the involvement of gut bacteria on regulation of
P-gp, Caco-2 cells were treated with the culture supernatant (CS)
of gut bacteria from different groups for 24 h. As shown in
Fig. 6a and b, P-gp protein levels in Caco-2 cells were decreased
by CS from the UC group with a signicant change (�2-fold)
observed with the CS of 10-fold dilution. It is interesting to note
that the CS fromMCE group showed the tendency to enhance P-
gp expression in Caco-2 cells at two dilution levels when
compared with the cells treated by CS from the normal group,
although there was no statistically signicant difference
(Fig. 6b). Pretreatment of the Caco-2 cells with MCE for 7 days
aborted the down-regulation of P-gp expression by the CS from
UC group (10-fold dilution) (Fig. 6d), leading to an enhanced
transport of Rho123 in the secretory direction (efflux ratio � 1.2
folds of the control group) (Fig. 6e), indicating that long-term
pretreatment with MCE could prevent the decrease of P-gp
activity by CS from UC group.

3.8 CS from different groups stimulated cytokines
production in Caco-2 cells

The production of pro-inammatory (TNF-a, IL-1b, IL-6 and IL-
8) and anti-inammatory (IL-4 and IL-10) cytokines in Caco-2
This journal is © The Royal Society of Chemistry 2017
cells treated by CS (10-fold dilution) from different groups are
shown in Fig. 6c and f. IL-4 and IL-6 were not detected in culture
medium of Caco-2 cells in all cases. The CS from both normal
and UC groups stimulated the production of minor TNF-a and
IL-1b and high amounts of IL-8 and IL-10 in Caco-2 cells. Cells
exposed to normal CS generated IL-10 in the highest amount,
while that treated by CS from UC rats yielded signicantly
higher amounts of IL-8 and IL-1b and a lower IL-10 level than
the normal CS treated cells. The exposure of Caco-2 cells to the
CS from MCE-treated UC rats (MCE group) resulted in produc-
tion of IL-1b and IL-8 comparable to the normal group, whereas,
the IL-10 generated was signicantly higher than the UC CS and
even higher than that produced by cells stimulated by the
normal CS.

Similarly, when the Caco-2 cells were pretreated with MCE
for one week, as shown in Fig. 6f, the induction of proin-
ammatory cytokines, in particular IL-8, by CS from UC group
(10-fold dilution) was signicantly inhibited. However, the
production of the anti-inammatory cytokine IL-10 induced by
CS from UC group was unaltered by MCE pretreatment.
4. Discussion

The present study revealed, for the rst time, a protective role of
Mori Cortex, a traditional Chinese medicine, in an experimental
colitis induced by DSS in rats. MCE administration alleviated
UC symptoms accompanying with an improvement of immune
functions, an enhancement of the intestinal epithelial integrity
(colon P-gp up-regulation) and a restoration of microbial
balance. Further in vitro studies in Caco-2 cells implicated the
involvement of gut bacteria in diminished P-gp expression in
RSC Adv., 2017, 7, 2594–2605 | 2601
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Fig. 6 MCEmodulated P-gp in Caco-2 cells via gut bacteria-involvedmechanism. Effect of CS of gut bacteria from normal, UC and MCE groups
on P-gp expression ((a) representative western blot stain; (b) relative stain intensity) and inflammatory mediators production (c) in Caco-2 cells;
effects of MCE pretreatment on P-gp expression ((d) representative Western blot stain) and function ((e) Rho123 transport) and cytokine levels (f)
in Caco-2 cells treated by CS from colitis rats. Data represent means� S.E.M. from triplicate reactions. CS means culture supernatant. *p < 0.05,
**p < 0.01 vs. normal group; #p < 0.05 vs. UC group (ANOVA test and unpaired student's t-test).
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DSS-induced acute colitis and its contribution to the benecial
activity of Mori Cortex observed in the animal model.

Key features of UC include diffuse mucosal inammation
that extends proximally from the rectum to a varying degree. An
increasing amount of experimental evidences indicated that
DSS-colitis is mainly associated with innate immune mecha-
nisms and is thought to resemble human UC. In this study, the
DSS-induced rat colitis model exhibited the symptoms (body
weight loss, diarrhea, bloody feces, mucosal ulceration etc.)
similar to human UC. The elevated MPO activity in the colon
mucosa demonstrated neutrophils inltration in colonic tissue.
The spleen enlargement (splenomegaly) which has been re-
ported in human UC was also observed in DSS-induced rat
colitis. Dynamic serum cytokines proling revealed that DSS
stimulation evoked earlier production of pro-inammatory
cytokines (IL-1b, TNF-a, IL-6) and the anti-inammatory
2602 | RSC Adv., 2017, 7, 2594–2605
cytokine IL-4 than IL-10 in rats. This data agreed with the
nding of a recent study which reported earlier elevation of
TNF-a and IL-1b than IL-10 in mice with DSS-induced colitis.50

These anti-inammatory cytokines act synergistically in the
down-regulation of pro-inammatory cytokines, leading to
a signicant improvement of inammatory symptoms.34 These
ndings support the DSS-induced rat colitis model is suitable
for studying human UC. The extract of Mori Cortex could alle-
viate the colitis symptoms. However, it did not signicantly
decrease MPO activity or block the production of the pro-
inammatory cytokines during DSS stimulation. Oppositely,
the herb can suppress the production of pro-inammatory
cytokines while enhance the generation of anti-inammatory
cytokines aer DSS withdrawal. These results were consistent
with the ndings in vitro that the soluble factors from gut
bacteria of MCE group decreased the production of IL-1b and
This journal is © The Royal Society of Chemistry 2017
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IL-8 but enhanced IL-10 generation and MCE-pretreated Caco-2
cells showed signicantly decreased IL-8 generation.

Decreased P-gp function and expression in inamed intes-
tinal epithelium have been implicated in the pathogenesis of
IBD7 and the geneMDR1 has been proposed as a candidate gene
for IBD therapy. P-gp has a wide substrate affinity and thus is
believed to act as a cytotoxic protection. In addition, elevated P-
gp expression decreases bacterial association with human
gastrointestinal cells.35 P-gp dysregulation preceded in the large
intestine before intense inammatory symptoms appeared in
DSS-induced colitis mice model,36 indicating that P-gp down-
regulation is one of the early events in colitis progression. In
the present study, a diminished P-gp expression in colon tissues
of rats with DSS-induced colitis was consolidated, which was in
agreement with the nding in DSS-induced colitis mice model36

and TNBS-induced colitis rat in rats.37 In this study, we rst
demonstrated that MCE abrogated the P-gp down-regulation by
DSS stimulation, suggesting that enhancement of the intestinal
epithelial integrity might contribute to the observed benecial
effects of MCE on DSS-induced colitis in rats.

Another common feature of IBD is microbial imbalance. The
reduction of total microbial diversity, increases of Enter-
obacteriaceae, Bacteroides–Prevotella, and decrease of Firmicutes
were found in IBD patients.38 These microbial alterations were
accompanied with the immune imbalance and are believed to
play a crucial role in inammatory events in IBD. In our study,
using the 16S rRNA-based PCR analysis, we determined the
changes of total gut bacteria and 5 specic bacteria that have
been reported to be implicated in UC patients.39 In responses to
DSS insult, the benecial bacteria Bidobacterium, which could
utilize glucose and lactose to produce lactic acid inhibiting
pathogens and spoilage organisms in the intestines,40 were
decreased in rats, agreeing with previous clinical studies.41

However, another study reported the increases of Bidobacte-
rium group in active IBD patients.42 In addition to the different
status of IBD of the patients and the colitis rat model, these
conicting results might also be evoked by the lower specicity
of primer used for quantitative PCR of Bidobacterium than
other genus.42 Furthermore, different Bidobacterium may act
differently in IBD. Thus, it is necessary to combine 16S rRNA-
based RT-PCR analysis using the sub-group specic primers
of Bidobacterium plus denatured gradient gel electrophoresis
(DGGE) proling to further identify the species that is altered by
DSS-induced colitis in rats and by Mori Cortex. A recent study
indicated that probiotics exert their protective effects by
increasing the reduced expression of P-gp in intestinal inam-
mation.15 Thus, the benecial effects of Mori Cortex extract on
DSS-induced rat colitis may be partly attributed to the stimu-
lation on Bidobacterium growth.

Elevation of the opportunistic pathogen including Enter-
obacteriaceae and Bacteroides fragilis has been reported in IBD
patients, and both are selected as candidate markers of gut
microbiota for IBD.39,43 These two bacteria displayed signicant
increases in responses to DSS insult (day 7) which, however,
were restored aer DSS was withdrawn (day 14). The biphasic
alteration of Enterobacteriaceae and Bacteroides fragilis t the
acute self-limited feature of 7 day DSS-induced rat colitis. Daily
This journal is © The Royal Society of Chemistry 2017
oral administration of Mori Cortex extract prevented the
signicant increases of these opportunistic pathogens elicited
by DSS.

Both Clostridium leptum and Clostridium coccoides belong to
genus Clostridium, one of the dominant groups of fecal micro-
biota in adult humans including IBD patients.44 They were used
as the directive bacteria to evaluate the whole state of inam-
matory processes of intestinal diseases and were reduced both
in active disease and during disease remission of IBD patients
in clinical studies.38,45 In the rat colitis model, Clostridium coc-
coides showed a gradual decrease throughout the acute and
recovery phases, while Clostridium leptum only showed an
abrupt decrease on day 14. However, in MCE-treated rats, both
bacteria groups showed signicant decreases aer 1 day DSS
insult although a restoration was observed on day 7 or day 14.
Since both Clostridium leptum and Clostridium coccoides contain
a large number of butyrate-producing bacteria which play an
important role in the human colon through supplying energy to
the gut epithelium and regulating host cell responses, the rapid
and reversible inhibition of MCE on the two predominant gut
bacterial groups warrants further study to evaluate the safety of
the herbal medicine in alleviation of UC.

Numerous data from previous studies have linked the P-gp
dysregulation in IBD to the altered immune balance. Gut
microbiota play an important role in intestinal mucosal
immunity.42 The altered microbial composition (gut dysbiosis)
may result in changes of host-gut microbiota co-metabolites
and microbial secondary metabolites which disturb intestinal
mucosal homeostasis, leading to disruption of the intestinal
barrier and/or enhance a host inammatory response and
thereby, aggravate the intestinal inammation.46 Mass spec-
trometry analysis of the soluble factors (culture supernatant) of
gut microbiota from DSS-induced UC rats showed altered
nutrition utilization and metabolic prole (our group unpub-
lished data). The microbial soluble factors from UC rats caused
downregulation of P-gp expression and function in Caco-2 cells.
In a recent study, soluble factors from probiotic Lactobacilli
upregulated P-gp expression in Caco-2 cells and blocked the
reduced expression of mdr1a/P-gp mRNA and protein in the
distal colon in DSS-treated mice.15 Taking together, these nd-
ings provided insights into a gut microbiota-mediated P-gp
regulatory mechanism and new therapeutic strategies for UC.
In this study, we speculated that the colon P-gp up-regulation by
MCE involve both direct effects and gut microbiota-mediated
mechanisms and examined it in vitro on Caco-2 cells. We
observed direct biphasic effects of MCE on P-gp expression in
Caco-2 cells with down-regulation in short-term (up to 24 h) and
up-regulation in long-term (up to 7 day) exposures to MCE. This
time-dependent modulatory effects of MCE on P-gp expression
can be partially explained by the varied effects of the main
components in the extract under short- and long-term treat-
ments (ESI Fig. S3†). Indeed, a number of studies have shown
that the modulation effects on P-gp were essentially affected by
incubation time. For instance, short/long-term exposure to NO
donors led to different regulation effects on P-gp expression and
activity in Caco-2 cells via NO-independent mechanisms.47

Similar biphasic patterns were also found for P-gp in rat brain
RSC Adv., 2017, 7, 2594–2605 | 2603
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capillaries exposed to TNF-a and endothelin-1.48 However, since
7 day cells and 21 day cell monolayers were adopted in this
study for studying the short- and long-term effects, respectively,
we could not rule out the possibility that cells at different states
may respond differently to the same stimuli. Taken together, it
can be concluded that the pattern of P-gp expression and
activity in response to MCE was complex, and the up-regulation
of P-gp by MCE in the colons of colitic rats was partially due to
the long-term direct effect of MCE treatment. Further studies
are warranted to elucidate whether the short- and long-term
effects are signaled through a common pathway.

Several studies have implicated the associations between gut
dysbiosis and the diminished P-gp expression and activity in the
pathogenesis of intestinal inammation. In this study, we
demonstrated that the soluble factors secreted by gut micro-
biota from DSS-treated rats can suppress P-gp expression and
alter cytokines production (enhanced IL-1b and IL-8 and sup-
pressed IL-10) which, however, can be abrogated by oral
administration of Mori Cortex extract to rats or pretreatment of
Caco-2 cells with the extract. So far, several types of soluble
macromolecules or small molecules, such as proteins,49 short-
chain fatty acids (acetate, propionate, butyrate),50 bacterio-
cins51 have been identied from intestinal bacteria and some
were demonstrated to profoundly inuence gut barrier func-
tion, host immunity, epithelial proliferation and bacterial
pathogenesis.52 A previous report53 and our unpublished data
found that co-incubation of Caco-2 cells with mucosal bacteria
from ulcerative colitis patients resulted in similar changes in P-
gp expression and cytokines production. Although we were not
able to provide unambiguous evidence on gut bacteria-
mediating intestinal P-gp modulation in the current study,
the accumulating knowledge on the interplays between gut
microbiota and mucosal immunity, and intestinal mucosal
immunity and drug transport system allow us to offer the
following speculation: microbial imbalance elicited by DSS
resulted in altered microbial products or host-microbial co-
metabolites, which in turn down-regulate colon P-gp expres-
sion directly or through stimulating production of some cyto-
kines, for instance, IL-8 which was reported to decrease P-gp in
Caco-2 cells.54

Previous studies have demonstrated a marked anti-
inammatory effect of Mori Cortex. It's interesting to note
that MCE showed insignicant effect on elevated MPO activity,
while inhibited pro-inammatory cytokines production and
enhanced anti-inammatory cytokines production in DSS-
treated rats. This cytokine production prole was in good
agreement with that observed in Caco-2 cells treated by soluble
factors of gut bacteria from different groups. Moreover, the
pretreatment of the Caco-2 cells with MCE following by incu-
bation with CS from UC rats alleviated the inammatory
responses, reversed the down-regulation of P-gp expression in
Caco-2 cells treated by CS from UC rats alone. These data imply
the involvement of gut microbiota in the regulatory effects of
MCE on P-gp expression. By applying several main constituents
in the herbal extract on Caco-2 cells, we observed direct effects
of these compounds on P-gp expression which could partially
explain the biphasic regulatory effects of MCE on P-gp. A recent
2604 | RSC Adv., 2017, 7, 2594–2605
study investigated mulberroside A on P-gp modulation and
found mulberroside A could down-regulate P-gp expression and
function in both Caco-2 cells and normal rats as well as activate
protein kinase C (PKC) and NF-kB in Caco-2 cells.55
5. Conclusion

In summary, P-gp expression was decreased in colon tissues of
rats with experimental colitis induced by DSS. Mori Cortex
extract markedly alleviated the inammatory responses and
enhanced P-gp-mediated intestinal epithelial integrity. In vivo
and in vitro studies indicated that the regulatory effects of Mori
Cortex on colon P-gp may involve both direct and indirect
mechanisms which highlight the potential of P-gp or gut
microbiota as new therapeutic target for IBD therapy. Our
ongoing work aims to consolidate the P-gp regulatory effects of
gut microbiota and identify the main bacterial strains involved
and molecular events using germ-free animal models.
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