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Figure 4 Body weight, serum alanine aminotransferase (ALT) levels, serum free fatty acids, and histopathological findings in high
fat diet (HFD)-fed and control mice with or without antibiotic administration. CC, control diet and water only; CA, control diet
and antibiotics; FC, HFD and water only; FA, HFD and antibiotics. Body weight was significantly higher in FC mice than in FA mice
(a). Serum ALT levels (b) and serum free fatty acids levels (c) were also suppressed in FA mice compared with those in FC mice.
Histopathological liver findings for CC (d), CA (e), EC (f), and FA (g) mice with H&E staining (x100) demonstrated macronodular
fat droplets and ballooning degeneration in the liver in FC mice, whereas steatosis was obviously suppressed in FA mice. (*P < 0.05,
**P < 0.01).
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Figure 5 mRNA expression of Toll-like receptors and inflammatory cytokines in the liver in high fat diet (HFD)-fed and control
mice with or without antibiotic administration. Expression of TLR2 (a), TLR4 (b), TLR5 (c), and TL9 (d) was suppressed more in
the liver of FA mice than in the liver of FC mice. Expression of IL-1f (e) and tumor necrosis factor (TNF) (f) was also suppressed.

(*P<0.05, **P<0.01).
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Figure 6 mRNA expression of Toll-like receptors in the small intestine of high fat diet (HFD)-fed and control mice with or without
antibiotic administration. Toll-like receptors (TLRs) expression was not altered by antibiotic treatment in non-alcoholic fatty liver
disease (NAFLD) small intestine (TLR2 (a), TLR4 (b), TLR5 (c), and TLRY (d)). (*P < 0.05, **P < 0.01) (NS, not significant).

demonstrates upregulation of TLR signal pathways and
may be more sensitive to the ligands of intestinal micro-
bial components. Bertola et al. reported that the expres-
sion of TLRs and certain cytokines/chemokines in genes
was upregulated in biopsy specimens of morbidly obese
patients with histologically normal liver or severe
steatosis with or without NASH,* and our findings
from this animal study concur with this.

Although many studies have examined the association
between TLR signal pathways and the pathogenesis of
NASH, these reports focused mainly on hepatocytes,

© 2013 The Japan Society of Hepatology

Kupffer cells, and hepatic stellate cells.**?>*! However,
small intestinal microbiota are the cause of liver damage
in NASH, and to our knowledge, this is the first report to
investigate the expression of intestinal TLR signal path-
ways in NAFLD model and to reveal a discrepancy in
TLRs expression in the gut-liver axis. The microbial TLR
signal pathway and downstream cytokines were down-
regulated in the small intestine of NAFLD model and
this downregulation may contribute to imbalance of the
immune system and, consequently, alter the microflora
component ratio and induce SIBO with NAFLD.
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Figure 7 mRNA expression of Toll-like receptors and inflammatory cytokines in primary Kupffer cells treated with palmitic acid
(PA). Treatment by PA for 24 h induced deposition of fat droplets in primary Kupffer cells (a: control, b: treatment with 10 uM PA,
BODIPY (green), 4’6’-diamidino-2-phenylindole dihydrochloride (DAPI) [blue]). The expression of TLR2, TLR4, TLRS5, and TLR9
was significantly higher in primary Kupffer cells treated with 10 uM PA for 24 h (C: control) (c). Immunocytochemistry demon-
strated that the expression of phospho-interleukin-1 receptor-associated kinasel (pIRAK) was strongly positive in fat deposited
primary Kupffer cells treated with 10 pM PA for 24 h (d: BODIPY (green), pIRAK1 (red) and DAPI (blue). Arrow: Kupffer cells
deposited in fat droplets. Arrow head: Kupffer cell deposited in absence of fat droplets). Tumor necrosis factor (TNF) expression was
significantly higher in primary Kupffer cells treated with 10 uM PA for 24 h (IL-1f (e), TNF (f)) (*P < 0.05, **P < 0.01).

We used a mouse model gut-sterilized with antibiotics
to confirm whether there is an association between
gut microbiota and TLR expression in NAFLD. In our
model, oral caloric intake was not significantly different
between FA and FC mice, but, body weight, serum ALT
levels, and serum free fatty acids levels were significantly
suppressed in the FA mice. Furthermore, histopathologi-
cal findings showed a marked decrease in steatosis in
this group. Interestingly, the expression of TLRs and
downstream cytokines was suppressed in FA mice com-
pared with that in FC mice. In contrast, in an ethyl
alcohol-induced liver injury model, liver TLR expression
was found to be independent of gut microbiota despite
a decrease in fatty liver and liver injury by antibiotic
administration.” Our findings suggest that, directly or

indirectly, gut microbiota contribute to TLR expression
in the liver of the NAFLD model. Because antibiotics
administration also decreased serum free fatty acids in
FA mice, we focused on the association between fatty
acid metabolism and gut microbiota. There are three
reasons for the suppression of serum free fatty acids in
FA mice. The first is a decrease in adipocytes accompa-
nied by suppression of increasing body weight. This
may be explained by the fact that obesity-associated
microbiota, which increase the capacity to harvest
energy from the diet, were eradicated by antibiotics."®
We investigated 16s rRNA based analysis of fecal
microbiota by the terminal restriction fragment length
polymorphism method and confirmed alteration in
fecal microbiota of FA mice compared with that of FC

© 2013 The Japan Society of Hepatology
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Figure 8 mRNA expression of Toll-like receptors and inflam-
matory cytokines in primary hetatocytes treated with palmitic
acid (PA). Treatment by PA for 24 h induced the deposition
of fat droplets in primary hepatocytes (a: control, b: treat-
ment with 100 uM PA, BODIPY (green), 4’6’-diamidino-2-
phenylindole dihydrochloride (DAPI) [blue]). The expression
of TLR4 and TLR9 mRNA was significantly upregulated in
primary hepatocytes treated with 100 uM PA for 24 h (C:
control) (c). The expression of tumor necrosis factor (TNF) and
interleukin (IL)-1P was significantly higher in primary hepato-
cytes treated with 100 uM PA for 24 h (IL-1B (d), INF [e])
(*P<0.05, **P < 0.01).

mice (data not shown). The second reason is a decrease
in the release of free fatty acids from adipocytes. In
obese individuals, it has been reported that gut
microbiota can suppress the expression of fasting-

© 2013 The Japan Society of Hepatology
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induced adipose factor (Fiaf), which increases the activ-
ity of lipoprotein lipase, leading to the production of
triglyceride storage in adipocytes and an increased
supply of fatty acids.’* The expression of intestinal Fiaf
was significantly upregulated in FA mice compared with
FC mice in our experiment (data not shown), indicating
that gut-sterilization may contribute to a reduction in
the release of serum free fatty acids from adipocytes
through increased intestinal Fiaf expression. The third
reason is a decrease in de novo liver lipogenesis. It is
reported that microbiota can increase hepatic lipogen-
esis through the expression of sterol response element
binding protein 1 (SREBP1) and carbohydrate response
element binding protein (ChREBP).?* The expression of
both SREBP1 and ChREBP was significantly suppressed
in FA mice compared with that in FC mice in our experi-
ment (data not shown), indicating that the suppression
of serum free fatty acids, at least in part, contributes to a
decrease in hepatic de novo lipogenesis through the sup-
pression of both SREBP1 and ChREBP. Our findings
suggest both alteration in microflora and a decrease in
de novo lipogenesis in the liver of the gut-sterilized
model, but it is unknown whether the release of free
fatty acids from adipocytes decreases.

Next, we hypothesized that fatty acids could alter TLRs
expression in the liver. We showed that the expression of
TLR2, TLR4, TLR5, TLRY, and TNF were significantly
higher in primary Kupffer cells treated with PA than in
control cells, while that of TLR4, TLR9, TNF, and IL-1§
was upregulated in primary hepatocytes treated with PA.
Although our in vitro study suggests that PA directly
stimulates the induction of TLRs, others report that satu-
rated fatty acids (SFA) including PA stimulate NFxB
promoter activity through the activation of the TLR
signal pathway. It is also reported that SFA plays a role
as TLR4 ligand.’**> Therefore, the induction of down-
stream cytokines may have contributed to both the
upregulation of TLRs and stimulation of TLR4 by PA.
These findings suggest that Kupffer cells and hepa-
tocytes are susceptible to bacterial components via
upregulation of TLRs by PA in the pro-inflammatory
state of NAFLD.

In contrast, although TLRs expression in the small
intestine of HFD-fed mice was not altered by antibiotic
treatment, it was downregulated in control mice. There-
fore, we hypothesized that luminal HFD itself could
attenuate TLRs expression in the small intestine. Caco2
cells that are human epithelial cell lines treated with PA
or OA showed lower expression of TLR2, TLR5, and
TLRY compared with control cells (data not shown).
These data suggest that fatty acids may partly contribute
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to the attenuation of TLRs expression in the small
intestine.

In conclusion, TLRs expression was downregulated in
the NAFLD small intestine, and this may be contributed
to an increase in free fatty acids through alteration
of gut microbiota. In contrast, the hepatic TLR signal
pathway was upregulated and susceptible to microbial
components by increased free fatty acids in the pro-
inflammatory state of NAFLD. Our findings suggest
that discrepancy in TLR signals in the gut-liver axis may
be associated with the pathogenesis of progression to
NASH through an increase in free fatty acids. Because
there is no specific treatment for human NASH, early
intervention in the pro-inflammatory state may be
important for the prevention of its development
from simple steatosis. Because free fatty acids play
an important role in the development of the pro-
inflammatory state of NAFLD, we consider that both
fatty acid metabolism and gut microbiota in the pro-
inflammatory state may be useful targets for preventive
treatment against NASH development.
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Abstract

The Japanese traditional - medlcme dalkenchuto (Tu- 100) has ant:—mﬂamma’cory actlvmes, but the mechamsms rem; yn :
incompletely understood. TU-100 includes ginger, ginseng, and Japanese pepper, each component possessmg bloactxve o
propertles The effects of TU-100 and lndlwdual components were mvestigated ina model of mtestmal T Iym ocytef o

was blocked by either TU 100 or gmger but not by gmseng or Japanese pepper. TU-100 and gmger aiso blocked anti<CD3
stimulated Akt and NF-xB activation. A co-culture system of colonic ‘Caco2BBE and-Jurkat-1 cells was used toexamine T-
Iymphocyte/eplthehal cells interactions. Jurkat-1 cells were stimulated .with anti-CD3 to: produce TNF&. that activates
epithelial cell NF-xB. TU- 100 and ginger blocked anti- -CD3 antibody activation of Akt in Jurkat cells, decreasmg their TNFa.
production.. Addmonally, TU-100 and ginger alone blocked direct TNFa stimulation of Caco2BBE cells and decreased - -
activation of caspase-3 and polyADP ribose, The present studles demonstrate ahew an‘u mﬂammatory action of TU ?OO that
is mxcrobe—mdependent and due to |ts glnger component e i
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Introduction that have anti-inflammatory and blood flow effects and are
believed to act by modulating mitogen activated protein kinase

The Japanese traditional medicine (Kampo) daikenchuto (TU- (MAPK), protein kinase B (Akt), and NF-kB activities [15-19].
100) has been established to have anti—i.nﬂam.matory, prokinetic, Japanese pepper contains hydroxy-sanshools (alpha and beta)
and blood flow effects in the gastointestinal wact in both  hat alter intestinal blood flow, motility, and barrier function by
animal models as well as humans [1-14]. TU-100 is an extract inducing adrenomedullin and calcitonin gene related peptides
from a mixture of ginseng radix, processeol ginger, and Japanese [3,7,8]. These compounds have been shown to activate
green pepper (30%, 50%, 20% by weight). All three plant intestinal epithelial TRPAL channels [11]. Ginseng contains
extracts contribute a number of active phytochemicals. Ginger diverse compounds including protopanadiols and protopanaxa-
contains several gingerols and shogaols (6-, 8-, and 10- isomers) triols that exert anti-inflammatory effects. These and other

PLOS ONE | www.plosone.org 1 May 2014 | Volume 9 | Issue 5 | 97456

- 335 -



ginseng-containing compounds modulate cell growth and act as
anti-cancer agents [20-23]. In addition to these effects of
individual extract constituents, TU-100 has been shown to
activate nicotinic acetylcholine receptors, contributing to its
effects on motility [13].

TU-100 has been shown to decrease intestinal inflammation
in models of experimental colitis, including the trinitrobenzene
sulfonic acid-induced colitis in the mouse and the adoptive
transfer model of CD4" CD45RB™® cells in the SCID
knockout mouse [7,10]. The anti-inflammatory actions of TU-
100 were proposed to be multifactorial. Induction of adreno-
medullin and CGRPs by the ginger shogaols and Japanese
pepper sanshools appear to play a role since neutralization of
adrenomedullin decreases the anti-inflammatory effects of TU-
100 in TNBS colitis [7,10]. Activation of TRPAI channels may
contribute to this effect of TU-100. The TU-100-induced blood
flow effect is blocked by a CGRP antagonist (inhibits both
adrenomedullin (a CGRP family member) and CGRP) and also
blocked by antibody to adrenomedullin. The effect of TU-100
directly on intestinal epithelial cells is mediated by TRPAL. TU-
100 effects CGRP also, but appears to be mediated via
activation of TRPV1 on intestinal sensory nerves. Gingerols,
shogaols and hydoroxysanshools are TRPV1 agonists' [24. 25].
It has not been determined whether adrenomedullin neutrali-
zation blocks the effect of TU-100’s effect on CGRP. Different
components of TU-100 affect adrenomedullin differentially.
Ginger compounds, especially shogaols, strongly stimulate
TRPAl-mediated adrenomedullin release in normal rats [11]
while hydroxysanshools, from Japanese pepper, have a similar
but weaker effect in normal rodents. In the ischemic intestine,
the effect of hydroxysanshools is greater in the diseased
(ischemic) portions of intestine [8] while shogaols are not as
effective in the ischemic intestine.

To extend our understanding of TU-100s anti-inflammatory
effects, we investigated the actions of TU-100 in a model of T-
cell mediated inflammation. In contrast to the TNBS- and
CD4" CD45RB"®" adoptive transfer models, activation of
CD3* T cells in mice with anti-CD3 monoclonal antibody
results predominantly in small bowel inflammation [26-30].
This was originally observed in humans treated with an anti-
CD3 antibody to suppress organ transplant rejection. These
patients developed a systemic cytokine response [31,32].
Intraperitoneal injection of anti-CD3 antibody in mice appears
to selectively activate small intestinal CD3* T-lymphocytes and
cause rapid pooling of intestinal contents (an effect called
“enteropooling”) within 1-3 hours. This is followed by apoptosis
of villus epithelial cells within 1.5-3 hours and induction of
crypt epithelial cell apoptosis within 24 hours [26,28]. Anti-CD3
antibody also increases TNFo levels in the small intestinal
mucosa, an effect that appears essential to the development of
enteritis, as anti-CD3 antibody treatment does not increase
enteropooling or cause diarrhea in the TINFa receptor knockout
mouse [27].

The present studies show TU-100 pre-treatment blocks
jejunal enteropooling stimulated by anti-CD3 antibody, villus
shortening, and subsequent development of enterocyte apoptosis.
TU-100 also inhibits the induction of TNFo by anti-CD3
antibody. Notably, enteritis induced by anti-CD3 antibody is
comparable in germ-free (GF) mice and their specific pathogen
free (SPF) counterparts. Treatment with either TU-100 or the
ginger component block anti-CD3 antibody-induced enteritis in
GF mice, indicating that their effects in this model are
independent of gut microbes.

PLOS ONE | www.plosone.org

TU-100 Blocks Anti-CD3 Antibody-Induced Enteritis

Materials and Methods

Mouse studies and ethic statement

All animal work was approved by the University of Chicago
Institutional Animal Care and Use Committee (Institutional
Animal Care and Use Committee protocol 72101). C57BI6/J
mice were bred in house for all studies. Either specific pathogen
free mice (SPF) or germ free (GF) were used. Mice were from
8—14 weeks of age and both genders were used. Mice were
sacrificed using COg followed by cervical dislocation as
approved by the University of Chicago Institutional Animal
Care and Use Committee. TU-100 was included in diet AIN-
76A at 15 gm/kg and mice were fed this diet for 3 days prior
to treatment with anti-CD3 antibody (monoclonal 145 2C11
obtained from Fitch Monoclonal Antibody Core, Cancer
Research Center, University of Chicago). Three days plus
gavage one hour prior to anti-CD3 antibody injection was
selected as preliminary experiments demonstrated maximal
inhibition of enteropooling within this time. Mice were injected
with 200ug antibody and sacrificed after 3 or 24 hours (these
times points were selected on the basis of previous reports that
defined the optimal times for different enteritis-associated
changes (e.g. enteropooling, villus and crypt cell apoptosis)
[27,28]. A laparotomy was performed and a ligature placed
around the intestine at the ligament of Treitz, and a second
ligature carefully placed 3—4 cm distal to the first. This segment
was then removed and the weight and length determined.
Sections were fixed in formalin for determination of apoptosis
by TUNEL staining (In Situ Death Kit, Roche, Indianapolis,
IN) or stained with hematoxylin and eosin for histological
examination for villus height and crypt depth using NIH Image
J software. The imaging station included an embedded scale to
calibrate length in microns. At least 20 villi and crypts in each
section and 3 sections from each mouse were analyzed to
determine villus height and crypt depth. Histological measure-
ments were performed by two authors (NU, MWM) who were
blinded to the treatment conditions for a given mouse. From
adjacent sections, RINA was extracted using Trizol reagent
according to the manufacturer’s directions (Invitrogen, Carlsbad,
CA) and protein was extracted as previously described [24].

Epithelial immune cell coculture experiments

Human colonic adenocarcinoma Caco2BBE cells were grown
as monolayers on permeable supports. Caco2BBE cells were a gift
of Dr. Mark Mooseker, Yale University [33]. Cells were allowed to
grow for 7 days to mature and then treated overnight with human
IFNy (100 U/ml) to increase expression of TNFo receptors.
Human Jurkat-1 cells were seeded on the serosal/bottom side of
the permeable support. After one day, the human anti-CD3
antibody UCHT1 (BD Biosciences) was added (200 ng/ml) and
Jurkat-1 and Caco2BBE cells were harvested separately. The
Jurkat cells were pelleted from the medium by centrifugation and
the media analyzed for secreted human TNFo. Jurkat and
Caco2BBE cells were extracted and cell lysates analyzed for
indicated proteins by Western blotting as described above.

TU-100 components

TU-100 or the ginger, ginseng, and Japanese pepper compo-
nents were obtained as powders from Tsumura & Co. (Ibaraki,
Japan). These powders lacked the maltose addition used in TU-
100. Where indicated, AIN-76A diets were supplemented with
1.5% (wt/wt) TU-100. To ensure that mice had consumed
diakenchuto, serum levels of TU-100 components were measured
by Tsumura & Co. by LC/MC/MS. Compound K was routinely
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Figure 1. Dietary or gavaged TU-100 and the ginger component decrease enteropooling stimulated by anti-CD3 antibody
treatment in specified pathogen free (SPF) and germ free (GF) C57BI6 mice. Mice were fed AIN76A diet with or without TU-100 (A) or
gavaged for three days plus one gavage one hour prior to anti-CD3 antibody with designated amounts of TU-100 or components (B and C). Three or
twenty four hours after anti-CD3 antibody (dietary) or three hours after anti-CD3 (gavaged), length to weight measurements were taken in the
proximal jejunum. Sections of tissue were homogenized and samples from the 3 hour time points used for TNFa determination by ELISA. Data are
means * SEM for 9 mice for dietary and 7 mice for each group in gavaged mice. For A, * p<<0.05 by paired Student's t test. For B and C, * p<0.05, p<

0.01 by analysis of variance using a Bonferroni correction.
doi:10.1371/journal.pone.0097456.g001

measured as confirmation or diakenchuto consumption since
compound K has long plasma life compared with other
components that are excreted in the urine. For gavage, either
TU-100 or individual components were resuspended in water to
provide 100 mg/ml TU-100, 50 mg/ml ginger, 30 mg/ml
ginseng, or 20 mg/ml Japanese pepper extract, providing 10 mg
TU-100 or 5 mg ginger, 3 mg ginseng, or 2 mg Japanese pepper
per mouse (weighed and between 19-22 grams and volume
adjusted per mouse). Mice were gavaged each day for three days
with 100 pl of the above solutions and then one hour before i.p.
injection of anti-CD3 antibody. These amounts are comparable to
amounts consumed daily by humans.

Protein analysis
Standard procedures were used for Western blotting and ELISA
analysis of TNFo. (eBioscience, San Diego, CA).

Statistical methods

Data were analyzed using Graph Pad Prism software (San
Diego, CA) using analysis of variance with a Bonferroni correction
or paired Student’s T test when appropriate.
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Results

TU-100 decreases small bowel fluid enteropooling
induced by treatment with anti-CD3 monoclonal
antibody

Treatment with anti-CD3 antibody stimulated fluid accumula-
tion within the jejunal lumen within 90-180 min. To determine if
TU-100 prevented the enteropooling, mice were fed a diet with or
without TU-100 (Figure 1A, 15 g TU-100/kg-chow) for 3 days. In
separate experiments, mice were gavaged with TU-100 or the
individual components of TU-100: ginger, ginseng, or Japanese
pepper, to determine the effects of each component. Gavage was
carried out daily for 3 days and then one hour prior to treatment
with anti-CD3 antibody (Figure 1B). For specific pathogen-free
mice (SPF contain normal intestinal microbiota) fed TU-100 diet
(3 days), anti-CD3 antibody induced fluid enteropooling and
distention of jejunal segments were significantly decreased
(Figure 1A). To determine whether these changes were gut
microbe-dependent, germ free (GF) C57Bl6 mice were fed sterile
unsupplemented diet or diet supplemented with 1.5% TU-100 or
gavaged with TU-100 or components that were autoclaved prior
to gavage. As in SPF mice, anti-CD3 antibody treatment caused
jejunal enteropooling that was blocked by dietary supplemented
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Figure 2. Dietary TU-100 blocks villus edema and shortening induced by anti-CD3 antibody. Data presented is from SPF mice fed AIN76A
diet with or without TU-100 for 3 days, injected with anti-CD3 antibody and used for enteropooling assays of Figure 1. After weight and length
measurements of the intact jejunal tissue, sections were formalin fixed for hematoxylin and eosin staining and villus and crypt dimensions measured
using Image J software. Data are means * SEM of 9 mice in each group. * p<<0.05 by analysis of variance using a Bonferroni correction.

doi:10.1371/journal.pone.0097456.9002

TU-100 (Figure 1A) or by gavage (Figure 1B). In both SPF and GF
mice, ginger also blocked CD3 antibody induced enteropooling,
but neither ginseng nor Japanese pepper were efficacious in this
model (Figure 1B). As another measure of effects of TU-100 or
TU-100 components in this model, we measured jejunal mucosal
homogenate TNFo. levels. Under basal conditions, TNFo levels
were below ELISA assay detection limits, but TNFo levels
increased three hours after anti-CD3 antibody treatment in both
SPF and GF mice (Figure 1C). TU-100 or ginger gavage for three
days blocked the stimulated expression of TNFo. (Figure 1C). As in
the case of enteropooling, ginseng and Japanese pepper compo-
nents did not have any effects.

Anti-CD3 antibody treatment also injured the jejunal mucosa,
with villus edema detectable within 3 hr and further increased by
24 hr and villous shortening was also present by this time point
(Figure 2). Impressively, dietary TU-100 prevented the develop-
ment of villus edema and shortening stimulated by anti-CD3
antibody treatment. There was litde or no infiltration of
neutrophils in this model at either 3 or 24 hr after anti-CD3
antibody treatment as assessed by histological examination or
measurements of myeloperoxidase activity. No ulcerations were
observed.

PLOS ONE | www.plosone.org

TU-100 effects on mucosal apoptosis

TU-100 decreases apoptosis stimulated by anti-CD3
antibody treatment. Anti-CD3 antibody was shown to stim-
ulate apoptosis of jejunal epithelial cells. Cell death first occurred
in villous enterocytes by 3-8 hrs, followed by apoptosis of crypt
enterocytes within 24 hrs [28]. In the current study we found that
anti-CD3 antibody treatment increased apoptosis in jejunal villus
epithelial cells within 3 hrs as assessed by TUNEL staining.
Apoptotic injury was significantly reduced by dietary TU-100
(Figure 3A). Apoptotic crypt cells were observed at 24 hrs, and
TU-100 decreased crypt cell death. TUNEL staining positive cells
were quantified using NIH Image J software for quantification.
Apoptosis was also assessed by the appearance of proteolytically
cleaved forms of caspase-3 and polyADP ribose polymerase
(PARP)(Figure 3B). Anti-CD3 antibody treatment induced cleav-
age of both caspase 3 and PARP, and these effects were reduced
by dietary TU-100 (Figure 3B).

To determine the ability of TU-100 components to block anti-
CD3 antibody-stimulated apoptosis, mice were gavaged daily and
1 hr before anti-CD3 antibody treatment with the indicated TU-
100 components. As in the case of dietary TU-100, TU-100
gavage blocked cleavage of caspase 3 and PARP (Figure 3B).
Among the components, ginger blocked the enteropooling and
apoptosis induced by anti-CD3 antibody treatment to nearly the
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Figure 3. Dietary TU-100 decreases apoptosis induced by anti-CD3 antibody. A section of tissues from mice where enteropooling was
determined were formalin fixed for H&E staining as well as TUNEL staining for apoptosis (A) and an adjacent section homogenized for Western blot
analysis of apoptotic proteins (B). Apoptotic cells were counted per villus or crypt using Image J software. Images shown and means * SEM are
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Figure 4. TU-100 blocks activation of jejunal mucosal Akt and IxB stimulated by anti-CD3. (A) Mice were sacrificed at varying times after
anti-CD3 antibody injection. Blots are representative of three separate mice. (B) Mice were gavaged daily for 3 days and one hr before anti-CD3
antibody treatment with TU-100 or components. Mice were sacrificed 3 hrs after anti-CD3 antibody injection. Blots are representative of two mice for
each group, and a total of 6 mice were analyzed.

doi:10.1371/journal.pone.0097456.9004
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Figure 5. TU-100 blocks Akt and NF-kB stimulation by anti-CD3 antibody in Jurkat cells and NF-kB stimulation in Caco2BBE cells.
Caco2BBE cells were grown on permeable supports until confluent, differentiated, and then placed over human Jurkat-1 T lymphoma cells that were
stimulated with UCHT1 anti-human CD3 antibody. For one Caco2BBE well, only medium with UCHT1 antibody was used, no Jurkat-1 cells. Cells were
harvested at indicated times after co-culture and proteins analyzed by Western blotting. For TNFo. measurements, the Jurkat-1 conditioned medium
was analyzed. Data are means * SEM for 4 separate experiments. ++p<<0.01 by analysis of variance using a Bonferroni correction.

doi:10.1371/journal.pone.0097456.g005

same extent as TU-100. Ginseng, in contrast, had no effect, and
Japanese pepper extract exerted only a modest effect (Figure 3B).

TU-100 and ginger block anti-CD3 antibody activation of
Akt. In lymphocytes, anit-CD3 antibodies activate protein
kinase B, also termed Akt. Because gingerols have been
demonstrated to inhibit Akt, the effects of TU-100 and its
components on anti-CD3 antibody-induced Akt activation were
determined as assessed by its state of phosphorylation (Thr 308).
The time course of Akt activation in jejunal homogenates was
determined in intact jejunum following injection with anti-CD3

PLOS ONE | www.plosone.org

antibody. Akt activation was detectable within one hour and
maximal by 2--3 hrs (Figure 4A). We therefore chose 3 hrs to study
the effect of TU-100 and its constituent extracts on anti-CD3
antibody induced Akt activation. Mice were gavaged daily for
3 days and one hour prior to anti-CD3 antibody treatment. TU-
100, ginger and, to a lesser degree Japanese pepper, blocked anti-
CD3 antibody induced Akt activation. In contrast, ginseng had no
effect (Figure 4B).

Gingerols and shogaols have also been reported to block NF-xB
and Akt activation [34,35]. Akt activation has been associated with
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anti-CD3 activation and NF-kB associated with TNFo stimulation
[36,37]. Anti-CD3 antibody treatment stimulated mucosal NF-xB
activation as assessed by phosphorylation of NF-kB inhibitor IxBo
(pIxkBo) that was nearly maximal after 3—4 hours but decreased
after 8 hrs (Figure 4A). Similar to effects on Akt, both TU-100 and
ginger were equally effective in blocking the anti-CD3 antibody
activation of NF-kB, whereas Japanese pepper showed a more
modest inhibitory effect (Figure 4B).

Diakenchuto and ginger block anti-CD3 antibody induced
activation of T-lymphocyte Akt and subsequent TNFa
activation of epithelial NF-xB. To determine the effects of
TU-100 and ginger on Akt and TNFa activation of T cells by anti-
CD3 treatment, a co-culture system of human T-lymphocyte and
human colonic epithelial cells was employed. Human colonic
Caco2BBE cells were grown on a permeable support so that
human T-lymphocytes (Jurkat-1) could be co-cultured with them.
Caco2BBE were seeded and grown on polyethylene terphalate
wells and allowed to mature for 7 days. Caco2BBE were then
treated overnight with human IFNY to increase TNFo receptor
expression and response to TNFo. Jurkat-1 (5 million) cells were
seeded in the lower compartment of the co-culture set up, i.e.
without direct contact with the Caco2BBE cells in the upper
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compartment. After 24 hours, TU-100 or its separate components
were added to the medium (both mucosal and serosal) and after
2 hours the anti-human CD3 antibody was added (200 ng per
well). Jurkat-1 and Caco2BBE cells were then harvested and
analyzed separately. The lower compartment medium was also
recovered for TNFo measurement. Anti-human CD3 antibody
activated Jurkat-1 cell Akt within 2 hours, an effect that could be
inhibited by prior treatment with either TU-100 or ginger
(Figure 5). Increases in T' cell TNFa were also blocked by prior
addition of either TU-100 or ginger (Figure 5). Stimulation of
Caco2BBE NF-xB occurred in a time-dependent manner follow-
ing Jurkat-1 treatments. The addition of anti-CD3 antibody to
Caco2BBE cells in absence of Jurkat-1 cells did not activate NF-xB
(Figure 5). Thus, CD3 antibody effects on intestinal epithelial cell
NF-x is T cell-dependent.

The T cell-mediated inhibition of the anti-CD3 antibody
activation of Caco2BBE NF-xB by TU-100 could be due to
reduced TNFo levels. To address this question, we stimulated
Caco2BBE cells with a high concentration of TNFo. Caco2BBE
were also treated with IFNY to increase TINF receptor expression
and with TU-100 or its components. Caco2BBE were then
stimulated with TNFa (100 ng/ml) for 3 hrs (IxB activation) or
6 hrs (caspase 3 and PARP activation). Pretreatment of Caco2BBE
cells with either TU-100 or ginger blocked the TNFa-mediated
increases in phosphorylation of IxBo (Figure 6). As a high
concentration of TNFo was used, significant decreases in total
IxBo were consistently observed in the absence of TU-100. To
determine whether the functional consequence of inhibited NF-xB
activation, cells were incubated with TINFo for 6 hours to assess
apoptotic activity that was measured by caspase 3 and PARP
cleavage. These apoptotic proteins were activated following TNFo
stimulation and TU-100 which was blocked by ginger (Figure 6).

Discussion

Anti-CD3 antibody treatment induces a unique type of acute
enteritis that is dependent on T cells and specifically appears to be
regulated by lamina propria CD3* CD4" lymphocytes. The
present study demonstrates for the first time that anti-CD3
antibody induced enteritis also occurs in germ free mice.
Therefore this intestinal inflammation is microbe-independent,
unlike other models of colitis such as CD45RB™ cell adoptive
transfer, piroxicam treatment in mice (only acute phase occurs in
germ free mice), or the HLA B27 rat colitis. The Japanese
traditional medicine (Kampo) TU-100 and one of its constituent
components, ginger, inhibited enteropooling in both the SPT and
GF mice. Therefore our studies demonstrate that gingerols or
shogaols are the active agents in TU-100 that inhibit inflammation
in this model. Additionally, as the effects were observed in germ
free mice, the actions of these agents are also independent of
intestinal bacteria.

Several signal transduction proteins activated in this model are
blocked by TU-100 or ginger, including Akt and NF-xB. We
demonstrate that anti-CD3 antibody activation of Akt and
subsequent stimulated production of TNFa by CD4" lamina
propria lymphocytes are relevant in this model. Additionally, the
enteropooling effect requires epithelial cell NF-kB activation
[29,30], therefore both the CD3'CD4* T cells and intestinal
epithelial cells are likely to affected by TU-100.

The studies demonstrate for the first time that anti-CD3
antibody induction of enteritis is independent of microbes. We
also demonstrated that TU-100 or its constituent compound
ginger exert therapeutic efficacy to block this enteritis. Among
the diakenchuto components, the gingerols/shoagacls and
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sanshools are not known to require microbial metabolism for
activity. Our study would also support this conclusion.
Gingerols/shoagaols and sanshools are rapidly absorbed within
30 minutes after TU-100 ingestion, suggesting this occurs in the
proximal gastrointestinal tract prior to exposure to the majority
of the intestinal microbiome that resides in the colon [38,39]. In
contrast for ginseng, it is known that many ginseng compounds
require bacterial metabolism, such as conversion of ginsenoside
Rbl to compound K, as well as other ginsenoside conversions.
We and others have shown that compound K has potent
anticancer effects mediated by the microbial metabolites of
certain ginsenosides [21,40-42].

This is only the second study to investigate the actions of
TU-100 on small intestinal inflammation. A prior study had
shown that small intestinal damage induced by the drug CPT-
11 is also inhibited by TU-100 [43]. Whether TU-100 can be
used to treat other small bowel inflammatory diseases such as
viral enteritis or Celiac disease remains to be determined.
Further studies are needed to determine the mechanism by
which gingerols or shogaols inhibit Akt and NF-xB. It is
possible that the effects of ginger as well as TU-100, may be
due to their antioxidant activities [44—46] which could also
inhibit NF-xB and Akt signals. These results demonstrate how
the effects of complex substances such as TU-100 can be
dissected to understand the contribution of individual compo-
nents given appropriate model systems that respond to this
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agent. Such studies can be invaluable to extend our mechanistic
understanding of these widely used complex combinations of
phytochemicals.
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Background and Aim: The aim of the present study was to
endoscopically evaluate ileal mucosal healing during mainte-
nance therapy with infliximab in order to investigate the clinical
significance of endoscopic examination of ileal lesions in Crohn’s
disease patients.

Methods: This study retrospectively analyzed 54 patients who
mainly had active ulcers of the ileum on endoscopy at baseline
who were responsive to infliximab induction and who received
infliximab maintenance therapy. Mucosal healing was defined as
no ulcer or only ulcer scar. At the time of follow-up endoscopy
after starting infliximab, endoscopic score, mucosal healing, and
clinical remission were evaluated. On long-term follow up, corre-
lations between mucosal healing and long-term clinical remis-
sion, and between mucosal healing and the need for major
abdominal surgery, were also evaluated.

Results: lleal mucosal healing and complete mucosal healing
were significantly correlated with clinical remission (P = 0.046,

P =0.0001, respectively). The rate of long-term clinical remission
was significantly higher in patients with complete mucosal
healing (P = 0.025). The rate of major abdominal surgery for stric-
tures was significantly lower in patients with complete mucosal
healing (P = 0.044).

Conclusions: Complete mucosal healing after 1-2 years was a
predictive factor for long-term clinical remission up to 4 vears
after starting infliximab. A lack of complete mucosal healing was
a predictive factor for major abdominal surgery for strictures. The
present study suggests that endoscopic evaluation of ileal
lesions is useful for long-term prognosis of Crohn's disease
patients.

Key words: Crohn's disease, ileum, infliximab, intestinal
mucosa, long-term effect

INTRODUCTION

HE EFFICACY OF infliximab (IFX) for active Crohn’s

disease (CD) lesions was first reported in 1997.! Large-
scale clinical studies, such as ACCENT 1 and ACCENT 2,
later reported the efficacy of IFX in CD intestinal lesions and
fistulas.*® Clinical efficacy and safety have also been
reported with IFX maintenance therapy.*'' More recently,
there has been a focus on mucosal healing (MH) in CD. This
is because MH is now regarded as a predictive factor of the
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long-term prognosis of CD patients. In patients who achieve
MH, subsequent rates of steroid usage, recurrence,” and
surgery'® are decreased.

IFX is also promising for improving the long-term prog-
nosis in CD. Decreased rates of hospitalization and surgery
over both 1-year'* and 5-year periods* after starting IFX have
been reported. In addition, in patients who achieve MH with
IFX, decreased rates of major abdominal surgery (MAS) and
the need for hospitalization have been reported.” Previous
studies have mainly focused on colonic MH,"1315-19 byt
because ileal CD and ileocolic CD account for more than
70% of all CD cases,”®! the presence of ileal lesions cannot
be ignored. However, to date, detailed evaluation of ileal MH
in CD has seldom been reported.

The present study is a sub-analysis of 185 CD patients
previously reported by Ono ef a/. in whom IFX maintenance

73

Digestive Endoscopy © 2014 Japan Gastroenterological Endoscopy Society

- 344 -



74 T. Beppu er al.

Digestive Endoscopy 2015; 27: 73-81

Excluded cases (131 patients)

185 CD patients on IFX maintenance therapy

| Incomplete endoscopic evaluation in 26 patients W

{No endoscopic evaluation in 81 patients ]

l No active ulcer at the initial endoscopy in 5 patients I L

]oontis-type GD in 11 patients ]

[Solely aphthoid ulcer-type CD in 4 patients i

] With surgical stoma in 4 patients I

Figure 1 Subject selection in the
present study. CD, Crohn’s disease; IFX,
infliximab.

therapy was clinically effective.”? Endoscopically assessed
MH of ileal lesions in CD patients on maintenance IFX was
analyzed retrospectively. The purpose of this study was to
investigate whether subsequent long-term clinical remission
correlated with the endoscopic findings, and whether endo-
scopic examination of ileal MH is useful during maintenance
IFX in CD patients.

METHODS

HIS STUDY INCLUDED 54 CD patients who had ileal

lesions that were observed by endoscopy (double-
balloon endoscopy or ileocolonoscopy) before and after the
start of IFX treatment and who were on maintenance therapy.
Inclusion criterion was active ileal ulcers on baseline evalu-
ation. Exclusion criteria were: (i) incomplete endoscopic
examination; (ii) absent endoscopic examination; (iii) clini-
cal follow-up duration <6 months after the start of IFX; (iv)
colonic CD or aphthous ulcers; and (v) presence of a stoma.
Incomplete endoscopic examination was defined as a case
with a narrow range of ileal endoscopic evaluation. Figure 1
shows the selection process for patients in the present study.
Of the 248 patients started on IFX therapy at our hospital by
January 2011, 185 had switched to maintenance therapy.> A
total of 131 of these 185 patients was excluded as a result of
incomplete endoscopic examination (26), absent endoscopic
examination (81), no active ileal ulcer on initial endoscopy
(5), colitis-type CD (11), solely aphthoid ulcer-type CD (4),
and surgically created stoma (4).

Table 1 shows patient characteristics. Sixteen patients had
ileitis and 38 had ileocolitis. Mean Crohn’s disease activity
index (CDAI) before starting IFX was 215.0: most patients
had mild to moderate disease. Twenty-eight patients (51.8%)

© 2014 The Authors

54 patients with endoscopic evaluation before
and after [FX treatment were included

Table 1 Characteristics of patients with CD after infliximab main-

tenance treatment

Sex (male/female)
Location of CD (%)
lieitis
lleocolitis
Age at first IFX infusion (years)
Duration of disease prior to first IFX
(months)
CDAI at induction IFX
Duration of clinical follow up after start
of IFX {(months)
Duration from first IFX infusion to
follow-up endoscopy (months)
Duration from follow-up endoscopy to
final observation (months)
Previous major abdominal surgery (%)
Reasons for IFX induction (%)
Luminal CD
Luminal CD, anal fistula
Skin fistula
Anal fistula
Concomitant therapy (%)
Aminosalicylates
Prednisolone
Immunomodulators
Enteral nutrition
<900 kcal
=900 kcal
Endoscopic balloon dilation

40114

16 (29.6)

38 (70.4)
29.5+11.2 (26-54)
96.6 +96.3 (1-372)

215.0 + 92.6 (38-546)
45.8 £ 20.6 (9-93)

18.7 £13.3 (3-82)

30.0£21.0 (0.3-84)

39 (72.2)
3(5.6)
28 (51.8)

10 (18.5)
18 (33.3)
10 (18.5)

CD, Crohn’s disease; CDAI, Crohn’s disease activity index; IFX,

infliximab.
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Heal mucosal healing by IFX in €D 75
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P T, [ S Wy =CTTITITEITTe T T
[ A N RNV ) o i25mm
ulcer width
Ulcer scarring Aphthoid or S o
small ulcers S * N Q T Q

Stenosis score l
e e vt
1/2d
Al‘< /

Mild narrowing Moderate narrowing

Shallow ulceration

Deep ulceration

<{1/2diameter

With dilatation of oral side

Figure 2 Schematic illustration of the classification of intestinal lesions as evaluated by endoscopy (Fukuoka index)." For assessment of
the ulcer score, absence of a lesion was given 0 points, ulcer scarring was scored as 1 point, an open ulcer similar to aphthoid ulcers or
a small ulcer was scored as 2 points, an open longitudinal ulcer <5 mm in transverse diameter or a shallow and broad irregular ulcer was
scored as 3 points, and an open longitudinal ulcer 25 mm in diameter or a deep and broad, irregular but well-demarcated ulcer was
scored as 4 points. As for the stenosis score, a luminal width of at least half of the normal intestinal tract was given 1 point, a luminal
width of less than half the normal intestinal tract, but through which an endoscope could be advanced, was assigned 2 points, and
marked stenosis of the lumen such that an endoscope could not be advanced was assigned 3 points.

had previous intestinal surgery before starting IFX. The most
common reason for IFX induction was severe intestinal
inflammation (luminal) in 43 patients (79.6%). Concomitant
therapy included S5-aminosalicylic acid (5-ASA) in 39
patients (72.2%), immunomodulators such as azathioprine
(AZA) or 6-mercaptopurine (6-MP) in 28 (51.8%), and
enteral nutrition in 28 (51.8%) patients.

Endoscopy was carried out with a double-balloon endo-
scope (DBE: EN-450P5, EN-450T5; Fujifilm Medical,
Tokyo, Japan) or a colonoscope (PCF-Q260A1, CF-H260AL;
Olympus, Tokyo, Japan). For follow-up endoscopy, DBE was
used in 35 patients, and ileocolonoscopy was used in 19
patients. In the 35 patients for whom DBE was done, the
median length of insertion was 120 cm (90-315) past the
ileocecal valve. At our hospital, double-contrast imaging of
the small intestine is carried out prior to endoscopy of
patients with CD. Then, based on the information obtained,
either DBE or ileocolonoscopy is selected. DBE was carried
out for two-thirds of patients with extensive lesions in the
ileum, whereas ileocolonoscopy was carried out for patients
whose lesions were confined to the terminal ileum. The
lesions with the most severe inflammation were observed on
endoscopy.

The Fukuoka index was used for measurement of the
endoscopic activity index (Fig.2). This index originally
comprised three parameters (stenosis, polyposis and
ulcers).'® In the present study, the ulcer score and the stenosis
score were used as the criteria to evaluate the ileal and
colonic lesions. With the objective of comparing the present
findings with those of other reports regarding MH, evalua-
tions using the polyposis score were not done. Ileal lesions
included anastomotic sites in the ileum, as 16 of the 17
patients with anastomotic sites that could be observed had
active ulcers. In the ileum, the site that was observed to have
the most severe disease was scored. Colonic lesions were
scored at each site and, as with the ileum, the most severe
score was regarded as the activity index. No lesions (0
points) or ulcer scarring (1 point) was defined as ‘mucosal
healing (MH)’, and scores of 2—4 points were defined as ‘no
mucosal healing (no-MH)’. Complete MH was defined as
ileal MH 1in ileal CD, and as both ileal and colonic MH in
ileocolic CD. Severe stenosis was defined as a stenosis
score of 22. When endoscopic evaluation of dilatation of
the proximal intestine was difficult because of stenosis, the
evaluation was carried out by selective contrast imaging
from the tip of the endoscope.

© 2014 The Authors
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Clinical remission was defined as a CDAI <150. CDAI
was evaluated at the same time as endoscopy was carried out.
The clinical observation period after starting IFX was
defined as the interval from the start of IFX therapy until the
day of final clinical observation in patients who continued
IFX, until the final day that IFX was given in patients who
discontinued IFX, and until the day of surgery in patients
who required intestinal surgery. Duration from starting IFX
until follow-up endoscopy was 18.7 = 13.3 (3-82) months.
Duration from follow-up endoscopic examination until the
final clinical observation was 30.0 £ 21.0 (0.3-84) months.
Duration of clinical follow up after start of IFX was
45.8 £20.6 (9-93) months.

Correlation between ileal MH and clinical remission was
examined in all 54 patients. The correlation between colonic
MH and clinical remission was evaluated in the 38 patients
with ileocolic CD after the 16 patients with ileal CD had
been excluded. The correlation between complete MH and
clinical remission was evaluated in all 54 patients at the
follow-up endoscopy.

Changes after IFX therapy in the ulcer score, assessed
using the Fukuoka index, the stenosis score, and the CDAI,
were investigated. The endoscopic score for the ileum was
evaluated in all 54 patients. The endoscopic score for the
colon was evaluated in the 38 patients with ileocolonic-type
CD.

Long-term prognosis was evaluated at the final observa-
tion in 41 patients treated with IFX for =21 year. Long-term
clinical remission was also defined on the basis of the CDAL
Correlations between MH and the long-term clinical remis-
sion rate, and between MH and MAS for strictures, were also
investigated.

Statistical analysis of MH and clinical remission at the
follow-up endoscopy was carried out by Fisher’s exact test,
that of changes in CDAI and endoscopic scores was done by
Wilcoxon’s test, and that of long-term outcomes was done by
the Kaplan—Meier method with the log—rank test using SPSS
Statistics 21.0 (SPSS Inc., Chicago, IL, USA). The data for
all patient characteristics are shown as means = SD. P-value
<0.05 was accepted as significant.

RESULTS

Mucosal healing and clinical remission at
follow-up endoscopy

Correlation between ileal MH ond
chinicol remission

In all 54 patients, the proportion of clinical remission was
significantly higher in the ileal-MH group than in the
no-ileal-MH group (79.1% [19/24] vs 50.0% [15/30],

© 2014 The Authors

P =0.046) (Fig. 3a). In 16 patients with ileal-type MH, there
was no significant correlation between ileal MH and clinical
remission.

Correlation between colonic MH and
clinicol remission

The proportion of clinical remission was significantly
higher in the colonic-MH group than in the no-colonic-
MH group (78.9% [15/19] vs 31.6% [6/19], P=0.0081)
(Fig. 3b).

Correlation between complete MH and
clinical remission

The proportion of clinical remission was significantly higher
in the complete-MH group than in the incomplete-MH group
(100% [16/16] vs 47.4% [18/38], P = 0.0001). The complete
MH rate was 29.6% (16/54) (Fig. 3c).

Changes in CDAI and endoscopic scores
after IFX therapy

Change in CDAI

The CDALI decreased significantly from 215.0 £ 92.6 before
to 145.9 + 101.2 after IFX therapy (P < 0.0001). The clinical
remission rate after IFX therapy was 63% (34/54).

Change in the ileal ulcer score

The ileal ulcer score after IFX therapy was 2.2 £ 1.3, which
was significantly reduced from the pre-therapy score of
32+0.6 (P <0.0001) (Fig. 4a).

Change in the colonic ulcer score

The colonic ulcer score after IFX therapy was 2.0+ 1.3,
which was significantly reduced from the pre-therapy score
of 2.8 £ 1.2 (P <0.0001) (Fig. 4b).

Change in the ileal stenosis score

The ileal stenosis score after IFX therapy was 1.4+ 1.2,
which was not significantly different from the score of
1.3 £ 1.2 prior to IFX therapy (P = 0.20).

Long-term prognosis

Correlotion between long-term clinical
remission and MH at the time of
follow-up endoscopy

The clinical remission rate was higher in the complete-MH
(CMH) group than in the incomplete-MH group, and the
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