Revised: 25 February 2021

Accepted: 18 March 2021

DOI: 10.1002/ags3.12460

ORIGINAL ARTICLE

1&; AG Surg Annals of Gastroenterological S;:gcr; Wl L EY

fOoen Focect

Effect of TU-100 on Peyer's patches in a bacterial translocation

rat model

Chie Takasu?
Yuji Morine!

'Department of Surgery, Institute of
Health Biosciences, Tokushima University,
Tokushima, Japan

2Department of Pathology and Laboratory
Medicine, Tokushima University Graduate
School, Tokushima, Japan

Correspondence

Chie Takasu, Department of Surgery,
Institute of Health Biosciences, Tokushima
University, Kuramoto 3-18-15, Tokushima
770-8503, Japan.

Email: takasu.chie@tokushima-u.ac.jp

Funding information

Taiho Pharmaceutical Co. Ltd; Cancer
Research Project Cooperated by TAIHO
Pharmaceutical Co.,Ltd. and the University
of Tokushima; Japan Society for the
promotion of Science, Grant/Award
Number: 23791536

| Katsuki Miyazaki'
Takuya Tokunaga®! | Hideya Kashihara®
| Mitsuo Shimada®

| Masaaki Nishit® |
| Toshiaki Yoshimoto! | Hirohisa Ogawa? |

| Kozo Yoshikawal

Abstract

Background: Daikenchuto (TU-100), a Japanese herbal medicine, is widely used for
various gastrointestinal diseases. We have previously reported that TU-100 sup-
presses CPT-11-induced bacterial translocation (BT) by maintaining the diversity of
the microbiome. In this study we show that TU-100 modulates the immune response
during BT by inducing PD-1 expression in Peyer's patches.

Methods: Eighteen male Wistar rats were divided into four groups: a control group;
a control + TU-100 group, given TU-100 1000 mg/kg orally for 5 d; a BT group,
given CPT-11 250 mg/kg intra-peritoneal for 2 d; and a TU-100 group, given TU-100
1000 mg/kg orally for 5 d with CPT-11 250 mg/kg intra-peritoneal on days 4 and 5.
Results: The size of Peyer's patch was significantly bigger in the BT group compared
to the control group (9.0 x 104 pm2 vs 29.4 x 104 pmz, P < .05), but improved in
the TU-100 group (15.4 x 104 pmz, P < .005). TU-100 significantly induced PD-1
expression in Peyer's patch compared to the control group and the BT group (con-
trol vs BT vs TU-100 = 4.3 + 4.9 vs 5.1 + 10.3 vs 17.9 + 17.8). The CD4" cells were
increased in the BT group (P < .05) compared to the control group but decreased in
the TU-100 group. The Foxp3* cells were increased in the BT group compared to the
control group (P < .05), and further increased in the TU-100 group compared to the
BT group. CPT-11 significantly increased TLR4, NF-xf, TNF-a mRNA expressions in
the BT group. TU-100 cotreatment significantly reversed these mRNA expressions.
Conclusion: TU-100 may have a protective effect against BT through PD-1 expres-

sion in Peyer's patch.
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1 | INTRODUCTION

Irinotecan hydrochloride (CPT-11) is a key anticancer drug that is
widely used for the treatment of colorectal and other solid tumors.*
Irinotecan therapy is limited by several dose-limiting toxicities. The
most common clinically important side effect is severe diarrhea,
which markedly impairs patient quality of life and results in a poor
prognosis. We previously established a rat model of bacterial trans-
location (BT) induced by CPT-11.2 The intestinal permeability of the
large intestine was found to be decreased through disruption of tight
junction (TJ) proteins and caused BT.

Daikenchuto (TU-100) is a Kampo medicine, a traditional Japanese
herbal medicine that is made from certain Asian plants. Kampo med-
icine is very popular and widely used in Japan. In surgical fields, it has
been used for a feeling of coldness® in the abdomen and a postop-
erative adhesive intestinal ileus.® Previous reports have shown that
TU-100 improves gastrointestinal motility or transit by modulating
cholinergic and serotonergic mechanisms.* TU-100 attenuates intesti-
nal inflammation by increasing intestinal blood flow and protecting the
luminal surface, producing an antiinflammatory effect.> We previously
reported that TU-100 protects against by fasting stress® and CPT-11-
induced BT.” One mechanism by which TU-100 protects against BT is
through maintaining the diversity of the microbiome during intestinal
inflammation.® The other mechanism involves inhibiting inflammation
and apoptosis by maintaining TJ function.” However, the mechanism
by which TU-100 protects against BT has not been fully revealed.

Arecent study reported that the inhibitory coreceptor programmed
cell death-1 (PD-1) regulates the gut microbiota through appropriate
selection of immunoglobulin A (IgA) plasma cell repertoires.? In Peyer's
patches, IgA plays a key role in maintaining the symbiotic balance be-
tween gut bacterial communities and the host immune system.

Hence, this study aimed to elucidate the further mechanism of
TU-100 on preventing BT. We also examined the possible role of TU-
100 through PD-1 expression in Peyer's patches.

2 | METHODS
2.1 | Materials

CPT-11 was purchased from Daiichi Sankyo (Tokyo, Japan) and
freshly prepared just prior to the treatment. The rats were given
0.01 mg/kg atropine subcutaneously immediately prior to CPT-11
treatment to reduce the cholinergic reaction to CPT-11. TU-100 was

purchased from Tsumura (Tokyo, Japan).

2.2 | Experimental design

Male Wistar rats (weighing 230-250 g and aged 6 wk old) were pur-
chased from Charles River (Wilmington, MA). Animals were free of
all pathogens and housed under standard conditions (22°C, humidity
50 + 5%, 12/12 h light/dark cycle). For this study, we used samples

from established bacterial translocation model as previously re-
ported.” The BT was defined as the presence of bacteria in the mes-
enteric lymph nodes (MLNs).

Simply, they were collected and cultured. Figure 1 shows the ex-
perimental design. A total of 21 rats were used and randomly divided
into three groups as follows: the control group (n = 6), given TU-100
1000 mg/kg orally for 5 d; the control + TU-100 group (n = 3), saline
was given intraperitoneally on d 4 and 5; the BT group (n = 6), 250 mg/
kg CPT-11 was given intraperitoneally on d 4 and 5; the TU-100 group
(n = 6), TU-100 was orally administered for 5 consecutive d from d 1,
and CPT-11 was given intraperitoneally on d 4 and 5. All rats were eu-
thanized on d 6 of the experiment by the administration of an appro-
priate dose of anesthesia (1.0-1.5% isoflurane), and the small intestine
and stool were directly collected from intestine for analysis. The rats in
the control + TU-100 group did not show diarrhea, BT, or body weight
loss (there was no difference compared to the control group).

This study was carried out in accordance with NIH guidelines
for the care and use of rats. The experiment was approved by the
Institute of Animal Committee of Health Bioscience, Tokushima
University Graduate School of Medical Science (08093).

2.3 | RNA extraction and quantitative real-time
polymerase chain reaction

Total RNA was extracted from collected tissues (small intes-
tine) using a RNeasy mini kit (Qiagen, Chatsworth, CA). Reverse
transcription was performed with a high-capacity cDNA reverse
transcription kit (Applied Biosystems, Foster City, CA) Then,
quantitative real-time polymerase chain reaction (qRT-PCR)
was performed using the 7500 real-time PCR system (Applied
Biosystems), TagMan gene expression assays-on demand, and
the TagMan universal master mix (Applied Biosystems). The prim-
ers used for qRT-PCR were as follows: TLR4 (Rn00569848_m1),
tumor necrosis factor alpha (TNF-a) (Rn00562055_m1), nuclear
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FIGURE 1 Experimental design
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factor kappa beta (NF-kp) (Rn01399583_m1), interleukin (IL)-1p
(RN00580432_m1), and IL-6 (Rn00561420_m1). We used the glyc-
eraldehyde phosphate dehydrogenase (GAPDH) gene (Applied
Biosystems, 4352338E) as an endogenous control. The thermal
cycler conditions were as follows: 2 min at 50°C, 10 min at 95°C,
then 40 cycles of 15 sec at 95°C and 1 min at 60°C. Amplification
data were analyzed with an ABI Prism 7500 Sequence Detection
System v. 1.3.1 (Applied Biosystems).

2.4 | Histopathological analysis

The tissue samples were placed in 10% formalin for 72 h at room
temperature, dehydrated by graded ethanol, and embedded in par-
affin. The 5-pm tissue sections were deparaffinized with xylene,
stained with hematoxylin and eosin, and observed by optical micros-
copy. The size of the Peyer's patches was measured with a digital
camera photomicroscope (DXM 1200F, Nikon, Tokyo, Japan) in a
blinded fashion. The average of all Peyer's patches in each slide was
calculated for statistical analyses.

2.5 | Immunohistochemical staining

The tissue samples were fixed in 10% formalin and embedded in par-
affin. Serial sections (5 um) were dewaxed, deparaffinized in xylene,
and rehydrated with a graded alcohol series. Antigen retrieval in cit-
rate buffer (pH 6.0) was performed with a microwave oven for 20 min.
The sections were incubated in 5% goat serum (60 min) to prevent
nonspecific antigen binding. Endogenous peroxidase activity was in-
hibited with 0.3% hydrogen peroxidase for 30 min. Then the primary
antibodies were applied and incubated overnight at 4°C. The primary
antibodies were diluted as follows: PD-1 (ab117420, 1:50; Abcam,
Cambridge, MA), CD4 (ab237722, 1:4000; Abcam), Foxp3 (ab215206,
1:250; Abcam), and CD8 (bs-4791R, 1:100; Bioss, Woburn, MA). Then
the slides were incubated with a secondary antibody for 60 min. The
slides were washed and developed with 3,3-diaminobenzidine for
10 min. The slides were counterstained with Mayer's hematoxylin and
dehydrated with a graded alcohol series.

The evaluation of each slide was performed by a pathologist
in a blinded manner. The expression of PD-1, CD4, and Foxp3 in
Peyer's patches was evaluated. The PD-1-positive rate (the num-
ber of PD-1-positive cells / the number of mononuclear cells) was
recorded in a x400 high-power field.? The number of CD4- and
Foxp3-positive cells at five points in the x400 high-power field
was recorded.®

2.6 | Analysis of the gut microbiome by sequencing
16S rRNA gene clone libraries

To evaluate the influence of TU-100 on the gut microbiome, we se-

quenced the 16S rRNA gene (16S rDNA) clone libraries as previously
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described.® This analysis was performed for three samples in the
control + TU-100 group, BT group, and TU-100 group.

DNA was extracted from the rat feces according to the method
described by Kataoka et al** in which lysozyme and achromopeptidase
were used as lytic enzymes. Bacterial 16S rDNA was amplified using
the universal primers, 27F and 1492R. The amplicons were cloned into
pGEM-T Easy Vectors (Promega, Madison, WI), and libraries were con-
structed using Escherichia coli DH5a. From each library, 96 colonies
were randomly selected, and the inserted DNA fragments were am-
plified with primers SP6 and T7, which have annealing sites located
just outside of the cloning site of the pGEM-T Easy Vector. The ampl-
icons were purified, and the nucleotide sequences were determined
using 27F as a sequencing primer Takara Bio (Shiga, Japan). Of the
obtained sequences, low-quality sequences were removed. The un-
certain nucleotides at both ends were also trimmed. The assignment
of each 16S rDNA sequence was done by the Classifier program from
the Ribosomal Database Project® with a confidence level of over 80%.
Sequences were aligned with the ClustalW2 program and assembled
into operational taxonomic units (OTUs) with the parameters of >97%
identity and >90% alignment length, and the number of OTUs was

used to evaluate the diversity of gut microbiota.

2.7 | Statistical analyses

The statistical analyses were performed with JMP 8.0.1 (SAS, Cary,
NC). All data are presented as the mean + standard deviation (SD).
The differences between experimental groups were analyzed using
a one-way analysis of variance (ANOVA) or Student's t-test for un-

paired data. Statistical significance was defined as a P < .05.

3 | RESULTS
3.1 | The Peyer's patch parameters

The number of Peyer's patches was calculated along three regions of
small intestine (proximal, middle, and distal). There were few Peyer's
patches in proximal small intestine. There was no significant difference
in the numbers of Peyer's patches among four groups.

The size of the Peyer's patches was significantly decreased
by only TU-100 administration compared to the control group
(10.2 x 10* um? vs 19.0 x 10% um?, P = .03). The size of the Peyer's
patches in the BT group was increased compared to that in the con-
trol group (19.0 x 104 pm2 vs 29.4 x 10* pmz, P = .04). However, the
size increase was reversed by TU-100 cotreatment (13.1 x 104 pmz,
P =.0002, Figure 2A). There was no significant difference in size be-
tween the control and TU-100 groups (P = .07). PD-1 expression in
Peyer's patches in the TU-100 group (17.9 + 17.8%) was significantly
increased compared to that in the control (4.3 + 4.9%), P = .001) and
BT (5.1 + 10.3%), P = .007) groups (Figure 2B,C). There was no sig-
nificant difference in PD-1 expression between the control and BT

groups (P =.73).
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FIGURE 2 The Peyer's patch size and PD-1 expression. (A) The Peyer's patch size was significantly greater in the bacterial translocation
(BT) group than the control group (P < .05), but the size improved in the TU-100 group (P < .05). (B) The PD-1 expression in Peyer's patches
in the TU-100-treated group was increased compared to that in the control and the BT groups (P < .05). PD-1 expression was significantly
increased by administration of TU-100 only (P < .05). (C) Representative immunohistochemistry of PD-1 expression in Peyer's patches.

*P <.05, **P< .01, ***P< .001

3.2 | Immune cell frequency in the Peyer's patch

The number of CD4" cells was significantly increased in the
BT group than the control group (13.0 + 7.5 vs 103.8 + 17.8,
P = .0001). However, the frequency was significantly decreased
in the TU-100 group (68.8 + 16.8, P = .01). There was no differ-
ence between the control group and the control + TU-100 group
(P =.15).

The number of Foxp3"* cells was rarely observed in the control group
(1.0 + 2.2, Figure 3B). There was no difference between the control
group and the control + TU-100 group. Compared to the control group,
the CPT-11-treated group showed a significantly increased number of
Foxp3* cells (1.0 + 2.2 vs 11.0 + 2.5, P = .0002). Furthermore, TU-100
cotreatment further increased the number of Foxp3* cells (21.0 + 5.4:

vs control group, P < .0001: vs BT group, P = .005).

The number of CD8" cells was more frequently observed in
the control + TU-100 group than the control group (5.7 + 5.3 vs
26.1 + 16.6, P = .004, Figure 3C) in Peyer's patches. CD8" cells
were significantly increased in the BT group than the control group
(5.7 £5.3vs 66.3 + 19.7, P <.0001). The frequency was significantly
decreased in the TU-100 group (33.3 + 19.6, P = .01).

3.3 | Inflammatory cytokine mRNA expression in
small intestine

Pattern recognition receptor-like Toll-like receptors (TLRs) activate
inflammatory signaling pathways. TLR4 mRNA expression was sig-
nificantly increased by administration of only TU-100 (0.19 + 0.11
vs 0.74 + 0.17, P = .0005, Figure 4A). TLR4 mRNA expression
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was significantly higher in the BT group than the control group
(0.19 + 0.11 vs 1.43 + 0.59, P = .0005, Figure 4A). However, TU-
100 cotreatment significantly downregulated CPT-11-induced TLR4
mRNA expression (0.67 + 0.23, P = .005).

The administration of TU-100 was not affected to TNF-a and
NF-kp mRNA expression. Compared with the control group, the
CPT-11-treated group showed significantly increased mRNA expres-
sion of TNF-a (0.26 + 0.12 vs 1.37 + 0.30, P < .0001) and NF-xp
(0.54 + 0.17 vs 1.27 + 0.18, P < .0001). Conversely, compared with
the CPT-11-treated group, the TU-100-cotreatment group showed
significantly improved expression of TNF-a (0.74 + 0.29, P = .002,
Figure 4B) and NF-kp (0.79 + 0.17, P < .0001, Figure 4C).

On the other hand, IL-18 and IL-6 mRNA expression was signifi-
cantly decreased by administration of only TU-100 (Figure 4D,E). IL-1p
and IL-6 mRNA expression were significantly higher in the BT group
than the control group (IL-1p: 0.51 + 0.11 vs 1.00 + 0.31, P = .004, IL-
6:0.03 +£0.01 vs 1.76 + 0.6, P = .01). Although there was no significant
difference, the TU-100-cotreatment group showed improved expres-
sion of IL-1B (0.69 + 0.35, P =.10) and IL-6 (0.96 + 0.38, P = .16).

3.4 | Composition of the gut microbiota
The average of total sequence reads in each group was 22,177 + 1425

in the control + TU-100 group, 10,950 + 1393 in the BT group,
and 26,713 + 18 712 in the TU-100 group. The diversity of the

microbiome was significantly decreased in the BT group compared
to the control + TU-100 group (P = .0006). TU-100 improved the
diversity of the microbiome (P = .21).

Figure 5 shows the major microbiome composition of the BT and
TU-100 groups. In the BT group, the abundance Lactobacillus was
remarkably decreased compared to the control + TU-100 group.
The TU-100 group showed a recovered ratio of Lactobacillus. On
the other hand, the abundance of Oscillibacter, Shigella, Eschericha,
Enterobacter, Hydrogenoanaerobacterium, Blautia, and Parabacteroides
was increased in the BT group compared to the control + TU-100
group and decreased in the TU-100 group compared to the BT
group. The abundance of Akkermansia, Allobaculum, and Dorea was
increased in the BT group compared to the control + TU-100 group.
Moreover, these abundances were increased in the TU-100 group
compared to the BT group.

4 | DISCUSSION

CPT-11 has been used as an extremely effective anticancer drug for
a variety of solid tumors. However, the safety of the drug is limited,
particularly in debilitated patients, due to its toxicity-associated side
effects, including severe diarrhea. Therefore, another treatment
combination should be investigated to block the cytotoxic effect of
CPT-11 in normal cells but not in tumor cells. TU-100 has negligi-

ble side effects, which have been investigated in previous in vivo, in
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FIGURE 4 Inflammatory cytokine mRNA expression in small intestine (A) TLR4, (B) TNF-a, (C) NF-xf, (D) IL-1p and (E) IL-6. CPT-11 caused

a significant increase in TLR4, TNF-a, NF-«kp, IL-18, and IL-6 mRNA expression in the bacterial translocation group. TU-100 cotreatment
significantly reversed increases of TLR4, TNF-a, and NF-xf expression. *P < .05, **P < .01, ***P < .001

vitro, and clinical trial studies. However, TU-100 has multiple func-
tions, including the downregulation of inflammatory mediators.??
Our previous findings revealed that TU-100 cotreatment prevents
CPT-11-induced BT through the inhibition of inflammation and ap-
optosis. Furthermore, TU-100 treatment improved CPT-11-related
T) dysfunction.7 However, the influence of TU-100 on the immune
system has not been investigated thus far.

The recent emergence of immunotherapy provides opportuni-
ties for herbal medicines to reduce the side effects of chemotherapy
because of their safety. Herbal medicines play a role in enhancing
immunity induced with cancer vaccines and immune responses of
cancer immunotherapy.14 Recently, the immunomodulatory abil-
ity of herbal medicines has attracted much attention. Several re-
ports have demonstrated that TJ-41 (Hochu-ekki-to) enhances
natural killer (NK) cell activity, activates anticancer immunity, and
protects against infections in animal models.*> NJT (Ninjinto) also
increases NK cell activity in peripheral blood mononuclear cells
and effectively controls functional gastrointestinal disorders as-
sociated with chronic intestinal failure.X® A recent study showed
that TJ-35 (Shigyakusan) prolongs the survival of fully allogeneic
cardiac allografts and may induce regulatory CD4*CD25*Foxp3*
cell production.’” These reports suggest the possible use of herbal

medicines as modulators of the immune response. Our present and

previous data showed that TU-100 treatment clearly suppressed
BT-induced inflammation (TNF-a and NF-xp), possibly through the
TLR pathway.” The frequency of both CD4" and Foxp3* cells was
increased by BT, reflecting inflammation. In contrast, the frequency
of CD4" cells was decreased, but Foxp3* cell numbers were fur-
ther increased by treatment with TU-100. The transcription fac-
tor Foxp3 is a well-established marker of regulatory T cells (Tregs)
and is required for Treg cell differentiation and function.'® Foxp3*
Tregs play a crucial role in maintaining immune homeostasis, pre-
venting autoimmunity, and regulating excessive immune responses.
The number of Foxp3® cells in the BT group might be increased to
suppress excessive inflammation. Moreover, the Foxp3" expres-
sion was increased by TU-100 cotreatment. An additional possible
mechanism is immune system modulation via PD-1 expression in
Peyer's patches. PD-1 (CD28 family member) is expressed on many
immune cells, such as myeloid cells, B cells, and activated T cells.”?
PD-1 downregulates inflammatory responses through the inhibi-
tion of cytokine production. PD-1 activates the transcription factor
Foxp3, which is also known as a strong regulator of T cells.?° Our
data showed that PD-1 expression in Peyer's patches was strongly
induced by TU-100 treatment. The induction of PD-1 by TU-100
might activate Foxp3 and regulate excess inflammation through in-

ducing Treg production.
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FIGURE 5 Composition of the gut microbiota. The abundance of Oscillibacter, Shigella, Eschericha, Enterobacter,
Hydrogenoanaerobacterium, Blautia, and Parabacteroides was increased in the bacterial translocation (BT) group compared to the
control + TU-100 group and decreased in the TU-100 group compared to the BT group

A recent study showed that PD-1 regulates the gut microbiota
through appropriate selection of IgA, which maintains homeostasis
at mucosal surfaces.® The study showed that PD-1 deficiency per-
turbs the balance of bacterial communities in the gut. We previously
showed that TU-100 prevents the reduction in microbiome diversity in
a rat fasting stress model.*®
changed by TU-100 treatment in that study, the OTU was increased

in the TU-100 group. However, The TU-100 changed the composition

Although the diversity was not significantly

of gut microbiota dramatically. In the TU-100 group, the abundance of
Lactobacillus was remarkably increased. In line with our result, the recent
study showed Lactobacillus ameliorates TNF-a-induced BT in Caco-2
cells through regulation of TLR4.%* On the other hand, in the abun-
dance of pathogenic bacteria causing the colonic inflammation such
as Oscillibacter, Shigella®?, Eubacterium®, Enterobacter®®, Escherichia,
and Hydrogenoanaerobacterium® were increased in the BT group and
decreased in the TU-100 group. Oscillibacter mediates HFD-induced
gut dysfunction and correlates with gut permeability.?® A recent report
showed that IgA could suppress the cell growth of E. coli and improve the
intestinal environment.?’ The role of Akkermancia is still controversial for
colitis but the ratio of Akkermancia was further increased in the TU-100
group compared to the control + TU-100 group and the BT group.??=°

Only two beneficial bacteria, Parabacteroides®! and Blautia®?,

which had a protective effect for colitis, were decreased in the

TU-100 group. Our data suggest TU-100 exerts a protective ef-
fect through inducing Lactobacillus and reducing several patho-
genic bacteria. The correlations among these changes in gut
microbiota and PD-1 expression needs to be confirmed by further
investigation.

There are two major limitations to this study that could be ad-
dressed in future research. First, the sample size was relatively small.
Second, the proteins of interest were assessed by only one experi-
ment (MRNA level or protein level). Moreover, the detailed mecha-
nism of PD-1 induction in Peyer's patches was not fully investigated

in this study, and further investigation is needed.

5 | CONCLUSION

In conclusion, TU-100 may protect against BT via PD-1 expression
regulation in Peyer's patches. Our data suggest a new immunomodu-
latory effect of TU-100. Our finding will be a new aspect of TU-100
for the treatment of BT.
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