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Green tea extract prevents
CPT-11-induced diarrhea
by regulating the gut microbiota

Risako Kon?, Nobutomo Ikarashi'*’, Arisa Yamaguchi?, Yuka Teshima?l, TamamiYamaguchi?,
Kanako Miyaoka?, Moeno Fukuda?, Hinata Noguchi?, Rei Tomimoto?, Hiroyasu Sakai?,
Junzo Kamei? & Tomoo Hosoe?

Irinotecan (CPT-11) is an anticancer drug with indications for use in treating various cancers, but
severe diarrhea develops as a side effect. We investigated the effects of green tea extract (GTE) on
CPT-11-induced diarrhea, focusing on B-glucuronidase and intestinal UGT1A1. When CPT-11 was
administered to rats alone, the fecal water content was approximately 3.5-fold higher in this group
than in the control group, and diarrhea developed. The fecal water content in the GTE-treated group
was significantly higher than that in the control group, but the difference was smaller than that
between the group treated with CPT-11 alone and the control group, and diarrhea improved. When
CPT-11 was administered alone, the abundances of Bacteroides fragilis and Escherichia coli, which are
B-glucuronidase-producing bacteria, increased and interleukin-6 and interleukin-1p mRNA levels in
the colon increased, but GTE suppressed these increases. CPT-11 decreased colon UGT1A1 and short-
chain fatty acid levels; however, this decrease was suppressed in the GTE-treated group. The findings
that GTE decreases the abundance of B-glucuronidase-producing bacteria and increases colon UGT1A1
levels, thereby decreasing the production of the active metabolite SN-38 in the intestinal tract,
indicate that GTE ameliorates CPT-11-induced diarrhea.

Irinotecan (CPT-11), an anticancer drug, is effective against various cancers. However, gastrointestinal disor-
ders, such as diarrhea, anorexia, stomatitis, nausea, and vomiting, frequently occur during the use of CPT-11.
In particular, diarrhea is a side effect observed in approximately 80% of patients and is a factor that considerably
reduces the quality of life (QOL)"

CPT-11-induced diarrhea is classified into early-onset and late-onset®. Early-onset diarrhea results from the
inhibition of acetylcholinesterase, which activates the parasympathetic nerves, resulting in increased intestinal
peristalsis. Therefore, this early-onset diarrhea is ameliorated by the administration of anticholinergic drugs such
as atropine*”. However, late-onset diarrhea is extremely serious and results from the following mechanism. CPT-
11 is first metabolized to the active metabolite 7-ethyl-10-hydroxycamptothecin (SN-38) by carboxyesterases in
the liver. SN-38 undergoes glucuronidation by uridine diphosphate-glucuronosyltransferase 1A1 (UGT1A1) to
form SN-38-glucuronide (SN-38G), which is excreted in bile and transported into the intestinal tract. SN-38G
is deconjugated by B-glucuronidase derived from intestinal bacteria and converted to SN-38 again®®. SN-38
causes mucosal damage in the intestinal tract, resulting in severe diarrhea as a side effect’. At present, loperamide,
which inhibits intestinal peristalsis, and hange-shashinto (HST), a traditional Kampo medicine that inhibits
B-glucuronidase, are used to treat CPT-11-induced late-onset diarrhea'®!!. However, the therapeutic effects of
these agents are not sufficient, and in some patients with severe symptoms, the dosage of CPT-11 is reduced or
the drug is discontinued. There are reports that cyclooxygenase-2 inhibitors, antibacterial drugs, and curcumin
are also useful in the treatment of diarrhea'?~'%, but their effects are limited, and they have not yet reached clinical
application. Therefore, the discovery of new preventive and therapeutic agents for CPT-11-induced diarrhea is
extremely important for cancer treatment.

It was recently reported that polyphenols contained in the leaves of Camellia sinensis inhibit p-glucuronidase
activity'®. Processed leaves are consumed as green tea and other luxury items, and the extracted ingredients are
used as health care supplements. Based on these findings, we hypothesized that the use of beverages or supple-
ments containing green tea polyphenols during cancer chemotherapy may prevent CPT-11-induced diarrhea. In
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this study, we focused on green tea extract (GTE) as a new tool to prevent CPT-11-induced late-onset diarrhea
and investigated its usefulness. Specifically, we examined the degree of diarrhea in a rat model of CPT-11-induced
late-onset (delayed) diarrhea when GTE was administered in combination with CPT-11 (Fig. 1A). In this study,
HST, which has been reported to suppress CPT-11-induced diarrhea, was used as a positive control to compare
its effects'.

Results

Effects of GTE on CPT-11-induced delayed diarrhea. The body weight of rats in the group treated
with CPT-11 alone began to decrease from the second day of CPT-11 administration, and on the final day, it was
approximately 80% of that on Day 0. In contrast, the body weight in the GTE-treated group was significantly
lower than that in the control group, but the change was milder than that in the CPT-11 alone group (Fig. 1B).
Food intake by rats treated with CPT-11 alone significantly decreased to approximately 5% of that in the control
group at 72 h after the last CPT-11 administration. In the GTE-treated group, the food intake was lower than
that in the control group, but it was significantly higher than that in the group treated with CPT-11 alone, and
constant food intake was maintained during the period (Fig. 1C). These results indicated that GTE suppressed
the CPT-11-induced decrease in body weight and appetite, and this effect tended to be stronger than that of HST.
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Figure 1. Effects of GTE on CPT-11-induced delayed diarrhea. Rats were administered CPT-11 or lactic acid
buffer intravenously for 4 days, and HST or GTE was administered in combination (A). Body weight (B), 24-h
food intake (C), and fecal water content (D) were measured. The water content in feces is shown as 100% of
the mean value in the control group. The mRNA levels of IL-6 (E), IL-1f (F), and iNOS (G) in the colon were
measured by real-time PCR. The levels of each gene were normalized using -actin levels and are shown as
100% of the mean value in the control group (mean+S.D., n=5, *p <0.05, **p <0.01, *** p <0.001 vs. Cont.,
p<0.05, p<0.001 vs. CPT-11).
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In the group treated with CPT-11 alone, the fecal water content began to increase 48 h after the final CPT-11
administration and was 3.5 times higher than that in the control group at 72 h, and diarrhea developed (Fig. 1D).
At this time, the mRNA levels of interleukin-6 (IL-6), interleukin-1f (IL-1p), and inducible nitric oxide synthase
(iNOS) increased in the colon, and inflammation occurred (Fig. 1E-G). In the GTE-treated group, the fecal
water content was significantly lower than that in the group treated with CPT-11 alone during the onset of diar-
rhea and was significantly lower than that in the HST-treated group after 72 h (p=0.002 vs. HST) (Fig. 1D). In
addition, the expression levels of IL-6 and iNOS in the GTE-treated group were significantly lower than those
in the CPT-11 alone group (Fig. 1E,G). These results indicated that GTE suppressed CPT-11-induced diarrhea
and colonic inflammation.

Effects of GTE on B-glucuronidase activity and B-glucuronidase-producing bacteria. CPT-
11-induced diarrhea is caused by SN-38, an active metabolite produced by p-glucuronidase derived from intes-
tinal bacteria®. Therefore, we investigated whether GTE directly inhibits p-glucuronidase activity by an in vitro
study. The results showed that GTE decreased p-glucuronidase activity in a dose-dependent manner (Fig. 2A).
In contrast, HST inhibited B-glucuronidase activity only at a concentration of 400 pg/mL (Fig. 2B). These results
indicated that GTE directly inhibited B-glucuronidase activity, and this effect was stronger than that of HST.

In the CPT-11 alone group, the levels of Bacteroides fragilis, Escherichia coli, Clostridium perfringens, and
Eubacterium eligens producing p-glucuronidase with high SN-38G deconjugation activity'” were all significantly
increased compared to those in the control group (Fig. 2C-F). In the GTE-treated group, the increase in B. fragilis
and E. coli abundances induced by CPT-11 was significantly suppressed. Although HST suppressed the increase
in B. fragilis abundance induced by CPT-11, it further enhanced the CPT-11-induced increase in C. perfringens
and E. eligens abundances. These results indicated that GTE regulated the abundances of B-glucuronidase-
producing bacteria.

Effects of GTE on gastrointestinal UGT1ALl. According to previous reports, CPT-11-induced delayed
diarrhea is more severe in patients with UGT1A1 gene polymorphisms'®. Briefly, this is because SN-38 directly
enters the intestinal tract as a result of decreased UGT1A1 activity in the liver. UGT1A1 is also highly expressed
in the gastrointestinal tract'>?. Recent papers showed that CPT-11-induced gastrointestinal inflammation and
mucosal damage were lower in mice that experimentally expressed UGT1A1 specifically in the gut than in mice
with liver-specific expression?!. Therefore, we focused on gastrointestinal UGT1A1 as a mechanism by which
GTE improves CPT-11-induced delayed diarrhea.

CPT-11 treatment alone did not alter UGT1A1 mRNA expression in the rat ileum. This finding was similarly
observed in rats administered GTE or HST (Fig. 3A). However, the mRNA and protein levels of UGT1A1 in the
colon were significantly lower in the group administered CPT-11 alone than in the control group, but the decrease
was suppressed in the GTE-treated group. Although the CPT-11-induced decrease in colonic UGT1A1 expres-
sion was inhibited in the HST-treated group, this effect was weaker than that observed in the GTE-treated group
(p=0.03 vs. GTE) (Fig. 3B, C). These results indicated that GTE suppressed the decrease in colonic UGT1A1
expression induced by CPT-11.

Effects of GTE on UGT1A1 expression levels in HT-29 cells. We investigated whether GTE directly
alters the expression of UGT1A1 in the colon using human colon cancer-derived HT-29 cells. As a result, even
if GTE was added to HT-29 cells and cultured for up to 24 h, no change in the expression level of UGT1A1 was
observed. When GTE was incubated at concentrations of 5 ug/mL or higher for 48 to 72 h, the UGT1A1 expres-
sion level was significantly lower in these cells than in the control cells (Fig. 4A). These results indicated that it
was unlikely that GTE directly increased colonic UGT1A1 expression.

Effects of short-chain fatty acid (SCFA) on the expression level of UGT1Alin HT-29 cells. GTE
and its constituent polyphenols have been shown to improve nonalcoholic fatty liver disease (NAFLD) and
dextran sulfate sodium (DSS)-induced colitis via the gut microbiota?>*. It is also known that GTE increases the
levels of SCFAs, which are metabolites derived from the gut microbiota®, and that SCFAs regulate the expression
of UGT1A1%. Therefore, we investigated the possibility that GTE acted on the gut microbiota and increased the
expression of UGT1AL in the colon.

First, we confirmed whether SCFAs increase UGT1A1 expression in HT-29 cells. When acetic acid was added
to HT-29 cells, the mRNA level of UGT1A1 did not change at any concentration (Fig. 4B). In contrast, propionic
acid and butyric acid increased the UGT1A1 level in a dose-dependent manner (Fig. 4C,D).

Next, we measured the concentration of SCFAs in the cecal contents of rats in which diarrhea was improved
by the administration of GTE. Among the detected SCFAs, rats treated with CPT-11 showed significantly lower
concentrations of acetic acid, propionic acid, and butyric acid than rats in the control group, and the total SCFA
concentration decreased (Fig. 5). In contrast, GTE treatment significantly improved CPT-11-induced decreases
in SCFA levels, and in particular, propionic acid levels recovered to the same level as that in the control group.
The total concentration of SCFAs in the HST-treated group was higher than that in the CPT-11-treated group,
but this effect was weaker than that in the GTE-treated group (p=0.02 vs. GTE) (Fig. 5D). These results suggest
that GTE may have increased the expression of colon UGT1A1 through increased production of SCFAs.

Changes in the gut microbiota mediated by GTE treatment. GTE may have suppressed the CPT-
11-induced decrease in colonic UGT1A1 expression by acting on the gut microbiota and increasing the levels
of gut microbiota metabolites. Therefore, we analyzed the changes in the gut microbiota induced by GTE treat-
ment using next-generation sequencing. In the CPT-11-treated group, the phyla Firmicutes and Proteobacteria
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Figure 2. Effects of GTE on B-glucuronidase activity and bacteria involved in B-glucuronidase production.
(A,B) GTE (A) or HST (B) was mixed with enzyme solution extracted from rat feces, and p-glucuronidase
activity was evaluated. The mean value in the control group (0 ug/mL) is shown as 100% (mean+S.D., n=3,
**p<0.01 vs. 0 ug/mL). (C-F) Rats were administered CPT-11 or lactic acid buffer intravenously for 4 days, and
HST or GTE was administered in combination. The levels of B. fragilis (C), E. coli (D), C. perfringens (E), and

E. eligens (F) were measured by real-time PCR. Each value was normalized using 16S rRNA levels and is shown
as 100% of the mean value in the control group (mean+S.D., n=5, *p<0.05, **p <0.01, **p<0.001 vs. Cont.,
7p<0.05, Tp<0.01 vs. CPT-11).
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Figure 3. Changes in intestinal UGT1A1 expression after CPT-11 and GTE treatment. Rats were administered
CPT-11 or lactic acid buffer intravenously for 4 days, and HST or GTE was administered in combination. The
mRNA and protein expression levels of UGT1A1 in the small intestine (A) or colon (B or C) were analyzed

by real-time PCR or Western blotting. Each value was normalized using B-actin levels and is shown as 100%

of the mean value in the control group (mean+S.D., n=5, *p<0.05, **p <0.01, **p <0.001 vs. Cont., 'p <0.05,
"p<0.01 vs. CPT-11).

accounted for approximately 30% of the total, followed by Bacteroidetes. The CPT-11-treated group exhibited a
higher proportion of Bacteroidetes and Proteobacteria than the control group. In contrast, the phylum Firmicutes
accounted for approximately 30% in the GTE-treated group, followed by Bacteroidetes, Proteobacteria, and Ver-
rucomicrobia. GTE resulted in a lower proportion of Proteobacteria than CPT-11 alone but a higher proportion
of Verrucomicrobia. In the HST-treated group, the proportion of the phylum Firmicutes was the highest, and the
gut microbiota composition was similar to that in the control group (Table 1 and Supplemental Fig. 1).

Further analysis at the family level revealed that the CPT-11-treated group had a higher proportion of Entero-
bacteriaceae, Bacteroidaceae, and Enterococcaceae and a lower proportion of Lactobacillaceae. GTE treatment
ameliorated the increased proportion of Enterococcaceae induced by CPT-11 treatment. A similar trend was
observed in the HST-treated group (Fig. 6 and Table 2). These results indicated that GTE can alter gut microbiota
induced by CPT-11.

Discussion
In this study, we focused on the use of GTE as a new strategy to prevent CPT-11-induced delayed diarrhea and
verified its efficacy. When CPT-11 was administered intravenously to rats at a dose of 100 mg/kg/day for 4 days,
body weight and 24-h food intake were significantly lower in these rats than in the control group (Fig. 1B,C).
In addition, 72 h after the final administration of CPT-11, the fecal water content was approximately 3.5 times
higher than that in the control group (Fig. 1D), indicating inflammation in the colon (Fig. 1IE-G). These results
were consistent with the characteristics of CPT-11-induced delayed diarrhea'®*. When GTE was orally adminis-
tered to these rats 7 days before CPT-11 administration, the decrease in body weight and food intake by CPT-11
treatment was suppressed, and the increases in fecal water content and diarrhea were improved (Fig. 1B-D).
In this study, since the periods of GTE and HST administration were different, direct comparison between the
two groups was not possible. However, the antidiarrheal effect of GTE seems to be stronger than that of HST,
which is currently used as a therapeutic agent. These results suggested that GTE could be an effective tool for
preventing diarrhea caused by CPT-11.

Next, we examined the mechanism of the improvement of CPT-11-induced diarrhea mediated by
GTE. B-glucuronidase is present in intestinal epithelial cells and immune cells such as macrophages, and
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Figure 4. Effect of GTE and SCFAs on UGT1A1 expression in HT-29 cells. GTE (A), acetic acid (B), propionic
acid (C), and butyric acid (D) were added to HT-29 cells, and the mRNA level of UGT1A1 was measured.
UGT1ALl levels were normalized using GAPDH levels and are shown as 100% of the mean value in the control
group (mean+S.D., n=4, *p<0.05, **p<0.01, **p<0.001 vs. 0 pg/mL or 0 uM).

B-glucuronidase derived from gut microbiota plays an important role in CPT-11-induced diarrhea®. Among
several hundred types of -glucuronidases derived from gut microbiota, -glucuronidase encoding Loop1 exhib-
its high hydrolytic activity against SN-38G"’. In this study, the abundances of B. fragilis, E. coli, C. perfringens,
and E. eligens, which encode Loopl, were significantly higher in the CPT-11-treated group with diarrhea than
in the control group. In contrast, GTE suppressed the increase in the abundances of these intestinal bacteria
(Fig. 2C-F) and directly inhibited B-glucuronidase activity (Fig. 2A). GTE contains various polyphenols, such
as epigallocatechin gallate (EGCG), epicatechin gallate (ECG), epigallocatechin (EGC), gallocatechin, and gal-
locatechin gallate. Among these polyphenols, EGCG and ECG strongly inhibit -glucuronidase activity'>*, and
EGCG also has antibacterial activity?®. The GTE used in this study contains polyphenols such as EGCG, ECG,
and EGC, and EGCG is the most abundant, containing 57%. These results suggest that polyphenols contained
in GTE prevented CPT-11-induced colitis by directly inhibiting -glucuronidase activity and by decreasing the
levels of B-glucuronidase-producing bacteria.

CPT-11-induced delayed diarrhea is more severe in patients with UGT1A1 gene polymorphisms. In brief,
it has been reported that patients with UGT1A1*27 or 1*28 have a 5.2-fold higher risk of developing severe
diarrhea's. This is because SN-38 enters directly into the intestinal tract as a result of decreased UGT1A1 activ-
ity in the liver. Recently, it was reported that UGT1AL1 is also abundantly expressed in the gastrointestinal tract
and that CPT-11-induced gastrointestinal inflammation and mucosal damage were reduced in mice in which
UGT1AL1 was specifically expressed in the gastrointestinal tract than in mice in which UGT1A1 was specifically
expressed in the liver?!. In addition, CPT-11 administration to liver-specific UGT1A1-deficient mice resulted in
the same mortality as that in wild-type mice, whereas CPT-11-induced diarrhea and intestinal mucositis were
more severe in gut-specific UGT1A1-deficient mice than in wild-type mice?**. These findings suggest that
gastrointestinal UGT1AL1 plays an important role in reducing SN-38 toxicity in the gut. Therefore, we focused
on the function of gastrointestinal UGT1A1 as a mechanism by which GTE improves CPT-11-induced delayed
diarrhea. The expression level of UGT1A1 in the group administered CPT-11 was only significantly lower than
that in the control group in the colon. In contrast, GTE treatment suppressed this decrease (Fig. 3B,C). Since
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Figure 5. Changes in SCFA concentrations in the cecum after CPT-11 and GTE treatment. Rats were

administered CPT-11 or lactic acid buffer intravenously for 4 days, and HST or GTE was administered in
combination. Acetic acid (A), propionic acid (B), butyric acid (C), and total SCFA concentrations (D) in

GTE

the cecum were measured by HPLC (mean+S.D., n=5, *p<0.05, *p<0.01, **p<0.001 vs. Cont., 'p<0.05,
p<0.01, ""p<0.001 vs. CPT-11).

Phylum Cont. CPT-11 HST GTE
Firmicutes 42.7+£25 33.4+4.9 33.4+7.7 28.8+3.2%*
Bacteroidetes 3.2+0.2 15.8+4.7* 3.0+1.4" 22.5+0.8%**
Proteobacteria - 29.2+10.8% 1.2+0.6" 14.3+6.8%
Verrucomicrobia 0.1£0.1 2.0£1.0 2.8+1.8 10.0+2.6*"
Actinobacteria 0.4£0.1 0.7£0.1 0.9+0.3 2.5+0.9%"
Deferribacteres - - 2.1+0.8" 0.1£0.0°%"
Reject hit 53.5+2.3 18.9+8.9 56.6+8.7 21.8+6.0

Table 1. Phylum level proportions of gut microbiota. Rats were administered CPT-11 or lactic acid buffer
intravenously for 4 days, and HST or GTE was administered in combination. The relative abundance at the

phylum level in the gut microbiota was measured by next-generation sequencing.

« »

indicates that the value

is greater than 0 and less than 0.1 (mean +S.D., n=3, *p <0.05, **p <0.01, **p <0.001 vs. Cont., 'p <0.05 vs.

CPT-11).

GTE did not directly increase UGT1A1 levels (Fig. 4A), GTE may have indirectly increased colonic UGT1A1

expression and improved CPT-11-induced delayed diarrhea.

To date, it has been reported that the expression level of intestinal UGT1A1 is regulated by SCFAs, which are
intestinal bacterial metabolites®. It has also been reported that GTE increases the concentration of SCFAs in the
intestine and that GTE and its constituent polyphenols affect the gut microbiota?>**. Therefore, we investigated
the possibility that GTE acted on the gut microbiota and increased the expression of UGT1A1 in the colon. The
results showed that among SCFAs, propionic acid and butyric acid increased UGT1A1 expression (Fig. 4C,D).
The concentrations of propionic acid and butyric acid were higher in the GTE-treated group than in the group
treated with CPT-11 alone (Fig. 5B,C). Propionic acid and butyric acid are mainly produced by intestinal bacteria
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Figure 6. Relative abundance at the family level in the gut microbiota. Rats were administered CPT-11 or lactic
acid buffer intravenously for 4 days, and HST or GTE was administered in combination. The relative abundance
at the family level in the gut microbiota was measured by next-generation sequencing (A). Boxplots showing
Enterobacteriaceae (B), Bacteroidaceae (C), Enterococcaceae (D), Lactobacillaceae (E), Peptostreptococcaceae (F),
and Akkermansiaceae (G) of taxonomic abundance at the family level (mean +S.D., n=3, *p <0.05, **p<0.01,
% <0.001 vs. Cont., 'p<0.05 vs. CPT-11).

such as Bacteroides, Eubacterium, and Clostridium, among which Bacteroides utilizes lactic acid in the intestine
to produce propionic acid and succinic acid*’. When GTE was administered, the levels of Lactobacillaceae that
produced lactic acid and Bacteroideaceae were present in a constant ratio (Fig. 6C, E and Table 2), and the
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Family Cont. CPT-11 HST GTE
Lactobacillaceae 17.3£3.8 | 6.8%59 13.6+2.3 12.5+5.5
Enterobacteriaceae - 28.7+10.7¢ | 0.9+0.7" 14.2+6.8*
Peptostreptococcaceae 13.6+£09 |6.8+3.9 6.2+3.4* 2.7+£1.17%*
Lachnospiraceae 6.1+1.2 7.8+£3.9 4.7+0.4 7.1£3.0
Bacteroidaceae 0.7+£0.0 13.9+5.5% 0.5+0.2" 8.5+£0.7**
Akkermansiaceae 0.1+0.1 2.0+1.0 2.8+1.8 10.0+2.6% 7
Tannerellaceae 09402 |0.5+0.1* 0.2+0.2% 10.9+2.6%1
Ruminococcaceae 1.2+0.2 29+1.9 1.9+0.9 3.6+1.0*
fa. Phocaecola incertae sedis | 0.4+£0.0 | 0.7+0.7 1.4+0.6 3.0+15
Enterococcaceae - 5.0+2.6 - 0.2+0.2
fa. Flbacer incertae sedis - 0.5+0.3 3.6£0.6*1 10.1£0.1
Deferribacteraceae - - 2.1+£0.8%7 0.1+£0.00
Clostridiaceae 1.0£0.9 |0.2+0.1 0.7+0.4 0.3+0.2
Eggerthellaceae 0.2+0.1 |0.1+£0.0 0.5+0.2" 1.2+0.7
fa. Lawobacer incertae sedis | 0.7+0.5 | 0.3+0.3 0.6+0.5 0.2£0.2
Muribaculaceae 0.7+02 |0.6+0.3 0.5+0.3 0.1£0.0%
Staphylococcaceae 0.5+0.3 |0.1£0.1 0.4+0.4 0.5+0.2
fa. Iemoa incertae sedis 0.1£0.1 | 0.1£0.1 1.1+04%1 -
Bifidobacteriaceae - 0.4+£0.1% 0.2+0.0% 0.5+£0.1%
Rikenellaceae 0.6+0.2 |0.1+0.1% 0.3+0.3 -
Streptococcaceae 0.1+£0.0 |0.5+0.2* 0.2+0.1 0.2+0.0*
Coriobacteriaceae - - - 0.6+.2%1
Erysipelotrichaceae - 0.5+0.5 - -
Micrococcaceae 0.1+£0.0 0.1+0.1 0.1+0.1 0.2+0.0
Desulfovibrionaceae - - 0.3+0.2 0.1£0.0
Eubacteriaceae 0.4£0.1 —r e —*
Morganellaceae - 0.5+0.4 - -
Aerococcaceae - - - 0.1+0.1
Corynebacteriaceae - - 0.1+0.1 -

Not determined 1.5+0.2 1.9+0.2 0.5+0.3 1.2+0.8
Reject hit 53.5+23 | 18.9+89 56.6+8.7 21.8+6.0

Table 2. Family level proportions of gut microbiota. Rats were administered CPT-11 or lactic acid buffer
intravenously for 4 days, and HST or GTE was administered in combination. The relative abundance at the
family level in the gut microbiota was measured by next-generation sequencing. “-” indicates that the value
is greater than 0 and less than 0.1 (mean +S.D., n=3, *p<0.05, **p<0.01, **p <0.001 vs. Cont., /p<0.05,
Tp<0.01 vs. CPT-11).

concentrations of propionic acid and succinic acid were high (Fig. 5D). Although the gut microbiota in the
HST-treated group was similar to that of the control group, it is possible that the abundance of Bacteroidaceae
was not sufficient to compensate for the decrease in propionic acid concentration due to CPT-11. It is also very
interesting that the proportion of Akkermansiaceae increased in the GTE-treated group (Fig. 6G and Table 2).
Akkermansia muciniphila, which belongs to Akkermansiaceae, is a mucin-producing bacterium, and it has been
reported that the levels of sulfated mucins and the abundance of A. muciniphila were decreased in patients
with ulcerative colitis®. It has also been reported that administration of A. muciniphila improves DSS-induced
colitis****. Therefore, the effect of GTE on Akkermansiaceae may also help to suppress CPT-11-induced diarrhea.

The expression of UGT1A1 is regulated by the nuclear receptors aryl hydrocarbon receptor (AhR) and preg-
nane X receptor, and propionic acid and butyric acid have strong ligand activity for AhR?*. We also found that
treatment of HT-29 cells with propionic acid and butyric acid increased the expression of AhR target genes (Sup-
plemental Fig. 2), indicating that propionic acid and butyric acid activated AhR. Therefore, it was considered that
propionic acid and butyric acid increased the expression of colon UGT1A1 by acting on AhR.

This study also revealed that GTE inhibited the decrease in food intake caused by CPT-11. This effect was
already observed before the onset of CPT-11-induced diarrhea, that is, 24 h after the final administration
(Fig. 1C,D). Since there was no difference in the food intake between rats treated with GTE alone and those in
the control group (data not shown), GTE itself does not seem to increase food intake. Although the detailed
mechanism by which the amount of food intake was maintained in the GTE-treated group is unknown, the
proliferation and differentiation of colonic epithelial cells are regulated by feeding®>*¢. Therefore, the effect of
GTE on maintaining food intake may contribute to the improvement of intestinal mucosal disorders in addition
to suppressing body weight loss caused by CPT-11.
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In conclusion, GTE prevents the development of CPT-11-induced colitis. It is also suggested that this mecha-
nism involves inhibition of -glucuronidase activity, a decrease in the abundance of B-glucuronidase-producing
bacteria, and suppression of SN-38 production associated with an increase in colonic UGT1A1 levels by regu-
lating the gut microbiota. In addition, GTE suppressed anorexia and weight loss caused by CPT-11. To date, it
has been reported that GTE improves CPT-11-induced oral mucositis*’. Therefore, taking GTE as a beverage
or supplement during CPT-11 use may be a useful tool to reduce the adverse effects caused by CPT-11 and may
contribute to improving the QOL of cancer patients.

Materials and methods

Materials. CPT-11 hydrochloride was purchased from Carbosynth Limited (Berkshire, UK). HST extract
powder (Lot. No. 2120014010) was purchased from Tsumura and Co. (Tokyo, Japan). Teafuran 90S (Lot. No.
201110-2, Ito En Ltd., Tokyo, Japan) was used as the GTE. Teafuran 90S is a dry powder made by extracting tea
leaves with hot water, followed by purification with adsorption columns and ethanol, and the total polyphenol
content is more than 90%.

Experimental design and assessment of diarrhea. Wistar rats (6 weeks old, male) were purchased
from Japan SLC (Shizuoka, Japan) and housed at a temperature of 24+ 1 °C and a humidity of 55+ 5%. After
being bred for a week, the animals were used for experiments.

The CPT-11-induced diarrhea rat model was established by a previously reported method?®. A total of 20
rats were divided into four groups: control group, CPT-11-treated group, HST-treated group, and GTE-treated
group (n=>5 per group). Rats were administered lactic acid buffer (45 mg/mL p-sorbitol, 0.9 mg/mL lactic acid;
pH 3.4) or CPT-11 (100 mg/kg/day) intravenously for 4 days. In the control group, distilled water was orally
administered twice a day for 14 days starting 7 days before administration of lactic acid buffer. In the CPT-11-
treated group, distilled water was orally administered twice a day for 14 days starting 7 days before administration
of CPT-11. In the HST-treated group, HST (1000 mg/kg/day) was orally administered twice a day for 8 days
starting 1 day before administration of CPT-11. In the GTE-treated group, GTE (1000 mg/kg/day) was orally
administered twice a day for 14 days starting 7 days before the administration of CPT-11 (Fig. 1A). Three days
after the last administration of CPT-11, the small intestine, large intestine, and intestinal contents were collected
under isoflurane anesthesia and stored at —80 °C. At 24 h, 48 h, and 72 h after the final administration of CPT-
11, excreted feces were collected and dried with an FDM-1000 freeze dryer (EYELA, Tokyo, Japan), and fecal
water content (%) was calculated.

Cell culture. Human colon cancer-derived HT-29 cells were maintained in Roswell Park Memorial Insti-
tute (RPMI) 1640 medium containing 100 U/mL penicillin G potassium, 100 pg/mL streptomycin, 0.25 pg/
mL amphotericin B, and 10% fetal bovine serum. Cells were seeded in 24-well plates, and subconfluent cells
were treated with GTE (0-10 pg/mL), acetic acid (0-2000 uM), propionic acid (0-2000 uM), or butyric acid
(0-2000 uM) for 3, 6, 24, 48, or 72 h.

Real-time PCR. Total RNA was extracted from small intestine, large intestine, or HT-29 cells using TRI
Reagent (Sigma-Aldrich Corp., St. Louis, MO, USA), and cDNA was synthesized using a High Capacity cDNA
Synthesis Kit (Applied Biosystems, Foster City, CA, USA). The primers shown in Supplemental Table 1 were
prepared, and the expression level of each gene was measured by a CFX Connect Real-Time PCR System (Bio-
Rad Laboratories, Hercules, CA, USA) under the following conditions: denaturation at 95 °C for 15 s, annealing
at 56 °C for 30 s, and elongation at 72 °C for 30 s.

Western blotting. The mucosa was scraped from the rat colon, suspended in dissecting buffer (0.3 M
sucrose, 25 mM imidazole, 1 mM ethylenediaminetetraacetic acid; pH 7.2) and homogenized on ice. The
homogenate was centrifuged (800xg, 4 °C, 15 min), and the supernatant was further centrifuged (200,000xg,
4 °C, 60 min). The supernatant was removed, and the precipitate was dispersed in dissecting buffer using an
ultrasonic homogenizer (UH-50, SMT Co., Ltd, Tokyo, Japan) to prepare a sample solution.

After measuring the protein concentration of the sample solution, the solution was mixed with loading
buffer. After electrophoresis of the sample solution on a polyacrylamide gel, it was transferred to polyvinylidene
difluoride membranes. The membranes were treated with rabbit anti-UGT1A1 antibody (Abcam, Cambridge,
UK) or rabbit anti-B-actin antibody (Bio regend, San Diego, CA, USA) as the primary antibody and donkey anti-
rabbit IgG-HRP antibody (Cytiva, Tokyo, Japan) as the secondary antibody. After the membrane was washed,
it was treated with ECL prime Western blotting detection reagents (Cytiva), and the bands detected by Image
Quant LAS500 (Cytiva) were analyzed.

B-glucuronidase activity assay. The enzyme solution was obtained by homogenizing normal rat feces
with a microhomogenizer and centrifuging (10,000xg, 5 min, 4 °C). The enzyme solution was mixed with HST
or GTE (final concentration: 0-400 pg/mL), and the B-glucuronidase substrate solution was added and incu-
bated at 37 °C for 60 min. The fluorescence signal at the excitation wavelength of 365 nm and emission wave-
length of 415-445 nm were measured by a GloMax Discover Microplate Reader (Promega, Madison, W1, USA).

Measurement of SCFA levels. The cecal contents were heat-treated (85 °C, 15 min) after suspension in the
extraction solution. After the homogenates were crushed with beads, the samples were centrifuged (18,400xg,

Scientific Reports |

(2023) 13:6537 | https://doi.org/10.1038/s41598-023-33731-w nature portfolio



www.nature.com/scientificreports/

10 min), and the supernatant was filtered through a membrane filter (0.20 pm) to obtain a sample solution. The
concentrations of SCFAs were measured using high-performance liquid chromatography.

Quantification of bacteria from rat feces. Extraction of bacterial DNA from rat feces was performed
using the QIAamp Fast DNA Stool Mini Kit (Qiagen, Valencia, CA, USA). The primers shown in Supplemental
Table 2 were prepared, and the levels of each gut bacterium were measured using the CFX Connect Real-Time
PCR System (Bio-Rad Laboratories) under the following conditions: denaturation at 95 °C for 30 s, annealing at
58 °C for 30 s, and elongation at 72 °C for 60 s.

Gut microbiota data analysis. Homogenization of rat feces was performed according to a previously
described method?®. Then, DNA was extracted using an automated DNA isolation system (GENE PREP STAR
PI-480 KURABO, Tokyo, Japan). The V3-V4 regions of bacterial and archaeal 16S rRNA were amplified using
the Pro341F/Pro805R primers and the dual-index method®. Barcoded amplicons were paired-end sequenced
on a 2x301-bp cycle using the MiSeq system with MiSeq Reagent Kit version 3 (600 Cycle) chemistry. The
primer sequences on paired-end sequencing reads were trimmed by Cutadapt ver 1.18 with default settings.
Paired-end sequencing reads were merged using the fastq-join program with default settings. Only joined reads
that had quality value scores of >20 for more than 99% of the sequences were extracted using FASTX-Toolkit.
The chimeric sequences were deleted with usearch61. Nonchimeric reads were submitted for 16S rDNA-based
taxonomic analysis using the Ribosomal Database Project ver 2.13 (RDP) and the TechnoSuruga Lab Microbial
Identification database ver 16.0 (DB-BA, TechnoSuruga Laboratory, Shizuoka, Japan) with homology > 97%*"4!.

Statistical analysis. Experimental values are expressed as the meanz+standard deviation (SD). Dun-
nett’s test of multiple comparison was used for statistical significance. Tukey’s test was performed after one-way
ANOVA for multiple comparisons of three or more groups. Statistical significance was considered to exist when
the risk rate was less than 5% (p <0.05).

Ethical approval. The research reported in this study involved rats. This animal experiment was conducted
with approval and in accordance with the Hoshi University Guiding Principles for the Care and Use of Labora-
tory Animals (approval number: 19-109). This study is reported in accordance with ARRIVE guidelines.

Data availability
All data generated or analyzed during this study are included in this published article and its supplementary
information files.

Received: 23 November 2022; Accepted: 18 April 2023
Published online: 21 April 2023

References
1. Conroy, T. et al. FOLFIRINOX versus gemcitabine for metastatic pancreatic cancer. N. Engl. J. Med. 364, 1817-1825 (2011).
2. Pommier, Y. Topoisomerase I inhibitors: Camptothecins and beyond. Nat. Rev. Cancer 6, 789-802 (2006).
3. de Man, F. M., Goey, A. K. L., van Schaik, R. H. N., Mathijssen, R. H. J. & Bins, S. Individualization of irinotecan treatment: A
review of pharmacokinetics, pharmacodynamics, and pharmacogenetics. Clin. Pharmacokinet. 57, 1229-1254 (2018).
4. Cheng, C,, Lau, J. E. & Earl, M. A. Use of atropine-diphenoxylate compared with hyoscyamine to decrease rates of irinotecan-related
cholinergic syndrome. J. Commun. Supp. Oncol. 13, 3-7 (2015).
5. Kanbayashi, Y. et al. Predictive factors for the development of irinotecan-related cholinergic syndrome using ordered logistic
regression analysis. Med. Oncol. 35, 82 (2018).
. Brandi, G. et al. Intestinal microflora and digestive toxicity of irinotecan in mice. Clin. Cancer Res. 12, 1299-1307 (2006).
7. lIyer, L. et al. Genetic predisposition to the metabolism of irinotecan (CPT-11). Role of uridine diphosphate glucuronosyltransferase
isoform 1A1 in the glucuronidation of its active metabolite (SN-38) in human liver microsomes. J. Clin. Invest. 101, 847-854 (1998).
8. Takasuna, K. et al. Involvement of beta-glucuronidase in intestinal microflora in the intestinal toxicity of the antitumor campto-
thecin derivative irinotecan hydrochloride (CPT-11) in rats. Cancer Res. 56, 3752-3757 (1996).
9. Thorpe, D., Butler, R,, Sultani, M., Vanhoecke, B. & Stringer, A. Irinotecan-induced mucositis is associated with goblet cell dys-
regulation and neural cell damage in a tumour bearing DA rat model. Pathol. Oncol. Res. 26, 955-965 (2020).
10. Mori, K., Kondo, T., Kamiyama, Y., Kano, Y. & Tominaga, K. Preventive effect of Kampo medicine (Hangeshashin-to) against
irinotecan-induced diarrhea in advanced non-small-cell lung cancer. Cancer Chemother. Pharmacol. 51, 403-406 (2003).
11. Abigerges, D. et al. Irinotecan (CPT-11) high-dose escalation using intensive high-dose loperamide to control diarrhea. J. Natl.
Cancer Inst. 86, 446-449 (1994).
12. Trifan, O. C. et al. Cyclooxygenase-2 inhibition with celecoxib enhances antitumor efficacy and reduces diarrhea side effect of
CPT-11. Cancer Res. 62, 5778-5784 (2002).
13. Ouyang, M. et al. Protective effect of curcumin against irinotecan induced intestinal mucosal injury via attenuation of NFkappaB
activation, oxidative stress and endoplasmic reticulum stress. Int. J. Oncol. 54, 1376-1386 (2019).
14. Kurita, A. et al. Streptomycin alleviates irinotecan-induced delayed-onset diarrhea in rats by a mechanism other than inhibition
of beta-glucuronidase activity in intestinal lumen. Cancer Chemother. Pharmacol. 67, 201-213 (2011).
15. Revesz, K. et al. Glucuronide transport across the endoplasmic reticulum membrane is inhibited by epigallocatechin gallate and
other green tea polyphenols. Int. J. Biochem. Cell Biol. 39, 922-930 (2007).
16. Takasuna, K. et al. Optimal antidiarrhea treatment for antitumor agent irinotecan hydrochloride (CPT-11)-induced delayed diar-
rhea. Cancer Chemother. Pharmacol. 58, 494-503 (2006).
17. Bhatt, A. P. et al. Targeted inhibition of gut bacterial beta-glucuronidase activity enhances anticancer drug efficacy. Proc. Natl.
Acad. Sci. USA 117, 7374-7381 (2020).
18. Ando, Y. et al. Polymorphisms of UDP-glucuronosyltransferase gene and irinotecan toxicity: A pharmacogenetic analysis. Cancer
Res. 60, 6921-6926 (2000).
19. Strassburg, C. P, Manns, M. P. & Tukey, R. H. Expression of the UDP-glucuronosyltransferase 1A locus in human colon: Identifica-
tion and characterization of the novel extrahepatic UGT1AS8. J. Biol. Chem. 273, 8719-8726 (1998).

[=2)

Scientific Reports|  (2023) 13:6537 https://doi.org/10.1038/s41598-023-33731-w nature portfolio



www.nature.com/scientificreports/

20.

Grams, B. ef al. Distribution and inducibility by 3-methylcholanthrene of family 1 UDP-glucuronosyltransferases in the rat gas-
trointestinal tract. Arch. Biochem. Biophys. 377, 255-265 (2000).

21. Mennillo, E. et al. Intestinal UDP-glucuronosyltransferase 1A1 and protection against irinotecan-induced toxicity in a novel
UDP-glucuronosyltransferase 1A1 tissue-specific humanized mouse model. Drug Metab. Dispos. 50, 33-42 (2022).

22. Wu, Z. et al. Gut microbiota from green tea polyphenol-dosed mice improves intestinal epithelial homeostasis and ameliorates
experimental colitis. Microbiome. 9, 184 (2021).

23. Dey, P. et al. Epigallocatechin gallate but not catechin prevents nonalcoholic steatohepatitis in mice similar to green tea extract
while differentially affecting the gut microbiota. J. Nutr. Biochem. 84, 108455 (2020).

24. Wang, J. et al. Green tea leaf powder prevents dyslipidemia in high-fat diet-fed mice by modulating gut microbiota. Food Nutr.
Res. 13, 64 (2020).

25. Marinelli, L. et al. Identification of the novel role of butyrate as AhR ligand in human intestinal epithelial cells. Sci. Rep. 9, 643
(2019).

26. Kon, R. et al. CPT-11-induced delayed diarrhea develops via reduced aquaporin-3 expression in the colon. Int. J. Mol. Sci. 19,170
(2018).

27. Feng, L. et al. Highly selective NIR probe for intestinal beta-glucuronidase and high-throughput screening inhibitors to therapy
intestinal damage. ACS Sens. 3, 1727-1734 (2018).

28. Renzetti, A, Betts, J. W., Fukumoto, K. & Rutherford, R. N. Antibacterial green tea catechins from a molecular perspective:
Mechanisms of action and structure-activity relationships. Food Funct. 11, 9370-9396 (2020).

29. Tallman, M. N. et al. The contribution of intestinal UDP-glucuronosyltransferases in modulating 7-ethyl-10-hydroxy-camptothecin
(SN-38)-induced gastrointestinal toxicity in rats. J. Pharmacol. Exp. Ther. 320, 29-37 (2007).

30. Chen, S. et al. Intestinal glucuronidation protects against chemotherapy-induced toxicity by irinotecan (CPT-11). Proc. Natl. Acad.
Sci. USA 110, 19143-19148 (2013).

31. Macfarlane, S. & Macfarlane, G. T. Regulation of short-chain fatty acid production. Proc. Nutr. Soc. 62, 67-72 (2003).

32. Earley, H. et al. The abundance of Akkermansia muciniphila and its relationship with sulphated colonic mucins in health and
ulcerative colitis. Sci. Rep. 9, 15683 (2019).

33. Qu, S. et al. Akkermansia muciniphila alleviates dextran sulfate sodium (DSS)-induced acute colitis by NLRP3 activation. Microbiol.
Spectr. 9, €0073021 (2021).

34. Kang, C.S. et al. Extracellular vesicles derived from gut microbiota, especially Akkermansia muciniphila, protect the progression
of dextran sulfate sodium-induced colitis. PLoS ONE 8, €76520 (2013).

35. Yoshida, D., Aoki, N., Tanaka, M., Aoyama, S. & Shibata, S. The circadian clock controls fluctuations of colonic cell proliferation
during the light/dark cycle via feeding behavior in mice. Chronobiol. Int. 32, 1145-1155 (2015).

36. Okada, T. et al. Microbiota-derived lactate accelerates colon epithelial cell turnover in starvation-refed mice. Nat. Commun. 4,
1654 (2013).

37. Vaillancourt, K., Ben Lagha, A. & Grenier, D. A green tea extract and epigallocatechin-3-gallate attenuate the deleterious effects
of irinotecan in an oral epithelial cell model. Arch. Oral Biol. 126, 105135 (2021).

38. Takahashi, S., Tomita, J., Nishioka, K., Hisada, T. & Nishijima, M. Development of a prokaryotic universal primer for simultaneous
analysis of bacteria and archaea using next-generation sequencing. PLoS ONE 9, e105592 (2014).

39. Hisada, T., Endoh, K. & Kuriki, K. Inter- and intra-individual variations in seasonal and daily stabilities of the human gut micro-
biota in Japanese. Arch. Microbiol. 197, 919-934 (2015).

40. Wang, Q,, Garrity, G. M., Tiedje, J. M. & Cole, J. R. Naive Bayesian classifier for rapid assignment of rRNA sequences into the new
bacterial taxonomy. Appl. Environ. Microbiol. 73, 5261-5267 (2007).

41. Kasai, C. et al. Comparison of the gut microbiota composition between obese and non-obese individuals in a Japanese population,
as analyzed by terminal restriction fragment length polymorphism and next-generation sequencing. BMC Gastroenterol. 15, 100
(2015).

Acknowledgements

We thank Ms. Misato Toyonaga, Ms. Mayumi Ohkuma, Ms. Yukari Sasamori, Mr. Takuya Yamamoto, Mr. Takaya
Higashino, Mr. Masashi Morino, Ms. Remi Hirokawa, and Ms. Mayu Deguchi for their technical assistance.

Author contributions

All authors contributed to the study conception and design. Data collection and analysis were performed by
RK,AY, YT, TY, KM, M.E, HN, and R.T. The first draft of the manuscript was written by R.K. The review
and editing were performed by N.I, RK., H.S., ].K,, and T.H.

Funding
This study was funded by the Lotte Shigemitsu Prize.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-33731-w.

Correspondence and requests for materials should be addressed to N.I.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2023) 13:6537 | https://doi.org/10.1038/s41598-023-33731-w nature portfolio


https://doi.org/10.1038/s41598-023-33731-w
https://doi.org/10.1038/s41598-023-33731-w
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports|  (2023) 13:6537 | https://doi.org/10.1038/s41598-023-33731-w nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Green tea extract prevents CPT-11-induced diarrhea by regulating the gut microbiota
	Results
	Effects of GTE on CPT-11-induced delayed diarrhea. 
	Effects of GTE on β-glucuronidase activity and β-glucuronidase-producing bacteria. 
	Effects of GTE on gastrointestinal UGT1A1. 
	Effects of GTE on UGT1A1 expression levels in HT-29 cells. 
	Effects of short-chain fatty acid (SCFA) on the expression level of UGT1A1 in HT-29 cells. 
	Changes in the gut microbiota mediated by GTE treatment. 

	Discussion
	Materials and methods
	Materials. 
	Experimental design and assessment of diarrhea. 
	Cell culture. 
	Real-time PCR. 
	Western blotting. 
	β-glucuronidase activity assay. 
	Measurement of SCFA levels. 
	Quantification of bacteria from rat feces. 
	Gut microbiota data analysis. 
	Statistical analysis. 
	Ethical approval. 

	References
	Acknowledgements


