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Abstract. Irinotecan, an anticancer drug, causes severe delayed diarrhea due to its active metabolite, SN-38,
which damages the intestinal mucosa. This diarrhea may lead to the discontinuation of anticancer therapy
in clinical practice. Therefore, in this study, we aimed to elucidate the pathogenesis of irinotecan-induced
intestinal inflammation. We examined the effects of echinacoside, which has been reported to reduce LPS
(lipopolysaccharide)-induced apoptosis and inflammation. We administered irinotecan (75 mg/kg) to seven-
week-old male BALB/c mice intraperitoneally once daily for 4 d; a daily decrease in body weight, and no
diarrhea was observed. Necropsies were performed 24 and 72 h after the last dose. Irinotecan caused cellular
damage in the small intestine, particularly the ileum. After 72 h, a significant increase in myeloperoxidase
activity was observed in the ileum. Concomitant oral administration of echinacoside (500 and 1000 mg/kg)
with irinotecan significantly prevented weight loss and cellular damage in the ileal region. These results
suggested the role of intestinal bacteria as previously reported with 5-FU-induced enteritis. The increased
rate of deconjugation by -glucuronidase may have increased the direct damage caused by SN-38. Additionally,
irinotecan caused less histological damage to the large intestine than to the small intestine, possibly explaining
the clinical absence of diarrhea. In conclusion, concomitant administration of echinacoside significantly
inhibited the severity of irinotecan-induced intestinal inflammation, indicating their usefulness against
irinotecan-induced enteritis.
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Annomayus. [IpOTMBOONYXOAEBBIIT IpenapaT UpMHOTEKAaH MeTaboAusnpyercs ¢ obpasobanuem SN-38.
[TocaeaHMIT TOBPEXXAAET CAUBUCTYIO 0O0AOUKY KMIIEYHMKA U MOXKET BBI3BIBATD TSHKEAYI0 OTCPOYEHHYIO
AMapero, 4TO, KaK MOKa3bIBaeT KAMHMYECKas IPAKTMKa, MOXKeT CTaTb IPUYMHOMN ITPeKpalljeHNs TPOTUBOOITYXOAEBOI
Tepanuu. ViccaepoBaHMe CTaBMAO Lj€AbIO BBIACHUTD NMAaTOTeHe3 KUIIeYHOTO BOCHAAE€HMsI, BO3HMKAIOLIETo
Ha GoHe Tepanuy MPMHOTEKAHOM. Takke OBIAO M3YUEHO AEVCTBME DXMHAKO3MAAQ, KOTOPbI, COTAACHO
ONyOAMKOBAaHHBIM AQHHBIM, YMEHBIIAET AllOIITO3 U BOCIIAAE€HE, BBI3BAHHOE AUIIOIIOAMCAXAPUAAMIL.
VpunotekaH (75 MI/Kr) BBOAUAM CEMMHEAEABHBIM camuaM Mbiieri BALB/c BHYTpMOPIOMIHHO OAMH pa3
B AEHb B Te€U€HMe YeThIpeX AHeil. [Ipy 3TOM HabDAI0AAAOCH eXKEAHEBHOE CHIKEHIE MaCChl TeAa U OTCYTCTBUE
auapeu. Hekporcuu npoBoauan yepes 24 1 72 4 mocae BBEAEHUS TOCAEAHEN AO3BI. BpIAO 0OHapyKeHO
KAETOYHOE TIOBPEXAEHE B TOHKOM KUILEYHVIKE, 0COOEHHO BbIPa)KEHHOE B IIOAB3AOILIHOI KullKe. Yepes
72 4 B TIOAB3AOILHOM KUIIIKe HAOAIOAAAOCH 3HAUYNTEABHOE MOBBILIEHNE AKTUBHOCTY MMUEAOTIEPOKCUAASBIL.
OpHOBpeMeHHOE C MPUMHOTEKAHOM IepopasbHOe BBepeHMe axnHako3uaa (500 u 1000 mr/Kr) sHAYMMO
NpeAOTBPAIIAA0 IOTEPIO Beca U IIOBPEXKAEHE KAETOK B TOAB3AOIIHOM KUIIKe. DTO YKa3bIBaeT Ha yJacTue
KHMILIEYHBIX OAKTEPUIl B PA3BUTUM BOCIIAAEHMS, YTO KOPPEAKPYET C paHee ONMMCAHHBIMY CAyYasiMI SHTEPUTA
Ha ¢oHe Tepanmuu paroopoypauranaoM (5-FU). YBeandeHne cKopocTu AeKOHBbIOTALINY OeTa-TAIOKYPOHKAA301
MOTAO YCUAUTD IIOBPEXAEHNE TKaHell, BbI3BaHHOe HerocpeAcTBeHHO SN-38. KpoMme Toro, 66140 00HapysKeHo,
UTO MPUHOTEKaH BbI3bIBA€T MEHbllIee IOBPEXKAEHME TKaHell TOACTOM, HeXXeAY TOHKOM KMILIKY, 4YTO,
MOTEHL[MAABHO, OOBSICHSIET KAMHIYECKOE OTCYTCTBIE Auapeu. B 3akAloueHue CAeAyeT OTMETUTD, YTO
OAHOBpEMEHHOe MpUMeHeHMEe dXMHAKO3MAQ Ha (OHe Tepanuy UPUHOTEKAHOM 3HAYUTEABHO ITOAABASIET
BBIPaXXEHHOCTDb KUIIEYHOTO BOCITAAEHMS, YTO TOBOPUT O TIOAb3e IIPYMEHEHM s 9XMHOKO3MAA TP SHTEPUTaX,
BbI3BaHHBIX IPMEMOM MPUHOTEKaHa.

Karouesoie c108a: ipUHOTEKAH, IPOTUBOOITYXOAEBBIE MIPENapaThl, BOCIIAAEHME KUIIEYHNKA, SXMHAKO3MA,
Auapest

Introduction

Chemotherapeutic agents target rapidly dividing
cells and thus damage the intestinal epithelial cells,
causing gastrointestinal symptoms. Among these
adverse effects, diarrhea is particularly proble-
matic in clinical practice (Andreyev et al. 2014).
Chemotherapy-induced diarrhea has been re-
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ported to occur in 89% of patients treated with the
FOLFIRI regimen and 50% of patients treated with
the FOLFOX regimen for colorectal cancer (Keefe
et al. 2014). If diarrhea occurs, reducing the dose
or discontinuing chemotherapy is necessary, min-
imizing the likelihood of cancer remission. In ad-
dition, complications resulting from cancer- or
chemotherapy-induced bowel injury increase the
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medical financial burden and mortality (Boeing
et al. 2020). Despite the prevalence and clinical
significance of chemotherapy-induced bowel toxi-
city, the exact mechanism remains unclear and
treatment options for patients are limited (Lalla
et al. 2014).

Irinotecan (CPT 11) is a semisynthetic deriva-
tive of the natural alkaloid camptothecin used
to treat colorectal cancer, and its pharmacological
action is attributed to inhibiting DNA synthesis
by topoisomerase I inhibition (Dancey, Eisen-
hauer 1996). Combining anticancer drugs with
irinotecan significantly increases patient survival
rates but causes intestinal mucositis with severe
diarrhea (Boeing et al. 2020). Hepatic carboxyles-
terases primarily metabolize irinotecan to produce
the active metabolite SN-38, which is subsequent-
ly metabolized by uridine diphosphate glucuro-
nosyltransferase 1A1 (UGT1A1) to SN-38-glucu-
ronide (SN-38G) (Iyer et al. 1998). SN-38G is
secreted into the intestine and then reactivated
to SN-38 by B-glucuronidase secreted by intestinal
bacteria. Irinotecan-induced diarrhea is thought
to occur when SN-38 damages the intestinal mu-
cosal epithelial cells (Ribeiro et al. 2016). No stan-
dard treatment exists for this side effect. Therefore,
there is an urgent need for preventive and the-
rapeutic methods against irinotecan-induced
enteritis.

Echinacoside (ECH) is the major component
of phenylethanoid glycosides (PhG). More than 50%
of ECH is present in extracts of Chinese juniper
(Cistanche deserticola) (Cai et al. 2010). Addition-
ally, it is a component of Echinacea, one of the
best-selling herbal medicines in the West; it has
long been used as an immunostimulant (Bauer 1998;
Brevoort 1998). Echinacoside is a natural phenol,
possessing various activities, including antioxidant
(Zhang et al. 2017), anti-inflammatory (Wang et al.
2015), and antitumor (Dong et al. 2015) effects.
Additionally, it has been reported to promote cell
proliferation in mouse intestinal epithelial cells,
improve cell viability by inhibiting cellular apopto-
sis (Jia et al. 2012), and inhibit lipopolysaccharide-
induced apoptosis and inflammation in rat intesti-
nal epithelial cells (Li et al. 2018), suggesting that
it may be effective in treating gastrointestinal dis-
eases. However, the effect of echinacoside on iri-
notecan-induced enteritis remains unknown.

In this study, we analyzed the pathogenesis
of irinotecan-induced enteritis and created a patho-
logical model of the disease in mice. In addition,
we investigated the effects of echinacoside on iri-
notecan-induced enteritis.

Humeepamusuas ¢pusuorozus, 2023, m. 4, Ne 4

Materials and methods

Animals

Six-week-old male BALB/c mice (Japan SLC,
Shizuoka, Japan) were housed for one week under
a 12-h light/dark cycle and used at seven weeks
of age. All experiments were performed using five
to six mice per group.

Drugs

Irinotecan hydrochloride (Sun Pharma Co.,
Ltd., Tokyo, Japan) was diluted in physiological
saline. Echinacoside (provided by the Laboratory
of Pharmacognosy, Kyoto Pharmaceutical Univer-
sity) was dissolved in sterile water. Irinotecan HCI
and echinacoside were prepared immediately
before use and administered intraperitoneally (ip)
at 75 mg/kg and orally at 10 mL/kg body weight,
respectively.

Preparation of irinotecan-induced enteritis

Mice were randomly divided into three experi-
mental groups. The vehicle group received intra-
peritoneal injection of physiological saline, while
the other two groups received intraperitoneally
injection of 75 mg/kg irinotecan hydrochloride for
4 d and were necropsied 24 and 72 h after the last
dose to remove the small and large intestines. Body
weight and fecal changes were measured during
the study period. Fecal matter was scored on a 5-point
scale: 0, normal stool; 1, soft stool; 2, mild diarrhea;
3, severe diarrhea; and 4, watery diarrhea.

Preparation of irinotecan-induced enteritis
treated by echinacoside

Mice were randomly divided into four experi-
mental groups. The vehicle group received intra-
peritoneal injection of physiological saline once
daily for 4 days and oral administration of sterile
water once daily for 6 days. The control group re-
ceived intraperitoneal injection of 75 mg/kg irino-
tecan hydrochloride once daily for 4 days, and oral
administration of sterile water, once daily for 6 days.
Two combination groups received intraperitoneal
injection of 75 mg/kg irinotecan hydrochloride
once daily for 4 days and oral administration of echi-
nacoside at doses of 500 mg/kg and 1,000 mg/kg,
respectively, once daily for 6 days. After 6 days, all
mice were necropsied to remove the small and large
intestines. Body weight and fecal changes were
measured during the study period. Fecal matter
was scored on a 5-point scale: 0, normal stool;
1, soft stool; 2, mild diarrhea; 3, severe diarrhea;
and 4, watery diarrhea.
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Hematoxylin and Eosin staining

The mice were euthanized using carbon dioxide
or cervical dislocation, and their intestines were
removed and washed with saline. The intestine was
incised along the opposite side of the mesentery
and fixed overnight in 10% formalin. After the in-
testine was dehydrated with a tissue dehydration
solution (Nacalai Tesque Co., Ltd., Kyoto, Japan),
xylene (Nacalai Tesque Co., Ltd.) was used as an in-
termediate agent to replace alcohol in the tissue,
and paraffin (Sigma-Aldrich, St. Louis, MO, USA)
was permeated into the tissue. Prepared paraffin
blocks were thinly sliced at 4 pm thickness using
a microtome (LEICA RM2245). Hematoxylin and
eosin staining (hematoxylin: Sigma-Aldrich, 0.5%
eosin Y ethanol solution: Fujifilm Wako Pure Chemi-
cals Corporation, Osaka, Japan) was performed;
the whole intestine was observed under an optical
microscope (Olympus CX43) to measure villus
length and the number of glandular fossae in the
ileal region.

Measurement of meloperoxidase
(MPO) activity

Excised small and large intestines were washed
with ice-cold saline. Tissues were homogenized
in 0.5% HTAB extraction buffer (hexadecyltrime-
thylammonium bromide, FUJIFILM Wako Pure
Chemicals), frozen and thawed three times, and
centrifuged at 20 °C, 3,000 rpm for 10 min. Ninety-
six-well plate was filled with the supernatant,
phosphate buffer (pH 6, 10 mM), and hydrogen
peroxide/o-dianisidine reaction solution (0.3%
hydrogen peroxide (Santoku Chemical Industry
Co., Ltd., Tokyo, Japan). O-dianisidine (Sigma-
Aldrich) = 1:200) (20 mM) was added immedi-
ately and incubated in a microplate reader (Corona
SH-9500Lab) to measure the change in absorbance
at a wavelength of 450 nm. The amount of protein
in the samples was determined using the Pierce”
BCA Protein Assay Kit (Thermo Scientific, Waltham,
MA, USA). MPO levels were calculated using the
following formula:

MPO activity (nmol H,0,/min/mg protein) =
(OD/min)/(OD min H,0, x mg protein)

Immunohistochemical staining

The excised small intestine was washed with
ice-cold saline. The intestine was incised along the
opposite side of the intestinal mesentery and fixed
overnight in 4% paraformaldehyde in phosphate
buffer (Nacalai Tesque). The water in the tissue was
replaced with 10%, 20%, or 30% sucrose and embed-
ded in an Optimal Cutting Temperature Compound
(Sakura Finetek Japan Co., Ltd.). Frozen sections
were prepared by thin sectioning at 15 pm thickness
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using a cryostat (Leica CM1860). Histological lo-
calization of apoptotic cells was detected by the
TUNEL method (TdT-mediateddUTPnickendla-
beling) using the in situ Apoptosis Detection Kit
(Takara, Shiga, Japan) and observed under a fluo-
rescence microscope.

Statistical analysis

All data are represented as means + standard
error of 4—6 animals per group. Statistical signifi-
cance was determined using the Student’s t-test
and was considered significant when the p-value
was < 0.05.

Results

Irinotecan-induced enterocolitis model

Body weight and fecal changes

Administration of irinotecan to mice decreased
body weight over time, with a significant reduction
beginning on day 1. Twenty-four hours after the
end of day four of irinotecan administration, the
body weight was 93.3 + 0.9% of the pre-dose level,
and at 72 h, the body weight was 83.5 + 2.1%
(Fig. 1A).

No diarrhea was observed during irinotecan
administration or 24 h after the last dose. Watery
diarrhea was observed in 1 of 6 mice after 48 h
of the last dose, with a mean value of 0.7 + 0.7
at 72 h (Fig. 1B).

Histological study (small intestine)

In the ileum, the length of the villi in the vehicle
group was 172.4 + 10.7 um. The villus length at 24 h
after the last irinotecan administration was 182.9 +
7.2 pm, showing no significant difference compared
to that in the vehicle group. In contrast, villus length
at 72 h after the last irinotecan administration was
107.6 £+ 15.2 um, which was significantly shorter
than that of the vehicle group and the irinotecan
group at 24 h after the last irinotecan administra-
tion (Figs. 2A, 2B).

The number of glandular foci in 1 mm of the
ileal region in the vehicle region was 13.4 +
0.6 crypts/mm. The number of crypts per mm
24 h after the last irinotecan administration was
7.8 + 1.4 crypts/mm, significantly lower than that
in the vehicle group. The number of crypts/mm at
72 h after the last dose was 4.2 + 1.6 crypts/mm,
even lower than that at 24 h after the last dose (Fig. 2C).

No significant damage was observed in the
duodenum or jejunum in the whole small intestine
72 h after the last irinotecan administration.
In contrast, cellular damage was observed in the
ileum, including reduction of the glandular foci,
vacuolation, and enlargement of the cells (Fig. 2D).

https://www.doi.org/10.33910/2687-1270-2023-4-4-429-440
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Fig. 1. Changes in body weight and diarrhea score during irinotecan treatment. Irinotecan (75 mg/kg) was
injected i. p. once daily for four days (days 0—3). Body weight was measured daily (A), while diarrhea was scored
daily using a 5-point scale (0—4) as described in Materials and Methods (B). Data are presented as mean + SEM:

* — p < 0.05 from vehicle (not treated with irinotecan, n = 6)
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Fig. 2. Histopathological analysis of mice small intestines. Irinotecan (75 mg/kg) was injected i. p. once daily
for 4 d (days 0-3). Ileum tissues were collected 24 h (day 4) or 72 h (day 6) after the last dose of irinotecan.
Microscopical observations by H&E staining are shown in (A) at 100x (left panels) and 400x (right panels).

The height from the top of the villus-crypt junction (B), and the number of crypts per mm (C) were measured
under light microscopy. Whole small intestine tissues collected on day 6 (shown in (D)) were stained and imaged
at 40x (left panels), 100x (middle panels), and 400x (right panels). Data are represented as mean + SEM:

* — p < 0.05 from vehicle (not treated with irinotecan, n = 6)
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Histological studies (large intestine)

In the large intestine, no obvious damage was
observed in the tissue 72 h after the last irinotecan
administration in the upper or lower colon, com-
pared to that in the vehicle group (Figs. 3A, 3B).
In contrast, crypt length increased in the lower
colon (Fig. 3A).

Changes in MPO activity

MPO activity in the vehicle group in the ileal
region was 83.0 + 7.3 nmol H,O,/min/mg protein.
The MPO activity at 24 h after the last irinotecan
administration was 123.9 + 16.7 nmol H O,/min/mg
protein, significantly higher compared to that in the
vehicle group. The MPO activity at 72 h after the
last dose was 140.9 + 24.4 nmol H,O,/min/mg

protein, which was even higher than that at 24 h
after the last dose (Fig. 4A). MPO activity in the
vehicle group in the upper colon was 35.3 + 4.3 nmol
H,O,/min/mg protein. The MPO activity 24 h
after the last irinotecan administration was 33.7 +
3.7 nmol H,O,/min/mg protein, showing no sig-
nificant difference compared to that in the vehicle
group. In contrast, the MPO activity at 72 h after
the last dose was 59.1 + 8.0 nmol H,0,/min/mg
protein, which was significantly higher compared
to that in the vehicle group and the group 24 h after
the last dose (Fig. 4B).

MPO activity in the vehicle group in the lower
colon was 29.1 £ 1.3 nmol H,O,/min/mg protein.
The MPO activity 24 h after the last irinotecan
administration was 31.9 + 6.3 nmol H,0O_/min/mg

Lower part

A

72 h (irinotecan)

Fig. 3. Histopathological analysis of mice large intestines. Irinotecan (75 mg/kg) was injected i. p. once daily
for 4 d (days 0-3). Colon tissues were collected 24 h (day 4) or 72 h (day 6) after the last dose of irinotecan.
Microscopical observations by H&E staining are shown in (A) at 100x (left panels) and 400x (right panels).
Whole large intestine tissues collected on day 6 (shown in (B)) were stained and imaged at 40x (left panels),
100x (middle panels), and 400x (right panels). Data are represented as mean + SEM:
* — p < 0.05 from vehicle (not treated with irinotecan, n = 6)
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Fig. 4. MPO activity in the mice small and large intestines with or without irinotecan. Irinotecan (75 mg/kg) was
injected i. p. once daily for 4 d (days 0—3). Small and large intestinal tissues were collected 24 h (day 4) or 72 h
(day 6) after the last dose of irinotecan. MPO activity in the ileum (A), upper large intestine (B), and lower large
intestine (C) was determined using o-dianisidine. Data are represented as mean + SEM: * — p < 0.05 from
vehicle (not treated with irinotecan, n = 6); *—p < 0.05 from animals killed 24 h after the last dose
(treated with irinotecan, n = 6)

protein, showing an increasing trend, although there
was no statistically significant difference compared
to that in the vehicle group. The MPO activity
at 72 h after the final administration was 44.6 +
5.8 nmol H,O,/min/mg protein, significantly higher
compared to that in the vehicle group (Fig. 4C).

Effect of echinacoside on irinotecan-induced
enterocolitis

Body weight and fecal changes

Body weight decreased daily with irinotecan
administration in the control group, with a sig-
nificant decrease compared to that in the vehicle
group beginning on day 4 (Fig. 5A). At 72 h after
the last irinotecan dose, body weight was 89.4 +
2.9% of the pre-dose level. The concomitant ad-
ministration of 500 mg/kg echinacoside prevented
irinotecan-induced weight loss. Although signifi-
cant weight loss was observed 24 h after the last
dose of irinotecan compared to that in the vehicle
group, a recovery trend was observed after 48 h.
At 72 h after the last irinotecan administra-
tion, the body weight of mice in the 500 mg/kg
echinacoside group was 98.6 + 1.9% of the
pre-dose level. The concomitant administration
of 1,000 mg/kg echinacoside resulted in a weight
loss similar to that in the control group up to day
4 of treatment, and the weight loss was suppressed
24 h after the last dose of irinotecan. In the echi-

Humeepamusuas ¢pusuorozus, 2023, m. 4, Ne 4

nacoside 1,000 mg/kg combination group, body
weight 72 h after the last dose of irinotecan was
93.6 £ 2.8% of the pre-dose level. No delayed diarrhea
was observed during this period (Fig. 5B).

Histological study (small intestine)

In the ileum, the length of the villi in the vehicle
group was 235.3 £ 10.8 um. The villus length at 72 h
after the last irinotecan administration in the con-
trol group was 168.0 + 11.3 pum, significantly shorter
than that in the vehicle group. In the echinacoside
500 mg/kg and 1,000 mg/kg combination groups,
the shortening of villus length was significantly
suppressed, with villus lengths of 250.8 + 22.0 and
225 + 8.1 pum, respectively (Fig. 6B).

The number of glandular foci in 1 mm in the
vehicle group was 14.3 + 1.2 crypts/mm. In the
control group, the number of glands was 10.0 +
0.9 crypts/mm at 72 h after the last dose of irino-
tecan, which is significantly lower than that in the ve-
hicle group. The combined echinacoside 500 mg/kg
and 1,000 mg/kg groups showed a tendency to sup-
press the irinotecan-induced decrease in glandular
foci counts, which were 13.4 + 1.3 and 11.0 +
0.7 crypts/mm, respectively (Fig. 6C).

Cytotoxic effects, such as cell vacuolation and
hypertrophy, were observed more frequently in the
control group and less frequently in the echinaco-
side combination group (Fig. 6A).
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Fig. 5. Effect of echinacoside on changes in body weight and diarrhea during irinotecan treatment.
Irinotecan (75 mg/kg) was injected i. p. once daily for 4 d (days 0—3). Echinacoside at 500 and 1,000 mg/kg
(n = 5) was co-administered once daily for 6 d (days 0-5). Body weight was measured daily (A), while diarrhea
was scored daily using a 5-point scale (0—4) as described in Materials and Methods (B). Data are represented
as mean + SEM: * — p < 0.05 from vehicle (not treated with irinotecan, n = 5)
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Fig. 6. Effect of echinacoside on histopathological changes in mice small intestines. Irinotecan (75 mg/kg) was
injected i. p. once daily for 4 d (days 0—3). Echinacoside at 500 and 1,000 mg/kg (n = 5) was co-administered once
daily for 6 d (days 0—5). Microscopical observations by H&E staining are shown in (A) at 100x (upper panels) and

400x (lower panels). The height from the top of the villus-crypt junction (B), and the number of crypts per mm (C)
were measured under light microscopy. Data are represented as mean + SEM: * — p < 0.05 from vehicle (not treated

with irinotecan, n = 5); * — p < 0.05 versus animals killed 24 h after the last dose (treated with irinotecan n = 5)
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Immunohistochemistry (TUNEL-method)

In the ileal region, the number of TUNEL-posi-
tive cells in the vehicle group was 1.3 + 0.1 counts/
0.01 mm? In the control group, the number
of TUNEL-positive cells at 72 h after the last irino-
tecan administration was significantly higher than
that in the vehicle group, 3.6 + 0.5 counts/0.01 mm?.
The number of TUNEL-positive cells in the echina-
coside 500 mg/kg combination group was signifi-
cantly suppressed compared to that in the control
group at 1.5 £ 0.1 counts/0.01 mm? at 72 h after the
last dose of irinotecan. The number of apoptotic
cells in the echinacoside 1,000 mg/kg group was
1.7 £ 0.1 counts/0.01 mm? at 72 h after the last dose
of irinotecan, which was significantly lower than
that in the echinacoside 500 mg/kg group (Fig. 7).

Discussion

The administration of irinotecan to mice has
been reported to induce significant weight loss and
diarrhea (Lian et al. 2017). In this study, irinotecan

(A)

administration in mice resulted in a daily decrease
in body weight. In contrast, delayed diarrhea was
observed in approximately 20% of mice after the
last 48 h of irinotecan administration. Delayed
diarrhea induced by irinotecan is supposed to be
caused by SN-38-induced intestinal mucositis.

In this study, MPO activity in the ileal region
significantly increased 24 h after the last adminis-
tration of irinotecan and further increased at 72 h.
The result suggests that irinotecan-induced small-
intestine inflammation is exacerbated over time
after the completion of irinotecan administration.
In the large intestine, neither upper nor lower MPO
activity increased significantly at 24 h after the last
irinotecan administration, but increased signifi-
cantly at 72 h. This suggests that in irinotecan-induced
intestinal mucosal damage, inflammation is delayed
in both the small and large intestines. The small
intestine undergoes inflammation at an earlier stage
than the large intestine.

In the ileal portion of the small intestine,
no shortening of the villus length was observed
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Fig. 7. Effect of echinacoside on mice small intestine tunnel-positive cells. Irinotecan (75 mg/kg) was injected
i. p. once daily for 4 d (days 0—3). Echinacoside at 500 and 1,000 mg/kg (n = 5) was co-administered once daily
for 6 d (days 0-5). Apoptosis in intestinal crypts was assessed at 72 h (day 6) after the last dose of irinotecan
using the TUNEL assay (A, 100x) and quantified under a light microscope (B). Data are represented
as mean + SEM: * — p < 0.05 from vehicle (not treated with irinotecan, n = 5); *— p < 0.05 from animals
killed 24 h after the last dose (treated with irinotecan, n = 5)
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24 h after the last administration of irinotecan;
however, at 72 h after the last administration, the
villus length significantly shortened. In addition,
the number of glandular foci significantly reduced
24 h after the last irinotecan administration com-
pared with that in the vehicle group, and the num-
ber of glandular foci further reduced 72 h after the
last irinotecan administration. These findings sug-
gest that both inflammation and cellular damage
occur in intestinal mucosal structures in a delayed
manner. This study indicates that intestinal muco-
sal damage worsens slowly from the end of irino-
tecan administration and that enteritis occurs more
slowly in the large intestine than in the small intes-
tine, suggesting that a longer rest period after the
end of irinotecan administration may bring us
closer to the pathophysiology of diarrhea.

The lower part of the small intestine is more
severely affected than the entire small intestine.
This is because the lower part of the small intestine
is more susceptible to the effects of intestinal bac-
teria that are abundant in the cecum and large in-
testine. Anticancer treatment with 5-fluorouracil
shows that enteritis mainly occurs in the ileum,
which contains more intestinal bacteria (Andrade
et al. 2023; Jonan et al. 2022). In this study, the
damage was more pronounced in the ileal region
because of the same effect of the intestinal bacteria.
Antibiotic administration markedly improves iri-
notecan-induced diarrhea (Takasuna et al. 1996).
Reactivation of SN-38G to SN-38 by -glucuronidase-
positive Enterobacteriaceae (e. g., Escherichia coli,
Staphylococcus spp. and Clostridium spp.) is an im-
portant factor in causing intestinal mucositis (Rob-
erts et al. 2013; Sezer et al. 2009; Stringer et al. 2008;
Takasuna et al. 1996). This suggests that SN-38G
is particularly susceptible to conversion into SN-38
in the lower part of the small intestine, where there
is a high concentration of intestinal bacteria,
leading to increased cellular damage of the intesti-
nal mucosa.

The cytotoxicity was less severe in the large
intestine than in the small intestine. One possible
reason may be that the sensitivity to SN-38 is
weaker in the colon than in the small intestine.
Bcl-2, an anti-apoptotic protein, is strongly expressed
in the crypts of the large intestine, whereas it is
weakly expressed in the crypts of the small intestine.
Bax, an apoptotic protein, is strongly expressed
in the crypts of the small intestine, while it is
scarcely expressed in the crypts of the colon (Bowen
et al. 2006). In addition, pharmacological studies
have shown differences in sensitivity to apoptotic
stimuli in the small and large intestines, with apop-
tosis observed more frequently in the small intestine
than in the large intestine (Gauthier et al. 2001a;
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2001b). The greater sensitivity of crypt cells in the
small intestine to apoptosis than that of crypt cells
in the colon suggests that the same may be true for
irinotecan and SN-38.

SN-38 is reabsorbed in the small intestine
by enterohepatic circulation, resulting in less SN-38
exposure in the colon than in the small intestine.
Irinotecan and SN-38 have lactone and carboxylate
forms, and their interconversion is reversible and
driven by pH (Fassberg, Stella 1992), leaning toward
the lactone form at low pH and the carboxylate
form at high pH. The lactone form is taken up sig-
nificantly faster than the carboxylate form in cells
of the intestinal tract, with the uptake rate increas-
ing with decreasing pH, as does the cytotoxicity
(Kobayashi et al. 1999). The effect of the physiologi-
cal pH of the intestinal lumen on the initial uptake
rate of CPT-11 and SN-38 (6.2—8.0) is decreased
by approximately 65% at pH 6.8 or higher. The fact
that the pH of the small intestine is approximately
6.8 and that of the large intestine is approximately
7.3 (Ringel-Kulka et al. 2015) suggests that the
higher pH in the large intestine compared to the
small intestine may have weakened the toxicity and
reduced the degree of damage.

Concomitant administration of 500 mg/kg echi-
nacoside suppressed irinotecan-induced weight
loss. Although significant weight loss was observed
24 h after the last dose of irinotecan compared
to that in the vehicle group, a recovery trend was
observed after 48 h. In the combination treatment
with 1,000 mg/kg echinacoside, body weight loss
was similar to that in the control group up to the
fourth day of treatment and was suppressed 24 h
after the last dose of irinotecan. Thus, echinacoside
suppresses weight loss, a side effect of irinotecan,
and accelerates recovery.

Irinotecan-induced intestinal injury is characteri-
zed by increased apoptosis of the crypts and the loss
of villi (Bastos et al. 2016). In this study, irinotecan
administration to mice resulted in a significant
shortening of the villus length and a significant re-
duction of the glandular fossae in the ileal region.
The combination treatment with 500 mg/kg and
1,000 mg/kg echinacoside significantly suppressed
villus shortening. However, it did not significantly
reduce the number of glandular foci compared to that
in the control group. Cell damage such as vacuolation
and hypertrophy, frequently observed in the control
group, were less frequent in the echinacoside com-
bination groups. In addition, combination treatment
with 500 and 1,000 mg/kg echinacoside signifi-
cantly suppressed the number of apoptotic cells,
which was significantly higher in the control group.
These findings suggest that echinacoside may be
effective against irinotecan-induced enteritis.
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In addition, the body weight, chorionic villus
length, number of glandular foci, and number
of apoptotic cells showed fewer pathological
changes induced by irinotecan at 500 mg/kg than
at 1,000 mg/kg of echinacoside, indicating that
an appropriately selected dosage may be effective
in preventing the adverse effects of irinotecan
on the gastrointestinal tract. This indicates that
echinacoside is useful in preventing the adverse
gastrointestinal effects of irinotecan at appro-
priate doses.
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