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BACKGROUND AND PURPOSE

Chemotherapeutic agents, including 5-fluorouracil (5-FU), frequently cause intestinal mucositis resulting in severe diarrhoea
and morphological mucosal damage. 5-HT; receptor antagonists are clinically effective in the treatment of nausea and emesis
during cancer chemotherapy. Therefore we here have examined the effects of 5-HT; receptor antagonists on 5-FU-induced
intestinal mucositis in mice.

EXPERIMENTAL APPROACH

Intestinal mucositis was induced in male C57BL/6 mice by daily administration of 5-FU (50 mg-kg™") for 5 days. Effects of
5-HT; receptor antagonists, ramosetron (0.01-0.1 mg-kg™") and ondansetron (5 mg-kg™"), on the accompanying histology,
cytokine production and apoptosis were assessed.

KEY RESULTS

Continuous administration of 5-FU to mice caused severe intestinal mucositis, which was histologically characterized by the
shortening of villi and destruction of intestinal crypts, accompanied by body weight loss and diarrhoea. Daily ramosetron
administration dose-dependently reduced the severity of intestinal mucositis, body weight loss and diarrhoea. Similar
beneficial effects were observed with ondansetron. The number of apoptotic, caspase-3- and caspase-8-activated cells
increased 24 h after the first 5-FU administration, and these responses were reduced by ramosetron. The up-regulation of
TNF-a, IL-1B and IL-6 following 5-FU treatment was also attenuated by ramosetron.

CONCLUSIONS AND IMPLICATIONS

5-HT; receptor antagonists ameliorated 5-FU-induced intestinal mucositis in mice, and this action could result from
suppression of apoptotic responses in the intestinal crypt cells via inhibition of cytokine expression. Thus, 5-HTs receptor
antagonists may be useful for preventing not only nausea and emesis but also intestinal mucositis during 5-FU chemotherapy.

Abbreviations
5-FU, 5-fluorouracil; EC, enterochromaffin; H&E, haematoxylin and eosin; IBS, irritable bowel syndrome; NOX1,
NADPH oxidase 1; ROS, reactive oxygen species
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Introduction

Severe intestinal mucositis is a frequent side effect of clinical
chemotherapy for cancer (Wadler et al., 1998; Benson et al.,
2004). S-Fluorouracil (5-FU), an anti-metabolite anticancer
agent, is widely used for the treatment of malignant tumours,
but causes mucositis in 50-80% of patients. The symptoms
may include nausea, vomiting, anorexia and severe diarrhoea
(Symonds, 1998; Wadler et al., 1998; Benson et al., 2004).
These serious side effects are the major causes for discontinu-
ation of treatment or reduction of drug dose, thereby
compromising the success of the cancer chemotherapy.
Chemotherapy-induced intestinal mucositis, characterized
by the shortening of villi and disruption of crypt cell home-
ostasis, is considered to be a consequence of several processes,
including abnormal inflammation and apoptosis, together
with cellular hypoproliferation and direct cytotoxicity
(Daniele et al., 2001; Duncan and Grant, 2003; Bowen et al.,
2006).

5-HT exerts a variety of physiological functions not only
in the central and peripheral nervous system but also in the
gastrointestinal tract and cardiovascular system (Talley,
2001). In humans, approximately 90% of the total 5-HT is
synthesized and localized in the enterochromaffin (EC) cells
of the gastrointestinal mucosa (Talley, 2001). The many func-
tions of 5-HT are generally mediated through interaction
with a range of 5-HT receptor subtypes, classified into seven
major groups (5-HT; to 5-HT;), which also include several
subgroups (Hannon and Hoyer, 2008; receptor nomenclature
follows Alexander et al. (2011). The 5-HTj; receptor, which is a
ligand-gated cation channel, is widely distributed in the
neurons of the brain and spinal cord as well as in the gas-
trointestinal tract (Farber et al., 2004), and activation of this
receptor results in intestinal secretions and peristaltic activity
(Siriwardena et al., 1993; Hansen, 2003).

Antagonists of 5-HT; receptors have been primarily used
for the treatment of chemotherapy- and radiotherapy-
induced nausea and emesis. These symptoms are believed to
occur because of the release of 5-HT from the EC cells and the
subsequent stimulation of peripheral 5-HT; receptors in the
vagal afferent neurons (Minami et al., 1997). Moreover, 5-HT;
antagonists have been shown to inhibit normal defecation
and to increase the colonic perception threshold (Minami
etal., 1997; Kozlowski et al., 2000), suggesting the involve-
ment of 5-HT; receptors in the pathogenesis of irritable bowel
syndrome (IBS).

Recently, increasing evidence suggests that 5-HT is
involved in modulating immune and inflammatory
responses in mammals (Idzko et al., 2004; Walstab et al.,
2010). The expression of 5-HT; receptors has been shown in
immune cells, such as monocytes, dendritic cells and T cells
(Fiebich et al., 2004; Walstab et al., 2010). Indeed, tropisetron,
a selective 5-HT; receptor antagonist, has been shown to
inhibit T-cell activation (Vega Lde etal., 2005). However,
the role of 5-HT and 5-HT; receptors in apoptotic and
inflammatory responses in the intestinal mucosa during
chemotherapy and the effects of 5-HT; receptor antagonists
on chemotherapy-induced intestinal mucositis remain
unknown. In the present study, we examined the effect of
5-HTj; receptor antagonists, ramosetron and ondansetron, on
5-FU-induced intestinal mucositis in mice and attempted to
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elucidate the role of endogenous 5-HT and 5-HTj; receptors in
the pathogenesis of intestinal mucositis.

Methods

Animals

All animal care and experimental procedures were approved
by the Experimental Animal Research Committee of Kyoto
Pharmaceutical University. Studies involving animals are
reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (McGrath et al.,
2010). A total of 216 animals were used in the experiments
described here. Male C57BL/6] mice (20-24 g, SLC Co., Shi-
zuoka, Japan) were acclimated to standard laboratory condi-
tions (12 h light-dark cycle, temperature of 22 = 1°C). The
experiments were performed using six un-anaesthetized mice

per group.

Fluorescence immunohistochemistry for

5-HT; receptors

Normal animals (5-FU-untreated) were killed under deep
ether anaesthesia, and jejunum samples were removed,
washed in cold PBS and immersed in 4% paraformaldehyde
for 2 h at 4°C. After treatment with 20% sucrose solutions,
the tissue samples were embedded in O.C.T. (Sakura Fintek,
Tokyo, Japan) mounting medium and sectioned on a cryostat
(Leica Instruments, Nussloch, Germany) at a thickness of
30 um. The sections were thaw-mounted onto Superfrost
Plus slides (Matsunami, Osaka, Japan), and immunohisto-
chemical procedures were performed as described by Mat-
sumoto et al. (2009). In brief, the slide-mounted sections were
incubated with rabbit polyclonal anti-5-HT; receptor anti-
body (Calbiochem, Darmstadt, Germany), rat monoclonal
anti-CD11b antibody (R&D Systems, Minneapolis, MN, USA),
rat monoclonal anti-CD68 antibody (Serotec, Oxford, UK)
and rat monoclonal anti-CD45 antibody (BD Pharmingen,
San Diego, CA, USA) for 40 h at room temperature, after
treatment with 10% normal donkey serum for 1 h at room
temperature. To visualize the expression, the sections were
incubated with FITC-labelled donkey anti-rabbit IgG anti-
body and tetramethyl rhodamine isothiocyanate (TRITC)-
labelled donkey anti-rat IgG antibody for 4 h. No specific
immunostaining was observed in any of the control
sections. Immunofluorescence was observed using a confocal
microscope (FV-1000, Olympus, Tokyo, Japan) with an exci-
tation wavelength appropriate for FITC (488 nm, Jackson
Immunoresearch, West Grove, PA, USA) or TRITC (543 nm,
Jackson Immunoresearch). Images were collected, and 50-60
optical sections were typically taken at intervals of 0.5 pm.
Multiple images, in Z-stacks, were projected onto a single
plane and reconstructed using Fluoview ver. 1.7a software
(Olympus). The percentages of CD68-, CD11b- and CD45-
immunopositive cells in 5-HT; receptor-positive cells were
determined at 20x magnification under a confocal micro-
scope in the horizontal sections of the mucosa.

Induction of intestinal mucositis
Animals were administered 5-FU (50 mg-kg™) i.p. once daily
for 5 days (days 0-4), and saline (the vehicle for 5-FU) was

British Journal of Pharmacology (2013) 168 1388-1400 1389



M Yasuda et al.

administered to normal animals. Ramosetron (0.01, 0.03 and
0.1 mg-kg™") and ondansetron (5 mg-kg') were administered
orally (p.o.) twice daily for 5 days (days 0-4), and car-
boxymethylcellulose (CMC; vehicle for S5-HT; receptor
antagonists) was administered to control animals. The doses
of ramosetron and ondansetron were chosen based on results
from our recent study (Kato et al., 2012). Disease severity was
assessed daily by measuring body weight and scoring the
stool consistency: 0, normal; 1, slight diarrhoea (slightly wet
and soft stool); 2, moderate diarrhoea (wet and unformed
stool); and 3, severe diarrhoea (watery stool with severe peri-
anal staining), as previously described by Kurita et al. (2000).

Twenty-four hours after the final 5-FU injection (day 5),
the animals were killed under deep ether anaesthesia, and
the jejunum was removed and immersed in 10% neutralized
formalin overnight. Tissue samples were excised and embed-
ded in paraffin, and then cut into 4 um thick sections for
haematoxylin and eosin (H&E) staining. Measurements of
villus height (from the top of the villus to the villus—crypt
junction) and crypt damage (surviving crypts per millimetre
and surviving crypt cells per crypt) were performed by light
microscopy (BX-50, Olympus). Five intact and well-oriented
villi and crypts were measured and averaged for each
sample.

Determination of plasma 5-HT
concentrations

Blood was collected 24 h after 5-FU treatment from the infe-
rior vena cava of each animal, under ether anaesthesia. The
blood samples, containing 5 mM EDTA-Na (Wako, Osaka,
Japan) as an anticoagulant, were centrifuged at 1700x g for
30 min at 4°C. The concentration of 5-HT in the plasma
supernatant was determined using an enzyme immunoassay
(Immunotech, Marseille, France).

Apoptosis analysis

Animals were killed 24 and 72 h after initial 5-FU adminis-
tration (days 1 and 3, respectively); and jejunum samples
were fixed with 10% neutralized formalin, embedded in par-
affin and cut into 4 um sections. Apoptosis of enterocytes in
the small intestine was detected by the TUNEL assay using an
in situ Apoptosis Detection Kit (Takara, Shiga, Japan), accord-
ing to the manufacturer’s instructions. For each sample, the
number of TUNEL-positive apoptotic cells was counted and
averaged at a magnification of 500x under a light microscope
(BX-50, Olympus).

Immunohistochemistry for determination of
caspase activation and cell proliferation
Animals were killed 24 h after initial 5-FU administration
(day 1); and jejunum samples were fixed with 10% neutral-
ized formalin, embedded in paraffin and cut into 4 pm sec-
tions. Caspase-3 and caspase-8 activation, as well as cell
proliferation, were determined immunohistochemically
using rabbit-raised anti-cleaved caspase-3 (Cell Signaling
Technology, Danvers, MI, USA), anti-cleaved caspase-8
(Imgenex, San Diego, CA, USA) and anti-Ki-67 antibodies
(Novus Biologicals, Littleton, CO, USA), respectively, after
activation with HistoVT One (Nacalai Tesque, Kyoto, Japan).
The immunocomplex was visualized by the avidin-biotin-
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peroxide method using the Vecstatin Elite ABC Rabbit IgG kit
(Vector Laboratories, Burlingame, CA, USA), according to the
manufacturer’s instructions. Sections were counter-stained
with haematoxylin. The numbers of cleaved caspase-3-,
cleaved caspase-8- and ki-67-positive cells were counted
under a light microscope (BX-50, Olympus) from 10 crypts
and averaged for each sample.

Determination of Bax and Bcl-2 expressions
by Western blotting

Animals were killed 24 h after initial 5-FU administration
(day 1); and the jejunum was removed, washed with cold
PBS and homogenized in lysis buffer (pH 7.4) containing
50 mmol-L! Tris-HCI, 150 mmol-L"'! NaCl, 50 mmol-L*!
dithiothreitol, 1 mmol-L™" EDTA, a protease inhibitor cocktail
tablet (Complete mini, Roche, Penzberg, Germany) and 1%
Triton X-100. After centrifugation at 20 000x g for 30 min at
4°C, the protein concentrations in the supernatants were
determined using a BCA protein assay kit (Pierce, Rockford,
IL, USA) and adjusted to 4 mg-mL™ using lysis buffer. An
appropriate volume of the sample was mixed with an equal
volume of sample buffer (pH 6.8, 100 mmol-L™" Tris-HCI, 4%
SDS, 20% glycerol, 10% 2-mercaptoethanol and 0.02%
bromophenol blue) and heated at 95°C for 3 min. The
samples (20 pg-lane™) were subjected to electrophoresis on
7.5% SDS-PAGE and transferred electrophoretically to PVDF
membranes. The membranes were incubated with rabbit
polyclonal anti-Bax antibody, rabbit polyclonal anti-Bcl-2
antibody (Cell Signaling Technology) or rabbit polyclonal
B-actin (Novus Biologicals) and then treated with HRP-
conjugated rabbit polyclonal anti-goat IgG antibody (Santa
Cruz Biotechnology, Santa Cruz, CA, USA). The immune
complex was visualized using an enhanced chemilumines-
cence detection system (NEN Life Science, Boston, MA, USA)
and photographed (VersaDoc 5000, Bio-Rad Laboratories,
Hercules, CA, USA). The expression levels of Bax and Bcl-2
proteins were determined densitometrically with Quantity
One software (Bio-Rad Laboratories).

Determination of mRNA expression by
real-time RT-PCR

Animals were killed under deep ether anaesthesia on days O
(without 5-FU treatment), 0.5 (12 h), 1, 3, and 5 after initial
5-FU administration; and the jejunum was removed, washed
with cold PBS and immersed in RNAlater (Ambion, Austin,
TX, USA) at 4°C until use. Total RNA was extracted from the
whole jejunum layer using Sepasol RNA-I Supper G (Nacalai
Tesque), according to the manufacturer’s instructions. Reverse
transcription (RT) was performed using RevaTra Ace-alpha
with random hexamers (Toyobo, Osaka, Japan). Real-time
PCR) amplification was performed using SYBR Premix ExTaq
(Takara) with specific primers sets, prepared using the Perfect
real-time supporting system (Takara) for f-actin (Primer set ID:
MA050368), TNF-o (Primer set ID: MA097070), IL-1B (Primer
set ID: MA025939), IL-6 (Primer set ID: MA039013) and IFN-y
(Primer set ID: MA025911) using an ABI PRISM 7500 real-time
PCR System (Applied Biosystems, Foster City, CA). Expression
levels for each mRNA were standardized to that of B-actin
mRNA, and normalized to the mean value for day O or normal
(5-FU-untreated) mice at each time point.



Anti-tumour action of 5-FU in
tumour-implanted mice

To examine the influence of ramosetron on the anti-tumour
action of 5-FU, Colon 38 tumour (a mouse colon adenocar-
cinoma cell line created in C57BL/6 mice)-implanted mice
were prepared, as previously described (Tomita et al., 2003). A
Colon 38 tumour fragment (8 mm?®) was implanted into the
abdominal region of C57BL/6 mice under light ether anaes-
thesia. The volume (mm?) of the Colon 38 solid tumour and
the weight of body were measured every 2 days, starting 7
days after implantation. The volume of the tumour was meas-
ured with a slide caliper (Mitsutoyo, Kanagawa, Japan)
according to the following formula: V = L x W? x 0.5236,
where V = volume, L = length and W = width. The animals
were given 5-FU (20 mg-kg™!, i.p.) once daily for 5 days, start-
ing 7 days after implantation, and then 5-FU once daily for
another 5 days after a 2-day, no-treatment period. Ramoset-
ron (0.1 mg-kg™"', p.o.) was given twice daily for 14 days,
starting 7 days after implantation. In this experiment, we
used a lower dose of 5-FU (20 mg-kg™') than that used in
earlier studies because a daily dose of 50 mg-kg™ of 5-FU for 3
weeks caused serious adverse events (severe weight loss and
death) in about half of the animals.

Statistics

Data are presented as the mean = SEM of six animals per
group. Statistical analyses were performed using a two-tailed
Dunnett’s multiple comparison test, with P < 0.05 regarded as
statistically significant.

Materials

The drugs used in this study were 5-FU (Sigma-Aldrich, St.
Louis, MO), ramosetron (kindly supplied by Astellas Pharma
Inc., Tokyo, Japan) and ondansetron (LKT Laboratories, St.
Paul, MN, USA). 5-FU was dissolved in physiological saline.
Ramosetron and ondansetron were dissolved and suspended
in CMC respectively. All drugs were prepared immediately
before use and administered i.p. or p.o. in a volume of
0.1 mL-(10 ).

Results

Expression of 5-HTs; receptors in the normal
intestinal mucosa

In transverse sections, strong immunoreactivity towards
5-HT; receptors was found in cell-like structures located in the
lamina propria of the intestinal villi and weak immunoreac-
tivity in the nerve-like fibres around the submucosa of the
small intestine (Figure 1A). The horizontal sections further
showed that the immunoreactivity of the 5-HT; receptors was
localized in the lamina propria of the small intestine. To
investigate the precise localization of 5-HTj; receptors, double-
immunostaining of 5-HT; receptors was performed with anti-
CD68, -CD11 (macrophage markers) and -CD45 (a leukocyte
marker) antibodies. Similar to the 5-HT; receptors (green), the
CD68-, CD11b- and CD45-positive immunoreactivities (red)
were observed in cell-like structures localized in the lamina
propria of the intestinal villi (Figure 1B). Some of the cells
positive for 5-HT; receptors were also immunopositive for
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CD68, CD11b or CD45 (yellow), as indicated by the arrows in
Figure 1B. The percentage of CD68-, CD11b- and CD45-
positive cells among the 5-HT; receptor-positive cells located
in the lamina propria was 34.8% = 6.0%, 26.9% * 2.4% and
10.1% = 3.4% respectively.

The basal plasma concentration of 5-HT was 1384 = 860
nmol-L'!. Administration of 5-FU (50 mg-kg™") resulted
in a significant rise in the plasma 5-HT concentration to
2940 = 411 nmol-L™ 24 h later.

Effects of ramosetron and ondansetron on
body weight loss and diarrhoea induced

by 5-FU

Repeated administration of 5-FU (50 mg-kg™) to the experi-
mental animals caused body weight loss (Figure 2A) and diar-
rhoea (Figure 2B). Significant body weight loss was observed
from day 1, and the mean body weight of treated animals was
reduced to 78.2% =+ 1.8% of the initial body weight by day 35,
whereas prominent diarrhoea was observed from day 3, and
the diarrhoea score reached 2.3 = 0.2 on day 5 after the onset
of 5-FU treatment. Twice-daily administration of ramosetron
(0.01-0.1 mg-kg™") suppressed body weight loss and diarrhoea
induced by 5-FU, in a mostly dose-dependent manner, and
a significant effect was observed at doses of 0.03 and
0.1 mg-kg™'. Similarly, ondansetron (5 mg-kg™) significantly
reduced body weight loss and diarrhoea during 5-FU treat-
ment, and these effects were almost the same as those
induced by ramosetron at doses of 0.03 and 0.1 mg-kg™.

Effects of ramosetron and ondansetron on the
shortening of villus height and destruction

of crypts induced by 5-FU in the mouse

small intestines

Repeated administration of 5-FU (50 mg-kg™") caused a short-
ening of villus height to less than half the normal value on
day 5 after the onset of 5-FU treatment (Figure 3A and B).
Twice-daily administration of ramosetron (0.01-0.1 mg-kg™")
prevented this shortening, in a dose-dependent manner, and
the maximal effect was observed at a dose of 0.1 mg-kg™.
Similarly, ondansetron (5 mg-kg') significantly prevented
the shortening of villus height, and this effect was compara-
ble to that following ramosetron (0.1 mg-kg™).

The number of surviving crypts and crypt cells in the
control (5-FU-untreated) mice are shown in Figure 4A and B
respectively (Figure 4A and C). Repeated administration of
5-FU decreased the number of surviving crypts to about 30%
of this value and the crypt cells were reduced to less than 20%
of the control, on day 5 after the onset of 5-FU treatment.
Twice-daily administration of ramosetron (0.01-0.1 mg-kg™)
inhibited the decrease in the numbers of surviving crypts and
crypt cells, in a dose-dependent manner, with a maximal
effect observed at 0.1 mg-kg' Similarly, ondansetron
(5 mg-kg™) significantly inhibited the decrease in these
numbers, to almost the same extent as ramosetron
(0.1 mg-kg™).

Effect of ramosetron on apoptotic responses to
5-FU in the intestinal crypt

Only a few TUNEL-positive apoptotic cells were found in the
intestinal crypt of normal (5-FU-untreated) mice (Figure 5A).
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A 5-HT,R (Transverse section)

B 5-HT,R

5-HT,R
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CD11b Merge

Figure 1

Fluorescent immunohistochemical study of 5-HT; receptors in normal mouse intestinal mucosa. (A) 5-HT; receptors (5-HT3R). (B) double-staining
of 5-HT; receptors for CD68, CD11b, and CD45. Double-positive cells are indicated by arrows.

The administration of 5-FU (50 mg-kg™!) markedly increased
the number of apoptotic cells in the intestinal crypt on days
1 and 3; however, this response was more evident on day 1
than on day 3 (Figure 5A and B). The administration of ramo-
setron (0.1 mg-kg™) significantly reduced the increase in the
number of apoptotic cells induced by 5-FU on both days 1
and 3.

To investigate the mechanism of 5-FU-induced apoptosis,
the extent of caspase-3 and caspase-8 activation, within 24 h
of the first administration of 5-FU, were assessed immuno-
histochemically using antibodies raised against cleaved
caspase-3 and caspase-8 respectively. The administration of
5-FU (50 mg-kg™") caused an 8.3-fold increase in the number
of caspase-3-activated cells in the intestinal crypt 24 h after
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initial inoculation; however, this response was significantly
attenuated by ramosetron (0.1 mg-kg') (Figure 6A and B).
Similarly, although 5-FU caused a 5.9-fold increase in the
number of caspase-8-activated cells, this response was signifi-
cantly suppressed by ramosetron (0.1 mg-kg™) (Figure 6A
and C).

Effect of ramosetron on proliferation and
expression of Bax and Bcl-2 induced by 5-FU
in intestinal crypt cells

To confirm the influence of ramosetron on the anti-
proliferative action of 5-FU in the intestinal crypt cells, the
proliferative activity was determined immunohistochemi-
cally using anti-Ki-67 antibody. A large number of Ki-67-
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Figure 2

Effect of ramosetron and ondansetron on changes in body weight
and diarrhoea during the course of 5-FU treatment in mice. Animals
were administered 5-FU (50 mg-kg™, i.p.) once daily for 5 days (days
0-4). Ramosetron (RAM, 0.01, 0.03, and 0.1 mg-kg™") and ondanset-
ron (OND, 5 mg-kg™") were administered p.o. twice daily for 5 days.
Body weight was monitored daily and is shown as a percentage of
initial body weight (A), whereas severity of diarrhoea was scored
daily using the four-grade scale (0 to 3), described in the Methods
(B). Data are presented as the means + SEM from six mice. Signifi-
cant differences at P < 0.05; *from control (C, vehicle alone); *from
normal (N, 5-FU-untreated).

positive proliferative cells were observed in the normal (5-FU-
untreated) intestinal crypt (Figure 7A and C). Treatment with
5-FU (50 mg-kg™") markedly reduced the number of Ki-67-
positive cells to 41.3 = 6.0 cellssmm™ 24 h later. The admin-
istration of ramosetron (0.1 mg-kg™') failed to affect the
anti-proliferative action of 5-FU.

Conversely, the expression of Bax and Bcl-2 proteins was
clearly detected in the normal (5-FU-untreated) small intes-
tine (Figure 7B). Treatment with 5-FU (50 mg-kg™) failed to
affect the expression of these proteins in the presence or
absence of ramosetron (0.1 mg-kg™") (Figure 7B, D, E).

5-HT; antagonists ameliorate intestinal mucositis
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Figure 3

Effect of ramosetron and ondansetron on the shortening of intestinal
villus height induced by 5-FU in mice. Animals were administered
5-FU (50 mg-kg™, i.p.) once daily for 5 days (days O to 4) and killed
5 days after the initiation of 5-FU treatment (day 5). Ramosetron
(RAM, 0.01, 0.03 and 0.1 mg-kg”") and ondansetron (OND,
5 mg-kg™") were administered p.o. twice daily for 5 days. Haema-
toxylin and eosin staining was performed (A, 100x), and the heights
of the intestinal villi were measured (from the top of the villus to the
villus—crypt junction) by light microscopy (B). Data are presented as
the means = SEM from six mice. Significant differences at P < 0.05;
*From control (C, vehicle alone); *from normal (N, 5-FU-untreated).

Effect of ramosetron on up-regulation of
mRNA for TNF-o, IL-1B, IL-6 and IFN-y in
the intestinal mucosa

Up-regulation of mRNA for TNF-a was observed as early as
12 h after administration of 5-FU (50 mg-kg™') and reached
5-6-fold the values in normal (5-FU-untreated) animals on
days 1 and 3, respectively (Figure 8A). Although the expres-
sion of IL-1B, IL-6 and INF-y was also increased, these
responses were apparently delayed with only slight increases
observed over the first 24 h after the initiation of 5-FU treat-
ment. The increased expression of TNF-o. and IL-1 mRNA
was significantly suppressed by ramosetron (0.1 mg-kg™) at
all time points (Figure 8B, C, D).
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Effect of ramosetron and ondansetron on the destruction of intestinal crypts induced by 5-FU in mice. Animals were administered 5-FU
(50 mg-kg™, i.p.) once daily for 5 days (days O to 4) and killed 5 days after the onset of 5-FU treatment (Day 5). Ramosetron (RAM, 0.01, 0.03,
and 0.1 mg-kg™) and ondansetron (OND, 5 mg-kg™") were administered p.o. twice daily for 5 days. Haematoxylin and eosin staining was
performed (A, 500x), and the number of surviving crypts per millimetre (B) and surviving crypt cells per crypt (C) were measured by light
microscopy. Data are presented as the means = SEM from six mice. Significant differences at P < 0.05; *From control (C, vehicle alone); *from

normal (N, 5-FU-untreated).

Effect of ondansetron on apoptotic response
and cytokine up-regulation induced by 5-FU
The administration of ondansetron (5 mg-kg™) significantly
reduced the increase in the number of apoptotic cells induced
by 5-FU (50 mg-kg™') on day 1 (Figure 9A and B). Similarly,
the administration of ondansetron significantly suppressed
5-FU-induced up-regulation of TNF-o. and IL-1 expression on
day 1 (Figure 9C).

Effect of ramosetron on anti-proliferative
action of 5-FU in tumour-implanted mice
Colon 38 tumour fragments, implanted s.c. in the abdominal
region of mice, developed single, solid tumours over the
course of the experiment. Each solid tumour gradually grew
and reached an average volume of just over 1000 mm?® by
21 days after tumour implantation (Figure 10A). Repeated
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administration of 5-FU (20 mg-kg™) fully suppressed tumour
growth, and the tumour volume did not increase significantly
by day 21 after implantation. Twice-daily administration
of ramosetron (0.1 mg-kg™") affected neither spontaneous
tumour growth nor the anti-growth effect of 5-FU. On the
other hand, repeated administration of 5-FU (20 mg-kg™)
caused a reduction in body weight, although the reduction
was less than that accompanying treatment with 5-FU
(50 mg-kg") (Figure 10B). Twice-daily administration of
ramosetron clearly showed the tendency to avoid the 5-FU-
induced body weight loss.

Discussion and conclusions

In the present study, we have demonstrated the immunohis-
tochemical localization of 5-HT; receptors in the normal
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Figure 5

Effect of ramosetron on apoptosis in the intestinal crypt induced by
5-FU in mice. Animals were administered 5-FU (50 mg-kg™, i.p.)
once daily and killed 1 and 3 days after the initiation of 5-FU treat-
ment. Ramosetron (RAM, 0.1 mg-kg™") was administered p.o. twice
daily. Apoptosis was assessed using the TUNEL assay (A, 500x). The
number of TUNEL-positive cells was counted in the intestinal crypt
using a light microscope (B). Data are presented as the means + SEM
from six mice. Significant differences at P < 0.05; *from control
(C, vehicle alone); *from normal (N, 5-FU-untreated).

small intestine. Immunoreactive 5-HT; receptors were found
mostly in cell-like structures located in the lamina propria
of the intestinal villi. Interestingly, some of these 5-HTs-
immunopositive structures were also positive for CD68 and
CD11b (markers for macrophages), as well as for CD45 (a
marker of leucocytes). These findings suggest the 5-HT; recep-
tor is mostly expressed in inflammatory and immune cells,
localized in the small intestine and may modulate the inflam-
matory responses. Furthermore, administration of S5-FU
increased plasma 5-HT levels, suggesting that 5-HT was being
released, probably from the EC cells. Thus, it is possible that
activation of 5-HT; receptors, via the release of 5-HT from EC
cells, may be a critical event in the pathogenesis of 5-FU-
induced intestinal mucositis.

The results obtained from the present study indicated that
5-HT; antagonists ameliorated 5-FU-induced intestinal
mucositis. Consistent with the findings from many previous
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Figure 6

Effect of ramosetron on activation of caspase-3 and caspase-8 in the
intestinal crypt induced by 5-FU in mice. Animals were administered
5-FU (50 mg-kg™, i.p.) and killed 1 day (24 h) after the administra-
tion of 5-FU. Ramosetron (RAM, 0.1 mg-kg™") was administered p.o.
twice, 0.5 h before and 8 h after the administration of 5-FU. The
activation of caspase-3 and caspase-8 (A, 500x) were determined
immunohistochemically using anti-cleaved caspase-3 and caspase-8
antibodies respectively. The numbers of cells immunopositive for
caspase-3 (B) and caspase-8 (C) were counted in the intestinal crypt
using a microscope. Data are presented as the means = SEM from six
mice. Significant differences at P < 0.05; *from control (C, vehicle
alone); *from normal (N, 5-FU-untreated).

studies (Symonds, 1998; Wadler et al., 1998; Benson et al.,
2004), repeated dosing of mice with 5-FU caused severe
intestinal mucositis, morphologically characterized by the
shortening of villi and destruction of intestinal crypts,
accompanied by systemic symptoms that included diarrhoea
and body weight loss. These morphological changes and
systemic symptoms were suppressed, in a dose-dependent
manner, by daily administration of ramosetron. A similar
ameliorative effect was observed following administration of
ondansetron, another 5-HT; receptor antagonist. Since diar-
rhoea and body weight loss during 5-FU treatment are con-
sidered to be closely linked to the severity of intestinal
mucositis (Symonds, 1998), these findings strongly suggest
that the 5-HT; receptor antagonists can be effective against
5-FU-induced intestinal mucositis.
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Figure 7

Effect of ramosetron on the suppression of cell proliferation and
expression of Bax and Bcl-2 induced by 5-FU in mouse small intestine.
Animals were administered 5-FU (50 mg-kg™, i.p.) and killed 1
day (24 h) after the administration of 5-FU. Ramosetron (RAM,
0.1 mg-kg™") was administered p.o. twice, 0.5 h before and 8 h after
the administration of 5-FU. The cell proliferative activity was deter-
mined immunohistochemically using anti-Ki-76 antibody (A, 500x),
whereas the expression of Bax and Bcl-2 was analysed by Western
blotting (B). The numbers of Ki-67-positive cells were counted in the
intestinal crypts using a light microscope (C), whereas the expression
level of Bax and Bcl-2 proteins was densitometrically determined.
Data are presented as the means + SEM from six mice. Significant
difference at P < 0.05; *from control (C, vehicle alone); *from normal
(N, 5-FU-untreated).

Although the pathogenesis of chemotherapeutic agent-
induced intestinal mucositis is not fully understood, it is
considered to be a consequence of various processes, includ-
ing abnormal inflammation, apoptosis, cell hypoprolifera-
tion and direct cytotoxicity (Daniele et al., 2001; Duncan and
Grant, 2003; Bowen et al., 2006). Apoptosis is a particularly
critical event in intestinal mucositis induced by chemothera-
peutic agents (Anilkumar et al., 1992; Pritchard et al., 1998;
Keefe et al., 2000; Inomata et al., 2002). In the present study,
the number of TUNEL-positive apoptotic cells markedly
increased in the intestinal crypt after administration of 5-FU.
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Interestingly, the increased number of apoptotic cells was
more evident on day 1 than on day 3 of the 5-FU treatment.
As the morphological changes in the small intestine were not
visible on day 1, it is likely that apoptosis was triggered
within 24 h after the first administration of 5-FU and may be
a critical event in the development of intestinal mucositis.
Ramosetron and ondansetron significantly reduced 5-FU-
induced apoptosis of the intestinal crypt cells, suggesting that
the ameliorative effect of these agents in intestinal mucositis
may be attributed to suppression of the apoptosis induced by
5-FU.

Several studies have indicated that activation of caspase-3
is involved in the intestinal cell apoptosis that occurs during
the treatment with chemotherapeutic agents, including 5-FU
(Bowen et al., 2005; Li et al., 2009; Wu et al., 2011). Caspase-3,
the main downstream effector, plays a key role in the process
of apoptosis by cleaving the majority of cellular substrates
(Perner et al., 2003; Kumar, 2007). In the present study, the
number of cells immunopositive for cleaved caspase-3, the
active form of caspase-3, was markedly increased in intestinal
crypt cells during 5-FU treatment. The observed pattern of
immunopositive cells was consistent with the localization of
TUNEL-positive apoptotic cells. The activation of this enzyme
was also significantly suppressed by ramosetron, indicating
that the anti-apoptotic effect of 5-HT; receptor antagonists
was mediated by the inhibition of caspase-3 activation.

Inomata et al. (2002) and Wu etal. (2011) have shown
that the apoptosis and caspase-3 activation induced in intes-
tinal crypt cells by 5-FU are accompanied by alterations in
Bax and Bcl-2 expression. In the present study, however, as
5-FU failed to affect the expression of these proteins, it is
unlikely that the alteration of these proteins is involved in
the activation of caspase-3 induced by 5-FU. To induce intes-
tinal mucositis in mice, these authors administered high
doses (130-200 mg-kg") of 5-FU in a single injection
(Inomata efal.,, 2002; Wu etal.,, 2011), whereas the pre-
sent method required repeated administration of 5-FU
(50 mg-kg™"). Therefore, these discrepancies may be due to the
different experimental conditions and/or measurements of
the expression.

In the present study, caspase-8 was found to be potently
activated in intestinal crypt cells, similar to caspase-3, after
5-FU treatment, and to be inhibited by ramosetron. Caspase-8
is an initiator that promotes caspase-3 activation, and the
activation of this enzyme is initiated by members of the TNF
family through recruitment of the death-inducing signalling
complex (DISC) via binding to the adaptor protein (FADD)
(Boldin et al., 1996; Muzio et al., 1996). Several studies have
demonstrated the increased expression and production of
inflammatory cytokines, such as TNF-a, IL-1f, IL-6 and IFN-y,
during chemotherapy-induced intestinal mucositis (Itoh
et al., 2002; Sonis et al., 2004; Elsea et al., 2008; Huang et al.,
2009). In the present study, we also observed that the admin-
istration of 5-FU caused up-regulation of these cytokines in
the small intestine. Interestingly, the up-regulation of TNF-o
preceded that of IL-1B, IL-6 and IFN-y, and also correlated
with the induction of apoptosis and activation of caspases-3
and -8. Thus, TNF-a is likely to be an important mediator in
the process of 5-FU-induced apoptosis. Indeed, Jin et al.
(2006) showed that TNF-o induced apoptosis via activation of
caspase-3/caspase-8 in intestinal epithelial cells. Further
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Figure 8

Effect of ramosetron on up-regulation of TNF-c, IL-1B, IL-6, IFN-y mRNA expression in the small intestine induced by 5-FU in mice. Animals were
administered 5-FU (50 mg-kg™, i.p.) and killed 0.5, 1 and 3 days later. Ramosetron (RAM, 0.1 mg-kg™') was administered p.o. twice daily. The
expression of TNF-o, IL-1f and IL-6 was quantified by real-time RT-PCR. Expression levels of each mRNA were standardized to that of B-actin
mRNA, and normalized to the mean value for day 0 or normal (5-FU-untreated) mice at each time point. (A) Changes in TNF-o, IL-1B, IL-6 and
IFN-y expression during the course of 5-FU treatment. Effect of ramosetron on the up-regulation of TNF-a (B), IL-1B (C), IL-6 (D), and IFN-y (E)
induced by 5-FU. Data are presented as the means = SEM from six mice. Significant differences at P < 0.05; *from control (C, vehicle alone); “from

normal (N, 5-FU-untreated).

studies are needed to clarify the detailed association of these
cytokines, especially TNF-o, with the pathogenesis of
5-FU-induced intestinal apoptosis, resulting in mucositis.
Ramosetron and ondansetron significantly suppressed the
up-regulation of TNF-o and other cytokines in response to
5-FU, suggesting that the anti-apoptotic effect of these agents
is attributable to suppression of the caspase-3/caspase-8 path-
ways via inhibition of inflammatory cytokine up-regulation.

It is well accepted that cisplatin, a platinum-containing
chemotherapeutic agent, directly causes the release of 5-HT
from EC cells (Schworer et al., 1991; Minami et al., 2003).
However, the mechanism by which 5-FU causes the release of
5-HT from these cells remains unclear. Several studies have
revealed that the number of EC cells, and the content of 5-HT
in the small intestine are elevated in patients with inflamma-
tory bowel disease (IBD) (El-Salhy et al., 1997) and in experi-
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Figure 9

Effect of ondansetron on apoptosis in the intestinal crypt and
up-regulation of cytokine mRNA in the intestine induced by 5-FU in
mice. Animals were injected with 5-FU (50 mg-kg™, i.p.) and killed 1
day (24 h) later. Ondansetron (OND, 5 mg-kg™") was administered
p.o. twice 0.5 h before and 8 h after the administration of 5-FU.
Apoptosis was assessed using the TUNEL assay (A, 500x). The
number of TUNEL-positive cells was counted in the intestinal crypt
using a light microscope (B). The expression of TNF-o,, IL-1f, IL-6 and
IFN-y was quantified by real-time RT-PCR (C). Expression levels of
each mRNA were standardized to that of -actin mRNA and normal-
ized to the mean value for normal (5-FU-untreated) mice. Data are
presented as the means = SEM from six mice. Significant differences
at P < 0.05; *from control (C, vehicle alone); *from normal (N,
5-FU-untreated).

mental animal models of colonic inflammation (Oshima
etal., 1999; Linden et al., 2003; Khan et al., 2006; Bertrand
et al., 2010). Furthermore, the release of 5-HT from EC cells
has been reported to be enhanced by bacterial infection
(Wang et al., 2007) and inflammatory cytokines (Khan et al.,
2006; Kidd etal., 2009). Thus, the augmentation of 5-HT
release in response to 5-FU may be associated with intestinal
inflammation.

Several studies have shown that 5-HT stimulated the pro-
duction of cytokines, such as TNF-o, IL-18 and IL-12p40, in
isolated mouse macrophages and dendritic cells, although no
study has examined the 5-HT receptor subtypes involved in
this response (Ghia et al., 2009; Li et al., 2011). However, the
molecular mechanisms by which activation of 5-HT; recep-
tors induces up-regulation of inflammatory cytokines remain
obscure. A pathogenic role for NADPH oxidase 1 (NOX1)-
derived reactive oxygen species (ROS) was recently described
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Figure 10

Effect of ramosetron on the anti-tumour action and body weight loss
induced by 5-FU in tumour-implanted mice. A Colon 38 tumour
fragment (8 mm?) was implanted into the abdominal region of mice
and the volume (mm?3) of the Colon 38 solid tumour was measured
every 2 days, starting 7 days after implantation. The animals were
administered 5-FU (20 mg-kg™, i.p.) once daily for 5 days, and then
administered 5-FU once daily for 5 days after a 2-day no-treatment
period. Ramosetron (RAM, 0.1 mg-kg™") was administered p.o. twice
daily for 14 days, starting 7 days after implantation. The tumour
volume (A) and body weight (B) were measured every 2 days,
starting 7 days after the implantation. Data are presented as the
means *= SEM from six mice. N, vehicle alone (5-FU-untreated);
C, vehicle + 5-FU; RAM, ramosetron + 5-FU; RAM alone, ramosetron
alone (5-FU-untreated). #Significant difference from normal (N) at
P < 0.05.

in 5-FU-induced intestinal mucositis (Yasuda et al., 2012).
Administration of 5-FU increased the expression of inflam-
matory cytokines, accompanied by NOX1, in the small intes-
tine. A preliminarily study also showed that the up-regulation
of NOX1 in response to 5-FU was significantly prevented by
ramosetron and ondansetron (data not shown). On the other
hand, the immunohistochemical investigations in the
present study also revealed that the 5-HT; receptor was
expressed in nerve fibres in the myenteric and submucosal



plexus, as previously reported by Glatzle et al. (2002). Thus, it
is possible that the NOX1/ROS pathway and an indirect
pathway via neuronal 5-HT; receptors may be involved in
5-HT; receptor-induced inflammatory responses. However,
further studies are required to clarify the molecular mecha-
nisms underlying 5-HT; receptor-mediating inflammatory
responses.

Finally, the influence of ramosetron on the anti-tumour
action of 5-FU was examined in Colon 38-implanted mice.
Repeated treatment with 5-FU completely prevented the
growth of solid tumours implanted s.c. in the animals.
However, daily administration of ramosetron did not affect
the anti-tumour action of 5-FU. In addition, daily adminis-
tration of ramosetron failed to affect the S5-FU-induced
decrease in the number of Ki-67-positive proliferative cells in
the intestinal crypt. These findings suggest that ramosetron
does not affect the anti-proliferative action of 5-FU. There-
fore, we suggest that ramosetron can ameliorate intestinal
mucositis without any negative impact on the anti-tumour
activity of 5-FU during chemotherapy. On the other hand, we
observed that twice daily administration of ramosetron
clearly prevented the reduction of body weight induced by
5-FU with a lower dose (20 mg-kg™") over a longer period (3
weeks). This result may also suggest that ramosetron is effec-
tive against 5-FU-induced intestinal mucositis.

Taken together, these results indicate that endogenous
5-HT plays a critical role in the pathogenesis of 5-FU-induced
intestinal mucositis via activation of 5-HT; receptors. There-
fore, 5-HT; receptor antagonists may be useful for the preven-
tion of not only nausea and emesis but also intestinal
mucositis during cancer chemotherapy.
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