
INTRODUCTION

Intestinal mucositis is one of the most common side effects
during cancer chemotherapy (1, 2), and often leads to dose
reductions and necessitates discontinuation of treatment.
Symptoms include nausea, vomiting and anorexia, as well as
severe diarrhea and dehydration (1-3). Since the mechanism of
intestinal mucositis induced by anti-cancer agents remains
uncertain (4), there is no effective treatment or preventive
measure for intestinal mucositis. Thus, this side effect is a major
limitation to the success of cancer chemotherapy.

5-Fluorouracil (5-FU), an anticancer agent, is widely used
for treatment of malignant tumors, but often causes intestinal
mucositis. Although 5-FU-induced intestinal mucositis is
considered to be a consequence of several processes, including
direct cytotoxicity, apoptosis, epithelial cell hypoproliferation,
and abnormal inflammation (5-9), the precise etiology of
mucositis remains undefined.

Lafutidine, a histamine H2-receptor antagonist, is used for
the treatment of upper gastrointestinal diseases including
reflux esophagitis and peptic ulcers in Japan and India.
Interestingly, it is known to have a protective activity in the
gastrointestinal mucosa in addition to potent gastric anti-
secretory action (10-12). Several studies have demonstrated
that the protective action of lafutidine is mediated by
activation capsaicin-sensitive sensory afferent neurons (11,
12). Furthermore, lafutidine has been shown to directly
stimulate mucin production by mucus cells in experimental
animals (13). Recently, several reports showed that lafutidine
might effectively prevent chemotherapy-induced intestinal
mucositis in human and experimental animals (14, 15), but its
preventive mechanisms against intestinal mucositis remain
unclear.

In the present study, we investigated the effects of lafutidine
on 5-FU-induced intestinal mucositis in mice, particularly in
relation to sensory afferent neurons.
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Intestinal mucositis accompanied by severe diarrhea is one of the most common side effects during cancer
chemotherapy. Lafutidine, a histamine H2 receptor antagonist with mucosal protective properties via sensory afferent
neurons, is used for the treatment of upper gastrointestinal diseases. The present study investigated the effects of
lafutidine on 5-fluorouracil (5-FU)-induced intestinal mucositis induced in mice. Male C57BL/6 wild-type (WT),
sensory deafferented mice, and transient receptor potential vanilloid subfamily 1 knockout (TRPV1KO) mice were used.
Animals were administered 5-FU once daily, while lafutidine and famotidine were administered twice daily for 6 days.
Repeated administration of 5-FU caused severe intestinal mucositis, characterized by shortening of villi and destruction
of crypts and was accompanied by diarrhea and body weight loss. Daily administration of lafutidine reduced the severity
of intestinal mucositis, diarrhea and body weight loss in a dose-dependent manner, while famotidine had no effect on
intestinal mucositis. The preventive effects of lafutidine were completely abolished in sensory deafferented and TRPV1-
KO mice. Lafutidine significantly suppressed 5-FU-increased MPO activity and inflammatory cytokine expression on
day 6, but not apoptosis induction in intestinal crypts on day 1. Lafutidine induced Alcian Blue and PAS-positive mucus
production in the small intestine. These findings suggest that lafutidine attenuates 5-FU-induced intestinal mucositis,
most likely by increasing mucus production via activation of sensory afferent neurons. Furthermore, intact TRPV1
signaling is essential for the activation of sensory afferent neurons induced by lafutidine. Therefore, lafutidine is more
useful than other common antacids for the treatment of intestinal mucositis during cancer chemotherapy.
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MATERIALS AND METHODS

Animals

This study was carried out in strict accordance with
ARRIVE guidelines for reporting experiments involving
animals (16). The protocols were approved by the committee on
the Ethics of Animal Research of Kyoto Pharmaceutical
University (Permit Number: 16-13-010). Eight- to nine-week-
old male C57BL/6 mice weighing 20 – 24 g were purchased
from SLC Incorporated (Shizuoka, Japan). Mice lacking
transient receptor potential vanilloid subfamily 1 (TRPV1) were
kindly provided by Dr. Julius D (University of California, San
Francisco). All mice were maintained in plastic cages with free
access to food and water, and were housed at 22 ± 1°C with a 12-
h light/dark cycle.

Induction of intestinal mucositis

Intestinal mucositis was induced in mice by once daily
administration of 5-FU (50 mg/kg, i.p.) for 6 days. Disease
activity was assessed daily by measuring body weight and
scoring the stool consistency: 0, normal; 1, soft stool; 2, mild
diarrhea (slightly wet and formed stool); 3, moderate diarrhea
(wet and unformed stool); and 4, severe diarrhea (watery stool
with severe perianal staining), based on our previous study (9).

Assessment of intestinal mucositis

On day 6 following 5-FU treatment, animals were sacrificed
by CO2 gas inhalation, the jejunum was removed, and was
immersed in 10% neutralized formalin overnight. Tissues were
embedded in paraffin, cut into 4-µm sections, and stained with
hematoxylin and eosin (H&E). Villus height and crypt damage
were measured under a light microscope at a magnification of
100× and 400×, respectively (BX-51; Olympus, Tokyo, Japan)
(9). Five intact and well-oriented villi and crypts were measured
and averaged for each sample.

Deafferentation of sensory neurons

Chemical deafferentation was induced using a modified
version of previously reported methods (17, 18). Capsaicin was
dissolved in 10% ethanol, 10% Tween-80 and 80% physiological
saline. Capsaicin was administered into subcutaneous fat tissues
of the neck in three injections (20 mg/kg, 30 mg/kg and 50
mg/kg) 24 h apart under isoflurane anesthesia 2 weeks before the
experiment. Terbutaline (0.1 mg/kg, i.p.), aminophylline (10
mg/kg, i.p.) and atropine (3 mg/kg, i.p.) were administered
immediately before capsaicin injection to prevent acute
cardiopulmonary effects of excessively released sensory
mediators. The efficacy of nerve inactivation was evaluated by
the eye-wipe test (19). Briefly, a drop of dilute (0.1 mg/mL)
capsaicin was placed onto one eye and wiping movements were
counted. Exposure to a denervating dose of capsaicin caused loss
of corneal sensitivity, indicating inactivation of sensory neurons.

Determination of myeloperoxidase (MPO) activity

MPO activity in homogenates of the jejunum was
determined using a modified version of the method of Krawisz
et al. (20) on day 6 following the onset of 5-FU injection. Equal
weights (50 mg wet weight) of the jejunum from each group
were suspended in 50 mM phosphate buffer containing 0.5%
hexadecyl-trimethyl ammonium bromide (pH 6.0) and
homogenized, three times for 30 s on ice. After freezing and
thawing treatment three times, homogenates were centrifuged at

2000 rpm for 10 min at 4°C. The MPO reaction was carried out
by addition of 10 mM phosphate buffer (pH 6.0) and 0.4843
mg/mL o-dianisidine hydrochloride containing H2O2 (0.44 µM)
to the supernatants in a 96-well plate. Changes in absorbance at
450 nm were recorded with spectrophotometer. Sample protein
content was estimated by spectrophotometric assay, the MPO
activity was obtained from the slope of the reaction curve.

Determination of tumor necrosis factor-α (TNF-α) and
interleukin-1α (IL-1α) mRNA expression by quantitative RT-PCR

On day 6 following the onset of 5-FU injection, jejunum
tissue was washed with cold phosphate-buffered saline (PBS),
and stored in RNAlater (Ambion, Austin, TX) at 4°C before use.
Total RNA was extracted using Separose RNA-I Supper G
(Nacalai Tesque, Kyoto, Japan) and reverse transcription (RT)
was performed using PrimeScript Reverse Transcriptase
(Takara, Shiga, Japan). Quantitative polymerase chain reaction
(PCR) was carried out using ABI 7500 (Applied Biosystems,
Foster City, CA) with SYBR Premix ExTaq (Takara). Specific
primer sets for β-actin (MA050368), TNF-α (MA097070) and
IL-1β (MA025939) were obtained from the Perfect Real-Time
Supporting System (Takara). Expression levels of TNF-α and
IL-1β mRNAwere calculated using the comparative CT(∆∆CT)
method (standardized against β-actin mRNAand expressed as
fold-increase from normal group).

Experimental protocols

Animals were randomly divided into the following five
groups to study the effects of lafutidine; normal (n = 8), control
(5-FU) (n = 8), 5-FU + lafutidine at 3 mg/kg (n = 8), 10 mg/kg
(n = 8) and 30 mg/kg (n = 7).  Animals were also divided into the
following three groups to study the effects of famotidine; normal
(n = 8), control (5-FU) (n = 7) and 5-FU + famotidine (n = 7). In
addition, sensory deafferented mice were randomly divided into
three groups (normal (n = 7), control (5-FU) (n = 6) and
lafuditine (30 mg/kg) (n = 6)), and TRPV1KO mice were
randomly divided into three groups (normal (n = 7), control (5-
FU) (n = 7) and lafutine (30 mg/kg) (n = 6)).

Lafutidine (3 – 30 mg/kg) and famotidine (30 mg/kg) were
administered p.o. twice, 0.5 h before and 7 h after 5-FU
injection, for 6 days (day 0 to 5). The normal group received
saline (vehicle of 5-FU) and CMC solution (vehicle of lafutidine
and famotidine), while the control group was given 5-FU and
CMC solution (vehicle of lafutidine).

Immunohistochemical analysis

The intestine was removed from wild-type and TRPV1KO
mice, washed with cold PBS and immersed in 4%
paraformaldehyde for 2 h at 4°C. Immunohistochemical
procedures were performed as described previously (21).
Briefly, slide-mounted sections were treated with 10% normal
donkey serum for 1 hour at room temperature and then incubated
with a sheep polyclonal anti-calcitonin gene related peptide
(CGRP) antibody (Enzo Life Sciences, Lausen, Switzerland) for
40 hours at room temperature. To visualise target protein
expression, sections were incubated with Alexa Fluo 488-
labelled donkey anti-sheep IgG (ThermoFisher Scientific,
Waltham, MA) for 4 hour. Immunofluorescence was observed
using confocal microscopes (A1R+; Nikon, Tokyo, Japan).

Determination of apoptosis

Twenty hours after the first injection of 5-FU (on day 1),
jejunum tissues were fixed with 10% neutralized formalin,
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embedded in paraffin, and cut into 4-µm sections . Apoptosis was
detected by TUNEL assay using an in situ apoptosis detection kit
(Takara) after treatment with proteinase K (Takara). Sections were
counter-stained with hematoxylin. The number of cells positive
for TUNEL assays were counted under a light microscope at a
magnification of 400×, as described previously (9).

Measurement of intestinal mucus production

On day 4 following the onset of 5-FU treatment, jejunum
tissues were immersed in Caenoy's solution for about 2 hours.
Tissues were embedded in paraffin, cut into 4-µm sections, and
stained with Alcian Blue, pH 2.5 (AB-2.5), and Periodic Acid-
Schiff (PAS). Intestinal goblet mucus cells were measured under
a light microscope at a magnification of 200×.

Preparation of drugs

Drugs used were 5-FU (Sigma-Aldrich, St. Louis, MO),
lafutidine, capsaicin (Wako, Osaka, Japan), carboxymethyl-

cellulose (CMC: Nacalai Tesque), terbutaline (Bricanyl®,
AstraZeneca, Osaka, Japan), aminophylline (Neophyllin®, Eisai,
Tokyo, Japan) and atropine (Sigma-Aldrich). 5-FU was dissolved
in physiological saline at a concentration of 5 mg/mL. Lafutidine
was suspended with 0.5% CMC solution at concentrations of 0.3,
1, and 3 mg/mL. Capsaicin was dissolved in a Tween 80-ethanol
solution (10% ethanol, 10% Tween and 80% saline, w/w: Wako,
Osaka, Japan) for s.c. injection while it was suspended in a 0.5%
CMC for topical application. Other agents were dissolved in
saline. Each agent was prepared immediately before use and
administered i.p, p.o. or s.c. at a volume of 0.1 mL/10 g body
weight. Control animals received saline instead of the active
agent.

Statistical analysis

Data are presented as means ± S.E.M. Statistical analyses
were analyzed with GraphPad Prism 6.0b (GraphPad Software,
La Jolla, CA) using a parametric one-way ANOVA followed by
Dunnett's multiple comparison test and non-parametric Kruskal-
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Fig. 1. Effects of lafutidine (A) and famotidine (B) on
body weight loss during 5-FU treatment. Animals
were given 5-FU (50 mg/kg, i.p.) once daily while
lafutidine (3, 10 and 30 mg/kg) and famotidine (30
mg/kg) were administered twice daily for 6 days.
Body weight was determined daily and is shown as a
percentage of initial body weight. Data are presented
as means ± SE for 7 – 8 mice. Significant difference
at P< 0.05; *from control (5-FU alone); #from normal
(5-FU-untreated).



Wallis one-way ANOVA, followed by Dunn's multiple
comparison test, with P< 0.05 regarded as statistically
significant.

RESULTS

Effects of lafutidine and famotidine on body weight loss and
diarrhea during 5-FU treatment

Repeated administration of 5-FU (50 mg/kg) to animals
caused body weight loss (Fig. 1A) and diarrhea (Table 1). Mean
body weight was reduced to 82.7 ± 0.8% of initial body weight
on day 6. Prominent diarrhea was observed from day 4, and the
mean diarrhea score reached 3 (2 – 3) on day 6. In the present
study, repeated administration of 5-FU (50 mg/kg) for 6 days did
not cause any animal deaths Twice-daily administration of
lafutidine (3 – 30 mg/kg) had no apparent effect on body weight
loss, but reduced the severity of diarrhea during 5-FU treatment,
in a mostly dose-dependent manner, and a significant effect was
observed at a dose of 30 mg/kg. In contrast, daily administration
of famotidine (30 mg/kg) had no effect on body weight loss (Fig.
1B) and diarrhea (Table 1) during 5-FU treatment.

Effects of lafutidine and famotidine on 5-FU induced intestinal
mucositis

Repeated administration of 5-FU caused severe intestinal
mucositis, histologically characterized by shortening of villi and
destruction of crypts (Fig. 2A). Villus height shortened to 54.9%
when compared to normal animals on day 6, while the destruction
of intestinal crypts was evaluated by a decrease in the number of
surviving crypts and crypt cells (Fig. 2B). The number of
surviving crypts and crypt cells decreased to 40.9% and 51.2%
when compared to normal animals, respectively, on day 6. Twice-
daily administration of lafutidine dose-dependently mitigated the
histological intestinal damage induced by 5-FU. In contrast,
twice-daily administration of famotidine (30 mg/kg) had no effect
on the histological intestinal damage (Fig. 3A and 3B).

Effects of lafutidine on changes in myeloperoxidase (MPO)
activity and up-regulation TNF-α and IL-1β mRNA induced by
5-FU in the small intestine

Repeated administration of 5-FU caused a marked increase
in intestinal MPO activity on day 6 (Fig. 4A). Twice-daily
administration of lafutidine (30 mg/kg) significantly attenuated
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Fig. 2. Effects of lafutidine
on shortening of villi and
destruction of crypts induced
by 5-FU in small intestines.
Animals were given 5-FU
(50 mg/kg, i.p.) once daily
while lafutidine (3, 10 and 30
mg/kg) was administered
twice daily for 6 days.
Intestinal mucositis was
evaluated on day 6 following
the onset of 5-FU treatment.
Histological observations for
intestinal villi (100×) and
crypts (400×) (A). Height of
villi, number of surviving
crypts per millimeter, and
surviving cells per crypts
were measured (B). Data are
presented as means ± SE for
7 – 8 mice. Significant
difference at P< 0.05; *from
control (C, 5-FU alone);
#from normal (N, 5-FU-
untreated).
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Fig. 3. Effects of famotidine
on shortening of villi and
destruction of crypts induced
by 5-FU in small intestines.
Animals were given 5-FU
(50 mg/kg, i.p.) once daily
while famotidine (30 mg/kg)
was administered twice daily
for 6 days. Intestinal
mucositis was evaluated on
day 6 following the onset of
5-FU treatment Histological
observations for intestinal
villi (100×) and crypts
(400×) (A). Height of villi,
number of surviving crypts
per millimeter, and surviving
cells per crypts were
measured (B). Data are
presented as means ± SE for
7 – 8 mice. Significant
difference at P< 0.05; *from
control (C, 5-FU alone);
#from normal (N, 5-FU-
untreated).

Table 1.  Effects of lafutidine and famotidine on diarrhea score during 5-FU treatment.  

 Number of 

animals 
Day 4 Day 5 Day 6 

Normal 8 
0 

(0 – 0) 

0 

(0 – 0) 

0 

(0 – 0) 

Control (5-FU) 8 
2# 

(1 – 3) 

3# 

(1 – 3) 

3# 

(2 – 3) 

5-FU 

  + Lafutidine (3 mg/kg) 
8 

2 

(0 – 3) 

2 

(0 – 3) 

2 

(0 – 3) 

  + Lafutidine (10 mg/kg) 8 
2 

(0 – 3) 

2 

(1 – 3) 

2 

(0 – 3) 

  + Lafutidine (30 mg/kg) 7 
0* 

(0 – 3) 

1* 

(0 – 3) 

2* 

(0 – 2) 

Normal 8 
0 

(0 – 0) 

0 

(0 – 0) 

0 

(0 – 0) 

Control (5-FU) 8 
2# 

(0 –2) 

3# 

(2 – 3) 

3# 

(3 – 3) 

5-FU 

  + Famotidine (30 mg/kg) 
7 

1 

(0 – 2) 

3 

(1 – 3) 

3 

(2– 3) 

Animals were given 5-FU (50 mg/kg, i.p.) once daily while lafutidine (3, 10 and 30 mg/kg) and famotidine (30 mg/kg) were
administered twice daily for 6 days. Diarrhea was scored on day 4 – 6 using five-grade scale (0 to 4). Data are presented as median
(min – max) for 7 – 8 mice. Significant difference at P< 0.05; *from control (5-FU); #from normal (5-FU-untreated).

Table 1. Effects of lafutidine and famotidine on diarrhea score during 5-FU treatment.
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Fig. 4. Effects of lafutidine on increase
in MPO activity and up-regulation of
TNF-α and IL-β mRNA expressions
induced by 5-FU in the small intestine.
Animals were given 5-FU (50 mg/kg,
i.p.) once daily while lafutidine (30
mg/kg) was administered twice daily
for 6 days. Activity of intestinal MPO
(A), expression of TNF-α and IL-1β
mRNAs (B) were determined on day 6
following the onset of 5-FU treatment.
Expression levels of each mRNAwere
standardized against β-actin mRNAand
are expressed as fold-increase from
normal group. Data are presented as
means ± S.E for 5 – 8 mice. Significant
difference at P< 0.05; *from control (5-
FU alone); #from normal (5-FU-
untreated).

 Number 

of 

animals 

Day 4 Day 5 Day 6 

Sensory deafferented mice     

Normal 7 
0 

(0 – 0) 

0 

(0 – 0) 

0 

(0 – 0) 

Control (5-FU) 6 
1# 

(0 – 2) 

2# 

(2 – 3) 

3# 

(2 – 3) 

5-FU 

  + Lafutidine (30 mg/kg) 
6 

1 

(1 – 3) 

2 

(2 – 2) 

3 

(2 – 3) 

TRPV1KO mice     

Normal 7 
0 

(0 – 0) 

0 

(0 – 0) 

0 

(0 – 0) 

Control (5-FU) 7 
3# 

(2 –3) 

3# 

(3 – 3) 

3# 

(3 – 3) 

5-FU 

  + Lafutidine (30 mg/kg) 
6 

1 

(2 – 3) 

3 

(2 – 3) 

3 

(2– 3) 

Sensory deafferented and TRPV1KO mice were given 5-FU (50 mg/kg, i.p.) once daily while lafutidine (30 mg/kg) was administered
twice daily for 6 days. Diarrhea was scored on day 4 – 6 using five-grade scale (0 to 4). Data are presented as median (min – max) for
6 – 7 mice. Significant difference at P< 0.05; #from normal (5-FU-untreated).

Table 2. Effects of lafutidine on diarrhea score during 5-FU treatment in sensory deafferented and TRV1KO mice.



5-FU-induced increase in MPO activity with an inhibition of
59.7%.

Similarly, repeated administration of 5-FU caused the up-
regulation of TNF-α and IL-1β mRNA expressions (Fig. 4B).
Twice-daily administration of lafutidine (30 mg/kg) significantly
attenuated 5-FU-induced up-regulation of TNF-α and IL-1β
mRNAs with the inhibition of 65.3 and 50.1%, respectively.

Effects of lafutidine on 5-FU induced mucositis in sensory
deafferented and TRPV1KO mice

In sensory deafferented mice, repeated administration of 5-
FU caused intestinal mucositis, characterized by shortening of
villi and destruction of crypts accompanied by severe diarrhea
and body weight loss (Fig. 5 and Table 2). Severity of 5-FU-
induced intestinal mucositis was almost the same with normal
(capsaicin-untreated) mice. Twice-daily administration of (30
mg/kg) failed to reduce the severity of intestinal mucositis in
sensory deafferented mice.

Calcitonin gene-related peptide (CGRP)-positive sensory
neurons were abundantly detected in the intestinal mucosa of
both wild-type and TRPV1KO mice (Fig. 6A). The distribution
of sensory neurons was not affected by deficiency of TRPV1. In
TRPV1KO mice, repeated administration of 5-FU also caused
intestinal mucositis, accompanied by severe diarrhea and body
weight loss (Fig. 6B, 6C and Table 2). Severity of 5-FU-induced
intestinal mucositis was almost the same with wild-type mice.
Twice-daily administration of lafutidine (30 mg/kg) failed to
reduce the severity of intestinal mucositis in TRPV1KO mice.

Effects of lafutidine on 5-FU-induced apoptosis in the
intestinal crypt

TUNEL-positive apoptotic cells were mostly confined to
intestinal crypts at 24 h after the first injection of 5-FU (day 1)
(Fig. 7), as reported previously (20). Twice-daily administration
of lafutidine (30 mg/kg) did not have any effect on 5-FU-
induced apoptosis in the intestinal crypts.
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Fig. 5. Effect of lafutidine on
5-FU-induced body weight
loss, diarrhea and intestinal
mucositis in sensory
deafferented mice. Sensory
deafferented mice were given
5-FU (50 mg/kg, i.p.) once
daily while lafutidine (30
mg/kg) was administered
twice for 6 days. Body weight
is shown as a percentage of
initial body weight while
diarrhea was scored using the
scale (A). Intestinal mucositis
was histologically shown in
B. Data are presented as
means ± S.E. for 5 – 8 mice.



Effects of lafutidine on mucus production in small intestine

In normal mice, Alcian Blue and PAS-positive mucus was
detected in goblet cells and on the surface of the jejunum (mucus
gel layer) (Fig. 8A). Twice-daily administration of lafutidine (30
mg/kg) significantly increased the number of goblet cells and
showed a tendency to increase the mucus gel layer on day 4.
Repeated administration of 5-FU markedly decreased the
number of goblet cells (to 46.1% of normal mice) and mucus gel
layer on day 4 (Fig. 8B). Twice-daily administration of lafutidine
(30 mg/kg) significantly recovered 5-FU-induced decreases in
goblet cells and showed a tendency to recover the decrease in the
mucus gel layer on day 4.

DISCUSSION

Although 5-FU is one of the most commonly used clinical
chemotherapeutic agents, it is well known that this agent

frequently induces intestinal mucositis accompanied by severe
diarrhea (1, 2). The etiology of this mucositis is not fully
understood and there are no effective prevention or treatment
methods. It is well-established that H2 receptor antagonists and
proton pump inhibitors are clinically useful for the prevention
and treatment of gastrointestinal toxicities during cancer
chemotherapy (22, 23). As these drugs potently reduce gastric
acid secretion, their utility is considered to be limited in upper
gastrointestinal toxicity. Thus, the potential effects of these
drugs on intestinal mucositis accompanied by severe diarrhea
remain uncertain.

In the present study, we demonstrated that lafutidine, a
histamine H2 receptor antagonist with mucosal protective
properties, significantly attenuates 5-FU-induced intestinal
mucositis in mice. Lafutidine is clinically used for treatment of
upper gastrointestinal diseases such as peptic ulcers and reflux
esophagitis in Japan and India (10-12). In addition, anti-
secretory agents including histamine H2 receptor antagonists and
proton pump inhibitors are clinically used for prevention and
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Fig. 6. Effects of lafutidine on
5-FU-induced body weight
loss, diarrhea and intestinal
mucositis in TRPV1KO mice.
TRPV1KO mice were given 5-
FU (50 mg/kg, i.p.) once daily
while lafutidine (30 mg/kg)
was administered twice for 6
days. Distribution of neurons
positive for CGRP, a marker of
sensory afferent neurons, in
intestinal mucosa of wild-type
(WT) and TRPV1KO mice
(A). Body weight is shown as a
percentage of initial body
weight while diarrhea was
scored using the scale (B).
Intestinal mucositis was
histologically shown in B.
Data are presented as means ±
S.E. for 5 – 8 mice.



treatment of anti-cancer agent-induced upper gastrointestinal
toxicities including gastric bleeding, nausea and vomiting. Thus,
lafutidine is expected to be useful for both upper and lower
gastrointestinal side effects during cancer chemotherapy.

Consistent with the findings from many previous studies (1-3,
24, 25), repeated administration of 5-FU caused severe intestinal
mucositis, histologically characterized by shortening of villi and
destruction of crypts, accompanied by systemic symptoms such as
diarrhea and body weight loss. Twice-daily administration of
lafutidine dose-dependently reduced the severity of intestinal
mucositis such as shortening of villi and destruction of crypts
induced by 5-FU. Lafutidine also significantly reduced the
severity of diarrhea, but failed to suppress body weight loss during
5-FU treatment. We previously demonstrated that the occurrence
of diarrhea is closely related to the severity of intestinal mucositis
(9, 24). However, the present results support the notion that body
weight loss may be caused by various systemic toxicities of 5-FU
rather than intestinal mucositis. In contrast, twice-daily
administration of famotidine, another H2 receptor antagonist
without any influence on sensory neurons, had no effect on 5-FU-
induced intestinal mucositis, body weight loss and diarrhea. We
previously showed that the dose of famotidine used in this study
potently inhibited gastric acid secretion (26). These findings
suggest that the protective effects of lafutidine on 5-FU-induced
intestinal mucositis are independent of H2 receptor blockade and
its anti-secretory action.

Several studies have demonstrated the increased expression
and production of inflammatory cytokines such as TNF-α and
IL-1β, as well as increased MPO activity in chemotherapy-
induced intestinal mucositis (7, 27-29). In the present study, we
also observed that repeated administration of 5-FU caused up-

regulation of TNF-α and IL-1β expression and increase in MPO
activity in the small intestine on day 6. Twice-daily
administration of lafutidine significantly suppressed 5-FU-
induced these changes, suggesting that the protective effects of
lafutidine on 5-FU-induced intestinal mucositis may be
attributable to inhibition of inflammatory responses.

Lafutidine, a newer histamine H2-receptor antagonist, has a
unique component structurally that differs from conventional H2-
receptor antagonists and promotes gastric mucosal defense
mechanisms, including mucus secretion (13). Several studies have
shown that lafutidine protected the gastrointestinal mucosa
including the esophagus, stomach, small intestine and large
intestine other than anti-secretory actions (10-12, 30, 31).
Furthermore, the mucosal protective effects of lafutidine were
found to be mediated via capsaicin-sensitive sensory afferent
neurons, similar to capsaicin, because the lafutidine-induced
protective action was mostly abrogated by chemical ablation of
sensory afferent neurons (11, 12, 30-32). In the present study, we
observed that the ameliorative effects of lafutidine on 5-FU-
induced intestinal mucositis were completely abrogated by sensory
deafferentation caused by a large dose of capsaicin pretreatment.
These findings suggest that lafutidine suppresses 5-FU-induced
intestinal mucositis via activation of sensory afferent neurons.

Interestingly, twice-daily administration of lafutidine failed
to suppress 5-FU-induced intestinal mucositis in TRPV1KO
mice. TRPV1 is known to be a receptor for capsaicin and is
mostly expressed in extrinsic sensory afferent neurons in
gastrointestinal tracts (33, 34). Therefore, it is considered that
capsaicin-induced mucosal protective effect could be mediated
by TRPV1 expressed in sensory afferent neurons. In contrast,
Nisihara et al. (35) reported that lafutidine alone had no influence
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Fig. 7. Effects of lafutidine on
5-FU-induced apoptosis in
the intestinal crypt. Animals
were given 5-FU (50 mg/kg,
i.p.) while lafutidine (30
mg/kg) was administered 0.5
h before and 7 h after 5-FU
injection. Apoptosis was
assessed using TUNEL assay
24 h after the first injection of
5-FU (A, 400×). Number of
TUNEL-positive cells was
counted in the intestinal crypt
using a light microscope (B).
Arrows indicated TUNEL-
positive apoptotic cells. Data
are presented as means ± S.E.
for 6 – 8 mice. Significant
difference at P< 0.05, #from
normal (5-FU-untreated).



on the release of CGRPfrom the stomach, but enhanced the
release induced by a submaximal dose of capsaicin. They further
showed that lafutidine had no effect on the specific binding of
[3H]-resiniferatoxin to TRPV1. Similarly, we previously reported
that lafutidine had no effect by itself on the concentration of
intracellular Ca2+ in rat TRPV1-transfected HEK239 cells,
although capsaicin evoked significant increases in intracellular
Ca2+ in these cells, and that capsazepine, a TRPV1 antagonist, did
not significantly influence the protective effects of lafutidine
(36). These results indicate that lafutidine activates capsaicin-
sensitive afferent neurons independently via TRPV1. However,
the present results clearly showed that administration of
lafutidine failed to prevent 5-FU-induced intestinal mucositis in
sensory TRPV1KO mice as well as in deafferented mice. The
present findings reveal that intact TRPV1 signaling is essential
for the activation of sensory afferent neurons induced by
lafutidine. On the other hand, TRPV1 sensitization is reportedly
mediated by adrenergic and prostacyclin/IPreceptor activations
(37, 38). Thus, it is possible that the lafutidine-induced activation

of sensory afferent neurons may also be partly mediated via
adrenergic and prostacyclin/IPreceptor pathways.

Apoptosis in addition to hypoproliferation is considered to
be involved in the pathogenesis of 5-FU-induced intestinal
mucositis. Indeed, we previously reported that 5-FU increased
the number of apoptotic cells and decreased the number of
proliferative cells in the intestinal crypts, and that these
responses were most evident 24 hours after the first injection (9).
Thus, apoptosis in addition to hypoproliferation is important in
the initial event for the course of 5-FU-induced intestinal
mucositis. However, in the present study, lafutidine failed to
prevent the induction of apoptosis by 5-FU. It is unlikely that the
protective effects of lafutidine on 5-FU-induced intestinal
mucositis may be accounted for by prevention of early apoptosis
induction. These findings suggest that lafutidine suppresses the
progression of intestinal mucositis after early damage, including
apoptosis in the intestinal crypt.

Mucus production plays an important role in the
physiological defense of the gastrointestinal mucosa. Several
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Fig. 8. Effect of lafutidine on mucus
production in small intestine. Mucus
was detected with Alcian Blue and PAS
staining. (A) Lafutidine (30 mg/kg, p.o.)
was administered twice daily for 4 days
and mucus production was determined
on day 4. (B) Animals were given 5-FU
(50 mg/kg, i.p.) once daily while
lafutidine (30 mg/kg, p.o.) was
administered twice daily for 4 days.
Mucus production was determined on
day 4 following the onset of 5-FU
treatment. The number of goblet cells
was determined under a light
microscope. Data are presented as
means ± S.E. for 7 – 8 mice. Significant
difference at P< 0.05; *from control (5-
FU alone); #from normal (5-FU-
untreated).



studies have demonstrated that decreased mucin, a major
component of mucus, is a cause of intestinal mucositis induced
by chemotherapeutic agent (14, 39). To confirm the involvement
of mucus production, we examined the effects of lafutidine on
mucus production, particularly in the progression of 5-FU-
induced intestinal mucositis. The administration of lafutidine
increased the number of Alcian Blue and PAS-positive goblet
cells, protected against 5-FU-induced mucosal injury and
reduced mucus production, even on day 4. Thus, it is likely that
lafutidine suppresses the progression of 5-FU-induced intestinal
mucositis via mucus production after the initial event.

It is known that capsaicin-sensitive afferent neurons store and
release calcitonin gene-related peptide (CGRP), the predominant
neurotransmitter of spinal afferents in the rat stomach. The
release of CGRPexerts gastroprotective actions such as
hyperemia and mucus secretion in part through endogenous nitric
oxide (40-42). Recently, Kwiecien et al. (43) showed that sensory
afferent neurons releasing CGRPcontributes to carbon
monoxide-induced gastric protection via gastric hyperemia and
prevention of oxidative stress. Further, we previously reported
that the protective action of lafutidine on indomethacin-induced
small intestinal injury was abrogated by chemical ablation of
capsaicin-sensitive sensory neurons or L-NAME, the NO
synthase inhibitor (12, 44). In the present study, we also observed
that administration of lafutidine failed to prevent 5-FU-induced
intestinal mucositis in sensory deafferented mice, and confirmed
that lafutidine protected the intestinal mucosa from 5-FU-induced
injury via the activation of capsaicin-sensitive afferent neurons.
We previously reported that serotonin 5-HT3 receptor antagonists
and Japanese herbal medicine saireito significantly attenuated 5-
FU-induced intestinal mucositis without any influence on the
anti-tumor effects of 5-FU (9, 25). Thus, it is unlikely that the
anti-tumor effects of 5-FU are dependent on the pathogenesis of
intestinal mucositis. However, the influence of lafutidine on the
anti-tumor effects of 5-FU cannot be completely ruled out at
present. Further studies are necessary to confirm this point before
clinical use.

Lafutidine can attenuate 5-FU-induced intestinal mucositis,
most likely by increasing mucus production via activation of
sensory afferent neurons. Therefore, lafutidine is more useful
than other common antacids for the treatment of intestinal
mucositis during cancer chemotherapy.

Conflicts of interest: None declared.

REFERENCES

1. Wadler S, Benson AB, Engelking C, et al. Recommended
guidelines for the treatment of chemotherapy-induced
diarrhea. J Clin Oncol 1998; 16: 3169-3178.

2. Benson AB, Ajani JA, Catalano RB, et al. Recommended
guidelines for the treatment of cancer treatment-induced
diarrhea. J Clin Oncol 2004; 22: 2918-2926.

3. Symonds RP. Treatment-induced mucositis: an old problem
with new remedies. Br J Cancer 1998; 77: 1689-1695.

4. Keefe DM, Brealey J, Goland GJ, Cummins AG.
Chemotherapy for cancer causes apoptosis that precedes
hypoplasia in crypts of the small intestine in humans. Gut
2000; 47: 632-637.

5. Daniele B, Secondulfo M, De Vivo R, et al. Effect of
chemotherapy with 5-fluorouracil on intestinal permeability
and absorption in patients with advanced colorectal cancer.
J Clin Gastroenterol 2001; 32: 228-230.

6. Duncan M, Grant G. Oral and intestinal mucositis - causes
and possible treatments. Aliment Pharmacol Ther 2003; 18:
853-874.

7. Sonis ST. The pathobiology of mucositis. Nat Rev Cancer
2004; 4: 277-284.

8. Bowen JM, Gibson RJ, Cummins AG, Keefe DM. Intestinal
mucositis: the role of the Bcl-2 family, p53 and caspases in
chemotherapy-induced damage. Support Care Cancer 2006;
14: 713-731.

9. Yasuda M, Kato S, Yamanaka N, et al. 5-HT3 receptor
antagonists ameliorate 5-fluorouracil-induced intestinal
mucositis by suppression of apoptosis in murine intestinal
crypt cells. Br J Pharmacol 2013; 168: 1388-1400.

10. Shibata M, Yamaura T, Inaba N, Onodera S, Chida Y,
Ohnishi H. Gastric antisecretory effect of FRG-8813, a new
histamine H2 receptor antagonist, in rats and dogs. Eur J
Pharmacol 1993; 235: 245-253.

11. Onodera S, Shibata M, Tanaka M, Inaba N, Yamaura T,
Ohnishi H. Gastroprotective activity of FRG-8813, a novel
histamine H2-receptor antagonist, in rats. Jpn J Pharmacol
1995; 68: 161-173.

12. Kato S, Tanaka A, Kunikata T, Umeda M, Takeuchi K.
Protective effect of lafutidine against indomethacin-induced
intestinal ulceration in rats: relation to capsaicin-sensitive
sensory neurons. Digestion 2000; 61: 39-46.

13. Ichikawa T, Hotta K, Ishihara K. Second-generation
histamine H2-receptor antagonists with gastric mucosal
defensive properties. Mini Rev Med Chem 2009; 9: 581-589.

14. Yamamoto H, Ishihara K, Takeda Y, Koizumi W, Ichikawa T.
Changes in the mucus barrier during cisplatin-induced
intestinal mucositis in rats. Biomed Res Int 2013; 2013:
276186. doi: 10.1155/2013/276186

15. Namikawa T, Munekage E, Maeda H, Kitagawa H,
Kobayashi M, Hanazaki K. Feasibility study of supportive
care using lafutidine, a histamine H2 receptor antagonist, to
prevent gastrointestinal toxicity during chemotherapy for
gastric cancer. Anticancer Res 2014; 34: 7297-301.

16. Kilkenny C, Browne WJ, Cuthill IC, Emerson M, Altman
DG. Improving bioscience research reporting: the ARRIVE
guidelines for reporting animal research. PLoS Biol. 2010; 8:
e1000412. doi: 10.1371/journal.pbio.1000412

17. Takeuchi K, Niida H, Matsumoto J, Uesshima K, Okabe S.
Gastric motility changes in capsaicin-induced cytoprotection
in the rat stomach. Jpn J Pharmacol 1991; 55: 147-155.

18. Erin N, Boyer PJ, Bonneau RH, Clawson GA, Weich DR.
Capsaicin-mediated denervation of sensory neurons
promotes mammary tumor metastasis to lung and heart.
Anticancer Res 2004; 24: 1003-1009.

19. Holzer P, Sametz W. Gastric mucosal protection against
ulcerogenic factors in the rat mediated by capsaicin-sensitive
afferent neurons. Gastroenterology 1986; 91: 975-981.

20. Krawisz JE, Sharon P, Stenson WF. Quantitative assay for
acute intestinal inflammation based on myeloperoxidase
activity. Assessment of inflammation in rat and hamster
models. Gastroenterology 1984; 87: 1344-1350.

21. Matsumoto K, Hosoya T, Ishikawa E, et al. Distribution of
transient receptor potential cation channel subfamily V
member 1-expressing nerve fibers in mouse esophagus.
Histochem Cell Biol 2014; 142: 635-644.

22. Keefe DM, Schubert MM, Elting LS, et al. Mucositis study
section of the multinational association of supportive care in
cancer and the international society for oral oncology.
Updated clinical practice guidelines for the prevention and
treatment of mucositis. Cancer 2007; 109: 820-831.

23. Sartori S, Trevisani L, Nielsen I, Tassinari D, Panzini I,
Abbasciano V. Randomized trial of omeprazole or ranitidine
versus placebo in the prevention of chemotherapy-induced
gastroduodenal injury. J Clin Oncol 2000; 18: 463-467.

24. Yasuda M, Kato S, Yamanaka N, et al. Potential role of the
NADPH oxidase NOX1 in the pathogenesis of 5-fluorouracil-

89



induced intestinal mucositis in mice. Am J Physiol
Gastrointest Liver Physiol 2012; 302: G1133-G1142.

25. Kato S, Hayashi S, Kitahara Y, et al. Saireito (TJ-114), a
Japanese traditional herbal medicine, reduces 5-fluorouracil-
induced intestinal mucositis in mice by inhibiting cytokine-
mediated apoptosis in intestinal crypt cells. PLoS One 2015;
10: e0116213. doi: 10.1371/journal.pone.0116213

26. Kitamura M, Sugamoto S, Kawauchi S, Kato S, Takeuchi K.
Modulation by endogenous nitric oxide of acid secretion
induced by gastric distention in rats: enhancement by nitric
oxide synthase inhibitor. J Pharmacol Exp Ther 1999; 291:
181-187.

27. Itoh N, Nishimura H, Matsuguchi T, et al. CD8 alpha-
deficient mice are highly susceptible to 5-fluorouracil-
induced lethality. Clin Diagn Lab Immunol 2002; 9: 550-557.

28. Elsea CR, Roberts DA, Druker BJ, Wood LJ. Inhibition of
p38 MAPK suppresses inflammatory cytokine induction by
etoposide, 5-fluorouracil, and doxorubicin without affecting
tumoricidal activity. PLoS One 2008; 3: e2355. doi:
10.1371/journal.pone.0002355

29. Huang TY, Chu HC, Lin YL, et al. Minocycline attenuates 5-
fluorouracil-induced small intestinal mucositis in mouse
model. Biochem Biophys Res Commun 2009; 389: 634-639.

30. Mimaki H, Kagawa S, Aoi M, et al. Effect of lafutidine, a
histamine H2-receptor antagonist, on gastric mucosal blood
flow and duodenal HCO3- secretion in rats: relation to
capsaicin-sensitive afferent neurons. Dig Dis Sci 2002; 47:
2696-2703.

31. Nagahama K, Yamato M, Kato S, Takeuchi K. Protective
effect of lafutidine, a novel H2 receptor antagonist, on reflux
esophagitis in rats through capsaicin-sensitive afferent
neurons. J Pharmacol Sci 2003; 93: 55-61.

32. Onodera S, Nishida K, Takeuchi K. Unique profile of
lafutidine, a novel histamine H2-receptor antagonist:
mucosal protection throughout gastrointestinal tract
mediated by capsaicin-sensitive afferent neurons. Curr
Pharm Design On line 2004; 1: 133-144.

33. Holzer P. Transient receptor potential (TRP) channels as
drug targets for diseases of the digestive system. Pharmacol
Ther 2011; 131: 142-170.

34. Matsumoto K, Lo MW, Hosoya T, et al. Experimental colitis
alters expression of 5-HTreceptors and transient receptor
potential vanilloid 1 leading to visceral hypersensitivity in
mice. Lab Invest 2012; 92: 769-782.

35. Nishihara K, Nozawa Y, Nakano M, Ajioka H, Matsuura N.
Sensitizing effects of lafutidine on CGRP-containing
afferent nerves in the rat stomach. Br J Pharmacol 2002;
135: 1487-1494.

36. Fukushima K, Aoi Y, Kato S, Takeuchi K. Gastro-protective
action of lafutidine mediated by capsaicin-sensitive afferent
neurons without interaction with TRPV1 and involvement of
endogenous prostaglandins. World Gastroenterol 2006; 12:
3031-3037.

37. Filippi A, Caruntu C, Gheorghe RO, Deftu A, Amuzescu B,
Ristoiu V. Catecholamines reduce transient receptor potential
vanilloid type 1 desensitization in cultured dorsal root ganglia
neurons. J Physiol Pharmacol 2016; 67: 843-850.

38. Takeuhi K. Gastric cytoprotection by prostaglandin E2 and
prostacyclin: relationship to EP1 and IPreceptors. J Physiol
Pharmacol 2014; 65: 3-14.

39. Saegusa Y, Ichikawa T, Iwai T, et al. Effects of acid
antisecretory drugs on mucus barrier of the rat against 5-
fluorouracil-induced gastrointestinal mucositis. Scand J
Gastroenterol 2008; 43: 531-537.

40. Merchant NB, Dempsey DT, Grabowski MW, Rizzo M,
Ritchie WP Jr. Capsaicin-induced gastric mucosal
hyperemia and protection: the role of calcitonin gene-related
peptide. Surgery 1994; 116: 419-425.

41. Holzer P. Neural emergency system in the stomach.
Gastroenterology 1998; 114: 823-839.

42. Czekaj R, Majka J, Ptak-Belowska A, et al. Role of
curcumin in protection of gastric mucosa against stress-
induced gastric mucosal damage. Involvement of
hypoacidity, vasoactive mediators and sensory
neuropeptides. J Physiol Pharmacol 2016; 67: 261-275.

43. Kwiecien S, Magierowska K, Magierowski M, et al. Role of
sensory afferent nerves, lipid peroxidation and antioxidative
enzymes in the carbon monoxide-induced gastroprotection
against stress ulcerogensis. J Physiol Phamacol 2016; 67:
717-729.

44. Tanaka A, Mizoguchi H, Hase S, Miyazawa T, Takeuchi K.
Intestinal protection by lafutidine, a histamine H2-receptor
antagonist, against indomethacin-induced damage in rats - role
of endogenous nitric oxide. Med Sci Monit 2001; 7: 869-877.

R e c e i v e d :September 9, 2016
A c c e p t e d :February 24, 2017

Author's address: Dr. Tetsushi Sano, Division of
Pathological Sciences, Department of Pharmacology and
Experimental Therapeutics, Kyoto Pharmaceutical University,
Yamashina, Kyoto, Japan
E-mail: beatatsuo0507@gmail.com

90


