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Abstract

Purpose We previously demonstrated the increase of
reactive oxygen species (ROS) production and myeloper-
oxidase (MPO) activity in the small intestine of metho-
trexate (MTX)-treated rats. In the present study, we
investigated the role of ROS modulating intestinal mucosal
permeability in this damage.

Method MTX (20 mg/kg body weight) was administered
to rats intravenously. N-Acetylcysteine (NAC; 80 mg/kg
body wt), an antioxidant and a precursor of glutathione
(GSH) was administered to rats intraperitoneally to inves-
tigate the contribution of ROS to the intestinal permeability
enhancement. Intestinal permeability was evaluated by
determining that of a poorly absorbable marker, fluorescein
isothiocyanate-labeled dextran (FD-4; average molecular
mass, 4.4 kDa) using the in vitro everted intestine tech-
nique. The occurrence of oxidative stress in the small
intestine was assayed by measuring chemiluminescence
and thiobarbituric acid reactive substances (TBARS) pro-
ductions in mucosal homogenates of the small intestine.
Results The mucosal permeability of FD-4 significantly
(p < 0.01) increased in MTX-treated rats compared with
control rats, as demonstrated by a twofold increase of FD-4
permeation clearance. This suggests an increase in

T. Maeda - Y. Miyazono - K. Hamada - S. Sekine -
T. Horie (<)

Department of Biopharmaceutics, Graduate School
of Pharmaceutical Sciences, Chiba University,
1-8-1 Inohana, Chuo-ku, Chiba 260-8675, Japan
e-mail: horieto@p.chiba-u.ac.jp

K. Ito

Department of Pharmacy, Faculty of Medicine, The University
of Tokyo Hospital, The University of Tokyo, 7-3-1 Hongo,
Bunkyo-ku, Tokyo 113-8655, Japan

paracellular permeability. Interestingly, the ROS produc-
tion was observed preceding the increase of paracellular
permeability. Treatment with NAC prevented the MTX-
induced ROS production and the increase of paracellular
permeability.

Conclusions NAC protected the small intestine of rats
from MTX-induced change in paracellular permeability,
suggesting that ROS played an important role in the
enhanced paracellular permeability.
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Intestinal permeability - Chemiluminescence -
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Introduction

Methotrexate (MTX) is an anti-tumor drug that is effective
for the treatment of acute leukemia, trophoblastic disease,
and intraosseous sarcoma, and has recently been used as an
antirheumatic drug [1, 2]. MTX antagonizes folate
metabolism and inhibits the de novo synthesis of thymidine
and purine, constituent factors of nucleic acid, resulting in
the inhibition of proliferation of rapidly dividing cells such
as cancer cells [3]. Because intestinal epithelial cells also
divide rapidly, their proliferation is easily inhibited by
MTX. MTX often causes mucosal inflammation of the
mouth and intestine, leading to nausea and diarrhea [4, 5].
The mechanism for this side effect has not been completely
clarified. Symptomatic therapy, such as with antibiotics
and antidiarrheal drugs, has been used to reduce the side
effects [6-8].

There are many studies about MTX-induced intestinal
damage, and some of them demonstrated that simultaneous
treatment of some growth factors, the antioxidants, and the

@ Springer



1118

Cancer Chemother Pharmacol (2010) 65:1117-1123

nutrients with MTX protected the small intestine from this
side effect. For example, keratinocyte growth factor [9],
insulin-like growth factor-1 [10], and melatonin [11]
stimulate regrowth of the damaged intestine and protect
mice and rats from gastrointestinal injury. We also dem-
onstrated a protective effect of retinol [12], docosahexae-
noic acid [13], aged garlic extract [14], synthetic analogs
of prostaglandin [15], and sodium tungstate [16] on
MTX-induced intestinal damage.

MTX-induced intestinal damage is accompanied by a
decrease in the function of intestinal barrier due to cell
proliferation inhibition, and following invasion of xenobi-
otics and endotoxins. Accordingly, phagocytes, such as
macrophages and neutrophils, infiltrate into the inflamma-
tory region, and produce reactive oxygen species (ROS)
[16, 17]. This is the well-known biophylaxis reaction.
Chemotherapy-induced intestinal mucositis is now char-
acterized by a five-phase model: (1) initiation, (2) upreg-
ulation and message generation, (3) signaling and
amplification, (4) ulceration, and (5) healing [18]. In this
model, ROS generation during the chemotherapy is the first
step leading to intestinal inflammation. Moreover, the
potential role of ROS in activation of nuclear factor-kB, an
inflammatory-related transcription factor that upregulates
inflammatory cytokines and adhesion molecules, is also
suggested to be involved in intestinal inflammation.

The diseases such as inflammatory disease, cancer,
ischemia-reperfusion injury, and diabetes, and the side
effects of drugs like doxorubicin and cisplatin are related to
oxidative stress [19, 20]. The protective effect of antioxi-
dants for these side effects of anticancer drugs had been
reported [21, 22]. On the other hand, ROS at very low
concentration modulate the cell function and act as signal
transmitter on apoptosis, cell proliferation, cell adhesion,
and chemotaxis through regulation of nuclear transcription
factors [23].

We reported an increase of intestinal paracellular perme-
ability [24], ROS production [16, 25], neutrophil migration
[16], and a decrease of intracellular glutathione (GSH)
[16, 25] after MTX treatment in rats. Simultaneous use of
prostaglandin E; analogs [15], retinol [12] and aged garlic
extract [14] prevented such a change in the intestinal para-
cellular permeability. N-Acetylcysteine (NAC), an antioxi-
dant and a precursor of GSH, prevented such decreases of
intracellular GSH and neutrophil migration [16].

ROS are reported to regulate the paracellular perme-
ability and tight junction opening [26, 27]. The barrier
function of tight junctions is maintained during neutrophil
transepithelial migration, but high-density neutrophil
migration can damage the integrity of epithelial cells [28,
29]. In this study, we intended to verify the hypothesis that
the oxidative stress caused by the MTX treatment enhances
intestinal paracellular permeability.
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Materials and methods
Materials

MTX was kindly supplied from Wyeth Lederle Ltd.
(Tokyo, Japan). NAC was purchased from Wako Pure
Chemical Industry Ltd. (Osaka, Japan). FITC-dextran
(average molecular weight, 4,400 Da; FD-4) was obtained
from Sigma Chemical Company (St Louis, MO, USA). All
other reagents were of analytical grade.

Animals

Male Wistar rats (7 weeks of age; Japan SLC Inc., Shi-
zuoka, Japan) were housed under 12 h light/dark cycle at
an ambient temperature of 25°C and given food (MF diet,
standard laboratory diet commercially available, Oriental
Yeast Company, Ltd., Tokyo, Japan) and water ad libitum.
They were acclimatized for 1 week before starting
experiments.

Drug treatments

A single dose of MTX (20 mg/kg body weight) was
injected intravenously into the rats. Control rats received
the equivalent volumes of saline solution intravenously.
NAC (80 mg/kg body wt) was injected to rats intraperito-
neally at the same time with MTX administration. The
treatment of rats was carried out as the following groups:
saline solution (control), MTX alone, MTX and NAC, and
NAC alone. Each group has 4 rats. All experiments were
approved by the animal care committee of Chiba
University.

FD-4 permeation in small intestine

Intestinal permeation was examined in vitro using everted
segments of the small intestine, as described previously
[24]. Rats were anesthetized with diethylether and their
intestines were removed. Intestinal segments (14 cm) were
cut out at a distance of 3 cm from the end of the duodenum.
The segments were everted in ice-cold saline solution.
A glass cannula was inserted into each end of the everted
segment and a 10 cm plastic syringe was attached to the
exposed end of each cannula as described by Doluisio et al.
[30]. The segments were then placed in 40 mL of incu-
bation medium (modified Krebs—Ringer bicarbonate—
phosphate (mKRBP) buffer, pH 7.4) containing FD-4 at
37°C. Five milliliters of the buffer was added to the serosal
side of the segments via the syringe. The plungers were
gently moved up and down. Gas (95% O,—-5% CO,) was
gently bubbled into the buffer on the mucosal side during
the absorption experiments. At designated times after the
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start of the experiments, 300 pL. of sample solution was
taken from the serosal side to determine the permeation of
FD-4 and, at the same time, a similar volume of buffer was
added to maintain the volume of the serosal side constant.
Then, 30 pL of sample solution was taken from the
mucosal side to determine the concentration of FD-4 in the
mucosal side. The sample solutions taken from the serosal
and mucosal sides were diluted with mKRBP buffer. The
fluorescence intensity of FD-4 in the sample solutions was
determined at an excitation wavelength of 495 nm and an
emission wavelength of 515 nm using a Hitachi fluores-
cence spectrometer F-2000.

Data analysis

The permeation clearance and rate were determined as
follows [24]:

Permeation clearance
Permeation rate

(1)

Marker substance concentration in mucosal side
X, — X,

5]
h— 1

Permeation rate = (2)
where X, and X,, are the amounts of marker substances
permeated into the serosal side at incubation times, #; and
1,, respectively.

Preparation of small intestine homogenate

The rats were killed by decapitation at 24, 48, and 72 h
after the treatment. The small intestine (about 40 cm in
length from the end of the duodenum) was removed and
washed with ice-cold saline solution. Immediately after the
scraped mucosa from the intestine (about 30 cm length)
was homogenized, chemiluminescence and TBARS in the
homogenates were measured to evaluate the oxidative
stress. The homogenates were used for the assays.

Chemiluminescence analysis

ROS production in the small intestine was evaluated by in
vitro luminol-enhanced chemiluminescence as described
previously [25]. In vitro experiments: intestinal mucosal
scrapings (0.1 mg) were homogenized with 1 mL of ice-
cold oxygenated carbonate buffer (50 mM, pH 9.0). The
suspension was centrifuged at 15,000 rpm for 2 min by
Beckmann Microfuge E™ and the supernatant was used
for the assay. The samples were mixed with an incubation
mixture containing 5 mM glucose and 400 pM luminol in
phosphate buffered saline solution (PBS). The luminol-
enhanced chemiluminescence from the samples was mea-
sured at 37°C using a single photoelectron counting system
(Tohoku electronic Industries Co., Ltd., Sendai, Japan).

The chemiluminescence was expressed as counts/min/mg
protein by subtracting chemiluminescence of the incuba-
tion mixture only.

TBARS assay

Thiobarbituric acid reactive substances (TBARS) in intestinal
mucosa were assayed by the method of Buege and Aust [31],
and were expressed as nmol of malondialdehyde (MDA)
equivalents per milligram protein. Briefly, the intestinal
mucosa (0.1 mg) was homogenized with 1 mL of 15% tri-
chloroacetic acid (TCA). Thiobarbituric acid (TBA) reagent
(15% TCA, 0.375% TBA and 0.25 N HCI) (2 mL) was added
to the mixture, followed by boiling for 15 min. The reaction
mixture was then cooled and was centrifuged at 1,000g for
15 min. The absorbance of supernatant at 535 nm was
determined with 1,1,3,3-tetraecthoxypropane as the standard.

Statistical analysis

Statistical analysis was undertaken using two-way analysis
of variance (ANOVA) followed by Turkey—Kramer’s post
hoc test. A level of p < 0.05 was considered to be statis-
tically significant.

Results
FD-4 permeation

The FD-4 permeation through the small intestine at 24, 48,
and 72 h after the intravenous administration of MTX to
rats was examined using the in vitro everted intestine
technique. The FD-4 permeability was unaffected at 24 h
after the MTX-treatment, but significantly increased,
compared with the control at 48 h after the MTX-treatment
(Fig. 1). The FD-4 permeability through the small intestine
was the same as the control rats at 72 h after the MTX-
treatment (data not shown). Permeation clearance of FD-4
in the small intestine at 48 h after the MTX-treatment was
significantly higher than that of control rats, but it was
unchanged at 24 (Fig. 2) and 72 h (data not shown).

NAC treatment

An antioxidant, NAC, was administered to rats to investi-
gate the contribution of ROS to the intestinal permeability
enhancement. Enhanced FD-4 permeability of the small
intestine of rats at 48 h after the MTX-treatment as shown
in Figs. 1b and 2b was significantly depressed by the
treatment of NAC (Fig. 3). This finding indicated that ROS
contributed to the MTX-induced intestinal paracellular
permeability enhancement.
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Fig. 1 Time course of FD-4 permeation in the small intestine of
MTX-treated rats. FD-4 permeation in the in vitro everted small
intestine was examined at 24 (a) and 48 (b) h after the intravenous
administration of MTX to rats. Treatment: saline alone (open circle)
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Fig. 2 Permeation clearance of FD-4 in the small intestine of MTX-
treated rats in the in vitro everted intestine. FD-4 permeation in the in
vitro everted small intestine was examined at 24 (a) and 48 (b) h after
the i.v. administration of MTX to rats. Data represent mean = SEM
of 3—4 rats. *p < 0.05, significantly different from the control rats

Oxidative stress

The oxidative stress in the small intestinal mucosa of rats
at 24, 48, and 72 h after the MTX-treatment was evalu-
ated by measuring chemiluminescence and TBARS. The
chemiluminescence was used for detection of ROS pro-
duction in the intestine. Luminol-enhanced chemilumi-
nescence was detected in the homogenate of mucosal
scrapings of the MTX-treated rats (Fig. 4). The chemilu-
minescence in the MTX-treated rats at 24 and 48 h after
MTX treatment was significantly higher than that in the
control rats, but at 72 h after MTX-treatment, it was
almost the same counts as in the control rats (data not
shown). The chemiluminescence reached a maximum
intensity at 24 h after the MTX-treatment. The MTX
treatment was found to produce ROS in the small intes-
tine. TBARS formation showed a significant increase at
48 h after the MTX-treatment (Fig. 5) and was depressed
by the treatment of NAC. It was not significantly different
from that of control at 24 and 72 h (data not shown). The
similar results were observed in chemiluminescence by
the NAC treatment (data not shown).
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and MTX (20 mg/kg body wt) (filled circle). Data represent
mean = SEM of 3-4 rats. *p < 0.05, **p <0.01, significantly
different from the control rats

Body weight change

The time course of body weight of rats treated with MTX
and/or NAC were measured for evaluation of toxicity induced
by MTX (Fig. 6). Rat body weight was decreased at 24 and
48 h after the MTX treatment. It had a tendency to increase
after that (data not shown). The MTX-induced decrease of
body weight was not changed by the treatment of NAC.

Discussion

Oral administration of MTX to rats and mice caused small
intestinal damage and enhanced the permeation through the
paracellular pathway of the small intestine [15, 24]. Since
MTX is administered not only orally but also intravenously
in clinical use, it is important to know how the different
administration routes of MTX affect the small intestine.
The effect of intravenous injection of MTX on the small
intestine was examined using the permeation of the non-
permeable macromolecule, FD-4, in the small intestine.
FD-4 permeation of the small intestine increased at 48 h
after a single intravenous injection of MTX to rats. The
intravenous injection of MTX was also shown to affect the
paracellular pathway of the small intestine, as was the oral
administration. The permeation of FD-4 in the small
intestine was not affected at 24 and 72 h after the intra-
venous injection of MTX to rats, which may be related to
the turnover rate of small intestinal epithelial cells.

We reported that MTX administration in rats enhanced
the production of ROS in small intestinal mucosa [16, 25].
MTX-induced enteritis was reported to be ameliorated by
melatonin, having an antioxidant effect [11]. ROS is
reported to activate tyrosinekinase and phosphatidylinosi-
tol3-kinase, and alter the localization of components of
tight junctions [26, 27], resulting in change of the para-
cellular permeation. Thus, it is important to clarify whether



Cancer Chemother Pharmacol (2010) 65:1117-1123

1121

A
~ 8r
g *k
<=
25 ef :
e
=
0% af
(=
35 #
€D 2T #
“E
=0 . . )
0 10 20 30
Time (min)

Fig. 3 Effect of NAC on FD-4 permeation in the small intestine. FD-
4 permeation in the in vitro everted small intestine was examined at
48 h after the intravenous administration of MTX and/or NAC to rats.
Time course of FD-4 permeation (a) and permeation clearance of FD-
4 (b) in the in vitro everted small intestine. Treatment: saline alone
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Fig. 4 Chemiluminescence emitted from the small intestine of rats.
Rats were intravenously administered MTX. Luminol-enhanced
chemiluminescence was detected in the homogenates of mucosal
scrapings of rat small intestine at 24 (closed column) and 48 (open
column) h after the MTX treatment. Data represent mean = SEM of
3-4 rats. *p < 0.05, significantly different from the control rats.
#p < 0.05, significantly different from the MTX-treated rats

ROS is related to the alteration of small intestinal perme-
ation of MTX-treated rats.

MTX administration to rats decreased the intracellular
GSH of intestinal epithelial cells [16]. The coadministra-
tion of NAC, the precursor of GSH, with MTX in rats
preserved the FD-4 permeation of the small intestine to the
level of that in rats treated with saline alone (control). This
is possibly due to improvement of the intracellular redox
state accompanied by the increased GSH and/or the anti-
oxidative effect of NAC itself. Thus, ROS were shown to
contribute to the increased permeation of the small intes-
tine caused by MTX.

The occurrence of oxidative stress in the intestinal
mucosa of rats treated with MTX was examined, using an

Permeation clearance
(umol/min/cm)

MTX

control NAC MTX+NAC

(open circle), MTX (20 mg/kg body wt) (filled circle), NAC (80 mg/
kg body wt) (open square), and MTX with NAC (filled triangle). Data
represent mean = SEM of 4 rats. *p < 0.05, **p < 0.01, signifi-
cantly different from the control rats. *p < 0.05, ™p < 0.01, signif-
icantly different from the MTX-treated rats
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Fig. 5 TBARS production in the small intestine of rats. Rats were
intravenously administered MTX and/or NAC. TBARS were detected
in the homogenates of mucosal scrapings of rat small intestine at 24
(closed column) and 48 (open column) h after the MTX and/or NAC
treatments. Data represent mean == SEM of 5 rats. *p < 0.05,
significantly different from the control rats

ultraweak chemiluminescence instrument. The chemilu-
minescence was used for detection of ROS production in
the intestine. Luminol-enhanced chemiluminescence was
detected in the homogenate of intestinal mucosa of the
MTX-treated rats. The chemiluminescence from the
homogenates reached a maximum intensity at 24 h after
MTX administration to rats and its intensity was still high
even at 48 h. The coadministration of NAC with MTX to
rats depressed the ROS production to the control level at 24
and 48 h after MTX treatment. Following ROS production,
lipid peroxidation occurred, as shown by the production of
TBARS. TBARS produced in the intestinal mucosa sig-
nificantly increased at 48 h after MTX treatment in rats.
The TBARS production was depressed by the coadminis-
tration of NAC with MTX to rats. We previously reported
that the activity of myeloperoxidase, which is a marker
enzyme of glanulocytes and reflects the neutrophil infil-
tration in intestinal mucosa, increased at 48 h after the
MTX administration to rats, but not at 24 h [16]. Thus, the
enhanced ROS production at 24 h shown in this study
seems not to originate from inflammatory cells like neu-
trophils at the inflammation site.
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Fig. 6 Changes in body weight of rats. Treatment: saline alone (open
circle), MTX (20 mg/kg body wt) (filled circle), NAC (80 mg/kg
body wt) (open triangle), and MTX with NAC (filled triangle). Data
represent mean £+ SEM of 4-8 rats. *p < 0.05, **p < 0.01, signif-
icantly different from control rats, #p < 0.05, significantly different
from MTX-treated rats

As shown here, the paracellular permeation of the
small intestine was altered followed by the ROS produc-
tion. Under oxidative stress conditions, it is reported that
the epithelial paracellular permeability is altered by the
change in localization of occludin and ZO-1, which
compose tight junctions [27]. Therefore, the change of
protein localization in tight junctions is reported to be
mediated by tyrosine phosphorylation [27, 32]. Such
molecular mechanisms in tight junctions are under
investigation to further elucidate the mechanism of
enhanced permeation of paracellular pathway in the small
intestine of MTX-treated rats.

MTX treatment decreased the body weight of rats at 24
and 48 h. However, since the coadministration of NAC
with MTX did not prevent their loss, such loss of body
weight may possibly be caused by the action of MTX itself
rather than by the generated ROS. On the other hand, the
MTX treatment of rats increased the FD-4 permeation of
the small intestine at 48 h and the treatment of NAC with
MTX prevented this enhancement of intestinal permeabil-
ity, suggesting that the enhanced permeability of the small
intestine is due to ROS.

Aged garlic extract has been shown to prevent the
damage of the small intestinal epithelial cells caused by
MTX [33, 34]. To perform effective MTX therapy for
cancer treatment, it is important to develop a method of
treatment to prevent MTX-induced small intestinal dam-
age, including finding protective substances like aged
garlic extract.

In conclusion, the present study has clearly shown that
the MTX-induced ROS plays an important role in the
enhancement of paracellular permeability of small intestine
in the MTX-induced intestinal damage of rats.
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