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Abstract

Background Inflammatory bowel disease is an intestinal disorder presented by recurrent inflammation in the gastrointesti-
nal tract. It has been reported that modafinil, also known as an awakening drug, has anti-inflammatory characteristics. The
objective of this experiment is to investigate the protective effects of modafinil on colitis induced by acetic acid in rat and
the involvement of nitric oxide pathway.

Methods Colitis was induced by intra-rectal instillation of 1 ml acetic acid (4%). After one h of colitis induction (first day),
intraperitoneal injection of dexamethasone (1 mg/kg), modafinil (50, 100, and 150 mg/kg), nitric oxide synthase inhibitors
(NOS)—N (G)-nitro-L-arginine methyl ester (L-NAME) 10 mg/kg, 7-nitroindazole 40 mg/kg, and aminoguanidine 50 mg/
kg—was performed and continued for 2 consecutive days. Ultimately, macroscopic, microscopic, and biochemical assess-
ments were performed.

Results While induction of colitis caused severe macroscopic lesions, administration of dexamethasone and modafinil (100
and 150 mg/kg) significantly improved macroscopic ulcers. Interestingly, the combination of modafinil with NOS inhibitors
reversed the beneficial effects of modafinil on macroscopic destructions. In addition, the elevated level of interleukin-1beta
(IL-1p) and tumor necrosis factor-alpha (TNF-a) was decreased by modafinil. However, treatment with NOS inhibitors before
modafinil neutralized the anti-inflammatory influence of modafinil. Additionally, histological disorders emerged by acetic
acid in colon tissue remarkably were disappeared after treatment with modafinil.

Conclusions In conclusion, modafinil has a protective effect on injuries induced by acetic acid in the colon of rat, which is
presumably via the inhibition of inflammatory cascade and mediation of NO pathway.
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Introduction

Inflammatory bowel disease (IBD) is categorized into
ulcerative colitis (UC) and Crohn’s disease (CD), both of
which characterized by chronic, uncontrolled and recurrent
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intestinal inflammation [1, 2]. Genetic, environment and
immune system have been considered as the essential etio-
logical factors for IBD. In addition, it has been postulated
that interplay between these agents leads to an excessive
immune response against the normal flora of the intestine
[3]. Consequently, provoked immune cells—neutrophil,
macrophages and monocytes—secrete pro-inflammatory
cytokines such as interleukin-1beta (IL-1p) and tumor
necrosis factor-alpha (TNF-a), which play a crucial role
in mucosal inflammation [4]. Generally, the management
of inflammation is a key target in IBD treatment [5]. Ordi-
nary pharmacotherapies for IBD are glucocorticoids and
aminosalicylates. Additionally, immunosuppressive drugs
and biological response modifiers are utilized as alternative
therapies. Although these agents have been effective in con-
trol and treatment of IBD, they breed various adverse effects.
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Hence, supplementary researches to achieve new approaches
and novel drugs should be conducted [6, 7].

Nitric oxide (NO) is synthesized from amino acid L-argi-
nine by three isoforms of NO synthase (NOSs), two of which
are constituently expressed in neuronal and endothelial tis-
sues—(nNOS) and (eNOS), respectively. The third one,
inducible NOS (iNOS), is induced within inflammation
in various cells. An increase in the level of NO has been
reported in inflammatory bowel disease [8, 9]. Some studies
have demonstrated the protective effect and profitable role
of NO in acute colitis [9, 10].

Modafinil 2-[(diphenylmethyl)sulfinyl] acetamide is a
non-amphetamine stimulant drug prescribed to treat wake-
fulness diseases—narcolepsy, shift work sleep disorder
(SWSD), and obstructive sleep apnea/hypopnea syndrome
(OSAHS) [11]. Recently, it has been indicated that modafinil
features anti-inflammatory properties and reduces the level
of TNF-a and IL-1 [11-13]. One of the considered mecha-
nisms by which modafinil acts is NO pathway [14]. In this
regard, some animal studies reported that the effects of
modafinil are neutralized by injection of N (G)-nitro-L-ar-
ginine methyl ester (L-NAME) and 7-nitroindazole—non-
specific inhibitors and neuronal inhibitors of NOS, respec-
tively [15]. Therefore, the aim of this experiment was to
assess the impacts of modafinil on acetic acid-induced colitis
and evaluate the presumable role of NO pathway in colonic
inflammation in rat.

Materials and methods
Animals

The animal procedures were performed in accordance with
National Institutes of Health guide for the care and use of
Laboratory Animals (NIH Publications No. 8023, revised
1978) and were approved by Ethical Committee of Tehran
University of Medical Sciences (No.: 982518). Ninety-six
male Wistar rats weighing (200-250 g) were provided from
Department of Pharmacology, Tehran University of Medi-
cal Sciences. They were kept under-controlled condition of
12 h light/dark cycles, temperature 20-23 °C, and humidity
50-60% with free access to standard rodent food and water.

Chemicals

Modafinil, L-NAME (nonspecific nitric oxide synthase
inhibitor), 7-nitroindazole (a neuronal NOS inhibitor), ami-
noguanidine (an inducible NOS inhibitor), and dexametha-
sone were purchased from Sigma (St. Louis, MO, United
State). Modafinil and 7-nitroindazole were dissolved in
Tween 80 1% solution and 0.9% saline solution. L-NAME,
aminoguanidine, and dexamethasone were dissolved in
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0.9% saline solution—each mg/kg of drugs was calculated
in 10 ml of solvent. Ketamine and Xylazine were provided
from Alfasan Company (Woerden Holland), and formalin
solution and acetic acid were bought from Merck Company.

Induction of colitis and surgical procedure

Before the induction of colitis, animals fasted for 24 h; how-
ever, they had free access to tap water. To induce colitis, we
lightly anesthetized animals using ketamine (50 mg/kg, ip)
and xylazine (10 mg/kg, ip). Afterwards, 1 ml of 4% acetic
acid was intrarectally administered by means of a flexible
catheter, with 2 mm of the diameter, which was inserted
8 cm into the rectum [16]. Then, animals were positioned
upside down for 1 min in order for the prevention of acetic
acid solution leakage. One h after the induction of colitis
(first day), intraperitoneal administration of modafinil (50,
100, 150 mg/kg, ip) and dexamethasone (1 mg/kg, ip) were
performed and continued for another two consecutive days.
To elucidate the role of NO pathway in modafinil perfor-
mance, intraperitoneal injection of non-effective doses of
L-NAME (10 mg/kg, ip), 7-nitroindazole (40 mg/kg, ip),
and aminoguanidine (50 mg/kg, ip) were also applied for
3 days—1 h after colitis induction and 15 min prior to the
administration of the effective dose of modafinil. Finally,
animals were sacrificed via cervical dislocation on the third
day. Later on, the skin of abdomen was shaved and opened
by surgical section. After exposing the colon, the last 5 cm
of which was excised, opened longitudinally, and washed
with normal saline. Ultimately, colon specimens were
incised into two pieces: one of which was fixed by formalin
10% solution for histological analysis, and the other one was
frozen in — 80 °C for biochemical assessments.

Experimental design

Animals were randomly allocated into 12 study groups, by 8
rats in each group. In the control group, colitis was induced
and animals were administrated intraperitoneally with vehi-
cle (normal saline 0.9% + tween 80 1%). Sham group was
intrarectally administrated with 0.9% saline solution. Other
groups, after induction of colitis, were injected with dexa-
methasone (1 mg/kg), modafinil (50, 100, and 150 mg/kg),
NOS inhibitors + modafinil (150 mg/kg, ip), and NOS inhib-
itors alone—vehicle also was administrated in a separate
injection along with NOS inhibitors in order for unifying the
condition in terms of the number of injections in comparison
with the NOS inhibitors + modafinil (150 mg/kg, ip) groups.

Assessment of macroscopic damage

For evaluating the macroscopic impacts of acetic acid on
colon tissue and effects of various drugs on colitis induced
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Table 1 Macroscopic scores evaluating extent of observable colon
changes

Table 2 Histopathologic scores evaluating inflammation severity,
inflammation extent, and crypt damage

Macroscopic scores Description Feature graded Grade Description
0 Intact epithelium with no damage Inflammation severity 0 None
1 Localized hyperemia but no ulcer 1 Slight
2 Linear ulcer with no significant inflammation 2 Moderate
3 Linear ulcer with inflammation at one site 3 Severe
4 Two or more sites of ulcer and inflammation Inflammation extent 0 None
5 Two or more sites of ulcer and inflammation 1 Mucosa
extending over 1 cm 2 Mucosa and submucosa
3 Transmural
Tissue regeneration 4 No tissue repair
by acetic acid, high-quality pictures were provided and 3 Surface epithelium not intact
scored by an observer blinded to the treatment according to 2 Regeneration with crypt depletion
macroscopic score [16] (Table 1). 1 Almost complete regeneration
0 Complete regeneration or normal
. tissue
Measurement of body weight Crypt damage 0 None
. . . 1 Basal 1/3 damaged
In all study groups, a.mmals were well ghed dall)./, and .da.ta » Basal 2/3 damaged
were recorded to consider the changes in body weight within T
3 Only surface epithelium intact
the study. 4 Entire crypt and epithelium lost
. . . Tissue involvement (%) 1 1-25
Biochemical analysis ) 2650
L . 3 51-75
To assess the anti-inflammatory effects of modafinil on acute 4 76-100

colitis, we measured the colonic level of TNF-a and IL-1f3
by means of specific rat ELISA kits (Sigma, United State).
To do so, tissue was homogenized in 50 mmol/l ice-cold
potassium phosphate buffer; then, the homogenate was cen-
trifuged—at 4000 rpm at 4 °C for 20 min. Finally, the super-
natant was extracted and retained at — 80 °C until analysis.

Assessment of histological damage

To perform histologic studies, colon tissues, which had been
fixed in neutral 10% formalin solution, was embedded in
paraffin wax, cut into sections of four pm, and ultimately
stained by hematoxylin and eosin (HE). Histopathologic
studies were performed by a pathologist blinded to the
experiment based on histopathologic scores, which evaluate
inflammation severity, inflammation extent, tissue regenera-
tion, crypt damage, and tissue involvement (Table 2).

Statistical analysis

All data were presented as mean + SEM. To analyze the
results, Statistical Package for the Social Sciences (SPSS),
version 22, was used. Normal distribution of data was
determined via Shapiro—Wilk test. Two-way ANOVA
was applied to analyze the results of the sham and control
groups. One-way ANOVA was used in order for compar-
ing the results of control group and other treated groups.

Tukey post hoc test was conducted to detect the differences
between groups. p <0.05 was considered significant.

Result

Effects of modafinil and dexamethasone
administration on macroscopic appearance

Macroscopic appearance of all study groups was illus-
trated in Fig. 1. No lesion was observed in sham group;
by contrast, after colitis induction, tissue showed severe
ulcers, and as depicted in Fig. 2a, analyses declared a sig-
nificant increase in macroscopic score compared with the
sham group (p <0.001). However, after the injection of
modafinil (100 and 150 mg/kg, ip) and dexamethasone
(1 mg/kg, ip), ulcers were remarkably improved, and
evaluating the results indicated a significant decrease
in the macroscopic score (p <0.001). Administration of
modafinil (50 mg/kg, ip) did not have any protective effect
towards the tissue destruction in comparison with the
control group, and samples in this group revealed severe
ulceration and necrosis (Fig. 2b).
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Fig. 1 Photographic images of colon tissue. a Sham, b control, ¢ dex-
amethasone 1 mg/kg, d—f modafinil 50, 100, and 150, respectively,
g L-NAME 10 mg/kg, h 7-nitoindazole 40 mg/kg, i aminoguanidine

Effects of L-NAME, 7-nitroindazole,
and aminoguanidine administration on macroscopic
appearance

Macroscopic assessment of colon samples after administra-
tion of NOS inhibitors, alone and in combination with the
effective dose of modafinil (150 mg/kg, ip), was conducted.

The intraperitoneal administration of the non-effective
dose of L-NAME (10 mg/kg, ip) alone did not ameliorate
macroscopic lesions compared with the control group.
Furthermore, Treatment with L-NAME (10 mg/kg, ip)
15 min before the effective dose of modafinil (150 mg/kg,
ip) reversed improving impact of modafinil, and analyses
represented a significant increase in macroscopic score in
modafinil (150 mg/kg, ip) + L-NAME (10 mg/kg, ip) group
compared with modafinil (150 mg/kg, ip) group (p <0.001)
(Fig. 2c¢).

Figure 2d illustrates that the administration of the non-
effective dose of 7-nitroindazole (40 mg/kg, ip) per se did
not exert any protective influence on macroscopic ulcer in
comparison with the control group. Moreover, injection of
7-nitroindazole (40 mg/kg, ip) before the administration of
the effective dose of modafinil (150 mg/kg, ip) neutralized
beneficial impacts of modafinil on macroscopic ulcer. Anal-
yses represented a notable increase in macroscopic score
in modafinil (150 mg/kg, ip) + 7-nitroindazole (40 mg/kg,
ip) group compared with modafinil (150 mg/kg, ip) group
(p<0.001).

As depicted in Fig. 2e, injection of aminoguanidine
(50 mg/kg, ip) alone did not exhibit any protective effect
on macroscopic lesions compared with the control group,
and samples in this group revealed severe ulceration,
wall thickening, and tissue necrosis. Pretreatment with
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50 mg/kg, j modafinil 150 mg/kg +L-NAME 10 mg/kg, k modafinil
150 mg/kg + 7-nitroindazole 40 mg/kg, 1 modafinil 150 mg/kg + ami-
noguanidine 50 mg/kg

aminoguanidine (50 mg/kg, ip) before the effective dose of
modafinil (150 mg/kg, ip) significantly raised macroscopic
score compared with the modafinil (150 mg/kg, ip) group
(p<0.001).

Assessment the changes in body weight

At the end of the study, acetic acid-induced colitis caused
noteworthy weight loss in the control group compared with
the sham group (p <0.001). By contrast, after the admin-
istration of modafinil (100 and 150 mg/kg, ip), animals
showed significant gain weight (p <0.01 and p <0.001;
respectively). Likewise, administration of dexamethasone
(1 mg/kg, ip) resulted in a remarkable gain weight compared
with the control group (p <0.001). However, the amount
of weight loss in acetic acid 4% + modafinil (50 mg/kg, ip)
group and the groups, which received NOS inhibitors—L-
NAME, 7-nitroindazole, and aminoguanidine—alone, was
similar to the control group. In like manner, pretreatment
with NOS inhibitors 15 min before modafinil (150 mg/kg,
ip) administration caused considerable losing weight in com-
parison with modafinil (150 mg/kg, ip) group (p <0.001;
Fig. 3).

Effects of modafinil and dexamethasone
administration on the level of TNF-a

Figure 4a represents the impression of the administration
of modafinil (50, 100, 150 mg/kg, ip) and dexamethasone
(1 mg/kg, ip) on the level of TNF-a. Analysis represented
that after colitis induction, the level of TNF-o was consider-
ably increased compared with the sham group (p <0.001),
whereas injection of modafinil (100 and 150 mg/kg, ip)
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Fig.2 Effect of acetic acid

on colon tissue according to
macroscopic scoring. Two-

way ANOVA was applied to
comparison between sham

and control group. One-way
ANOVA was used to compare
between the control group and
other treated groups. Bars repre-
sent mean + SEM. “4¢p <0.001
significantly different from

the sham group. *+*p <0.001
significantly different from the
control group. ***p <0.001
significantly different from the
control group. #¥p <0.001,

*¥p <0.001, and *“**p <0.001
significantly different from
modafinil 150 mg/kg group.
The data are presented as

mean + SEM (8 rats per groups)
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Fig.3 Percentage of body
weight changes in all study
groups. Two-way ANOVA was

applied to comparison between
sham and control group.
One-way ANOVA was used to
compare between the control

group and other treated groups.
Bars represent mean + SEM
(Mod: modafinil). &&&p <0.001
significantly different from

the sham group. *+*p <0.001
significantly different from the
control group. **¥p <0.001 and
*#%p <0.001 significantly dif-

Body weight change (%)

ferent from the control group. ::,07’ & «
#p <0.001, **p <0.001, and ¢ LR
%5 <0.001 significantly dif- ,bé‘q’
ferent from modafinil 150 mg/ Q?/+ <+

kg group

significantly lowered the level of TNF-a (p <0.01 and
p <0.001, respectively). Similarly, the administration of
dexamethasone (1 mg/kg, ip) showed remarkable decrease
in TNF-a level compared with the control group (p <0.001).
However, treatment with modafinil (50 mg/kg, ip) did not
possess any influence on the level of TNF-o compared with
the control group.

Effects of L-NAME, 7-Nitroindazole,
and Aminoguanidine administration on the level
of TNF-a

The non-effective dose of L-NAME (10 mg/kg, ip) was
applied as a non-specific nitric oxide synthase inhibi-
tor. It was declared that intraperitoneal administration of
L-NAME (10 mg/kg, ip) per se did not affect the level of
TNF-a in comparison with the control group. Interestingly,
the administration of L-NAME (10 mg/kg, ip) 15 min
before modafinil (150 mg/kg, ip) neutralized the decreasing
impact of modafinil on TNF-a level, and analyses reported
a remarkable increase in the level of TNF-a in modafinil
(150 mg/kg, ip) + L-NAME (10 mg/kg, ip) group compared
with modafinil (150 mg/kg, ip) group (p <0.001) (Fig. 4b).

Figure 4c indicates that the injection of 7-nitroindazole
(40 mg/kg, ip) did not alter the level of TNF-« in compari-
son with the control group. Interestingly, pretreatment with
7-nitroindazole (40 mg/kg, ip) before modafinil (150 mg/
kg, ip) remarkably raised the level of TNF-a compared with
modafinil (150 mg/kg, ip) group (p <0.001).

@ Springer

T y‘yl T T ’l % T % V( T TP T 1
% o i
% A B Bx
HEH# XXX aaa
b & & & &
d o & £ N S N
& & & & & @& @@
RORC A N p°
& @ ¢’ &
ARG S I
A A I M G G
o NI
& AR P P
& x ¥
& % &
& & &
< ,\,‘90 0@
ob S
< @&

As demonstrated in Fig. 4d, administration of amino-
guanidine (50 mg/kg, ip) alone did not attenuate the level
of TNF-a compared with the control group. However, the
administration of the non-effective dose of aminoguanidine
(50 mg/kg, ip) before treatment with the effective dose of
modafinil (150 mg/kg, ip) significantly increased the level
of TNF-a in compared with the modafinil (150 mg/kg,
ip) group (p <0.001). In other words, the combination of
modafinil (150 mg/kg, ip) with aminoguanidine (50 mg/
kg, ip) reversed anti-inflammatory effects of modafinil.

Effects of modafinil and dexamethasone
administration on the level of IL-18

Figure 5a shows the impact of intraperitoneal injection
of different doses of modafinil (50, 100, 150 mg/kg, ip)
and dexamethasone (1 mg/kg, ip) on the level of IL-1p.
After induction of colitis, the level of IL-1f remarkably
increased in comparison with sham group (p <0.001),
while analysis indicated that the injection of modafinil
(100 and 150 mg/kg, ip) significantly decreased the level
of IL-1p (» <0.01 and p <0.001, respectively). Adminis-
tration of dexamethasone (1 mg/kg, ip) also remarkably
decreased the level of IL-1p compared with the control
group (p <0.001). Nevertheless, treatment with modafinil
(50 mg/kg, ip) did not show any meaningful effect on
reducing the level of IL-1.
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Effects of L-NAME, 7-nitroindazole,
and aminoguanidine administration on the level
of IL-1B

The intraperitoneal injection of L-NAME (10 mg/kg, ip)
did not change the level of IL-1p compared with the control
group. However, the administration of L-NAME (10 mg/kg,
ip) before modafinil (150 mg/kg, ip) reversed anti-inflam-
matory effects of modafinil, and analyses represented a sig-
nificant increase in the level of IL-1p in modafinil (150 mg/
kg, ip) + L-NAME (10 mg/kg, ip) group in comparison with
modafinil (150 mg/kg, ip) group (p <0.001) (Fig. 5b).

Figure 5c indicates that treatment with the non-effective
dose of 7-nitroindazole (40 mg/kg, ip) alone did not exhibit
any remarkable effect on the level of IL-1p compared with
the control group. Amazingly, the injection of 7-nitroinda-
zole (40 mg/kg, ip) before treatment with the effective dose
of modafinil (150 mg/kg, ip) reversed anti-inflammatory
effects of modafinil, and analyses declared a considerable
increase in the level of IL-1p in modafinil (150 mg/kg,
ip) + 7-nitroindazole (40 mg/kg, ip) group in comparison
with modafinil (150 mg/kg, ip) group (p <0.001).

As shown in Fig. 5d, the administration of aminoguani-
dine (50 mg/kg, ip) did not decrease the level of IL-1p in
comparison with the control group; nevertheless, pretreat-
ment with the non-effective dose of aminoguanidine (50 mg/
kg, ip) before the effective dose of modafinil (150 mg/kg, ip)
significantly raised the level of IL-1p in compared with the
modafinil (150 mg/kg, ip) (p <0.001).

Effects of modafinil and dexamethasone
administration on histopathologic (microscopic)
features

Figure 6 demonstrates the histologic appearance of samples
in each study group. In the sham group, colon tissue was
intact, and no evidence of inflammation and crypt damage
was seen. By contrast, the induction of colitis by acetic acid
in control group declared severe infiltration of inflamma-
tory cells with transmural extension. Additionally, entire
crypt and epithelium were destroyed. After treatment with
modafinil (150 mg/kg, ip) and dexamethasone (1 mg/kg,
ip), a significant improvement in inflammation and crypt
damages was observed, and most parts of the samples
were regenerated (p <0.001). Administration of modafinil
(100 mg/kg, ip) also remarkably caused reduction in inflam-
mation, edema, wall thickening, and necrosis (p <0.01).
However, modafinil (50 mg/kg, ip) did not alter the inflam-
mation and degeneration compared with the control group,
and histologic slides in this group showed severe infiltration
of inflammatory cells, which invaded mucosa and submu-
cosa as well as in some areas had a transmural extension
(Table 3).

Effects of L-NAME, 7-nitroindazole,
and aminoguanidine administration
on histopathologic (microscopic) features

The intraperitoneal administration of LAME (10 mg/kg, ip),
7-nitroindazole (40 mg/kg, ip), and aminoguanidine (40 mg/
kg, ip) did not lead to any improvement in histologic lesions
compared with the control group. Samples in these groups
showed severe inflammation and crypt damage. Pretreat-
ment with these NOS inhibitors before the administration
of the effective dose of modafinil (150 mg/kg, ip) neutral-
ized protective influence of modafinil (150 mg/kg, ip). Sam-
ples in these groups were significantly different from ones
in modafinil (150 mg/kg, ip) group, and large amounts of
inflammatory cells with transmural extension were observed
in the histopathologic study. Additionally, crypt structures
and goblet cells were severely destroyed.

Discussion

The present study demonstrated that intraperitoneal injec-
tion of modafinil reduced macroscopic, biochemical, and
microscopic disorders in the rat model of acetic acid-induced
colitis. Regarding macroscopic changes, induction of coli-
tis resulted in severe ulcer and inflammation, while treat-
ment with modafinil (100 and 150 mg/kg, ip) remarkably
improved colonic lesions. Injection of NOS inhibitors—L-
NAME, 7-nitroindazole, and aminoguanidine—per se did
not have any ameliorating effect on ulcer and inflammation
in colonic samples compared with the control group. Inter-
estingly, administration of NOS inhibitors before modafinil
completely reversed beneficial effects of modafinil on mac-
roscopic ulcer and lesions. Given biochemical evaluations,
IL-1p and TNF-a were increased after the induction of
colitis; nevertheless, the administration of modafinil sig-
nificantly decreased the level of aforementioned cytokines
in colon tissue. Administration of NOS inhibitors did not
show any noteworthy effect on reducing the inflammatory
cytokines compared with the control group. Interestingly, the
injection of NOS inhibitors 15 min prior to modafinil neu-
tralized anti-inflammatory impacts of modafinil. In addition,
the results of the microscopic assessments were in accord-
ance with macroscopic changes. Histologic features such as
infiltration and extension of inflammatory cells as well as the
destruction of goblet cells and crypt structures showed that
the protective effects of modafinil were neutralized by NOS
inhibitors. These findings indicated that modafinil presum-
ably via NO pathway exhibits a protective effect against the
inflammation in colitis.

Crohn’s disease and ulcerative colitis are the constitu-
ents of inflammatory bowel disease, caused by an interac-
tion between environment, genetic, and immune regulatory
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factors [2, 17]. Acetic acid has been applied in many animal studies have indicated macroscopic lesions after the induc-
studies to induce acute colitis, which is compatible with  tion of colitis by means of acetic acid. They reported
those observed in human IBD [18]. Some experimental severe ulcer and tissue necrosis in macroscopic appearance

@ Springer



Biochemical and histopathological evidence for the beneficial effects of modafinil on the... 143

«Fig. 4 The level of TNF-alpha in colon tissue. Two-way ANOVA was
applied to comparison between sham and control group. One-way
ANOVA was used to compare between the control group and other
treated groups. Bars represent mean+SEM. “4%p<0.001 signifi-
cantly different from the sham group. ***p<0.001 significantly dif-
ferent from the control group. **p<0.001 and ***p<0.001 signifi-
cantly different from the control group. #*p <0.001, **p <0.001, and
%% <0.001 significantly different from modafinil 150 mg/kg group.
The data are presented as mean + SEM (8 rats per groups)

[19-21]. Our macroscopic assessments also showed simi-
lar damages after induction of colitis. The analysis of the
mucosa from patients with ulcerative colitis and Crohn’s
disease revealed an increase in the expression of certain
pro-inflammatory cytokines such as TNF-a [4]. Kojouharoff
et al. showed that TNF-a has an essential role in the patho-
genesis of IBD. In addition, anti-TNF-o antibody had been
effective for the prevention of inflammation in the colon of
patients with Crohn’s disease [22]. Increased expression of
IL-1pB and TNF-a has been also detected in mucosal biopsies
of patients with IBD [23]. In accordance with these findings,
our study revealed that the level of IL-1f and TNF-o remark-
ably increased after the induction of colitis in colon tissue.

Moreover, it has been represented that colitis results in
histological changes in colon tissue, including infiltration of
acute inflammatory cells, hemorrhage of mucosa, destruc-
tion of crypts, and tissue necrosis [24-26]. In accordance
with these findings, our experiment also showed similar
microscopic changes.

Modafinil, otherwise known as Provigil, has been dem-
onstrated as a drug for the treatment of excessive daytime
sleepiness disorders such as obstructive sleep apnea, shift
work sleep disorders, and narcolepsy [15]. Recently, some
research has indicated that modafinil exerts anti-inflamma-
tory influence. One study, which investigated atherosclerosis
in an apoE deficient mouse model, indicated that modafinil
stimulates anti-inflammatory cytokines; on the contrary, it
suppresses the production of pro-inflammatory cytokines.
Additionally, this study reported that modafinil results in
the inhibition of macrophage proliferation [12]. In another
animal study, Raineri et al. demonstrated that modafinil
plays a protective role against methamphetamine-induced
neuroinflammation [27]. In harmony with these studies, in
our experiment after treatment with modafinil, the level of
TNF-a and IL-1p were significantly decreased.

Currently, a great deal of attention has been attracted
towards the role of NO in the pathogenesis of inflamma-
tory bowel disease, and this is mostly in the light of an
increase in the level of NO in IBD patients’ rectal dialysis
[28]. NO which is synthesized by three isoforms of NOSs
during IBD could have some protective effects towards

inflammatory processes, and the loss of each isoform may
accompany by severe damages. In this regard, one animal
study represented that after inducing IBD by acetic acid,
iNOS-deficient mice expressed severe inflammation in
colonic tissue. [29]. Bruce et al. in 2004 also reported that
eNOS knockout (KO) mice developed an exaggerated and
prolonged inflammation after IBD induction [9]. Addition-
ally, it was represented that nNOS plays a protective role
in colitis model and the loss of nNOS expression resulting
in severe intestinal damages [30]. As a matter of fact, NO
can reduce the expression of adhesion molecules and inter-
rupts interactions between leukocytes and endothelial cell;
therefore, NO protects from tissue injury during inflam-
matory processes [31].

It could be assumed that Modafinil by mediating NO
pathway exerts its anti-inflammatory influence. The review
of literature also confirms this statement. For instance,
Gupta et al. in 2014 investigated the role of NO in the
mechanism of action of modafinil in mice. To do so, they
induced hyperalgesia by injecting modafinil at different
doses. To elucidate the role of NO, they applied the admin-
istration of NOS inhibitors—L-NAME and 7-nitroinda-
zole. They observed that injection of NOS inhibitors before
administration of modafinil, completely reversed hyperal-
gesia induced by modafinil; therefore, they suggested the
involvement of NO pathway in the mechanism of action
of modafinil [15]. Another animal study aimed to deter-
mine the impacts of modafinil on the threshold of seizure
that was induced by pentylenetetrazole. They reported that
modafinil at the doses of 50 and 80 mg/kg (ip) has anti-
convulsant property. By measuring the level of NO, they
observed an increased in the level of NO in the groups,
which were treated by modafinil 50 and 80 mg/kg. Moreo-
ver, to delineate the role of NO pathway in the mechanism
of action of modafinil, they injected NOS inhibitors—
aminoguanidine, L-NAME, and 7-nitroindazole—before
the administration of modafinil. It was observed that anti
convulsant influence of modafinil was thoroughly blocked
by NOS inhibitors. Hence, they concluded that modafinil
via NO pathway exhibits its effects [14]. In harmony with
previous studies, our experiment declared that pretreat-
ment with NOS inhibitors—L-NAME, 7-nitroindazole,
and aminoguanidine—before modafinil neutralize anti-
inflammatory impacts of modafinil on colitis.

In conclusion, modafinil exerted anti-inflammatory
influence on colitis induced by acetic acid, and administra-
tion of NOS inhibitors prior to modafinil nullified the anti-
inflammatory impacts of modafinil. As a result, modafinil
presumably through NO pathway could prevent inflamma-
tion and colon injury, as well as NO could be proposed as
one of the mechanisms by which modafinil acts.
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Fig.5 The level of IL-1 beta in colon tissue. Two-way ANOVA was ferent from the control group. **p <0.001 and ***p<0.001 signifi-
applied to comparison between sham and control group. One-way cantly different from the control group. #¥p <0.001, **p <0.001, and
ANOVA was used to compare between the control group and other %% <0.001 significantly different from modafinil 150 mg/kg group.
treated groups. Bars represent mean+SEM. #*%p<0.001 signifi- The data are presented as mean +SEM (8 rats per groups)

cantly different from the sham group. ***p<0.001 significantly dif-
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Fig.6 Histologic images of rat’ colon tissue. a Sham, b control, ¢ noguanidine 50 mg/kg, j modafinil 150 mg/kg+L-NAME 10 mg/
dexamethasone 1 mg/kg, d—f modafinil 50, 100, and 150 mg/kg, kg, k modafinil 150 mg/kg+ 7-nitroindazole 40 mg/kg, 1 modafinil
respectively, g L-NAME 10 mg/kg, h 7-nitoindazole 40 mg/kg, i ami- 150 mg/kg + aminoguanidine 50 mg/kg

Table 3 Histopathologic parameters of the acetic acid-induced colitis

Groups Inflammation  Inflammation extent (0-3) Tissue regeneration (0—4) Crypt damage (0—4) Tissue involve-
severity (0-3) ment % (1-4)
Sham 0 (0-0) 0 (0-0) 1(1-1) 0 (0-0) 0 (0-0)
Control (IBD) 3 (3-3)bwix 3 (3-3)hki 4 (4—4ydsws 4 (44 3.66 (3—4)™kk
Dexamethasone (1 mg/kg) 1 (1=1)Pssese 1,33 (]—2)bssese 1.5 (1-2)Pssex 1.5 (1-2)bsses 1 (1=1)bssese
Modafinil (50 mh/kg) 3(3-3)° 3(2-3)° 3.33 34) 3.83 (3-4)° 3.5 (3-4)°
Modafinil (100 mg/kg) 1.16 (1=2)Ps 1,66 (1-2)Ps* 2.5 (1-3)Pw* 2.8 (1-3)bs 1 (1=1)bssese
Modafinil (150 mg/kg) 1 (1=1)bssse 1.5 (]2)bssks 1.66 (1-2)#s 1.55 (1-2)Psss 1 (1=1)bssese
Modafinil 150 mg/ 3 (3-3)cw 3 (3-3)c 3.5 (3—4)cHk 3.66 (3—4)CH* 3.5 (3—4)cHws
kg+L-NAME 10 mg/kg
L-NAME (10 mg/kg) 3 (3-3) 3 (3-3)° 4 (4-4)° 3.83 (3-4)° 4 (4-4)°
Modafinil 150 mg/kg + 7-nitoin- 3 (3-3)Cwi 3 (3-3)Ci 4 (4-4)cuns 3.5 (3—4)cks 3.66 (3—4)He*
dazole 40 mg/kg
7-Nitoindazole (40 mg/kg) 3(3-3)° 3(3-3)° 4 (4-4)° 4 (4-4)° 4(4-4)°
Modafinil 150 mg/kg + Amino- 3 (3=3)cix 3 (3-3)Cki 4 (4—4)cons 3.66 (3—4)CH 3.5 (3—4)cHks
guanidine 50 mg/kg
Aminoguanidine (50 mg/kg) 3(3-3)° 3(3-3)° 4 (4-4)° 4 (4-4)° 4 (4-4)°

#%p <0.01 and ***p <0.001

2Compared with sham group; ®compared with control group; ‘compared with modafinil 150 mg/kg group
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