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Abstract

Background Mesenteric ischemia has remained without effective pharmacological management for many years. Sumatriptan,
an abortive medication for migraine and cluster headaches, has potent anti-inflammatory properties and ameliorated organ
ischemia in previous animal studies. Similarly, inhibition of the kynurenine pathway ameliorated renal and myocardial
ischemia/reperfusion (I/R) in many preclinical studies. Herein, we assessed the effect of sumatriptan on experimental mes-
enteric I/R and investigated whether kynurenine pathway inhibition is a mechanism underlying its action.

Methods Ischemia was induced by ligating the origin of the superior mesenteric artery (SMA) and its anastomosis with the
inferior mesenteric artery (IMA) with bulldog clamps for 30 min. Ischemia was followed by 1 h of reperfusion. Sumatriptan
(0.1, 0.3, and 1 mg/kg ip) was injected 5 min before the reperfusion phase, 1-methyltryptophan (1-MT) (100 mg/kg iv) was
used to inhibit kynurenine production. At the end of the reperfusion phase, samples were collected from the jejunum of rats
for H&E staining and molecular assessments.

Results Sumatriptan improved the integrity of intestinal mucosa after I/R, and 0.1 mg/kg was the most effective dose of
sumatriptan in this study. Sumatriptan decreased the increased levels of TNF-a, kynurenine, and p-ERK but did not change
the decreased levels of NO. Furthermore, sumatriptan significantly increased the decreased ratio of Bcl2/Bax. Similarly,
1-MT significantly decreased TNF-a and kynurenine and protected against mucosal damage.

Conclusions This study demonstrated that sumatriptan has protective effects against mesenteric ischemia and the kynure-
nine inhibition is potentially involved in this process. Therefore, it can be assumed that sumatriptan has the potential to be
repurposed as a treatment for acute mesenteric ischemia.
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Introduction

Acute mesenteric ischemia refers to sudden disruption of
the intestinal blood supply, which can lead to extensive
intestinal necrosis if untreated. The only effective man-
agement for this condition is early surgical intervention.
The occlusive type of acute mesenteric ischemia is usually
seen among patients with atrial fibrillation or a hyperco-
agulable state. The non-occlusive type is more common
in patients with myocardial infarction or other causes of
cardiac insufficiency. Strangulation of a herniated bowel or
venous thrombosis can also mimic mesenteric ischemia [1,
2]. Despite its rare incidence, acute mesenteric ischemia is
an emergency and a serious cause of acute abdomen with a
high mortality rate. Even after survival the consequences
of short bowel, such as altered bowel habitus and malab-
sorption, impair patients’ quality of life [3].

Occlusion of the superior mesenteric artery (SMA) can
reproduce mesenteric ischemia in animal models and has
the most similarity to what happens in humans [4, 5]. In
this study, mesenteric ischemia was induced by clamping
the SMA and its anastomosis to the inferior mesenteric
artery (IMA). Furthermore, to simulate the clinical set-
tings, sumatriptan was administered after ischemia and
the reperfusion phase was reduced to one hour since the
surgeon must determine the extent of excision before
abdominal wall closure.

Uncontrolled release of reactive oxygen species (ROS)
and inflammatory cytokines, local activation of immune
cells, particularly neutrophils, and overactivation of apop-
totic signaling pathways are involved in the pathogenesis
of acute mesenteric ischemia [6, 7]. In addition, gut micro-
biota infiltration can further deteriorate the inflammatory
response and accelerate intestinal necrosis [6].

Kynurenine is an accessory metabolite of tryptophan.
Indolamine 2,3-dioxygenase (IDO) is the main rate-lim-
iting enzyme of the kynurenine pathway in the intestines
[8, 9]. After being produced by IDO, kynurenine can be
converted to various metabolites such as anthranilic acid,
3-hydroxykynurenine, 3-hydroxyanthrnilic acid, pico-
linic acid, and quinolinic acid [10]. Previously, it has
been indicated that inhibition of different metabolites and
enzymes of the kynurenine pathway can differently affect
inflammatory bowel disease and colorectal cancer [10].
For instance, IDO activation has been protective against
inflammatory bowel disease but enhanced tumorigen-
esis in the gastrointestinal tract. Additionally, it has been
shown that IDO inhibition can protect against myocardial
and renal ischemia in experimental studies [11, 12]. An
elevated level of kynurenine was observed in intestinal
inflammation [13]. Similarly, inflammatory factors such
as interleukin. 1 (IL-1), interferon-gamma (IFN-vy), and
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tumor necrosis factor-alpha (TNF-a) can upregulate IDO.
1-Methyltryptophan (1-MT) is widely used as an IDO
inhibitor in preclinical and clinical studies [10].

Sumatriptan, a serotonin receptor agonist, is the con-
ventional drug for acute migraine attacks and cluster head-
aches [14]. Recent studies demonstrated that low-dose
sumatriptan has significant anti-inflammatory properties
[15, 16]. Sumatriptan can inhibit nuclear factor kB (NF-
kB), suppress inflammatory cytokine release, prevent apop-
tosis, and enhance endogenous anti-oxidant defense [17,
18]. The routine doses of sumatriptan are contraindicated in
vasospasm, peripheral arterial disease, angina pectoris, and
bowel ischemia; however, there is insufficient information
about low-dose sumatriptan or its application during acute
mesenteric ischemia [14]. Moreover, low-dose sumatriptan
exhibited promising effects in other animal models of organ
ischemia such as myocardial ischemia, skin flap, and tes-
ticular torsion [15, 18, 19]. Recently, it has been found that
signaling pathways activated by serotonin and kynurenine,
two metabolites of tryptophan, have mutual interactions
in the gastrointestinal tract [20]. Furthermore, the balance
between serotonergic and kynurenine pathways has been
implicated in the regulation of microbial composition,
immune response, and inflammation in the intestines [20].
Hence, we investigated the effect of low-dose sumatriptan
on mesenteric ischemia and measured the possible involve-
ment of kynurenine.

Materials and methods
Animals

Thirty male Wistar rats, weighing 200-250 g, were pur-
chased from the Pharmacology Research Center, Fac-
ulty of Medicine, Tehran University of Medical Sciences
(TUMS). The animals were kept in a temperature-controlled
room (23 +£2 °C), with 55 +2% humidity and 12-h light/
dark cycles with free access to food and water. The proto-
col of this project was approved by the ethics committee
of the Tehran University of Medical Sciences (IR.TUMS.
MEDICINE.REC.1399.664). All experiments were per-
formed by the Guide for the Care and Use of Laboratory
Animals (8th edition, 1996, National Academies Press pub-
lished by National Academy Press, USA) and institutional
guidelines for animal care and use (Department of Phar-
macology, School of Medicine, Tehran University of Medi-
cal Sciences, Tehran, Iran). The total number of animals
used in the experiment was 30. The animals were randomly
divided into 5 groups (6 per group), including sham, con-
trol, and sumatriptan (0.1, 0.3, and 1 mg/kg, ip) [21]. 3—4
Specimens were then taken out randomly within the group
for each of the molecular tests. The study began after the
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acclimatization lasting for 24 h. All efforts were made to
minimize suffering. At the end of the study the animals were
euthanized in a CO, chamber.

Intestinal I/R induction and treatment schedule

In the sham group, after anesthesia with ketamine (85 mg/
kg, Trittau Co., Germany, batch: 70,689) and xylazine 2%
(15 mg/kg, alfasan, Woerden-Holland, batch: 1801005-02)
and shaving, the abdominal wall was incised in the midline.
Specimens were then collected from the jejunum. In other
groups, after anesthesia and 5 min before laparotomy, the
animals received a high dose of heparin due to the lack of
concurrent angiographic interventions in this study (Cas-
pian Tamin Rasht-Iran, Batch No; 031, 250 U per animal,
intraperitoneal). After midline laparotomy and exposure of
the intestinal loops, SMA was found and clamped near its
origin. Similarly, the anastomosis between the SMA and
the IMA was clamped. Several hallmarks, such as intestinal
pallor, cyanosis, and dark bluish discoloration of supplying
blood vessels and their tortuosity, were checked for confirm-
ing the accuracy of ischemia. After 30 min of ischemia, the
clamps were reopened for reperfusion [21, 22]. The afore-
mentioned changes were reversed in the reperfusion phase
and the SMA and its branches quickly turned red as shown
in Supplementary Fig. 1. Intestinal pallor was replaced by
hyperemia, congestion, and redness. Reperfusion lasted for
one hour and then specimens were collected from the jeju-
num. In both the ischemic and reperfusion phases, the intes-
tinal loops were covered with wet sterile gas. Two samples
were taken from each animal for histological staining and
molecular assessments.

Sumatriptan (0.1, 0.3, and 1 mg/kg ip) was delivered
5 min before reopening the clamps, and 1-MT (100 mg/kg
iv) was administered 15 min before sumatriptan. As our aim
was treating mesenteric ischemia rather than its pretreat-
ment, the drugs were used after ischemia.

Pathological assessment

Specimens were cut longitudinally to expose the luminal
surface before fixation. One of the specimens of each rat’s

jejunum was kept in formaldehyde at 4% and stained with
H&E (hematoxylin and eosin) after tissue processing. An
expert pathologist blinded to the groups interpreted the sam-
ples. Mucosal damage was assessed by Chiu’s histological
scoring system (Table 1).

TNF-a levels measurement by ELISA

The specimens were snap-frozen after collection. Specimens
were kept at — 80 °C until the assay. After homogenization,
TNF-o was measured by sandwich ELISA. A DuoSet®
Ancillary Reagent Kit was purchased to perform the meas-
urement. High-quality bovine serum albumin (BSA) was
used as a reagent diluent. The sandwich ELISA method was
performed with rat TNF-a capture antibody and rat TNF-o
detection antibody. First, 100 pL of sample or standard in
reagent diluent was added to each well. Also, 100 uL of
diluted detection antibody was added to each well. Like-
wise, other steps were performed according to the manu-
facturer’s instructions, and finally, the wavelength was set
to 540 nm for reading the wells. TNF-a level measurement
was done in triplicate for each group, and data are shown as
mean + SEM.

Kynurenine level measurement by colorimetric
method and ELISA

A rat kynurenine (KYNU) ELISA kit (MBS745507)
was purchased to measure kynurenine in intestinal tissue
homogenate. The competitive enzyme immunoassay tech-
nique utilizing a polyclonal anti-KYNU antibody and a
KYNU-HRP conjugate was applied. The intensity of color
was read at 450 nm. Kynurenine level measurement was
done in triplicate for each group and data are shown as
mean + SEM.

Griess test

The Griess test was utilized to measure nitrite (NO,") lev-
els in aqueous solutions of intestinal tissue based on the
colorimetric method. Intestinal tissue was homogenized
as described above and the supernatant was obtained and

Table 1 Criteria for

: . . Grade
histopathologic grading of

Description

mucosa according to the Chiu 0
scoring method [1]

Normal mucosa

Development of subepithelial Gruenhagen’s spaces at the tip of the villi

2 Extension of subepithelial spaces with moderate lifting of the epithelial layer
from the lamina propria

3 Massive epithelial lifting down the side of the villi

Completely denuded villi and dilated capillaries

5 Loss of villi, disintegration of the lamina propria; hemorrhage and ulceration
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used to measure nitrite levels. Nitrite is the metabolite of
nitric oxide (NO), and the Greiss test indirectly measures
NO production. Distilled water treated with a mixed bed
ion exchange resin or ultrapure (17 MW X cm or equiva-
lent) water, was used as nitrite-free water. Griess reagent
(catalog number G4410) was used for nitrite assay. Equal
volumes of 1 X Griess Reagent and samples were mixed, and
the absorbance was read at 540 nm after 20 min. The Griess
test was done in triplicate for each group and data are shown
as mean + SEM.

Western blotting

After 1 h of reperfusion, intestinal specimens were collected
for western blotting to evaluate anti-apoptotic factors such
as Bcl2, pro-apoptotic proteins such as Bax, intra-cellular
kinases such as phosphorylated extracellular signal-regu-
lated kinase (p-ERK), and housekeeping protein glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH). Each group
in western blotting included two rats. The tissue specimens
were homogenized in lysis buffer (including tris hydro-
chloric acid, ethylenedieamine tetraacetate (EDTA), NaCl,
sodium dodecyl sulfate (SDS), sodium deoxycholate, NP40,
protease inhibitor cocktail). The homogenate was centri-
fuged (Eppendorf 5415 R) at 12,000 g for 10 min at 4 °C.
Then, the Bradford assay was done for calculating protein
concentration in each sample. The running buffer included
1.5 g Tris, 1.5 g SDS, 7.2 g glycine, water up to 500 mL, and
pH=28.3. The samples were loaded on the SDS-PAGE and
transferred (2.42 g Tris, 11.25 g glycin, 200 ml methanol, up
to 1000 mL water) onto polyvinylidene difluoride (PVDF)
membranes. Membranes were blocked with 2% non-fat skim
milk for 75 min and incubated with the following primary
antibodies overnight: p-ERK (Santa Cruz, sc-16981-R,
1:200), ERK (sc-292838), Bax (sc-7480), Bcl2 (Santa Cruz,
sc-492, CA, USA 1: 200), and GAPDH (sc-32233, 1:1000).
Membranes were then washed with TBST (TBS + tween 80)
and incubated with secondary antibodies (mouse anti-rabbit
IgG-HRP: sc-2357, 1:1000) for 75 min. BM chemilumines-
cence western blotting kit was used for detecting bands by
gel doc [23]. Image J was used to determine the optical den-
sity of each band. The relative activity of p-ERK, Bcl-2,
and Bax was calculated by Prism 7 (GraphPad Inc.) and
compared with the control group.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
software (version 6.07). The homogeneity of variances and
normal distribution of data were checked using a Brown-
Forsythe test and a Shapiro—Wilk test, respectively. One-way
analysis of variance (ANOVA) followed by Tukey’s post hoc
test was used for normally distributed data. Kruskal-Wallis
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test followed by Dunn’s post hoc for multiple comparisons
was performed for non-normal data. A p value <0.05 was
considered statistically significant.

Results

The effect of sumatriptan on intestinal
histopathological alterations after I/R

Sumatriptan at a dose of 0.1 mg/kg ip) preserved the intes-
tinal mucosa and prevented its destruction compared with
the ischemic control. In particular, Kruskal-Wallis test and
Dunn’s post hoc test revealed that sumatriptan significantly
decreased Chiu score after I/R (H(3)=9.18, p=0.046)

(Fig. ).

Sumatriptan downregulated kynurenine

Kynurenine levels were measured to determine any possible
interactions between sumatriptan and kynurenine pathways.
I/R markedly increased kynurenine levels in the intestinal
tissue compared with the sham group. Kruskal-Wallis and
Dunn’s post hoc tests showed that kynurenine levels were
significantly decreased after sumatriptan 0.3 mg/kg, ip,
(H(4)=15.21, p=0.01), compared with the ischemic con-
trol group (Fig. 2a).

TNF-a levels were decreased after treatment
with sumatriptan

TNF-a was assessed to determine the potential anti-inflam-
matory effect of sumatriptan on intestinal I/R. One-way
ANOVA and post hoc Tukey’s tests indicated that com-
pared with the sham group, I/R significantly increased
the tissue levels of TNF-a (p =0.0000). Compared with
the ischemic control group, administration of sumatriptan
0.1 mg/kg (p=0.0000), 0.3 mg/kg (p=0.0004), and 1 mg/
kg (p=0.0002), ip, significantly decreased TNF-a levels
(F4.10=31.97, df=10) (Fig. 2b).

Nitric oxide was downregulated after I/R
and remained unchanged after treatment
with sumatriptan

ANOVA and post hoc Tukey’s tests showed that compared
with the sham group, I/R injury significantly decreased the
concentration of nitrite metabolites in the tissue homoge-
nates (p=0.001, F,,,=17.01, df=10). Administration of
sumatriptan (0.1, 0.3 and 1 mg/kg, ip) could not change the
tissue levels of nitrite metabolites (Fig. 2c¢).
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Fig. 1 Histological assessment of jejunum mucosa using H&E stain-
ing and Chiu score (scale 0-5). Ischemia/reperfusion deranged
mucosal structure and reduced villous height in the ischemic control
group (A). Images B-D illustrate the jejunum mucosa after treatment
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Fig.2 A Kynurenine levels in intestinal tissue measured by ELISA.
Compared with the sham group, ischemia/reperfusion increased
kynurenine levels. Sumatriptan (0.3 mg/kg ip) significantly decreased
kynurenine levels, compared with the ischemic control group. Data
are presented as medians and interquartile ranges; n=4. Kruskal—
Wallis test followed by Dunn’s post hoc. B TNF « levels in intestinal
tissue measured by ELISA. Ischemia/reperfusion notably increased
TNF-a levels, while sumatriptan decreased it. Data are presented as
means + SEM; n=3. One-way ANOVA followed by post hoc Tukey’s

tests. C Ischemia/reperfusion significantly decreased NO metabo-
lites measured via the Griess test, but sumatriptan did not cause a
significant change in NO levels.. Data are shown as mean+SEM;
n=3. One-way analysis of variance (ANOVAs) followed by post
hoc Tukey’s tests were used for comparisons. ©p <0.05, ®©p<0.01,
@€©, <0.001, and ®©®®p <0.0001 compared with the sham group.
*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001 compared
with the ischemic control group. NO Nitric oxide, TNF-a tumor
necrosis factor-alpha
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Fig.3 The relative expression of p-ERK, Bcl2, Bax, and GAPDH
in intestinal tissue measured by Western blotting. Compared with
the sham group, ischemia/reperfusion reduced Bcl2/Bax ratio,
and sumatriptan ( 0.1 mg/kg ip) strongly increased it. Ischemia/
reperfusion increased p-ERK level, and sumatriptan (0.1 mg.
kg ip) decreased it. Data are shown as median and interquartile

Sumatriptan upregulated Bcl2 and downregulated
p-ERK and Bax in intestinal I/R

The effects of sumatriptan on p-ERK/GAPDH and Bcl2/
Bax ratios are shown in Fig. 3. Kruskal-Wallis and post
hoc Dunn’s tests revealed that compared with the ischemic
control group, sumatriptan (0.1 mg/kg, ip) significantly
increased Bcl2/Bax ratio (H(4)=16.32, p=0.001). In addi-
tion, Kruskal-Wallis and post hoc Dunn’s tests revealed that
sumatriptan (0.1 mg/kg, ip) significantly reduced the p-ERK/
GAPDH ratio (H(4)=12.83, p=0.035).

The effects of 1-MT on intestinal I/R
The effects of sumatriptan 0.1 mg/kg, ip (B), 1-MT 100 mg/

kg, iv (C), and sumatriptan 0.1 mg/kg, ip+ 1-MT 100 mg/kg,
iv (D) on the intestinal mucosa is shown via H&E staining in
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ranges; (n=23-4). Kruskal-Wallis followed by post hoc Dunn’s test

was used for comparisons. ©p<0.05, ®®p<0.01, ®®®p<0.001,

and ©®®®p<0.0001 compared with the sham group. *p<0.05,

**p<0.01, **¥p<0.001, and ****p<0.0001 compared with the
ischemic control group. p-ERK phosphorylated extracellular signal-
regulated kinase

Fig. 4. Kruskal-Wallis and Dunn’s post hoc tests indicated
that sumatriptan (0.1 mg/kg, ip) significantly decreased the
Chiu’s score after I/R injury (H(3)=8.56, p=0.045) (Fig. 4).

The effects of 1-MT on intestinal I/R

The effects of 1-MT (100 mg/kg, iv), sumatriptan
(0.1 mg/kg, ip) and a combination of 1-MT (100 mg/
kg, iv) +sumatriptan (0.1 mg/kg, ip) were assessed and
depicted in Fig. 5. Kruskal-Wallis and Dunn’s post hoc
tests revealed that the combination of 1-MT (100 mg/kg
iv) and sumatriptan (0.1 mg/kg, ip) was significantly effec-
tive in reducing kynurenin (H(4)=12.64, p=0.006) and
TNF-a (H(4)=17.40, p=0.025) levels. ANOVA and post
hoc Tukey’s tests revealed that compared with the ischemic
control group, sumatriptan (0.1 mg/kg, ip) (F5¢=99.00,
p<0.0001) and the combination of 1-MT (100 mg/kg, iv)



Low-dose sumatriptan improves the outcome of acute mesenteric ischemia in rats via... 629

Fig.4 Histological assessment of jejunum mucosa using H&E stain-
ing and Chiu score (scale 0-5). Ischemia/reperfusion severely dam-
aged mucosal structure and reduced villous height in the control
group (A). Images B, C, and D illustrate the jejunum mucosa after
treatment with sumatriptan (0.1 mg/kg, ip), 1-MT (100 mg/kg, iv),
and a combination of sumatriptan (0.1 mg/kg, ip)+ 1-MT (100 mg/

and sumatriptan (0.1 mg/kg, ip) (F;5=99.00, p <0.0001),
significantly increased Bcl2/Bax ratio (Fig. 5).

Discussion

The present study investigated the effects of low-dose
sumatriptan on acute mesenteric ischemia. The results
demonstrated that sumatriptan ameliorates mucosal damage
induced by acute mesenteric ischemia. Further, sumatriptan
alleviates inflammation, attenuated apoptosis, and down-
regulated ERK phosphorylation and kynurenine production.

Intestinal ischemia is associated with the uncontrolled
release of numerous inflammatory mediators. These fac-
tors, including ROS, inflammatory cytokines, nitric oxide,
and lytic enzymes, severely damage intestinal mucosa [24].
Reperfusion provides oxygen and supplements for the half-
dead intestine; however, it can also intensify inflammation.
Reperfusion can recruit neutrophils to the ischemic intestine.
This phenomenon accelerates inflammation and apoptosis
[25-27]. Thus, it is expected that ischemia and reperfusion
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kg, iv), respectively. Sumatriptan (0.1 mg/kg, ip) maintained mucosal
integrity. Significance was determined using the Kruskal-Wallis test
followed by Dunn’s post hoc test, n=4. *p <0.05 compared with the
ischemic control group. H&E hematoxylin and eosin, /-MT 1-meth-
yltryptophan

cause inflammation and induce apoptosis, as indicated in
our results.

Hypoxia affects many signaling pathways, and the sub-
sequent innate immune response aggravates the inflamma-
tory response [26, 28]. TNF-a is a critical cytokine in the
progression of hypoxia and apoptosis. Enhanced expression
of this cytokine is associated with the forthcoming break-
down of intestinal mucosa [29]. In addition to enhancing
the inflammatory response, TNF-«a is responsible for acti-
vating the external pathway of apoptosis [30]. TNF-a acti-
vates caspase 8 and subsequent executive caspases [31, 32],
characterized by decreased Bcl2/Bax ratio. A higher Bcl2/
Bax ratio can enhance cell survival and improve the out-
come of I/R injury [33]. In the present study, sumatriptan
0.1 mg/kg could markedly decrease TNF-a and thereby
increase the Bcl2/Bax ratio, preserving the epithelial cells
of the intestine. In a previous study on oral mucositis in rats,
sumatriptan 0.3 mg/kg could alleviate the mucosal inflam-
mation and apoptosis [23]

As mentioned previously, higher kynurenine levels are
found during inflammation [34, 35]. Several inflammatory
mediators, especially INF-y, can stimulate the expression of
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Fig.5 Relative levels of Bcl2/Bax, TNF-a, and kynurenine after
treatment with 1-MT and sumatriptan, assessed by Western blot-
ting. n=3 rats per group. Compared with the ischemic control group,
kynurenine, and TNF-« levels were reduced after administration of
1-MT (100 mg/kg iv), sumatriptan (0.1 mg/kg ip), and their combi-
nation. For TNF-a and kynurenine, data are shown as median with
interquartile ranges, analyzed via Kruskal-Wallis test with Dunn’s

IDO in an inflammatory context [36]. It was observed that
kynurenine level increases proportionate to intestinal endo-
scopic inflammation [37]. Increased IDO activity usually
stimulates an anti-inflammatory response; however, it almost
always prognosticates the poor condition of the disease. A
recent systematic review showed that stroke and cerebral
ischemia activates the kynurenine pathway. Interestingly,
there was a positive correlation between kynurenine path-
way activation and the severity of clinical outcomes such
as cognitive impairments [38]. This could be explained by
the fact that the kynurenine pathway can produce toxic end-
metabolites in I/R [39]. In the current study, we have shown

@ Springer

E 150 —
)
L
[}
1
2 4004
o
E
e
~ 50 %
K *k ~
S .
0‘# T T T T
ORI TES
PRSP e N
Sy &
6’\\0 &\ 'sé\
& &
J
) ) «xé
R
A
N
>
X
Q> R
R &
N\

post hoc. For Bcl2/Bax, data are shown as mean+ SEMand analyzed
using one-way ANOVA followed by post hoc Tukey’s test; n=3.
Bcl2/Bax levels remained unchanged with 1-MT compared with the
ischemic control group. *p<0.05, **p<0.01, ***p<0.001, and
##%%p <0.0001 compared with the ischemic control group. TNF-a
tumor necrosis factor-alpha, and 7-MT 1-methyltryptophan

that kynurenine level peaked after mesenteric I/R, and down-
regulation of it was protective in this disease.

In a recent study on a murine model of chronic stress,
an elevated concentration of 5-HT was observed in the hip-
pocampal tissue of the mice, following a treatment which
affected the kynurenine pathway [40]. This indicates the
negative correlation between serotonin and kynurenine;
approving the role of sumatriptan in downregulation of
kynurenine, as a serotonergic agonist. Moreover, in our
study, low-dose sumatriptan significantly reduced both
kynurenine and TNF-a levels, showing that the drug
exerts its effects via this pathway. Finally, 1-MT, as an
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IDO inhibitor, mimics the effects of sumatriptan in reduc-
ing kynurenine and TNF-a, further confirming the involve-
ment of the kynurenine pathway.

In our study, Bcl2/Bax ratios were not changed via
1-MT, even though it resembled the effects of sumatriptan
in the other experiments. This could be explained con-
sidering studies mentioning that the effects of 1-MT on
apoptosis may be controversial [41]. A recent study on
1-MT isomers revealed that the protective effects of the
molecule on renal ischemia could be through other mecha-
nisms than the Kynurenine/IDO pathway [42]. As a result,
the effects of 1-MT on the Bcl2/Bax pathway of apoptosis
need further investigation.

I/R activates ERK [43]. ERK inhibition ameliorated
renal, hepatic, and spinal cord I/R [44-46]. Similarly,
intestinal I/R was shown to activate ERK [47]. Also, alle-
viation of intestinal injury was associated with decreased
ERK phosphorylation [47]. Activated ERK can potenti-
ate NF-kB-mediated inflammatory response and mucosal
cell damage in intestinal I/R [48]. In addition, ERK pro-
motes neutrophil infiltration into the inflamed intestine
by upregulating adhesion molecules [49]. Based on our
results, sumatriptan decreased phosphorylated ERK, as
another mechanism of intestinal cells’ protection. This
negative correlation between serotonin and ERK has been
previously reported as well [50].

Intestinal I/R is associated with impaired NO produc-
tion, mainly due to inducible nitric oxide synthase (iNOS)
overactivity, which is harmful. In contrast, intestinal I/R
suppresses the protective function of neuronal nitric oxide
synthase (nNOS) and endothelial nitric oxide synthase
(eNOS). This dysregulation of the NO system deteriorates
the outcome of ischemia [51-53]. Our study could not prove
that sumatriptan alters total NO production in intestinal I/R;
nevertheless, the activity of the mentioned enzymes was not
measured separately in the present work, In a previous study
on mice, chronic administration of sumatriptan (0.1 mg/kg,
ip) could alter NO levels, while the acute form did not, con-
sistent with the results of the present study [54].

Using a rat model of mesenteric I/R, this study has shown
that low-dose sumatriptan and 1-MT are effective pharma-
cological managements for mesenteric ischemia; however,
more studies are needed to fully dissect the underlying
mechanisms. More signaling pathways and inflammatory
mediators could be measured. In addition, the effect of
sumatriptan or 1-MT could be measured on different dura-
tions of ischemia. It is also needed to assess the effect of
sumatriptan or 1-MT after a longer duration of reperfusion.
Moreover, the kynurenine pathway has many metabolites
and enzymes, which were not targeted in this study. Future
clinical trials are recommended to investigate the effects of
sumatriptan and 1-MT as pharmacological management of
acute mesenteric ischemia.

Conclusions

Taken together, sumatriptan protected against mucosal
damage after acute mesenteric ischemia. Sumatriptan
decreased TNF-a levels and prevented apoptosis. Inter-
estingly, sumatriptan decreased kynurenine production,
indicating the possible role of the kynurenine pathway in
the protective effect of sumatriptan. As kynurenine levels
surged with mesenteric I/R, it has the potential to serve
as a diagnostic or prognostic tool in the future. Possible
relationship between the tryptophan and kynurenine path-
ways could be of interest for future investigations, yielding
a complete picture of the whole pathway. Future studies
are needed to further explore the efficacy and underly-
ing mechanisms of sumatriptan and 1-MT in ameliorating
acute mesenteric I/R.

Limitations

The sample size used in the present preclinical study was
rather small which made it impossible to use the optimal
statistical methods. Furthermore, kynurenine pathway has
several enzymes and metabolites and we focused exclu-
sively on the inhibition of IDO and kynurenine. Conse-
quently, future studies should explore the role of different
components of the kynurenine pathway in mesenteric I/R
injury.
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