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Tropisetron modulates peripheral and central
serotonin/insulin levels via insulin and nuclear
factor kappa B/receptor for advanced glycation
end products signalling to regulate type-2 diabetes
in rats

Reem Ali Mohamed, {*2 Omneya Galal,* Anmed Refaat Mohammed?
and Hanan Salah El-Abhar®

Despite its known central effect, 5% of serotonin is found centrally, while around 95% is found peripherally.
Serotonin is stored and co-released with insulin upon pancreatic islets stimulation by glucose. This fact
raises the curiosity regarding its possible role in diabetes. Hence, in this study, we assessed the possible
modulatory effects of tropisetron, a 5-HT3 receptor antagonist, on type 2 diabetes mellitus models in
rats. The rats were allocated into two groups: normal and diabetic. The latter group was treated with
metformin (500 mg kg™, p.o.), tropisetron (1 and 2 mg kg™, i.p.), and a combination of metformin and
tropisetron (1 mg kg™3). The different treatment regimens corrected glucose and lipid homeostasis
manifested by the decrease in serum levels of glucose, fructosamine, homeostasis model of insulin
resistance, triglycerides, total cholesterol, free fatty acid, as well as receptor for advanced glycation end
products. Additionally, the treatments elevated levels of insulin, serotonin, and homeostasis model of 3-
cell function. On the molecular level, treatments corrected the altered insulin signaling cascade
(phosphorylated insulin receptor substrate 1, phosphorylated protein kinase B, and glucose transporter
4), and inhibited B-catenin and phosphorylated nuclear factor kappa B p65 in the assessed soleus
skeletal muscle. A similar pattern was duplicated in the hippocampus. This study provided evidence for
the role of tropisetron on type 2 diabetes mellitus via modulating the insulin signaling cascade (insulin,
phosphorylated insulin receptor substrate 1, phosphorylated protein kinase B, and glucose transporter 4),
improving lipid/glucose profile, decreasing inflammatory markers (receptor for advanced glycation end
products, and phosphorylated nuclear factor kappa B p65), as well as increasing 5-HT and reducing
B-catenin.

The primary hypothesized mechanisms to explain IR and
islet B-cell dysfunction in T2DM involve increased oxidative

Type 2 diabetes mellitus (T2DM) is the most common form of
DM characterized by hyperglycemia, insulin resistance (IR), and
relative insulin deficiency.! Its insidious onset and late recog-
nition are associated with increased morbidity and mortality.>
Most patients with T2DM are obese and obesity itself causes
some degree of IR. Others who are not obese may have an
increased percentage of body fat distributed mainly in the
abdominal area.?
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stress, lipotoxicity, glucotoxicity and inflammatory responses.*
These stresses can result from sedentary life style and west-
ernized food over nutrition.>® Skeletal muscle is one of the
organs greatly affected by diabetes since it is strongly dependent
on oxidative phosphorylation for energy production. In type 2
diabetes and obesity insulin resistance of skeletal muscle
results in dysregulation of the oxidation of both carbohydrate
and lipid.”

Apart from its known peripheral effects, diabetic patients
experience cognitive dysfunction,® depression,’ and anxiety'®
associated with changes in brain structure that appear to
develop over time, such as hippocampal injury, reduction in
gray matter density, changes in white matter microstructure,
and atrophy.® This association between T2DM and brain func-
tion has usually been evaluated in elderly individuals having
diabetes for many years, who generally have poor glycaemic
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control and significant vascular diseases. Interestingly, it was
found that even patients with relatively well-controlled diabetes
of less than 10 years from the time of diagnosis also had
memory defects. These patients had significantly smaller
hippocampal volumes compared to the control group and the
memory defects were restricted to the hippocampal-based
memory and not observed in the other cognitive domains."
Hence, both the skeletal muscle and the hippocampus were
chosen as targeted organs.

Serotonin is one of the central neurotransmitters that is
largely found in peripheral tissues (~95%); it is mainly synthe-
sized in B-cells and is co-secreted along with insulin upon stim-
ulation with glucose.”” However, its role in diabetes is a confusing
issue due to the controversial findings. A previous study" showed
that both insulin and 5-HT decreased in a T2DM mouse model,
while El-Marasy et al. (2014) reported that the antidepressant
drug hesperidin used by diabetic depressive patients abated
hyperglycemia and inflammation and elevated 5-HT level.** On
the contrary, other researchers reported that pregnant women
who used selective 5-HT reuptake inhibitors (SSRI) gave birth to
off springs with abnormal glycemic control*® and that 5-HT
increases with inflammatory diseases including T2DM.**

The correlation between 5-HT and insulin is controversial since
some studies reported a positive impact of 5-HT on insulin, while
others did not. In 2009, Paulmann et al. reported that in normal
conditions, 5-HT controls the insulin release by increasing the
expression of tryptophan hydroxylase 1 mRNA in B-cells.”” Addi-
tionally, Amireault et al (2012) stated that 5-HT induces the
proliferation of B-cells and insulin by stimulating the 5-HTj,
receptor present on the pancreas, in addition to a receptor inde-
pendent mechanism known as serotonylation.”” Moreover, in
mammals, the onset of pregnancy is accompanied by an increase
in insulin producing B-cells to provide sufficient insulin to support
the growth of the fetus and the energy homeostasis of the
mother.” The tryptophan hydroxylase 1 mRNA, which is respon-
sible for the synthesis of peripheral 5-HT, increases by almost 20
folds at this critical stage of pancreatic development.” This
expansion is mediated by several 5-HT receptors such as 5-HT,z
and 5-HT;p > Moreover, 5-HT per se was reported to reduce the
glucose-stimulated liberation of insulin in a concentration-
dependent fashion.” The use of tropisetron abolished the nega-
tive effect of 5-HT on insulin secretion.

One of the 5-HT receptor subtypes is the 5-HT3 receptor,
which is unique among all monoamine receptors as it is a cation-
selective chloride-channel that belongs to the ligand-gated ion-
channel superfamily.? This receptor is found peripherally* and
in the central nervous system with strong hybridization signals
seen in the hippocampus.** Evidence from both human and
animal studies suggested that the 5-HT3 receptor antagonists,
which were first developed as expeditious agents to counteract
chemotherapy-induced emesis, possess a variety of neuro-
protective and anti-inflammatory properties as documented in
models of colitis,>® asthma,*® and rheumatic diseases.””

Although tropisetron, a 5-HT3 receptor antagonist,
enhanced insulin release from insulin producing B-cell line,**
the exact mode of action regarding its secretagogue action
remains unclear. An earlier study reported that tropisetron
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reduces the inward cation currents, particularly calcium cation,
which is the main target for sulfonylureas, which are the clas-
sical insulin secreting agents.”® Having secretagogue action and
anti-inflammatory characters, tropisetron was the drug inves-
tigated in the current study to unveil possible mechanisms in
T2DM both centrally and peripherally using a T2DM rat model.

2. Materials and methods

2.1. Drugs and chemicals

Streptozotocin (STZ) was purchased from Sigma-Aldrich Co. (St.
Louis, MO, USA) and tropisetron hydrochloride (Navoban®) was
procured from Novartis pharmaceuticals (El Amiria, Cairo,
Egypt). Metformin was a gift from CID Co. (Giza, Egypt) and
long acting insulin (Insulatard®) was obtained from Novo
Nordisk Co. (Copenhagen, Denmark). Cholesterol was procured
from Panreac Co. (Barcelona, Spain), fructose (Unifructose®)
was obtained from UNIPHARMA (Cairo, Egypt), citric acid and
sodium citrate used for the preparation of citrate buffer were
obtained from Al-Gomhoria Pharmaceutical Co. (Cairo, Egypt)
and sheep fat was obtained from a commercial source. All other
chemicals used were of analytical grade.

2.2. Animals

Adult male Wistar rats (90-120 g) were purchased from Animal
Production Research Institute (Dokki, Giza, Egypt). They were
housed in standard polypropylene cages and kept under constant
environmental conditions of 12/12 h dark/light cycles at
a temperature of 25 £ 2 °C. These conditions were kept constant
until the end of the experiment. The rats were fed commercially
available normal pellet diet and water ad libitum and were left for
5 days for acclimatization prior to the dietary manipulation. The
rats were handled according to the recommendations in the
Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health. The protocol was approved by the
Committee of the Faculty of Pharmacy on the Ethics of Animal
Experiments of the Cairo University (permit number: PT 1087).
All efforts were made to minimize the suffering of the rats.

2.3. Development of insulin resistant/type 2 diabetic rats

The current model was a modification on a previously verified
model described in a previous study.* Briefly, 66 male Wistar rats
were initially divided into two dietary regimens. Ten of them were
separated in two cages (5 rats per cage) and fed a normal fat diet
(NFD) [~3000 kcal g~ ": fat as oils (3%), protein (21%), carbohy-
drate as starch (60%), fibers (3%), vitamins and minerals (3%)] to
serve as the normal control group, while the remaining 56 (4 rats
per cage) were fed an in-house prepared high fat/high fructose diet
(HFFD)) [~5300 kcal g~ : fats as oils (3%) + (15%) sheep tail fat +
(1%) cholesterol powder, protein (21%), carbohydrate as starch
(60%), fibers (3%), vitamins and minerals (3%)] and permitted
20% fructose in drinking water. Dietary manipulation was
continued for 12 weeks, after which the rats developed IR as
indicated by elevated fasting blood glucose, triglycerides (TGs),
total cholesterol (TC), and hyperinsulinemia. This state was further
confirmed by intraperitoneal glucose tolerance test (IPGTT),
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homeostasis model assessment index (HOMA-IR), and AUC.
Subsequently, only the HFFD rats (220 + 40 g) with hyper-
glycemia, -cholestrolemia, -triglyceridemia, and -insulinemia
received daily single doses of long acting human insulin (Insu-
latard®) (0.5 IU kg™, i.p) for 1 week to augment the state of IR and
decrease the rate of mortality from STZ. At the beginning of week
14, NFD rats received a single dose of citrate buffer (i.p) and the
HFFD group received a freshly prepared sub-diabetogenic dose of
35 mg kg~ ' STZ dissolved in freshly prepared citrate buffer (pH
4.5). STZ was injected i.p. once after an overnight fasting to
produce frank hyperglycemia and the rats also received 5% glucose
in drinking water for the first 24 h after the STZ injection to guard
against the initial STZ-induced hypoglycemia.*® After the STZ
injection, all rats were fed NFD and fructose free water until the
end of the study. A week after the STZ injection, the rats that had
blood glucose levels between 11.1-19.43 mmol L', hyper-
cholestrolemia, hyper-triglyceridemia, and hypo-insulinemia
were considered as late stage insulin resistant/type 2 diabetic
rats and were included in the study.** During the development of
this model, a weekly estimation of the body weight (BW) was
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glucose administration. Blood glucose level was assessed using
test strips for blood glucose testing device (Bionime®). IR was
reflected by the IPGTT and was further confirmed by the fasting
hyper-insulinemia and the HOMA-IR value.

2.5. Experimental design

The investigator was not blind to the experimental groups to
determine the effects of the different treatment regimens. Out of
56 rats on HFFD, 14 died (~25%) and 2 rats were resistant
(~4.8%). Rats on NFD were set as the 1% group (n = 10) and
received only the vehicles. Diabetic rats were randomly divided
into five groups (n = 8). The 2™ group served as the insulin-
resistant/T2D control, while the 3™, 4™ and 5™ groups received
metformin at 500 mg kg~ ", p.o.,* and tropisetron hydrochloride at
two dose levels 1 mg kg™ (ref. 34) (Trop,) and 2 mg kg~ " (ref. 25)
(Trop,) i.p, respectively. The rats in the 6™ group received
a combination of Trop, and Met. All the treatments were sustained
for 15 days and the last dose of any treatment was given 24 h before
the rats were euthanized. Rats were fasted for 18 h before the time
of death to minimize the feeding-related variations in the lipid and
glucose patterns.

66 Male Wistar rats = 90-120 gm

Normal control gp.
—~ » > 10 rats 56 rats
S
*5& For 12 weeks E A
Rats on NFD Rats on HFFD
e At Rats w.eighin.g > 2.20, hyperglycemic, hypercholestrolemic,
hypertriglyceridemic, & hyperinsulinemic.
l Long acting insulin (0.5 TU/kg, i.p)
| Received citrate buffer | J Received single sub-diabetogenic dose of STZ (35 mg/Kkg, ip) ]
l Group 2 | | Group 3 | I Group 4 | | Group 5 l l Group 6 |
>Diabetic rats »>Met (500 mg/kg; p.o) >Trop (1 mg/kg;i.p) >Trop (2 mg/kg) »Met + Trop (1 mg/kg)

15 days

recorded in addition to the levels of fasting serum glucose, TGs,
TC, and insulin.

2.4. Intraperitoneal glucose tolerance test (IPGTT)

To confirm the state of insulin resistance, which is essential
before the injection of STZ, the IPGTT (2 g glucose kg™ ') was
performed randomly on 6 rats from each group after 6 h of
fasting.*” Blood droplets were withdrawn from the tip of the tail
vein at 0 time (before glucose) and every 30 min for 2 h after

11910 | RSC Adv., 2018, 8, 11908-11920

2.6. Collection of blood samples

At the time of carnage, blood was collected from the jugular veins
of thiopental anaesthetized rats and was centrifuged (800 x g,
4°C, 20 min) to separate the sera. ELISA technique was carried out
using the corresponding ELISA kit (MYBioSource, CA, USA) for the
assessment of fructosamine (Cat# MBS704663), insulin (Cat#
MBS045315), serotonin (Cat# MBS166089), the receptor for
advanced glycation end-products (RAGE; Cat#f MBS495003) and
free fatty acids (FFAs; Cat#t MBS704474). Glucose level in addition

This journal is © The Royal Society of Chemistry 2018
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to serum lipid profile, viz.,, TGs and TC were measured calori-
metrically using SPINREACT kit (Girona, Spain). Finally, HOMA-IR
and HOMA-B, which were used to assess B-cell function, were
calculated according to the following equations, respectively.*

fasting glucose

15 x fasting insulin

HOMA - 1R = 73

360 x fasting insulin |
0

HOMA - B = -
P fasting glucose — 63

2.7. Tissue extracts

Following blood collection, the rats were euthanized by adminis-
tering a thiopental overdose. Both hippocampi and soleus skeletal
muscle were harvested, washed, dried, weighed, homogenized in
phosphate buffer saline (10%) and kept in aliquots for the esti-
mation of the following biomarkers using the corresponding rat
ELISA kits (MYBioSource, CA, USA). Contents of glucose trans-
porter 4 (GLUT 4; Cat#MBS2023267), phosphorylated Akt (p-Akt;
Catft MBS700138), phosphorylated (Ser 536)-nuclear factor
kappa-B p65 (p-NF-kB p65, Cat#t MBS722507), and B-catenin (Cat#
MBS727964) were assessed in the muscle and hippocampus. In
addition, the amount of phosphorylated insulin receptor substrate
1 (pIRS1, Catf#f MBS919486) was measured in the muscle and the
hippocampal contents of 5-HT (Cat#t MBS166089) and insulin
(Cat#t MBS045315) were determined in the brain besides
measuring their levels in blood. All parameters were assessed
according to the manufacturer's protocol.

2.8. Statistical analysis

Values are expressed as mean =+ S.E. of 6 rats and the differences
between the groups were tested for significance using analysis of
variance (ANOVA), followed by Tukey's Multiple Comparison test
as the post hoc test. The GraphPad prism software, version 6
(GraphPad Software Inc., San Diego, CA, USA) was used to analyze
the data and to draw the attached figures. The level of statistical
significance was accepted at P < 0.05.

3. Results

3.1. Development of T2D model

Table 1 shows that HFFD alone developed a state of IR, which
was manifested by a significant increase in glucose, insulin,
HOMA-IR, AUC and HOMA-B, which are effects that were
confirmed by the IPGTT (Fig. 1). The IPGTT test showed that the
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Fig. 1 Effect of 13 weeks of high fat fructose diet (HFFD) intake on
IPGTT in rats. Values are expressed as mean + S.E of 6 rats as
compared to normal control group (*) (unpaired t-test), P < 0.05. Line
graph showing the effect of high fat fructose diet + insulin (HFFD/
insulin) on glucose tolerance test. The rats on HFFD/insulin exhibited
an upward shift in the curve along the 2 h period, indicating a state of
insulin resistance.

Table 2 The effect of high fat high fructose diet/Streptozotocin
(HFFD/STZ) on BW, glucose, insulin, triglycerides (TG), and total
cholesterol (TC), HOMA-IR and HOMA-B in rats®

Groups/parameters Normal control 1 week after STZ
Body weight (g) 299.8 + 8.411 256.5 + 10.67*
Glucose (mmol L) 4.18 £ 0.06 17.24 £ 1.23 *
Insulin (uIU m1™%) 43.89 + 1.964 19.70 & 1.612 *
TG (mmol L) 3.82 + 0.08 4.98 +0.24 *
TC (mmol L) 418 4+ 0.18 8.15 + 0.62*
HOMA-IR 8.171 £ 0.3638 14.79 £+ 1.589*
HOMA-B 405.0 £+ 28.32 28.61 + 5.225%

% values are expressed as mean =+ S.E of (6 rats). The rats were fed high
fat diet (HFD) and were allowed 20% fructose in drinking water
throughout a period of 13 weeks. At the start of week 14, diet
manipulation was stopped and the rats were injected with STZ. After
the STZ injection and until the end of the study, the rats received
normal fat diet (NFD) and fructose free water. Statistical analysis was
performed using unpaired student's t-test, where (*) significant
difference from normal control group at (p < 0.05). BW: body weight;
HOMA-IR: homeostasis model assessment of IR; HOMA-f:
homeostasis model assessment of B-cell function.

HFFD rats presented the same pattern displayed by those with
NFD during the 2 h period, but with a significant upward shift
in the curve, indicating a state of glucose intolerance/IR. After

Table 1 The effect of high fat fructose diet (HFFD) on serum levels of glucose, insulin, HOMA-IR, AUC, and HOMA-B in rats®

Parameters/groups Glucose (mmol L) Insulin (WIU mL™%) HOMA-IR AUC HOMA-B
Normal control 4.80 + 0.04 5.170 £+ 0.1215 1.080 £ 0.043 248.8 £ 5.64 36.88 £ 0.911
HFFD 5.63 £ 0.17* 13.32 £+ 1.125%* 3.335 + 0.316%* 298.0 + 9.83* 72.74 £+ 3.707%*

“ Values are expressed as mean + S.E of (6 rats). Statistical analysis was performed using unpaired student's t-test; (*) indicates significant
difference from normal control group at (p < 0.05). HOMA-IR: homeostasis model assessment of IR; HOMA-B: homeostasis model assessment of

B-cell function; HFFD: high fat-fructose diet; NFD: normal fat diet.

This journal is © The Royal Society of Chemistry 2018

RSC Adv., 2018, 8, 11908-11920 | 11911


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra13105d

Open Access Article. Published on 27 March 2018. Downloaded on 3/28/2026 8:50:30 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

2
3 *
£ 15-
2
5 104 - #
(=]
° #$
8 #$
) 54
{=)]
-
@
&
0- :
> & & N " \
& TS F S
Q X
g
c
20-
15-
#$
‘:—t.‘ T
s
(o]
-
1
> ) X N a N
C & & R QY R
& & ¥ & 4 F
0\ x
&

View Article Online

Paper

150+

3

Fructosamine (nmol.mi"")
g

9 X LN L% [N

800+

“#
T

]
N

AN
\‘o

N
® é@’o

2
&
&

&

IN
&
x

&

9
<°Q

\°Q &

A

Fig.2 Effect of diabetes and 15 day administration of Met (500 mg kg™%), Trop,, Trop, or Met + Trop; on serum (a) glucose, (b) fructosamine, (c)
HOMA-IR, and (d) HOMA-B in rats. Statistical analysis was performed using one-way ANOVA, followed by Tukey's post hoc test (P < 0.05). Values
are expressed as mean + S.E of (6 rats) and a comparison was obtained for normal control (*), diabetic control (#), and Met ($) treated groups.
Met: metformin (500 mg kg2, p.0.); Tropy: tropisetron (1 mg kg™, i.p); Trop,: tropisetron (2 mg kg2, i.p).

the administration of STZ (Table 2) frank hyperglycemia was
detected along with increased levels of TGs, TC and HOMA-IR.
However, this was accompanied by hypo-insulinemia and
a decrease in HOMA-B and BW as compared to the normal
control group.

3.2. Effect of different treatment regimens on parameters of
glucose homeostasis and serotonin

As depicted in Fig. 2, Trop,g, reverted the high serum levels of (A)
glucose, (B) fructosamine, and (C) HOMA-IR; however, (D) HOMA-
 was corrected only by Trop; and the combination regimen. Fig. 3
illustrates that T2D model abated both serum and hippocampal

11912 | RSC Adv., 2018, 8, 11908-11920

levels of insulin and 5-HT. Trop; and its combination elevated
both serum (A) insulin and (B) 5-HT, while Met increased the levels
of only serum insulin. In the hippocampus, although all treat-
ments increased (C) insulin and (D) 5-HT contents, 5-HT content
was not affected by the combination regimen.

3.3.
and parameters of lipid profile

Effect of different treatment regimens on body weight

Diabetic rats experienced a significant weight loss (24.83 g) as
compared to the control group rats which gained weight during
the two-week treatment period. Administration of different
treatment regimens hindered diabetes-induced weight loss to

This journal is © The Royal Society of Chemistry 2018
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Fig.3 Effect of diabetes and 15 day administration of Met (500 mg kg™, Tropy, Trop, or Met + Trop; on serum (a and b) and hippocampal (c and
d) contents of insulin and 5-HT in rats. Statistical analysis was performed using one-way ANOVA, followed by Tukey's post hoc test (P < 0.05).
Values are expressed as mean + S.E of (6 rats) and a comparison was obtained for normal control (*), diabetic control (#), Met (S) and Trop;
treated (@) groups. Met: metformin (500 mg kg™, p.o.); Trop;: tropisetron (1 mg kg2, i.p); Trop,: tropisetron (2 mg kg2, i.p).

different extents to reach a normal level in the combination
regimen treated group (Fig. 4a). Moreover, dyslipidemia, char-
acterized by (B) hypertriglyceridemia, (C) hypercholesterolemia,
and (D) hyper-FFAs, was detected in diabetic rats; nevertheless,
almost all treatments normalized these biomarkers.

3.4. Effect of different treatment regimens on inflammatory
parameters

The current model also elevated (Fig. 5a) serum RAGE (65.87%)
as well as (B) muscular and (C) hippocampal contents of
B-catenin by 71.26% and 116.27%, respectively. This effect
extended to increased muscular (D) and hippocampal (E)

This journal is © The Royal Society of Chemistry 2018

contents of p-NF-kB p65 (149.4% and 120.4%, respectively).
These altered parameters were mainly corrected by Trop, and
its combination.

3.5. Effect of different treatment regimens on insulin
signaling

The current model interrupted the insulin signaling pathway
(Fig. 6) as evidenced by the sharp decline in the (A) muscular
pIRS1 and (B) p-Akt with an increase in the cellular content of (C)
GLUTH4. This pathway was affected similarly in the hippocampus,
where diabetes caused a notable decline in the hippocampal
content of (D) p-Akt and an increase in (E) GLUT4. The different

RSC Adv., 2018, 8, 11908-11920 | 11913
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Fig.4 Effect of diabetes and 15 day administration of Met (500 mg kg™2), Tropy, Trop, or Met + Trop; on BW (a) serum TG (b), TC (c) and (d) FFAs
in rats. Statistical analysis was performed using one-way ANOVA, followed by Tukey's post hoc test (P < 0.05). Values are expressed as mean + S.E
of (6 rats) and a comparison was obtained for normal control (*), diabetic control (#), Met ($) and Trop; treated (@) groups. Met: metformin
(500 mg kg%, p.o.); Trops: tropisetron (1 mg kg™, i.p); Trop.: tropisetron (2 mg kg2, i.p).

treatments improved the muscular contents of pIRS1 and p-Akt,
while they lowered GLUT4 significantly. However, in the hippo-
campus, all treatments except Trop, increased p-Akt, while all
treatments abated GLUT4 content with Trop; and the combina-
tion, indicating a more pronounced action.

4. Discussion

T2DM is a complex disease associated with multi-pathological
states, such as hyper-triglyceridemia, impaired glucose

11914 | RSC Adv., 2018, 8, 11908-11920

tolerance, IR* and inflammation.* Insulin is known to be co-
localized with 5-HT in the same granules along with the fact
that they are co-released when pancreatic islets are stimulated.
This sheds light on the role played by 5-HT and its receptors in
diabetes.?”

The development of an animal model that can imitate the
natural sequence of events that occur in diabetic patients is
essential for the reliability of the study and the results generated
through it. This sequence started with the transition from
a healthy to a pre-diabetic state characterized by either impaired

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Effect of diabetes and 15 day administration of Met (500 mg kg%, Tropy, Trop, or Met + Trop; on serum (a) RAGE, muscular and
hippocampal (b and c) B-catenin, muscular and hippocampal (d and e) contents of p-NF-kB in rats. Statistical analysis was performed using one-
way ANOVA, followed by Tukey's post hoc test (P < 0.05). Values are expressed as mean + S.E of (6 rats) and a comparison was obtained for
normal control (¥), diabetic control (#), Met ($) and Trop; treated (@) groups. Met: metformin (500 mg kg™, p.o.); Tropy: tropisetron (1 mg kg2,

i.p); Trop,: tropisetron (2 mg kg™, i.p).

fasting glucose or impaired glucose tolerance or both*® due to
the presence of dyslipidemia and IR.** This pre-diabetic state
was emulated by the administration of HFFD for 13 weeks, after
which the rats were dyslipidemic with IR and consequent
hyperinsulinemia.

This journal is © The Royal Society of Chemistry 2018

The second transition was from pre-diabetic to frank T2DM,;
this progression required the loss of a significant portion of
functional B-cell mass.* This would eventually lead to hypo-
insulinemia and persistent hyperglycemia.** In the current
model, the transition to frank T2DM was achieved using a sub-

RSC Adv., 2018, 8, 11908-11920 | 11915


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra13105d

Open Access Article. Published on 27 March 2018. Downloaded on 3/28/2026 8:50:30 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper
e MUSCLE
0.8
#
= & # #
2 oe- -
"o
>
= =
— 0.4
2
=9
0.2
0.0 r
> P oy ~ a ~
09'6 < ~ «goQ «<oQ «‘oQ
< o‘\° %
<
10+ E 2.0+ E
#s@ d
— 8 =
£ 3 -t i g 1.5
2 T =
Sl o
> & 1.0
= @ =
i N =
= E
= 0.5
& 2 o
o- _ 0.0-
. S>> =] - ~ ~
& & X ~ a ~ L & ) Y R
S 0.\,;,&\ ¥ K S S o <'>";’°° N &K S &€
i "
~ | HmipPOCAMPI |
N 1 1
#s@
= 381 = g 2.0
£ ¥ “# 2
2 =
= 64 - 1.5
o o
2 2 s
E 4 = 101 - #$
- =
P 2
2 @ 0.51
0- v 0.0- T
S & > ~ a ~ S & Cd 5 g -
00«\\\ %oé“‘ W@ «\OQ «‘OQ «(OQ ooﬁ‘\ 3 66?} ~ «@Q «\oQ ,\\°Q
¥ x <S¢ *
é\q}. \\9\ 3

Fig.6 Effect of diabetes and 15 day administration of Met (500 mg kg™3), Trop,, Trop, or Met + Trop; on muscular content of (a) pIRSL, (b) p-AKT,
(c) GLUT4, and hippocampal content of (d) p-AKT, and (e) GLUT4 in rats. Statistical analysis was performed using one-way ANOVA, followed by
Tukey's post hoc test (P < 0.05). Values are expressed as mean + S.E of (6 rats) and a comparison was obtained for normal control (*), diabetic
control (#), Met ($) and Trop; treated (@) groups. Met: metformin (500 mg kg, p.o.); Tropy: tropisetron (1 mg kg2, i.p); Trop,: tropisetron (2 mg

kg~ i.p).

diabetogenic dose of STZ (35 mg kg™ '), which caused a relative
but significant destruction of B-cells (P < 0.0001) that was
accompanied by persistent hyperglycemia (>200 mg d1™") along
with hypo-insulinemia.

The present study is the first to highlight the anti-diabetic
effect of Trop, the 5-HT3 receptor antagonist. Particularly in
the low dose, Trop reverted the diabetes-associated alterations,
abated weight loss, and leveled off glucose, fructosamine, and
HOMAC-IR. Additionally, it increased HOMA-B and insulin level.
Trop also improved the lipid profile manifested by a decrease in
serum TGs, TC and FFAs, as well as the inflammatory

11916 | RSC Adv., 2018, 8, 11908-11920

parameters RAGE and p-NF-«B. These effects were partially
mediated through insulin and Wnt/B-catenin signaling
pathways.

The anti-diabetic effect of Trop, proved herein, is in line with
a previous in vitro study, in which Trop enhanced insulin release
from insulin producing B-cell line.”* Moreover, ondansetron,
another 5-HT3 receptor antagonist, was previously reported to
revert hyperglycemia induced by the central activation of sero-
tonergic system, indicating the involvement of 5-HT3 receptor
subtype in this hyperglycemic effect.*” Trop also normalized
both fructosamine and RAGE levels. These effects can be linked

to the restoration of the glucose level, during which

This journal is © The Royal Society of Chemistry 2018
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fructosamine is formed as a result of glucose-induced protein
modification and the advanced glycation end products (AGE)
are formed as a result of fructosamine oxidative cleavage.*
Hence, a decrease in AGE can be partially responsible for the
decrease of its receptor RAGE as documented herein and
previously.**

Insulin level, which is a critical indicator of IR, was reduced
in both serum and hippocampal tissue of the diabetic control
rats, resembling a late stage of T2DM.*"*"* In this study, the use
of Trop, restored serum insulin level, while both doses elevated
the cerebral insulin content. This improvement could be
attributed to the hypoglycemic effects of Trop since hypergly-
cemia per se induces B-cell death and impairs insulin secretion.
Similarly, the improvement in the lipid profile, which will be
discussed later, plays a role, during which T2DM-induced
elevation in FFAs impairs B-cell secretory function, induces -
cell death, and IR.* Hence, Trop-mediated insulin restoration
can be partially explained by combating gluco-lipotoxicity. A
recent study by Gupta et al. (2016) supports our findings and
they have graphically summarized the influence of 5-HT3
antagonist on glucose/insulin homeostasis.®

In the present study, synchronization between the two
hormones insulin and 5-HT was detected, during which the
levels of both decreased in serum and hippocampus of the
diabetic rats. However, contradictory findings were reported
regarding the 5-HT levels in diabetes. In line with our results,
several studies have reported a decline in cerebral levels of 5-HT
in animal models of diabetes?” and in the blood of diabetic
patients*® as well as in STZ-diabetic rats.* The persistent
hyperglycemia along with insulin deficiency causes depletion of
5-HT and subsequently the serotonergic function in the brain.
Previous researches®”*' referred this depletion to the decreased
content of its precursor tryptophan (TRP), which was supported
by a study reporting a decrease in serum TRP of diabetic
patients.” These facts directed several authors to suggest that
changes in free plasma level of TRP influence that in the
brain®** and these alterations may be behind the diabetes-
associated memory impairment.*> The decrease in TRP level
in brain and the consequent decrease in 5-HT level may be
attributed to the diabetes-mediated elevation of large neutral
amino acids in the plasma®>*® that compete with TRP for entry
into the brain.’” Another clarification was offered by Russo
et al.,”® who referred the decrease in brain 5-HT level to the
greater metabolism of TRP by alternative pathways, such as liver
TRP-oxygenase enzyme activity, which increases in diabetic
condition.’®*® Alternatively, other authors revealed contradic-
tory results; they reported an elevation in plasma serotonin level
in T2DM patients.*®

Treatment with Trop elevated serum level of 5-HT and its
cerebral content. Recently, another 5-HT3 receptor antagonist
also reversed the diabetes-induced reduction in 5-HT levels in
different brain regions.® This effect was abolished upon using
a 5-HT3 agonist, thus proving the involvement of 5-HT3
blockage in the elevation of 5-HT.

wnt signaling pathway has a definite role in metabolic
homeostasis and has been studied in several diabetic
models.®”®* In the present study, a high glucose level was

This journal is © The Royal Society of Chemistry 2018
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accompanied by an elevation in B-catenin, pointing to the
activation of the Wnt pathway; this result is in line with those
stated in previous reports.®>** However, whether the activation
of this pathway is a protective response or an injurious response
is still debatable.

Authors who support the protective role showed that the Wnt
pathway was activated to promote the regeneration of damaged
pancreatic islet cells® or healing of diabetic wounds.** In
contrast, other authors reported the harmful effects of the
activated B-catenin, such as in the induction of peritoneal
injury, followed by fibrosis®® and the occurrence of diabetic
nephropathy-induced renal interstitial fibrosis.®*

In the current study, muscular/hippocampal B-catenin acti-
vation was accompanied by an increase in the inflammatory
transcriptional factor p-NF-kB, possibly backing the harmful
effect; the same co-elevation was documented in other inflam-
matory conditions.®**® Hence, Trop revealed its anti-
inflammatory effect via inhibiting p-NF-«B and RAGE,
possibly through the inactivation of the Wnt pathway docu-
mented herein as validated by the decreased content of
B-catenin.

The anti-diabetic effect of Trop can also be attributed partly
to the improved insulin signaling pathway. Trop enhanced the
muscular content of pIRS1 and consequently p-Akt. The latter is
responsible for the translocation of GLUT4 to allow the uptake
of glucose from blood. Hence, the diabetes-induced increase in
GLUT4 content in both organs might be a sort of compensatory
mechanism, where although the content was increased, it
apparently failed to reach cell membrane with the reduced
content of p-Akt; earlier reports support the present finding.*>”°

This study was the first to investigate the effect of Met on
hippocampal content of 5-HT. Some of the gastrointestinal side
effects observed during treatment with Met were thought to be
produced by the release of 5-HT and other neurotransmitter
substances within the duodenal mucosa.” These authors found
that the binding of the released serotonin to 5-HT3 receptors
was responsible for the gastrointestinal side effects experienced
with Met treatment. It is known that the administration of 5-
HT3 receptor agonists induces vomiting and diarrhea in
experimental animals.”” Similarly, the stimulation of 5-HT3
receptors located on vagal visceral afferents by 5-HT, released
from gut enterochromaffin cells, is associated with gastroin-
testinal side effects.””’* In a similar scenario, the present study
reported a 5-HT elevation in Met treated group, which attained
a significant level only in the hippocampus, which may explain
the side effects experienced with the general use of Met.
Therefore, the administration of 5-HT3 antagonists including
Trop could prevent these symptoms and are used as anti-
emetics by virtue of the blockage of 5-HT3 receptor. Hence,
the addition of Trop to Met could abolish these symptoms by
decreasing the effects of serotonin on 5-HT3 receptor. Although
the combination regimen failed to elevate cerebral 5-HT level, it
did not entail the insulin level or alter the other anti-diabetic
effects of the combination regimen.

Met is a standard anti-diabetic drug. Therefore, almost all
our findings are in accordance with previously reported studies
on glucose and lipid panels,”” RAGE,”® insulin signaling

RSC Adv., 2018, 8, 11908-11920 | 11917
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pathway, and p-NF-«B,”” as well as serum content of B-catenin.”
Regarding the effect of Met on the insulin level, previous studies
in addition to the current study have shown that Met could
indirectly increase insulin secretion by combating the toxic
effects of high glucose and FFAs on B-cells, which will eventually
lead to improved secretory function.*® In a previous pancreatic
islets in vitro study, the authors highlighted the improved
insulin secretion in Met treated islets. They concluded that Met
is able to restore the intracellular abnormalities of glucose and
FFA metabolism and could restore a normal secretory pattern in
rat pancreatic islets, whose secretory function has been
impaired by chronic exposure to elevated FFA or glucose
levels.”

Compared to Met alone, the combination regimen signifi-
cantly inhibited serum glucose and RAGE levels as well as the
levels of hippocampal GLUT4, B-catenin, and p-NF-kB. In
addition, the combination regimen had a prominent effect on
BW, where it completely diminished the weight loss and the rats
even started to gain weight. However, the other parameters
tended to be improved, but did not reach a significant level.

5. Conclusion

In conclusion, the present study showed that Trop and the
modulation of 5-HT3 receptors have a positive role in treatment
of T2DM. This was achieved, at least in part, through the
amelioration of inflammation and the modulation of two
signaling pathways, viz., insulin and Wnt signaling cascades,
which improved insulin sensitivity both peripherally and cen-
trally. However, future investigations are required to unveil
other potential mechanisms involved in the anti-diabetic action
of Trop.

Conflicts of interest

There are no conflicts of interest to declare.

Acknowledgements

The authors are grateful to Dr Ahmed Ayesh for the expert
technical assistance with tissue homogenization and sample
analysis, Dr Ahmed Mostafa Fayez who helped during animal
euthanization at the end of the experimental period, and finally
to Ahmed Hamed the trained technician who offered a great
assistance with animal handling. This research did not receive
any specific grant from any funding agency in the public,
commercial or not-for-profit sector.

References

1 J. Tseung, Pathology, 2005, 37, 190.

2 M. Azevedo and S. Alla, Int. J. Diabetes Dev. Countries, 2008,
28, 101-108.

3 A. D. Association, Diabetes Care, 2014, 37, S81-S90.

4 M. Y. Donath and S. E. Shoelson, Nat. Rev. Immunol., 2011,
11, 98-107.

11918 | RSC Adv., 2018, 8, 11908-11920

View Article Online

Paper

5 R. P. Robertson, J. Harmon, P. O. T. Tran and V. Poitout,
Diabetes, 2004, 53, S119-S124.

6 R. L. Hull, G. T. Westermark, P. Westermark and S. E. Kahn,
J. Clin. Endocrinol. Metab., 2004, 89, 3629-3643.

7 D. E. Kelley, J. He, E. V. Menshikova and V. B. Ritov, Diabetes,
2002, 51, 2944-2950.

8 E. R. Seaquist, Diabetes, 2010, 59, 4-5.

9 D. Gupta, D. Thangaraj and M. Radhakrishnan, Behav. Brain
Res., 2016, 297, 41-50.

10 J. Zemdegs, G. Quesseveur, D. Jarriault, L. Pénicaud,
X. Fioramonti and B. P. Guiard, Br. J. Pharmacol., 2015,
173, 2095-2110.

11 S. Gold, I. Dziobek, V. Sweat, A. Tirsi, K. Rogers, H. Bruehl,
W. Tsui, S. Richardson, E. Javier and A. Convit,
Diabetologia, 2007, 50, 711-719.

12 N. Paulmann, M. Grohmann, J.-P. Voigt, B. Bert,
J. Vowinckel, M. Bader, M. Skelin, M. Jevsek, H. Fink and
M. Rupnik, PLoS Biol., 2009, 7, €1000229.

13 D. Mechlovich, T. Amit, O. Bar-Am, O. Weinreb and
M. B. Youdim, Br. J. Pharmacol., 2014, 171, 5636-5649.

14 S. A. El-Marasy, H. M. Abdallah, S. M. El-Shenawy, A. S. El-
Khatib, O. A. El-Shabrawy and S. A. Kenawy, Can. J. Physiol.
Pharmacol., 2014, 92, 945-952.

15 E. Nicole, E. J. Barry, C. Pinelli, G. A. Wood, D. B. Hardy,
K. M. Morrison, V. H. Taylor, H. C. Gerstein and
A. C. Holloway, Toxicol. Appl. Pharmacol., 2015, 285, 32-40.

16 M. Iwabayashi, Y. Taniyama, J. Azuma, F. Sanada, K. Iekushi,
H. Rakugi and R. Morishita, in Biochemical Basis and
Therapeutic Implications of Angiogenesis, Springer, 2013, pp.
225-238.

17 P. Amireault, D. Sibon and F. Coté, ACS Chem. Neurosci.,
2012, 4, 64-71.

18 L. Bouwens and I. Rooman, Physiol. Rev., 2005, 85, 1255-
1270.

19 S. Rieck, P. White, J. Schug, A. ]J. Fox, O. Smirnova, N. Gao,
R. K. Gupta, Z. V. Wang, P. E. Scherer and M. P. Keller,
Mol. Endocrinol., 2009, 23, 1702-1712.

20 H. Kim, Y. Toyofuku, F. C. Lynn, E. Chak, T. Uchida,
H. Mizukami, Y. Fyjitani, R. Kawamori, T. Miyatsuka and
Y. Kosaka, Nat. Med., 2010, 16, 804-808.

21 K. Heimes, B. Feistel and E. J. Verspohl, Eur. J. Pharmacol.,
2009, 624, 58-65.

22 R. Vleugels, H. Verlinden and J. Vanden Broeck,
Neurotransmitter, 2015, 2, 1-14.

23 B. Costall and R. J. Naylor, CNS Neurol. Disord.: Drug Targets,
2004, 3, 27-37.

24 L. H. Tecott, A. V. Maricq and D. Julius, Proc. Natl. Acad. Sci.,
1993, 90, 1430-1434.

25 A. Motavallian, M. Minaiyan, M. Rabbani, S. Andalib and
P. Mahzouni, Bioimpacts, 2013, 3, 169-176.

26 L. Dupont, J. Pype, M. Demedts, P. De Leyn, G. Deneffe and
G. Verleden, Eur. Respir. J., 1999, 14, 642-649.

27 B. Fiebich, R. Akundi, K. Lieb, E. Candelario-Jalil,
D. Gmeiner, U. Haus, W. Miiller, T. Stratz and E. Munoz,
Scand. J. Rheumatol., 2004, 33, 28-32.

28 G. Fakhfouri, R. Rahimian, ]J.-E. Ghia, W. 1. Khan and
A. R. Dehpour, Drug Discovery Today, 2012, 17, 741-747.

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra13105d

Open Access Article. Published on 27 March 2018. Downloaded on 3/28/2026 8:50:30 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

29 M. Schaalan, H. S. El-Abhar, M. Barakat and E. S. El-
Denshary, J. Diabetes Complications, 2009, 23, 199-208.

30 S. Saleh, N. El-Maraghy, E. Reda and W. Barakat, An. Acad.
Bras. Cienc., 2014, 86, 1935-1948.

31 H. B. H. Khan, K. S. Vinayagam, B. T. Moorthy, S. Palanivelu
and S. Panchanatham, Inflammopharmacology, 2013, 21, 37—
46.

32 H.S. El-Abhar and M. F. Schaalan, PLoS One, 2012, 7, e37757.

33 H. N. Boyda, R. M. Procyshyn, Y. Asiri, C. Wu, C. K. Wang,
R. Lo, C. C. Pang, W. G. Honer and A. M. Barr, Prog. Neuro-
Psychopharmacol. Biol. Psychiatry, 2014, 48, 170-176.

34 R. Rahimian, A. Daneshmand, S. E. Mehr, A. Barzegar-
Fallah, S. Mohammadi-Rick, G. Fakhfouri,
A. P. Shabanzadeh and A. R. Dehpour, Brain Res., 2011,
1392, 101-109.

35 D. Matthews, J. Hosker, A. Rudenski, B. Naylor, D. Treacher
and R. Turner, Diabetologia, 1985, 28, 412-419.

36 A. Astrup and N. Finer, Obesity Rev., 2000, 1, 57-59.

37 J. Richmond, A. Codignola, I. Cooke and E. Sher, Pfliigers
Archiv, 1996, 432, 258-269.

38 S. Rohrer, B. A. Menge, L. Griiber, C. F. Deacon,
W. E. Schmidyt, J. D. Veldhuis, J. J. Holst and J. J. Meier, J.
Clin. Endocrinol. Metab., 2012, 97, E791-E795.

39 C. ]J. Nolan, P. Damm and M. Prentki, J.-Lancet, 2011, 378,
169-181.

40 A. G. Tabak, M. Jokela, T. N. Akbaraly, E. J. Brunner,
M. Kiviméki and D. R. Witte, J.-Lancet, 2009, 373, 2215-2221.

41 S. Skovse, J. Diabetes Invest., 2014, 5, 349-358.

42 F. Carvalho, D. Barros, J. Silva, E. Rezende, M. Soares,
J. Fregoneze and E. de Castro-E-Silva, Horm. Metab. Res.,
2005, 37, 482-488.

43 L. Kennedy and J. Baynes, Diabetologia, 1984, 26, 93-98.

44 D. Suzuki, M. Toyoda, N. Yamamoto, M. Miyauchi, M. Katoh,
M. Kimura, M. Maruyama, M. Honma, T. Umezono and
M. Yagame, Intern. Med., 2006, 45, 435-441.

45 D. M. Abo-Elmatty, S. S. Essawy, J. M. Badr and O. Sterner, J.
Ethnopharmacol., 2013, 145, 269-277.

46 M. Y. Donath, D. J. Gross, E. Cerasi and N. Kaiser, Diabetes,
1999, 48, 738-744.

47 R. MacKenzie and M. Trulson, J. Neurochem., 1978, 30, 205—
211.

48 J. Malyszko, T. Urano, R. Knofler, A. Taminato, T. Yoshimi,
Y. Takada and A. Takada, Thromb. Res., 1994, 75, 569-576.

49 F. Marti, J. Mi, M. Aldegunde and G. Atienza, Life Sci., 1994,
56, 51-59.

50 J. D. Fernstrom and R. Wurtman, Science, 1971, 173, 149-
152.

51 R. o. Herrera, G. Manjarrez, E. Nishimura and J. Hernandez,
J. Pediatr. Neurol., 2003, 28, 20-23.

52 S. Ahmad, S. Tabassum and S. Haider, J. Pak. Med. Assoc.,
2013, 63, 65-68.

53 B. Madras, E. Cohen, J. Fernstrom, F. Larin, H. Munro and
R. Wurtman, Nature, 1973, 244, 34-35.

54 B. K. Madras, E. L. Cohen, R. Messing, H. N. Munro and
R. J. Wurtman, Metabolism, 1974, 23, 1107-1116.

55 G. Curzon and C. Marsden, J. Neurochem., 1975, 25, 251-256.

This journal is © The Royal Society of Chemistry 2018

View Article Online

RSC Advances

56 C. Cangiano, A. Laviano, M. Del Ben, I. Preziosa, F. Angelico,
A. Cascino and F. Rossi-Fanelli, Int. J. Obes., 1998, 22, 648-
654.

57 G. Atienza, M. Andres, E. Rebolledo and M. Aldegunde,
Neurochem. Res., 1992, 17, 289-292.

58 S. Russo, I. P. Kema, R. M. Fokkema, ]J. C. Boon,
P. H. Willemse, E. G. de Vries, J. A. Den Boer and ]. Korf,
Psychosom. Med., 2003, 65, 665-671.

59 V. Fierabracci, M. Novelli, A. Ciccarone, P. Masiello, L. Benzi,
R. Navalesi and E. Bergamini, Diabetes Metab., 1996, 22, 51—
56.

60 1. Hwang, E.-y. Seo and H. Ha, Arch. Pharmacal Res., 2009, 32,
1653-1662.

61 B. Rooney, H. O'Donovan, A. Gaffney, M. Browne, N. Faherty,
S. P. Curran, D. Sadlier, C. Godson, D. P. Brazil and J. Crean,
FEBS lett., 2011, 585, 531-538.

62 K.-m. YANG, X.-s. HU and H.-j. YANG, Chinese Journal of
Diabetes, 2011, 19, 149-151.

63 W. Liu, X. Liang and D. Yang, Evid.-Based Complement.
Altern. Med., 2015, 501, 295135.

64 X.-L. Sun, Y. Liu, M.-H. Shi, W. Zhong, Z. Hong, H. Yang,
S. Sen, X.-Y. Zhou, L.-X. Nie and Y.-Z. He, Chinese Journal
of Endocrinology and Metabolism, 2011, 27, 57-61.

65 A.j. Huo, J.-f. Ma, L.-n. Yang, L.-x. Sun and L.-n. Wang,
Chinese Journal of Blood Purification, 2012, 11, 33-37.

66 J. Jang, J.-H. Ha, S.-I. Chung and Y. Yoon, Int. J. Mol. Med.,
2014, 34, 632-638.

67 J. Jang, J.-H. Ha, S.-M. Kim, W. Kim, K. Kim, S.-I. Chung and
Y. Yoon, Mol. Med. Rep., 2014, 9, 633-638.

68 A. A. Soubh, D. M. Abdallah and H. S. El-Abhar, Life Sci.,
2015, 136, 142-150.

69 Y.-J. Ho, W.-P. Chen, T.-C. Chi, C. Chang Chien, A.-S. Lee,
H.-L. Chiu, Y.-H. Kuo and M.-]. Su, Cardiovasc. Diabetol.,
2013, 12, 99-110.

70 M. M. Amin, G. F. Asaad, R. M. A. Salam, H. S. El-Abhar and
M. S. Arbid, PLoS One, 2014, 9, €89169.

71 L. Cubeddu, H. Bonisch, M. Goéthert, G. Molderings,
K. Racke, G. Ramadori, K. Miller and H. Schworer, Naunyn-
Schmiedeberg's Arch. Pharmacol., 2000, 361, 85-91.

72 A. D. Miller and S. Nonaka, J. Pharmacol. Exp. Ther., 1992,
260, 509-517.

73 J. Hawthorn, K. Ostler and P. Andrews, Q. J. Exp. Physiol.,
1988, 73, 7-21.

74 L. X. Cubeddu, I. S. Hoffmann, N. T. Fuenmayor and
A. L. Finn, N. Engl. J. Med., 1990, 322, 810-816.

75 A.  Fuangchan, P. Sonthisombat, T. Seubnukarn,
R. Chanouan, P. Chotchaisuwat, V. Sirigulsatien,
K. Ingkaninan, P. Plianbangchang and S. T. Haines, J.
Ethnopharmacol., 2011, 134, 422-428.

76 Y. Tanaka, H. Uchino, T. Shimizu, H. Yoshii, M. Niwa,
C. Ohmura, N. Mitsuhashi, T. Onuma and R. Kawamori,
Eur. J. Pharmacol., 1999, 376, 17-22.

77 K. Isoda, J. L. Young, A. Zirlik, L. A. MacFarlane, N. Tsuboi,
N. Gerdes, U. Schonbeck and P. Libby, Arterioscler., Thromb.,
Vasc. Biol., 2006, 26, 611-617.

78 A. Markowska, M. Pawalowska, V. Filas,
M. Grybos, S. Sajdak, A. Olejek, W.

K. Korski,
Bednarek,

RSC Adv., 2018, 8, 11908-11920 | 11919


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra13105d

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 27 March 2018. Downloaded on 3/28/2026 8:50:30 AM.

(cc)

RSC Advances

B. Spiewankiewicz and J. Lubin, Diabetol. Metab. Syndr.,
2013, 5, 76-87.

11920 | RSC Adv., 2018, 8, 11908-11920

View Article Online

Paper

79 G. Patang, S. Piro, A. M. Rabuazzo, M. Anello, R. Vigneri and
F. Purrello, Diabetes, 2000, 49, 735-740.

n

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra13105d

	Tropisetron modulates peripheral and central serotonin/insulin levels via insulin and nuclear factor kappa B/receptor for advanced glycation end products signalling to regulate type-2 diabetes in rats
	Tropisetron modulates peripheral and central serotonin/insulin levels via insulin and nuclear factor kappa B/receptor for advanced glycation end products signalling to regulate type-2 diabetes in rats
	Tropisetron modulates peripheral and central serotonin/insulin levels via insulin and nuclear factor kappa B/receptor for advanced glycation end products signalling to regulate type-2 diabetes in rats
	Tropisetron modulates peripheral and central serotonin/insulin levels via insulin and nuclear factor kappa B/receptor for advanced glycation end products signalling to regulate type-2 diabetes in rats
	Tropisetron modulates peripheral and central serotonin/insulin levels via insulin and nuclear factor kappa B/receptor for advanced glycation end products signalling to regulate type-2 diabetes in rats
	Tropisetron modulates peripheral and central serotonin/insulin levels via insulin and nuclear factor kappa B/receptor for advanced glycation end products signalling to regulate type-2 diabetes in rats
	Tropisetron modulates peripheral and central serotonin/insulin levels via insulin and nuclear factor kappa B/receptor for advanced glycation end products signalling to regulate type-2 diabetes in rats
	Tropisetron modulates peripheral and central serotonin/insulin levels via insulin and nuclear factor kappa B/receptor for advanced glycation end products signalling to regulate type-2 diabetes in rats
	Tropisetron modulates peripheral and central serotonin/insulin levels via insulin and nuclear factor kappa B/receptor for advanced glycation end products signalling to regulate type-2 diabetes in rats
	Tropisetron modulates peripheral and central serotonin/insulin levels via insulin and nuclear factor kappa B/receptor for advanced glycation end products signalling to regulate type-2 diabetes in rats
	Tropisetron modulates peripheral and central serotonin/insulin levels via insulin and nuclear factor kappa B/receptor for advanced glycation end products signalling to regulate type-2 diabetes in rats

	Tropisetron modulates peripheral and central serotonin/insulin levels via insulin and nuclear factor kappa B/receptor for advanced glycation end products signalling to regulate type-2 diabetes in rats
	Tropisetron modulates peripheral and central serotonin/insulin levels via insulin and nuclear factor kappa B/receptor for advanced glycation end products signalling to regulate type-2 diabetes in rats
	Tropisetron modulates peripheral and central serotonin/insulin levels via insulin and nuclear factor kappa B/receptor for advanced glycation end products signalling to regulate type-2 diabetes in rats
	Tropisetron modulates peripheral and central serotonin/insulin levels via insulin and nuclear factor kappa B/receptor for advanced glycation end products signalling to regulate type-2 diabetes in rats
	Tropisetron modulates peripheral and central serotonin/insulin levels via insulin and nuclear factor kappa B/receptor for advanced glycation end products signalling to regulate type-2 diabetes in rats
	Tropisetron modulates peripheral and central serotonin/insulin levels via insulin and nuclear factor kappa B/receptor for advanced glycation end products signalling to regulate type-2 diabetes in rats

	Tropisetron modulates peripheral and central serotonin/insulin levels via insulin and nuclear factor kappa B/receptor for advanced glycation end products signalling to regulate type-2 diabetes in rats
	Tropisetron modulates peripheral and central serotonin/insulin levels via insulin and nuclear factor kappa B/receptor for advanced glycation end products signalling to regulate type-2 diabetes in rats
	Tropisetron modulates peripheral and central serotonin/insulin levels via insulin and nuclear factor kappa B/receptor for advanced glycation end products signalling to regulate type-2 diabetes in rats
	Tropisetron modulates peripheral and central serotonin/insulin levels via insulin and nuclear factor kappa B/receptor for advanced glycation end products signalling to regulate type-2 diabetes in rats


