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Abstract

Rationale Current data indicate that the noradrenergic system plays a critical role in neuropathic pain treatment. Notably, drugs
that directly affect this system may have curative potential in neuropathy-associated pain.

Objectives The aim of this study was to evaluate the potential therapeutic efficacy of reboxetine, a potent and selective nor-
adrenaline reuptake inhibitor, on hyperalgesia and allodynia responses in rats with experimental diabetes. Furthermore, mech-
anistic studies were performed to elucidate the possible mode of actions.

Methods Experimental diabetes was induced by a single dose of streptozotocin. Mechanical hyperalgesia, mechanical allodynia,
thermal hyperalgesia, and thermal allodynia responses in diabetic rats were evaluated by Randall-Selitto, dynamic plantar,
Hargreaves, and warm plate tests, respectively.

Results Reboxetine treatment (8 and 16 mg/kg for 2 weeks) demonstrated an effect comparable to that of the reference drug,
pregabalin, improving the hyperalgesic and allodynic responses secondary to diabetes mellitus. Pretreatment with phentolamine,
metoprolol, SR 59230A, and atropine did not alter the abovementioned effects of reboxetine; however, the administration of «-
methyl-para-tyrosine methyl ester, propranolol, ICI-118,551, SCH-23390, sulpiride, and naltrindole significantly inhibited these
effects. Moreover, reboxetine did not induce a significant difference in the rat plasma glucose levels.

Conclusions Our findings indicate that the antihyperalgesic and antiallodynic effects of reboxetine are mediated by the catechol-
aminergic system; {3,-adrenoceptors; D;-, D,/Ds-dopaminergic receptors; and d-opioid receptors. The results suggest that this
analgesic effect of reboxetine, besides its neutral profile on glycemic control, may be advantageous in the pharmacotherapy of
diabetic neuropathy—induced pain.
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Introduction

Diabetic neuropathy is a highly complex syndrome that de-
velops solely on the basis of diabetes, affecting the sensory,
somatic, and autonomic components of the nervous system
(Vinik and Casellini 2013; Singh et al. 2014). Among the most
common chronic complications of diabetes mellitus (DM),
diabetic neuropathy is one of the leading causes of increased
morbidity and mortality in the diabetic population (Barrett
et al. 2007).
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Neuropathic pain is an important outcome of diabetic neu-
ropathy. Damage to the As and C-type thin nerve fibers due to
sustained exposure to hyperglycemia causes symptoms such
as hyperalgesia, allodynia, dysesthesia, hyperesthesia, and
numbness. Sensory deficits, including hyperalgesia and
allodynia, appear at disease onset; however, in the later stages,
these deficits may decrease pain sensitization due to neuronal
degeneration, demyelination, and axonopathy, especially in
patients with poor glycemic control. In addition, damage to
the thick A, and A fibers may also cause symptoms such as
diminished vibratory and position senses, reduced tendon re-
flexes, ataxia, and muscle weakness (Singh et al. 2014).

Ensuring glycemic control with lifestyle changes and ap-
propriate drug therapies are the most effective approaches to
prevent diabetes-related neuropathic changes (Pop-Busui
et al. 2013; Ang et al. 2014). On the other hand, neuropathy-
induced chronic pain is generally drastic for patients, and its
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relief becomes one of the primary goals of treatment. In
clinics, the first-line drugs for the symptomatic treatment of
pain are anticonvulsants such as pregabalin and gabapentin,
tricyclic antidepressants (TCAs) such as amitriptyline and
nortriptyline, and serotonin noradrenaline reuptake inhibitors
(SNRI) such as duloxetine and venlafaxine. Furthermore, opi-
oids (tramadol) and topical capsaicin preparations are avail-
able pharmacotherapeutic options (Cegielska-Perun et al.
2013). Insufficient efficacy in pain management, development
of'tolerance, and drug-induced side effects, which are difficult
to tolerate, are major challenges limiting the use of clinically
prescribed drugs in neuropathic pain treatment (Schreiber
et al. 2015). These problems have led to the discovery of
newer agents for the pharmacotherapy of neuropathic pain
or drug repositioning for the concerned indication.

Notably, reboxetine (REB) is a potent and selective in-
hibitor of noradrenaline reuptake in the synaptic cleft
(Preskorn 2004). This molecule was firstly approved in
the UK in 1997, for the acute treatment of major depres-
sion and as maintenance therapy in patients who respond to
the initial treatment. Since approval in 1997, it is available
in many European countries such as Austria, Denmark,
Finland, Germany, Ireland, Italy, and Sweden (Page
2003; Preskorn 2004). On the other hand, REB has not
been approved in the USA due to insufficient evidence of
its efficacy in the treatment of depression (Page 2003;
Preskorn 2004; Braithwaite 2015).

Although the only indication of REB is major depression,
various studies have suggested that REB may have beneficial
effects in acute and chronic pain (Schiiler et al. 2002; Krell
et al. 2005; Schreiber et al. 2009; Hughes et al. 2015). In
addition to these studies that emphasize the analgesic potential
of REB, it is also evident that the drug may demonstrate ef-
fects similar to TCAs and SNRIs in neuropathic pain as it is a
selective noradrenaline reuptake inhibitor. Therefore, our
study aimed to investigate the potential effect of REB in
diabetes-induced neuropathic pain. Following the evaluation
of the antihyperalgesic and antiallodynic effects of this drug
on diabetic rats, various mechanistic studies were performed
to elucidate the mechanisms underlying the demonstrated ef-
fects. Due to the potential effects of antidepressants on glyce-
mia, we also investigated the possible effects of REB on plas-
ma glucose levels in diabetic animals.

Materials and methods

Drugs and reagents

Pregabalin, metformin hydrochloride, x-methyl-para-tyrosine
methyl ester (AMPT), phentolamine, propranolol, SCH-

23390, sulpiride, atropine, and streptozotocin (STZ) used in
this study were obtained from Sigma (St. Louis, MO, USA);
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ICI-118,551, SR 59230A, and naltrindole were procured from
Tocris (Bristol, UK); citric acid and trisodium citrate were
obtained from Merck (Darmstadt, Germany); and physiolog-
ical saline solution was from Adeka (Samsun, Turkey).
Edronax® (Pfizer, NY, USA) and Beloc® (AstraZeneca,
Cambridge, UK) preparations were used for REB and meto-
prolol, respectively.

Experimental animals

The experiments were conducted using inbred Sprague-
Dawley rats (male, 300-350 g) obtained from the Anadolu
University Research Unit for Experimental Animals,
Eskisehir, Turkey. The animals were maintained in well-
ventilated rooms, at a temperature of 24+ 1 °C under a 12-h
light/dark cycle (lights were on between 8:00 and 20:00). The
rats were fed standard pellet feeds, with food and water pro-
vided ad libitum. The experimental protocol was approved by
the Animal Experiments Local Ethics Committee of Anadolu
University.

Establishment of streptozotocin-induced
experimental diabetes model

STZ, a glucose analog toxic to pancreatic 3 cells, was used
to induce an experimental diabetes model (Lenzen 2008).
The rats to be rendered diabetic were fasted overnight and
then injected with STZ (50 mg/kg) in 0.1 M citrate buffer
(pH =4.5) through the tail vein. The rats in the control
group were intravenously (i.v.) administered an equal vol-
ume of citrate buffer. In order to prevent the risk of hypo-
glycemic shock, water bowls containing 5 mmol/L glucose
solution were placed in animal cages after the STZ injec-
tion. Blood samples were collected 72 h later, and the mea-
surements were performed with the Accu-Chek® Performa
Nano (Roche, Basel, Switzerland) device. Rats with a plas-
ma glucose level higher than 300 mg/dL were categorized
as diabetic (Ugel et al. 2015; Aydm et al. 2016; Barbaros
et al. 2018).

Rats were housed for 4 weeks after inducing the experi-
mental diabetes model to permit the development of neuro-
pathic pain (Ugel et al. 2015; Aydin et al. 2016; Barbaros et al.
2018).

Pharmacotherapy

REB was administered to the diabetic rats at doses of 8 mg/kg
and 16 mg/kg (p.o.) for 2 weeks (Pedersen et al. 2005;
Cegielski-Perun et al. 2014). Rats in the healthy and diabetic
control groups were administered physiological saline solu-
tion (0.9% sodium chloride), used to dissolve REB.
Pregabalin at a dose of 10 mg/kg (Thiagarajan et al. 2014)
was administered as a reference drug for neuropathic pain
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assessments. Physiological saline, REB, and pregabalin treat-
ments were administered every morning between 9:45 and
10:00 A.M. throughout the experimental protocol.

In accordance with the administration protocol, 5 different
experimental groups (z = 8 in each) were formed and a total of
40 rats were used for the following neuropathic pain and ac-
tivity cage tests.

Assessment of neuropathic pain
Evaluation of mechanical hyperalgesia

A Randall-Selitto device (Ugo Basile, 37215, Varese, Italy)
was used to evaluate mechanical hyperalgesia. In this test,
linearly increasing pressure was applied on the dorsal surface
of'the hind paw and the force (expressed in grams) that caused
paw withdrawal was accepted as the mechanical nociceptive
threshold. The maximum force was limited to 250 g to avoid
paw injuries (Ugel et al. 2015; Aydin et al. 2016; Barbaros
et al. 2018).

Evaluation of mechanical allodynia

A dynamic plantar aesthesiometer device (Ugo Basile, 37450,
Varese, Italy) that measures the response to non-painful me-
chanical stimulus in grams was used to evaluate mechanical
allodynia. The device consists of 6 plexiglass compartments
(17 x 69 x 14 cm) placed on an elevated perforated metal plat-
form and a movable piece under the platform that can apply
the mechanical stimulus with increasing force using a metal
rod of 0.5 mm diameter. Prior to experimentation, the animals
were adapted in these compartments for 30 min. This was
followed by pressure application on the plantar surface of
the hind paws with increasing force (2.5 g/s) using the device.
The mechanical stimulus was automatically stopped when rats
withdrew their paws, and force was recorded by the device
with a precision of 0.1 g.

The paw withdrawal threshold of the experimental animal
was calculated by obtaining the mean value of three measure-
ments performed at 5-min intervals. The maximum force was
limited to 50 g to prevent paw injury (Ugel et al. 2015; Aydin
et al. 2016).

Evaluation of thermal hyperalgesia

Hargreaves (plantar) test device (Ugo Basile, 37370, Varese,
Italy) was used to evaluate thermal hyperalgesia. The device
consists of 6 plexiglass compartments (17 X 69 x 14 cm)
placed on an elevated glass surface and a movable radiant heat
source under the surface. Prior to experimentation, the animals
were adapted in these compartments for 30 min. The device
was turned on after positioning the movable radiant heat
source to face the plantar surface of the hind paws during

measurements. The paw withdrawal latency values were re-
corded by the device with a precision of 0.1 s. Thermal stim-
ulus exposure time was limited to 20 s to prevent paw damage.
Measurements were conducted on the same paw, and the paw
withdrawal latency value of each rat was calculated by
obtaining the mean value of three measurements obtained at
5-min intervals (Ugel et al. 2015; Aydin et al. 2016; Barbaros
et al. 2018).

Evaluation of thermal allodynia

The “hot/cold plate test device” (Ugo Basile, 35100, Varese,
Italy) was used to evaluate thermal allodynia. For the warm
plate test, the rats were placed on an aluminum plate set to
38 °C temperature. The time until the first reaction was re-
corded. The cut-off time was set as 30 s (Ugel et al. 2015;
Aydin et al. 2016).

Evaluation of locomotor activity

An activity cage with transparent walls and 40 x 40 x
31 cm dimensions (Ugo Basile, 7420, Varese, Italy) was
used to evaluate spontaneous locomotor activity. Vertical
and horizontal movements of the animals interrupted the
infrared beams, detected by two sets of emitter/sensor ar-
rays. These interruptions were automatically recorded by
the device. In this study, the vertical and horizontal move-
ments of the rats were recorded for 10 min (Pitsikas et al.
2008).

Neuropathic pain and locomotor activity studies were re-
peated for four times: At the beginning of the experiments
without any administration (week 0); 4 weeks after the induc-
tion of diabetes and just before the beginning of treatment
protocols (week 4); following the 1-week treatment protocol
(week 5); and following the two-week treatment protocol
(week 6).

Studies to elucidate the mechanism

In order to investigate the contribution of the catecholaminer-
gic system to the antihyperalgesic and antiallodynic effects of
REB, AMPT, a catecholamine synthesis inhibitor, was used.
AMPT was administered twice (24 h and 1 h before the last
dose) via intraperitoneal (i.p.) route, at a dose of 200 mg/kg
(Fulford and Marsden 2007; Ucel et al. 2015).

In order to investigate the possible contribution of adrener-
gic receptors to the antihyperalgesic and antiallodynic effects
of REB, phentolamine (a nonselective o«-adrenergic receptor
blocker, 5 mg/kg, i.p.), propranolol (a nonselective [3-
adrenergic receptor blocker, 5 mg/kg, i.p.) (Barbaros et al.
2018), metoprolol (a {3;-adrenoceptor blocker, 15 mg/kg,
i.p.) (Béique et al. 2000), ICI-118,551 (a [3,-adrenoceptor
blocker, 1 mg/kg, i.p.) (Njung’e et al. 1993), and SR
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59230A (a [33-adrenoceptor blocker, 7.5 mg/kg, i.p.) (Zhu
et al. 2015) were used. Moreover, the possible contributions
of the dopaminergic, cholinergic, and d-opioidergic receptors
were investigated using SCH-23390 (a dopamine D, receptor
blocker, 0.5 mg/kg, i.p.), sulpiride (a dopamine D,/D3 recep-
tor blocker, 30 mg/kg, i.p.) (Forman 1999), atropine (a nonse-
lective muscarinic receptor blocker, 5 mg/kg, i.p.) (Di Cesare
Mannelli et al. 2009), and naltrindole (a d-opioid receptor
blocker, 3 mg/kg, i.p.) (Juarez-Rojop et al. 2015). In the mech-
anistic studies, each antagonist was tested on a separate set of
animals (4 groups x 8 rats = 32 animals per set, a total of 320
rats for 10 different agents).

Plasma glucose level monitoring

At the end of the experimental protocol, plasma glucose levels
of animals used in the behavioral studies were measured fol-
lowing an 8-h fasting period. Metformin was administered as
areference drug in a separate experimental group of 8 animals,
at a dose of 1000 mg/kg (Ong et al. 2011).

Statistical evaluation

Data were statistically analyzed using the GraphPad Prism
version 6.01 (GraphPad Software, Inc., La Jolla, CA, USA).
The data obtained from the plasma glucose measurements
were analyzed using one-way analysis of variance
(ANOVA) followed by Tukey’s HSD multiple comparison
test. The data acquired from Randall-Selitto, dynamic plantar,
Hargreaves, warm plate, and activity cage tests were evaluated
using two-way repeated measures ANOVA followed by the
Bonferroni multiple comparison test. Data obtained from
mechanistic studies were evaluated using two-way ANOVA
followed by the Bonferroni multiple comparison test. The
results are expressed as mean =+ standard error of mean
(SEM). The significance threshold was set at 0.05, and a p
value < 0.05 was considered statistically significant.

Results
Results of the neuropathic pain tests

Figure 1 shows the effects of pregabalin (10 mg/kg) and REB
(8 and 16 mg/kg) treatments on mechanical hyperalgesia, me-
chanical allodynia, thermal hyperalgesia, and thermal
allodynia responses in rats assessed in the Randall-Selitto
(Fig. 1a), dynamic plantar (Fig. 1b), Hargreaves (plantar)
(Fig. 1c), and warm plate tests (Fig. 1d), respectively.

The results obtained from the two-way repeated measures
ANOVA demonstrated that both treatment and the time factors
affected paw withdrawal thresholds measured in the Randall—
Selitto tests ([F(4,35)=15.21; p<0.001] and [F(3,105)=
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40.60; p<0.001]); on paw withdrawal thresholds measured
in the dynamic plantar test ([F(4,35)=24.17; p < 0.001] and
[F(3,105)=62.67; p<0.001]); on paw withdrawal latency
measured in Hargreaves test ([F(4,35)=23.56; p<0.001]
and [F(3,105)=55.71; p <0.001]); and on the reaction time
measured in the warm plate test ([F(4,35)=9.44; p<0.001]
and [F(3,105)=53.17; p<0.001]). Furthermore, significant
interactions were observed between these treatments and time
factors ([F(12,105)=8.41; p<0.001]; [F(12,105)=11.86;
p <0.001]; [F(12,105)=11.77; p < 0.001]; and [F(12,105) =
9.96; p <0.001]) in the above-mentioned tests, respectively.

The results acquired from the Bonferroni multiple com-
parison tests demonstrated that the measured neuropathic
pain parameters in untreated diabetic rats were significant-
ly lower than the corresponding values in normoglycemic
animals. However, the administration of pregabalin and
REB (8 and 16 mg/kg) for 2 weeks significantly amelio-
rated the observed hyperalgesia and allodynia responses in
diabetic rats (Fig. 1).

Results of the activity cage tests

Figure 2 shows the effects of REB (8 and 16 mg/kg) treat-
ments on the horizontal (Fig. 2a) and vertical (Fig. 2b) loco-
motor activity counts of rats assessed in the activity cage tests.

The two-way repeated measures ANOVA indicated that
both treatment and the time factors demonstrated effects on
the number of horizontal ([F(3,28)=20.23; p<0.001] and
[F(3,84)=30.40; p<0.001]) and vertical ([F(3,28)=13.16;
p<0.001] and [F(3,84)=17.08; p<0.001]) locomotor activ-
ities in rats. Furthermore, significant interactions between the
treatment and time factors were observed in tests measuring
horizontal [F(9,84)=5.01; p <0.001] and vertical [F(9,84) =
3.12; p<0.01] activities.

The Bonferroni multiple comparison test results indicat-
ed that the spontaneous locomotor activity in untreated
diabetic rats was significantly lower than the correspond-
ing values observed in normoglycemic animals. Moreover,
the administration of REB (8 and 16 mg/kg) did not induce
any additional changes in the locomotor activity of diabetic
rats (Fig. 2).

Results of the mechanism studies

Effects of AMPT, phentolamine, and propranolol
administration

Figure 3 shows the effects of AMPT, phentolamine, and pro-
pranolol pretreatments on the antihyperalgesic and
antiallodynic responses induced by the administration of
8 mg/kg REB in the Randall-Selitto, dynamic plantar,
Hargreaves (plantar), and warm plate tests.
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The results obtained from the two-way repeated measures

Dynamic plantar test

Hargreaves (plantar) test

Warm plate tests

ANOVA are as follows:

Pretreatments  Factors Randall-Selitto test

AMPT Treatment F(1,28)=55.17; p<0.001
Antagonist ~ F(1,28)=40.74; p <0.001
Interaction  F(1,28)=20.40; p <0.001

Phentolamine  Treatment F(1,28)=183.0; p<0.001
Antagonist  F(1,28)=0.94; p>0.05
Interaction  F(1,28)=0.74; p >0.05

Propranolol Treatment F(1,28)=54.56; p<0.001
Antagonist  F(1,28)=17.26; p <0.001
Interaction  F(1,28)=15.60; p <0.001

F(1,28)=20.29; p<0.001
F(1,28)=27.82; p<0.001
F(128)=11.33; p<0.01
F(1.28)=30.61; p<0.001
F(1,28)=0.01; p>0.05
F(1,28)=1.26; p>0.05
F(1,28)=58.99; p < 0.001
F(1,28)=4.20; p<0.05
F(1,28)=9.23; p<0.01

F(1,28)=30.87; p <0.001
F(1,28)=16.30; p<0.001
F(1.28)=27.61; p<0.001
F(1,28)=59.70; p <0.001
F(1,28)=1.05; p>0.05
F(1.28)=1.66; p>0.05
F(1,28) = 56.66; p < 0.001
F(1,28)=4.52; p<0.05
F(1,28)=10.12; p<0.01

F(1,28)=5.33; p<0.05
F(1,28)=17.32; p<0.001
F(1,28)=8.95; p<0.01
F(1,28)=44.69; p<0.001
F(1.28)=122; p>0.05
F(1,28)=0.38; p>0.05
F(1,28) = 18.65; p<0.001
F(1,28) = 18.95; p<0.001
F(1,28)=22.73; p<0.001

The Bonferroni multiple comparison test results sug-
gested that pretreatment with AMPT and propranolol
abolished the antihyperalgesic and antiallodynic effects
of REB in the evaluated neuropathic pain tests.
However, phentolamine administration did not alter the
mentioned effects of REB (Fig. 3).

The results obtained from the two-way repeated measures
ANOVA are as follows:

Effects of metoprolol, ICI-118,551, and SR 59230A
administration

Figure 4 shows the effects of metoprolol, ICI-118,551, and SR
59230A pretreatments on the antihyperalgesic and
antiallodynic responses induced by administration of
8 mg/kg REB in the Randall-Selitto, dynamic plantar,
Hargreaves (plantar), and warm plate tests.

Pretreatments  Factors Randall-Selitto test Dynamic plantar test Hargreaves (plantar) test Warm plate tests
Metoprolol Treatment F(1,28)=2249;p <0.001  F(1,28)=135.5;p <0.001  F(1,28)=65.87; p <0.001  F(1,28)=43.88; p <0.001
Antagonist ~ F(1,28)=0.30; p>0.05 F(1,28)=0.74; p>0.05 F(1,28)=0.11; p >0.05 F(1,28)=0.01; p >0.05
Interaction  F(1,28)=0.08; p >0.05 F(1,28)=1.32; p >0.05 F(1,28)=0.06; p >0.05 F(1,28)=0.31; p >0.05
ICI-118,551 Treatment  F(1,28)=17.58; p<0.001  F(1,28)=30.86;p <0.001  F(1,28)=40.90; p<0.001  F(1,28)=20.60; p <0.001
Antagonist  F(1,28)=12.82; p <0.01 F(1,28)=4.94; p<0.05 F(1,28)=4.45; p <0.05 F(1,28)=20.69; p <0.001
Interaction  F(1,28)=17.13; p <0.001  F(1,28)=4.33; p<0.05 F(1,28)=7.32; p<0.05 F(1,28)=17.75; p <0.001
SR 59230A Treatment  F(1,28)=139.5; p <0.001  F(1,28)=106.9; p<0.001  F(1,28)=65.54; p <0.001  F(1,28)=57.80; p <0.001
Antagonist  F(1,28)=0.03; p>0.05 F(1,28)=0.38; p>0.05 F(1,28)=1.72; p >0.05 F(1,28)=0.15; p>0.05
Interaction  F(1,28)=1.61; p >0.05 F(1,28)=0.03; p >0.05 F(1,28)=0.25; p >0.05 F(1,28)=0.47; p >0.05

The Bonferroni multiple comparison test results suggested
that pretreatment with ICI-118,551 abolished the
antihyperalgesic and antiallodynic effects of REB in the eval-
uated neuropathic pain tests. However, metoprolol and SR
59230A administration did not alter the mentioned effects of
REB (Fig. 4).
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Effects of SCH-23390 and sulpiride administration

Figure 5 shows the effects of SCH-23390 and sulpiride pre-
treatments on the antihyperalgesic and antiallodynic responses
induced by the administration of 8 mg/kg REB in the Randall-
Selitto, dynamic plantar, Hargreaves (plantar), and warm plate
tests.
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The results obtained from the two-way repeated measures

Dynamic plantar test

Hargreaves (plantar) test

Warm plate tests

ANOVA are as follows:

Pretreatments  Factors Randall-Selitto test

SCH-23390 Treatment F(1,28)=41.38; p<0.001
Antagonist  F(1,28)=26.95; p <0.001
Interaction  F(1,28)=37.33; p<0.001

Sulpiride Treatment F(1,28)=90.99; p <0.001
Antagonist  F(1,28)=11.57; p<0.01
Interaction  F(1,28)=9.42; p<0.01

F(1,28) = 62.76; p < 0.001
F(1,28)=430; p<0.05
F(1,28)=5.75; p <0.05
F(1,28)=14.55; p<0.001
F(1,28)=6.95; p <0.05
F(1,28)=4.73; p<0.05

F(1,28) =4 35; p<0.05
F(1,28)=5.20; p <0.05
F(1,28)=7.52; p <0.05
F(1,28)=18.00; p <0.001
F(1,28)=4.49; p<0.05
F(1,28)=10.19; p <0.01

F(1,28)=29.77; p <0.001
F(1,28)=29.25; p <0.001
F(1,28)=30.90; p <0.001
F(1,28)=18.36; p <0.001
F(1,28)=10.48; p<0.01
F(1,28)=5.92; p <0.05

The Bonferroni multiple comparison test results suggested

that SCH-23390 and sulpiride pretreatments abolished the
antihyperalgesic and antiallodynic effects of REB in the tests
performed (Fig. 5).

Effects of atropine and naltrindole administration

Figure 6 shows the effects of atropine and naltrindole pretreat-
ments on the antihyperalgesic and antiallodynic responses in-
duced by the administration of 8 mg/kg REB in the Randall-
Selitto, dynamic plantar, Hargreaves (plantar), and warm plate

tests.

The results obtained from the two-way repeated measures

Dynamic plantar test

Hargreaves (plantar) test

Warm plate tests

ANOVA are as follows:

Pretreatments  Factors Randall-Selitto test

Atropine Treatment F(1,28)=173.0; p <0.001
Antagonist ~ F(1,28)=0.85; p>0.05
Interaction F(1,28)=0.31; p >0.05

Naltrindole Treatment F(1,28)=22.06; p<0.001
Antagonist  F(1,28)=16.01; p <0.001

Interaction

F(1,28)=17.73; p<0.01

F(1,28)=85.24; p<0.001
F(1,28)=0.01; p >0.05
F(1,28)=3.87; p >0.05
F(1,28)="71.58; p<0.001
F(1,28)=4.80; p <0.05
F(1,28)=6.38; p <0.05

F(1,28)=89.66; p <0.001
F(1,28)=1.66; p>0.05
F(1,28)=0.01; p>0.05
F(1,28)=42.50; p <0.001
F(1,28)=4.36; p<0.05
F(1,28)=10.01; p<0.01

F(1,28)=113.3; p<0.001
F(1,28)=0.83; p >0.05
F(128)=1.76; p >0.05
F(1,28)=11.06; p<0.01
F(1,28)=11.38; p <0.01
F(1,28) =7.03; p < 0.05

The Bonferroni multiple comparison test results indi-
cated that pretreatment with naltrindole abolished the
antihyperalgesic and antiallodynic effects of REB in all
evaluated neuropathic pain tests. However, atropine
treatment did not alter the demonstrated REB effects
(Fig. 6).

Results of plasma glucose measurements

Figure 7 shows the effects of metformin (1000 mg/kg) and
REB (8 and 16 mg/kg) on plasma glucose levels in diabetic
rats (F(4,35)=49.88; p< 0.001). The results demonstrated
that the plasma glucose levels in diabetic rats were significant-
ly higher than those in the control group. As expected, met-
formin demonstrated an anti-hyperglycemic effect. On the

other hand, REB (both at 8 and 16 mg/kg doses) did not
significantly alter the hyperglycemic levels in diabetic rats

(Fig. 7).

Discussion

It is well known that TCAs and SNRIs, the first-choice drugs
in the treatment of neuropathic pain, increase the monoamine
concentration in the synaptic cleft by inhibiting noradrenaline
and serotonin transporters in neurons (Attal et al. 2010;
Dworkin et al. 2010). The beneficial effects of these drugs in
neuropathic pain have been attributed to their capacity to en-
hance monoaminergic neurotransmission. In contrast to TCAs
and SNRIs, selective serotonin reuptake inhibitors (SSRIs),
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inhibiting solely serotonin reuptake in neurons, have a weak
efficacy profile in neuropathic pain, leading to the hypothesis
that the noradrenergic system, but not the serotonergic system,
plays a critical role in neuropathic pain pathophysiology and
thereby its pharmacotherapy (Max et al. 1992; Benbouzid
et al. 2008a; Attal et al. 2010; Dworkin et al. 2010).
Notably, recent findings have indicated that the noradrenergic
system plays a dominant role in neuropathic pain pharmaco-
therapy, whereas the serotonergic and dopaminergic systems
only have modulatory effects (Webster 2015; Obata 2017).
This suggests that drugs affecting the noradrenergic system
may have curative potential in neuropathic pain. Therefore,
we investigated the potential efficacy of REB, a potent and
selective noradrenaline reuptake inhibitor, in diabetes-induced
neuropathic pain.

In this study, data obtained from the Randall-Selitto, dy-
namic plantar, Hargreaves, and warm plate tests suggested that
the diabetic rats developed hyperalgesia and allodynia in re-
sponse to mechanical and thermal stimulus. Notably, the REB

@ Springer

-~ 15 c 30 d
O
z
) xx
£ 2
g %
= E 20-
E E
E 2
8 &&& ) &&&
g == -1 I
R I £ 10 ==
] g
z %
z
Z
& 0 0
S D S S
N & N S
& &
Phentolamine
5 C wd
2
)
g .
5 Z
kR = o ==
z g
g i e
E =l= -
] g
z &
z
=
& 0 0
S D S D
N B N N
& &
Propronolol
_ C wd
2
<
2 2
g 2
= 10 g 20
g K] a5 =2
= =l 3w
= ]
5 H
z
=
& 0 [
R m Y -
N &S N &S
& &

warm plate (d) tests. Significant difference against the diabetic control
group **p<0.01; ***p<0.001; Significant difference against the
8 mg/kg reboxetine-administrated diabetic group %p <0.01;
&&&p <0.001. Two-way ANOVA, post hoc Bonferroni test, n =8

treatment reported an effect comparable to the reference drug
pregabalin, improving the neuropathic pain responses in dia-
betic rats (Fig. 1). These findings are in agreement with the
following previous studies which reported that REB: (i) pro-
duced an acute antinociceptive effect in the hot plate test per-
formed in mice (Schreiber et al. 2009), (ii) reduced mechani-
cal allodynia in rats with neuropathic pain induced by sciatic
nerve damage (Yalcin et al. 2009a), (iii) reduced thermal
hyperalgesia in rats with chronic constriction injury
(Pedersen et al. 2005), and (iv) reduced pain and allodynia
associated with tibial nerve transection (Hughes et al. 2015).
In addition to these preclinical results, some clinical studies
reported that REB is effective in treating pain associated with
capsaicin-induced irritation (Schiiler et al. 2002); furthermore,
it alleviates fibromyalgia and chronic back pain in patients
(Krell et al. 2005).

Activity cage experiments were used to evaluate the loco-
motor activities of experimental animals, demonstrating that
the diabetic rats had significantly reduced horizontal (Fig. 2a)
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Fig. 4 The effects of metoprolol (15 mg/kg i.p.), ICI-118,551 (1 mg/kg
i.p.) and SR 59230A (7.5 mg/kg i.p.) pretreatments on the
antihyperalgesic and antiallodynic responses induced by the
administration of 8 mg/kg REB in the Randall-Selitto (a), dynamic plan-
tar (b), Hargreaves (plantar) (c), and warm plate (d) tests. Significant

and vertical (Fig. 2b) activities compared with normoglycemic
ones. These findings are consistent with the results from pre-
vious studies, indicating that the rodents with experimental
diabetes have impaired motor activity and motor coordination
abilities (Niknia et al. 2018; Rasoulian et al. 2018). The ad-
ministration of REB did not induce any change in the loco-
motor activity of diabetic rats. These results are significant,
proving that the antihyperalgesic and antiallodynic effects in-
duced by the administration of REB are not associated with
changes in the motor activity of rats.

After demonstrating the antiallodynic and antihyperalgesic
effects of REB on diabetic rats, the possible underlying mech-
anisms were investigated. REB at a dose of 8 mg/kg was used
in mechanistic studies as the 16 mg/kg dose of REB was not
superior to the 8 mg/kg dose in terms of the activity.

Reportedly, antidepressants show their analgesic effects
primarily by inhibiting monoamine reuptake in supraspinal
descending pathways, which suppresses pain (Bannister
etal. 2009; Yarnitsky 2015). Since REB is a selective inhibitor
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difference against the diabetic control group ***p <0.001. Significant
difference against the 8 mg/kg reboxetine-administrated diabetic group
&p <0.05; “%%5 < 0.001. Two-way ANOVA, post hoc Bonferroni test,
n=_§

of noradrenaline reuptake, antihyperalgesic and antiallodynic
effects of this drug could be associated with the capacity to
utilize noradrenergic neurotransmission. Therefore, our mech-
anistic studies were initially performed using AMPT. This
agent reduces noradrenaline and dopamine synthesis by selec-
tively inhibiting tyrosine hydroxylase, a rate-limiting enzyme
in catecholamine synthesis (Widerlov and Lewander 1978;
Onal et al. 2007). The administration of AMPT twice with a
23-h interval, at a dose of 200 mg/kg (as in this study), reduces
noradrenaline levels in the central nervous system (CNS) by
50-60% (Corrodi and Hanson 1966; Onal et al. 2007). In the
present study, since AMPT completely abolished the
antihyperalgesic and antiallodynic effects induced by REB
(Fig. 3), it could be suggested that the effect of REB on neu-
ropathic pain is sensitive to decreased central catecholamine
levels. In other words, the catecholaminergic system plays a
role in the antihyperalgesic and antiallodynic effects of REB.
Hence, it is possible to consider that REB demonstrates its
effects on neuropathic pain by increasing neurotransmission
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Fig. 5 The effects of SCH-23390 (0.5 mg/kg i.p.) and sulpiride
(30 mg/kg i.p.) pretreatments on the antihyperalgesic and antiallodynic
responses induced by the administration of 8 mg/kg REB in the Randall-
Selitto (a), dynamic plantar (b), Hargreaves (plantar) (c), and warm plate

in the supraspinal descending noradrenergic pathway, sup-
pressing nociceptive signal transmission from primary affer-
ent neurons to the spinal dorsal horn. However, this hypothe-
sis needs confirmation with additional studies. Furthermore, it
should be emphasized that, due to its catecholaminergic neu-
rotransmission enhancing mechanism, REB may have a
unique potential to improve the diabetes-induced dysfunctions
in supraspinal inhibitory noradrenergic pathways (Malcangio
and Tomlinson 1998) known to suppress the transmission of
neuropathic pain.

The possible role of catecholaminergic receptors on
antihyperalgesic and antiallodynic effects was investigated af-
ter demonstrating that the effect of REB in neuropathic pain
was mediated through the modulation of the catecholaminer-
gic system.

It is well established that x-adrenergic receptors, one of the
receptors that mediate the effects of noradrenaline on the CNS,
play a pivotal role in the pathways associated with nociception
and pain (Taylor 2009; Pertovaara 2013; Zhu et al. 2013).
Therefore, phentolamine, a nonselective x-adrenergic receptor
blocker, was used to investigate the potential role of o-
adrenergic receptors on the antihyperalgesic and antiallodynic
effects of REB on diabetic rats. Our findings indicated that
phentolamine pretreatment does not abolish the effects of
REB (Fig. 3). Therefore, it can be suggested that o-
adrenergic receptors do not participate in the antihyperalgesic
and antiallodynic effects of REB.

Furthermore, (3-adrenoceptors, another class of adrenergic
receptors, are closely associated with nociception and analge-
sia (Hartung et al. 2014; Zhang et al. 2018). Therefore,

@ Springer

SCH 23390
. wmC wd
=z
4 e
g s 2
2 9
= ¢ I && £
2 o Z
: z ase
- NG alz s
£ &
z
z
0
’ s s s %‘\‘\\
& &
&
Sulpiride
c d
-~ 10 30
@
z
g 8 =
% Lo E 20
= & =z £
; I : &&&
g S T
] ]
: &
5: 0 0
~ ~ ~ ~
N S N S
& oF

(d) tests. Significant difference against the diabetic control group
*p <0.01;%%*p < 0.001. Significant difference against the 8 mg/kg
reboxetine-administrated diabetic group ¢*p<0.01; “¢%p <0.001.
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propranolol, a nonselective (3-adrenergic receptor antagonist,
was used to investigate the possible role of (3-adrenergic re-
ceptors in the antihyperalgesic and antiallodynic effects of
REB in diabetic rats. Antagonization of the antihyperalgesic
and antiallodynic effects by propranolol pretreatment (Fig. 3)
indicated that 3-adrenergic receptors possibly mediate the ef-
fects of REB. Further mechanistic studies with sub-type selec-
tive agents, metoprolol, ICI-118,551, and SR 59230A (Fig. 4),
indicated that the antihyperalgesic and antiallodynic effects of
REB were mediated only by [3,-adrenoceptors.

In accordance with our findings, it has been reported that
REB administration at a daily dose of 0.8 mg/kg for 4 weeks
reduced sciatic nerve damage—induced mechanical allodynia
in rats. This antiallodynic action was reversed by the (3,-ad-
renergic receptor blocker ICI-118,551; however, it was not
affected by the administration of yohimbine (x,-adrenoceptor
antagonist) (Yalcin et al. 2009a). Nortriptyline, another anti-
depressant drug effectively enhancing the noradrenergic neu-
rotransmission in the CNS, has been reported for its efficacy in
neuropathic pain. Furthermore, the antiallodynic effect of this
drug was not reversed by yohimbine (x,-adrenoceptor antag-
onist), atenolol/metoprolol (f3;-adrenergic receptor antago-
nists), or SR 59230A ([35-adrenergic receptor blocker).
However, the nonselective (3-adrenergic receptor antagonists
propranolol and sotalol, (3,/3,-adrenergic receptor antagonists
alprenolol and pindolol, and the specific 3,-adrenergic recep-
tor blocker ICI-118,551, successfully antagonized the
antiallodynic effect of nortriptyline. Moreover, it was ob-
served that nortriptyline was completely ineffective in allevi-
ating neuropathic pain in [3-adrenergic receptor knockout
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Fig.6 The effects of atropine (5 mg/kg i.p.) and naltrindole (3 mg/kg i.p.)
pretreatments on the antihyperalgesic and antiallodynic responses
induced by the administration of 8 mg/kg REB in the Randall-Selitto

(a), dynamic plantar (b), Hargreaves (plantar) (c¢), and warm plate (d)

animals (Yalcin et al. 2009b). In accordance with these results,
it was also observed that the (3,-adrenoceptor blocker, ICI-
118,551, antagonized the antiallodynic effect induced by nor-
triptyline in ob/ob mice with diabetic polyneuropathy
(Choucair-Jaafar et al. 2014). Additionally, the antidepres-
sants desipramine and venlafaxine have reported f3,-
adrenoceptor-mediated antiallodynic actions in rats with neu-
ropathic pain (Yalcin et al. 2009a, b).

In parallel to these findings, it has been demonstrated that
the chronic administration of several (3,-mimetics could suc-
cessfully treat neuropathic pain (Barrot et al. 2009; Yalcin
etal. 2010; Choucair-Jaafar et al. 2014). A study investigating
metaproterenol, procaterol, formoterol, and clenbuterol dem-
onstrated that the antiallodynic effects of these [3,-adrenergic
agonists on animals with neuropathy could be reversed by the
[3,-adrenergic receptor blocker ICI-118,551; the [3;-adrener-
gic receptor agonist xamoterol or (33-adrenergic receptor ago-
nist BRL 37344 was ineffective (Yalcin et al. 2010).

The results demonstrating the importance of f3,-
adrenoceptors in neuropathic pain pharmacotherapy support
our findings that the effects of REB in experimental diabetes-
induced neuropathic pain. Further studies investigating the
roles of {3,-adrenergic receptors in the relief of neuropathic
pain have highlighted the presence of an indirect anti-tumor
necrosis factor &« (TNF«) action. More specifically, enhanced
noradrenergic neurotransmission has been known to activate
[3,-adrenergic receptors expressed by non-neuronal satellite
cells in dorsal root ganglia. This stimulation has been shown
to decrease the neuropathy-induced production of membrane-
bound TNF«x (Bohren et al. 2013). In parallel to these
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tests. Significant difference against the diabetic control group
##%p < 0.001. Significant difference against the 8 mg/kg reboxetine-
administrated diabetic group ¢*p <0.01; ¥%p <0.001. Two-way
ANOVA, post hoc Bonferroni test, n=8

findings, the antiallodynic actions of duloxetine and amitrip-
tyline in mice with neuropathic pain have been associated with
the inhibition of neuroimmune mechanisms accompanying
nerve injury, including the downregulation of the TNFoa—
NF-xB signaling pathway in DRGs (Kremer et al. 2018).
Therefore, the possible involvement of this downstream
mechanism, in the antihyperalgesic and antiallodynic actions
of REB, needs further clarification.

Notably, dopaminergic receptors, another receptor of the
catecholaminergic system, are closely associated with
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Fig. 7 Plasma glucose levels in rats administered 8 mg/kg reboxetine
(REB 8 + DM), 16 mg/kg reboxetine (REB 16 + DM), and
1000 mg/kg metformin (MET + DM) daily. Significant difference against
the control group ***p <0.001; significant difference against the DM
group ¥4%p < 0.001. One-way ANOVA, post hoc Tukey’s test, n=8
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nociception, neuropathic pain, and analgesia (Taylor et al.
2016; Chen et al. 2017; Obata 2017). Therefore, the possible
roles of dopaminergic receptors in the antihyperalgesic and
antiallodynic effects of REB were investigated. The roles of
D;-dopaminergic receptors were investigated using a selective
D;-dopaminergic receptor blocker, SCH-23390, and the roles
of D,- and D3-dopaminergic receptors were examined using
sulpiride, a nonselective D,-/Ds-dopaminergic receptor
blocker. Based on the results, pretreatment with SCH-23390
and sulpiride potently antagonized the antihyperalgesic and
antiallodynic effects of REB (Fig. 5), indicating the participa-
tion of D;-, D,-, and D;-dopaminergic receptor subtypes in
these effects.

Numerous studies have reported the role of dopaminergic
receptors in the treatment of neuropathic pain. For instance,
Chen et al. induced a hyperalgesia model by spinal nerve
ligation in rats to study the possible role of the dopaminergic
system in the antihyperalgesic effects of amitriptyline,
duloxetine, milnacipran, and fluoxetine. This study reports
that the antihyperalgesic effects of these four antidepressants
were reversed by sulpiride pretreatments. Microdialysis stud-
ies performed to investigate changes in dopamine concentra-
tion in the spinal dorsal horn indicated that the dopamine
levels were significantly increased after administering each
of these antidepressants at a dose of 10 mg/kg (i.p.). Based
on these findings, it has been suggested that the efficacy of
antidepressants in neuropathic pain therapy was not only me-
diated by the noradrenergic and serotonergic systems but also
through the modulation of dopamine levels in the spinal cord
(Chen et al. 2017). Moreover, our study group previously
reported that atomoxetine, a drug similar to REB in terms of
its mechanism of action, demonstrated beneficial effects in
diabetes-induced hyperalgesia mediated via the D,/D; recep-
tors (Barbaros et al. 2018), in parallel to the findings of our
current study.

Furthermore, besides the catecholaminergic system, the
cholinergic system and particularly the muscarinic receptors
are associated with the modulation of acute and chronic pain
and analgesia (Kimura et al. 2012; Lee et al. 2016; Pecikoza
etal. 2018). Accordingly, mechanistic studies were performed
using atropine, a nonselective muscarinic receptor antagonist,
to investigate the role of muscarinic receptors in the
antihyperalgesic and antiallodynic effects of REB in diabetic
rats. Our findings demonstrated that atropine pretreatment was
ineffective on the evaluated effects of REB (Fig. 6), indicating
that the antihyperalgesic and antiallodynic effects of this drug
were not mediated by muscarinic receptors.

Another system that is closely associated with pain and
analgesia is the opioidergic system. It is well known that the
noradrenergic system activates the endogenous opioid system,
and the opioid system plays an important role in inhibitory
pain control via p-, 8-, and x-opioid receptors (Mogil et al.
2000; Gaveriaux-Ruff and Kieffer 2002; Dierich and Kieffer

@ Springer

2004). Recent studies have primarily focused on the relation-
ship between &-opioid receptors and neuropathic pain
(Castany et al. 2016; McDonnell et al. 2017; Saitoh and
Nagase 2018). Therefore, naltrindole, a highly potent and se-
lective 5-opioid receptor antagonist, was used in mechanistic
studies to investigate the possible role of the d-opioid recep-
tors in the antihyperalgesic and antiallodynic effects of REB.

We observed that naltrindole pretreatment potently antag-
onized the effects of REB in diabetic rats (Fig. 6).
Accordingly, it could be postulated that these effects were
mediated by &-opioid receptors. Previously, similar results
have also been demonstrated for nortriptyline. Reportedly, this
TCA has been shown to possess d-opioid receptor—mediated
antiallodynic effects in rats with neuropathic pain induced by
diabetes (Choucair-Jaafar et al. 2014) or sciatic nerve damage
(Benbouzid et al. 2008a; Bohren et al. 2010; Yalcin et al.
2010). Moreover, it has been observed that chronic nortripty-
line administration did not demonstrate any beneficial effects
in mechanical allodynia in d-opioid receptor knockout mice
(Benbouzid et al. 2008b). These results, evidencing the roles
of d-opioid receptors in neuropathic pain treatment, are sup-
portive of our findings on 6-opioid receptor—mediated
antihyperalgesic and antiallodynic effects of REB.
Nevertheless, in a recent study (Ceredig et al. 2018), loss of
peripheral 6-opioid receptors in small peptidergic neurons in
the DRG and enhanced d-opioid receptor expression at the
plasma membrane have been suggested as the mechanisms
underlying the neuropathic conditions induced by the cuff
surgery. Moreover, chronic treatment with duloxetine has
been shown to alleviate neuropathic allodynia symptoms,
probably by counteracting the mentioned subcellular distribu-
tions of 5-opioid receptors in neuropathic mice. Similar mech-
anisms may also be valid for REB, which was shown to pos-
sess its antihyperalgesic and antiallodynic effects via d-opioid
receptors. However, this assumption needs further
investigation.

Another remarkable finding concerning the role of 8-
opioid receptors in neuropathic pain is the potential of
these receptors to interact with (,-adrenoceptors.
Naltrindole pretreatment has been shown to eliminate
the beneficial effects of (3,-adrenoceptor agonists terbu-
taline (Choucair-Jaafar et al. 2014) and clenbuterol
(Yalcin et al. 2010) in neuropathic pain. Moreover, re-
cently, Kremer et al. defined a peripheral, delayed, and
long-lasting mechanism for the antiallodynic effects of
antidepressant drugs duloxetine and amitriptyline, which
require noradrenaline from peripheral sympathetic end-
ings and f3,-adrenoceptors, as well as the d-opioid recep-
tor component of the opioid system (Kremer et al. 2018).
These findings, indicating an association between the [3,-
adrenoceptors and d-opioid receptors in the treatment of
neuropathic pain, are noteworthy as they lend support to
our results.
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As the efficacy of REB was investigated in a diabetes-
induced neuropathic pain model, the possible effects of REB
were examined on the plasma glucose levels in diabetic rats.
The obtained data demonstrated that REB did not induce any
significant changes in the hyperglycemia levels of diabetic
animals (Fig. 7). These results are in parallel to the findings
of a previous report which demonstrated that the regular ad-
ministration of REB in diabetic rats, at a dose of 2.5 mg/kg for
21 days, did not alter the plasma glucose or insulin levels
(Khanam and Pillai 2005).

The evaluation of neuropathic pain test data, in con-
junction with the plasma glucose measurements, indicates
a clinically interesting picture. Previously, reports have
indicated that noradrenaline reuptake inhibitors, including
SNRIs and TCAs, demonstrated a relatively higher ad-
verse effect potential on glycemic control than SSRIs.
Hence, SSRIs should be preferred in the treatment of
diabetes-induced neuropathic pain (Deuschle 2013;
Whiskey and Taylor 2013). In contrast, SSRIs are not as
effective as TCAs or dual inhibitors in the treatment of
neuropathic pain (Attal et al. 2010; Finnerup et al. 2015;
Kremer et al. 2016). This study has demonstrated that
REB shows strong antihyperalgesic and antiallodynic ef-
fects without inducing a significant change in the plasma
glucose concentration of diabetic rats. Based on this per-
spective, REB could provide a unique advantage in the
pharmacotherapy of diabetes-related neuropathic pain.

Nevertheless, these findings should be considered valuable
and informative as they imply a novel indication for REB,
while its clinical efficacy as an antidepressant has been ques-
tionable in recent years (Eyding et al. 2010; Sepede et al.
2012; Braithwaite 2015).

Our study demonstrated the beneficial effects of REB, a
selective noradrenaline reuptake inhibitor, in diabetes-
induced neuropathic pain, indicating the involvement of the
catecholaminergic system, (3,-adrenoceptors, D;- and D,/Ds-
dopaminergic receptors, and -opioid receptors as the under-
lying pharmacological mechanisms. Furthermore, these pre-
clinical observations need to be confirmed in well-designed
clinical studies in order to indicate REB in the treatment of
neuropathic pain, which commonly observed in the diabetic
population.
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