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Abstract
Neuropathic pain is a complication of cancer and diabetes mellitus and the most commonly used drugs in the treatment 
of the diabetic neuropathic pain have only limited efficacy. The aim of this study was to evaluate the role of the biomarker 
interleukin-1beta (IL-1ß) in the pharmacological interaction of gabapentin with tramadol in a model of diabetic neuropathic 
pain. CF-1 male mice, pretreated with 200 mg/kg i.p. of streptozocin (STZ), were used and at day 3 and 7 were evaluated 
by the hot plate test and the spinal cord level of IL-1ß was determined. Antinociceptive interaction of the coadministration 
i.p. of gabapentin with tramadol, in basic of the fixed the ratio 1:1 of their ED50 values alone, was ascertained by isobolo-
graphic analysis. Tramadol was 1.13 times more potent than gabapentin in saline control mice, 1.40 times in STZ mice at 
3 days and 1.28 times in STZ at 7 days. The interaction between gabapentin and tramadol was synergic, with an interaction 
index of 0.30 and 0.22 for mice pretreated with STZ at 3 and 7 days. The combination of gabapentin with tramadol reversed 
the increased concentration of IL-1β induced by STZ in diabetic neuropathic mice. These findings could help clarify the 
mechanism of diabetic neuropathy.
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Introduction

Pain is an unpleasant sensation with physical and emotional 
components, and among the different types neuropathic pain 
is defined as “pain arising as a direct consequence of a lesion 
or disease affecting the somatosensory system” (Treede et al. 
2008).

Neuropathic pain is a common complication of cancer, 
diabetes mellitus, acquired immunodeficiency syndrome and 
various other infectious diseases. The pathogenesis of dia-
betic neuropathy (DN) is complicated, and the mechanism 
of this disease remains poorly understood. It has been sug-
gested that hyperglycemia is responsible for changes in the 
nerve tissue (Zychowska et al. 2013). Also, the participation 

of glial cells has been involved in the genesis of DN (Pabreja 
et al. 2011; Old et al. 2015). Therefore, to better understand 
the mechanisms underlying DN, animal models of diabetes 
have been used. Between these models, the destruction of 
the pancreatic beta cells, inducing a deficiency in insulin 
production, is achieved by streptozocin (STZ) (King 2012; 
Kitada et al. 2016).

The pharmacotherapy of neuropathic pain includes of 
gabapentin, tramadol, morphine, carbamazepine, topira-
mate, duloxetine, venlafaxine, amitriptyline, desipramine, 
and lidocaine (Finnerup et al. 2015). Gabapentin is an anti-
convulsant used in DN, associated with Ca and Na channels, 
modulation of monoamines neurotransmitter and NMDA 
current (Cheng and Chiou 2006; Finnerup et al. 2015). 
In addition, tramadol induces antinociception as an MOP 
receptor agonist and blocks norepinephrine and serotonin 
reuptake (Vazzana et al. 2015; Miotto et al. 2017).

It is recognized that DN is a pain in which the mechanism 
of the disease is slightly understood and monotherapy are 
inefficient to available antinociceptive drugs. The purpose 
of this study was to evaluate the role of the biomarker IL-1ß 
in the multimodal interaction of gabapentin with tramadol 
in a murine model of diabetic neuropathy.
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Methods

Animals

CF-1 male mice, 28–30 g, housed in a 12-h light–dark cycle 
at 22 ± 1 °C, with free access to food and water, were used 
and the animals were acclimatized to the laboratory envi-
ronment for at least 1 h before use. Experiments were car-
ried out in accordance with the Guide for the Care and Use 
of Laboratory Animals issued by the National Institute of 
Health, and experimental protocols accepted by the Insti-
tutional Animal Care and Use Committee at the Univer-
sidad de Chile, Santiago, Chile (protocol CBA No. 0852, 
04/2016). Each animal was used only once and received 
only one dose of the drugs tested. All drugs were freshly 
prepared in normal saline and administered intraperitoneally 
(i.p.) in a saline solution at a constant volume of 10 ml/kg. 
The behavior test was performed by investigators blinded 
to the treatment groups. Control saline animals were run 
interspersed concurrently with the drug-treated animals (at 
least two mice per group), which prevented all the controls 
being run on a single group of mice at one time.

Algesiometric assay

The hot plate test was performed at 50 ± 0.5 °C with an auto-
matic device (Ugo Basile, Italy) according to Miranda et al. 
(2017). The animals were free to move, and the conduct 
considered as signs of pain was the licking of the forelegs 
which was expressed in seconds (latency time) with a cutoff 
time of 30 s to elude skin damage The following measure-
ments were set: before and after administration of the test 
drug. Hot plate latencies were converted to % of maximum 
possible effect (% MPE). The latency period, in seconds, for 
saline sham control group animals was 24.39 ± 1.58 (n = 12).

Isobolographic analysis

Isobolographic analysis was used to characterize the interac-
tion between gabapentin and tramadol in the hot plate test, 
according to Miranda et al. (2016).

Determinations of IL‑1ß

Interleukin-1beta concentrations were determined using 
commercially available ELISA kits (Miranda et al. 2017). 
Small spinal samples from mice were lysed in Sigma 
buffer (20 mM Tris, 150 mM NaCl, 1% Nonidet P-40, 0.5% 
sodium deoxycholate, 1 mM EDTA and 0.1% SDS (pH 
7.5) with protease inhibitors cocktail). Then, samples were 
homogenized and centrifuged for 20 min at 13,000 rpm at 

4 °C. Supernatants were collected and protein was deter-
mined by microassay (Bio-Rad, Hercules, CA, USA). The 
protein concentrations in all samples were diluted to 5 mg/
mL. IL-1β was determined by ELISA kits (eBioscience, 
San Diego, CA, USA) according to the manufacturer’s 
instructions (500 μg proteins of sample). Results were 
expressed as IL-β concentration (pg/mg protein).

Protocol

Dose–response curves for the antinociceptive effect of 
gabapentin or tramadol and their combinations and deter-
minations of spinal IL-1ß were obtained using at least six 
animals for each dose administered i.p. Testing procedures 
were conducted on days 3 and 7 after STZ administra-
tion. The concentration that produced 50% antinocicep-
tion (ED50) for each drug was expressed as % MPE. A 
dose–response curve was also obtained by the i.p. co-
administration of fractions of their respective ED50 val-
ues: 1/2, 1/4, 1/8 and 1/16. Synergism is defined as the 
effect of a drug combination that is higher and statistically 
different than the theoretically calculated effects of the 
drug combination with the same proportions in addition. 
The interaction index (I.I) was calculated according to 
experimental ED50/theoretical ED50.

Drugs

Experimental DN was induced by i.p. administration of 
200 mg/kg of STZ (Miranda et al. 2017) and animals were 
fasted for 3 h before drug administration. With Hemoglu-
cotest (Roche Diagnostic labs), blood glucose levels were 
determined and animals were considered diabetic if levels 
were 200 ≥ mg/dL. Fasting blood glucose was taken at 3 
and 7 days following STZ injection and controls mice were 
injected with saline.

The antinociception of the drugs, individually and in 
combination, was evaluated after 30 min of administration of 
the drugs. Streptozocin, gabapentin and tramadol hydrochlo-
ride were purchased from Sigma Chemical Co., St. Louis, 
MO, USA.

Statistical analysis

Results are presented as mean values ± SEM, or ED50 val-
ues with 95% CI. Statistical analysis of the isobolograms 
was calculated by t test for independent means with the pro-
gram Pharm Tools Pro (version 1.27; The McCary Group 
Inc., Allentown, PA, USA). p values < 0.05 (p < 0.05) were 
considered significant.
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Results

Streptozocin (STZ) induction of diabetes

Control mice had an average fasting blood glucose level of 
108.80 ± 17.71 mg/dL after STZ (200 mg/kg, i.p.), glyce-
mia increase on day 3 to 241.54 ± 32.20 mg/dL, and day 7 
to 298.46 ± 21.61 mg/dL, as can be seen in Fig. 1.

Antinociception by gabapentin

Gabapentin (3–100 mg/kg, i.p.) produced antinocicep-
tion dose-dependent on the hot plate assay, with an ED50 
of 18.02 ± 1.20 mg/kg (n = 24), and pretreatment of the 
mice with STZ decreased the value of latency on day 3 
to 7.51 ± 0.57 mg/kg and on day 7 to 6.10 ± 0.48 mg/kg 
(see Fig. 2).

Antinociception by tramadol

The i.p. administration of tramadol (3–100 mg/kg) induced 
a dose-dependent antinociception, with an ED50 ED50 of 
15.87 ± 2.10 mg/kg (n = 24), and the pretreatment of STZ 
reduced the latency on day 3 to 5.34 ± 0.23 mg/kg (n = 24) 
and on day 7 to 4.76 ± 0.68 mg/kg (n = 24) (see Fig. 2).

Tramadol was 1.13 times more potent than gabapentin 
in control mice, 1.40 times in mice pretreated with STZ 
at 3 days and 1.28 times in mice pretreated with STZ at 
7 days.

Antinociception by the combination of gabapentin 
with tramadol

The coadministration i.p. of gabapentin with tramadol 
was synergistic with the following ED50: for theoreti-
cal control 8.90 ± 0.52 mg/kg; in STZ DN mice at 3 days 
5.01 ± 0.78 mg/kg and at 7 days 3.78 ± 0.65 mg/kg (see 
Fig. 3). Besides, the I.I values were 0.30 and 0.22 for ani-
mals pretreated with STZ at 3 days and 7 days, respectively.

Evaluation of IL‑1ß

The control value of mice spinal cord levels of IL-1ß were 
significantly elevated at 3 and 7 days after induction of DN 
by STZ (see Fig. 4). Administration of gabapentin or trama-
dol reversed significantly the increase in concentration of 
IL-1ß induced by STZ either at 3 or 7 days. Besides, the 
combination of gabapentin with tramadol reversed signifi-
cantly the elevated concentration of IL-1ß induced by DN-
STZ, demonstrating a synergistic effect of the combination, 
as shown in Fig. 4.

Discussion

In this study, using a murine neuropathic model induced 
by the i.p. administration of STZ, gabapentin, tramadol 
and their combination were able to induce a dose-depend-
ent antinociception, in which tramadol was 1.13 times 
more potent than gabapentin in control mice; 1.40 times 
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Fig. 1   Histogram of blood glucose values in mg/dL of mice pre-
treated with 200 mg/kg i.p. of streptozocin (STZ) after 3 and 7 days. 
Each bar is the mean ± SEM of 24 animals. *Significance vs. saline 
control: p < 0.05

Fig. 2   Dose response (mg/kg) of the antinociceptive activity of 
gabapentin (GBP) and tramadol (TRAM) i.p. in the mice hot plate 
test. Each point is the mean ± SEM of six animals. % MPE = per-
centage of maximum possible effect. a Control GBP, b 3 days and c 
7 days GBP post-STZ pretreatment. d Control TRAM, e 3 days and f 
7 days TRAM post-STZ pretreatment
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in DN mice of 3 days and 1.28 times in DN mice of 7 days. 
Besides, the combination of gabapentin with tramadol dis-
played potency, expressed as ED50 in mg/kg, of 1.77 times 
more than that of control at 3 days and 2.35 times more 
than that of control at 7 days in DN mice. These results 
are concordant with previous reports of the antinociceptive 
effect of gabapentin and tramadol in other algesiometer 
tests, i.e. tail flick, acetone, von Frey assays (Dai et al. 
2008; Miranda et al. (2016); Corona-Ramos et al. (2016).

The pharmacological interaction between gabapentin 
and tramadol was synergistic, since the results showed a 
significantly greater reduction in pain intensity with the 
combination compared to gabapentin–tramadol control in 
ND 3 days and 7 days. This increased pain relief could be 
explained by the different mechanisms of action of each 
component of the combination, according to multimodal 
analgesia.

Gabapentin is an anticonvulsant with high-affinity bind-
ing to the α2δ subunit of voltage-activated calcium channels, 
inhibition of voltage-activated sodium channels, alteration 
of monoamine neurotransmitter release and blood serotonin 
levels, and selective enhancing of the NMDA current (Cheng 
and Chiou 2006; Finnerup et al. 2015).

Tramadol is a synthetic analgesic drug with antinocicep-
tive properties induced by activation of opioid receptors and 
by acting on monoamine receptor systems, blocking nor-
epinephrine and serotonin reuptake (Vazzana et al. 2015; 
Miotto et al. 2017).

There is considerable evidence that the pro-inflamma-
tory cytokine IL-1β is involved in the pathogenesis of DN. 
Increased levels of IL-1ß are correlated with the progres-
sion of nerve degeneration in DN and this proinflammatory 
cytokine affects glial cells and neurons to set the patho-
logical process of DN (Zhou and Zhou 2014; Muhammad 
et al.2016).

The significantly increased levels of the pro-nociceptive 
and pro-inflammatory cytokine IL-1ß in the spinal cord of 
the mice, induced through STZ administration, suggests that 
the pain process during DN neuropathy is mediated through 
enhanced proinflammatory cytokines that are released from 
activated microglia cells (Bishnoi et al. 2011; Old et al. 
2015). Since anti-inflammatory drugs are used as sympto-
matic pain therapies in DN, advances in the role of inflam-
matory cytokines, such as IL-ß, induced by gabapentin and 
tramadol, informed in the present study, could be a new 
therapeutic pathway for inflammatory and neuropathic pain.

It has been reported that gabapentin and tramadol reverse 
microglial activation in the spinal cord of streptozocin-
induced diabetic rats (Wodarski et al. 2009; Zychowska 

Fig. 3   Isobolograms for the i.p. administration of the combination of 
gabapentin (GBP) and tramadol (TRAM), in the hot plate assay of 
mice after 3 days and 7 days of STZ pretreatment. Theoretical ED50 
value with 95% CI (closed circle). Experimental ED50 value with 
95% CI at 3 days (open circle) and 7 days (closed square)
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Fig. 4   Effect of gabapentin (GBP) and tramadol (TRAM) as ED50, 
via i.p. on the mice spinal cord levels of IL-1β, expressed as pg/
ml protein, in control saline mice and mice pretreated with STZ 
after 3  days and 7  days in the hot plate assay. Each point is the 
mean ± SEM of 12 animals. *Significance vs. saline control: p < 0.05; 
**significance vs. STZ control: p < 0.05
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et al. 2013). Consequently, the present study suggested that 
pharmacological interaction of the combination of tramadol 
and gabapentin could exert synergistic effects on DN pain 
by suppressing neuronal and glial activation.

Pharmacotherapy, the main treatment option for DN pain, 
remains a major clinical challenge. The most commonly 
studied drug classes in the context of neuropathic pain—
antidepressants, anticonvulsants, and opioids—have only 
limited efficacy and frequent dose-limiting adverse effects. 
Furthermore, due to the narrow usefulness of available treat-
ments in DN pain, drug combinations are often used (Eisen-
berg and Suzan 2014; Finnerup et al. 2015).

The present results suggest that treatment of DN pain 
with gabapentin and tramadol combination therapy results 
in pain relief than treatment with either gabapentin or trama-
dol as a single agent, as indicated by latency time of the hot 
plate assay.

Conclusion

Since the treatment of neuropathic pain is usually limited 
and prolonged, the findings of this work are important, 
because the interaction described involves a potent relation 
between IL-1ß and DN.
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