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Abstract 
Background and Aims: Experimental research and clinical data support the potential combination therapy for the treatment of neuropathic 
pain. We aimed to investigate the analgesic effect of the following associations: gabapentin + etifoxine; tramadol + etifoxine; gabapentin + 
tramadol, in an experimental model of peripheral neuropathy induced by paclitaxel. Materials and Methods: Neuropathy was induced in male 
Wistar rats by the daily administration of 2 mg/kg body weight (bw) paclitaxel intraperitoneally, four days in a row. Analgesics were given 
concomitantly with paclitaxel, in the following doses: tramadol 15 mg/kg bw, etifoxine 100 mg/kg bw, gabapentin 300 mg/kg bw. Tactile 
allodynia and mechanical hyperalgesia were assessed using the Dynamic Plantar Aesthesiometer apparatus (Ugo Basile). After 18 days of 
treatment, the brain and liver tissue susceptibility to lipid peroxidation was evaluated and the sciatic nerve histological examination of the 
effect on myelin fibers was performed. Results and Conclusions: Experimental data have shown a strong analgesic effect of these three 
tested combinations expressed mainly by the statistically significant increased maximum response time, both in the assessment of allodynia 
and hyperalgesia. The gabapentin + tramadol combination lead to the maximum analgesic effect, immediately after the discontinuation of 
paclitaxel (44.94%, p<0.0001) and throughout the study. The treatment associated with tramadol caused a reduction in lipid peroxidation in 
the brain as compared to paclitaxel group. Combination therapy showed reduced damage to myelinated fiber density in the sciatic nerve. The 
drug combinations used in the experiment showed therapeutic potential in the fight against neuropathic pain induced by the administration 
of taxanes. 
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 Introduction 

The incidence of chemotherapy-induced peripheral 
neuropathy (CIPN) in the population of cancer patients 
is estimated at 1–12% [1]. Moreover, it is estimated that 
cytostatic monotherapy generates CIPN with a frequency 
of 3–7%, while polytherapy can affect as much as 38% of 
the patients [2]. Taxane (paclitaxel) therapy is routinely 
used in breast, ovarian and lung cancer, as well as 
Kaposi’s sarcoma. Paclitaxel favors the development of 
abnormal microtubule bundles during the cell cycle and 
multiple asters during the interphase and mitosis leading 
to cell cycle arrest and apoptosis [3]. Clinical evaluations 
have revealed that paclitaxel therapy produces neuropathic 
pain in up to 64% of the treated patients (of which 4% 
manifest severe symptoms) [4, 5]. Signs of neuropathy 
may appear after a single treatment regimen, while intensity 
may increase with subsequent doses. 

The mechanisms responsible for generating neuropathic 
pain are diverse and imply peripheral as well as central 

pathophysiological phenomena. The available options 
for the management of neuropathic pain imply multiple 
lines of therapy. A wide selection of drugs has been 
proposed, including tricyclic antidepressants (TCAs), 
anticonvulsants (gabapentin), N-methyl-D-aspartate receptor 
antagonists, gamma-aminobutyric acid (GABA) B receptor 
agonists and topical capsaicin. However, sufficient pain 
relief is reported only by as much as half the treated 
patients [6]. The wide array of pharmacodynamic pro-
perties of these drugs stands testament to the fact that 
there does not appear to be one single, ideal treatment 
[7–9]. Combination therapy (gabapentin combined with 
opioids or TCAs) is also recommended [10, 11] for 
patients who show partial response to single drugs, but 
more large-scale trials are needed for confirmation [12]. 

Using an experimental model of paclitaxel-induced 
painful peripheral neuropathy in rats, we sought out to 
evaluate changes in mechanical sensitivity and to identify 
potential analgesic effects of certain drug combinations. 
As such, in the attempt to cover a broad array of 
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mechanisms, we used combinations of gabapentin 
(which binds to the α2δ site of voltage gated calcium 
channels) with etifoxine (a non-benzodiazepinic drug 
that binds to the GABAA receptor β2 and β3 subunits 
[13]) or tramadol (a mixed mechanism analgesic drug 
used in the acute phase of neuropathic pain [14, 15]), 
and etifoxine with tramadol. 

Oxidative stress may occur due to imbalances 
between reactive oxygen species (ROS) production and 
native neutralizing or repair capacity. This has been 
shown to be correlated to the presence of pain [16, 17]. 
Measuring ROS directly is arduous due to their brief 
half-life; hence, we focused our efforts on evaluating 
their effects by quantifying malonyldialdehide (MDA), 
a product of lipid peroxidation, which retains the position 
of one of the most frequently used indicators of oxidative 
stress [18]. 

Clinical and neurophysiological data conclude that 
paclitaxel induces a distal axonal neuropathy [19]. 
Examination of the sciatic nerve of paclitaxel-treated rats 
revealed broadened myelin layers, leading to inconsistent 
thickness throughout the length of the myelin sheet, and 
axonal diameter shrinkage [20]. 

In this regard, we aimed to evaluate the paclitaxel-
induced peripheral neuropathy by the immunohisto-
chemical analysis of the myelin sheet corresponding to 
the sciatic nerves of treated rats. 

 Materials and Methods 

Animals 

Adult male Wistar rats (235.9±27.33 g, N=47), were 
supplied by the rodent farm of the “Carol Davila” 
University of Medicine and Pharmacy, Bucharest, Romania, 
and housed in groups of nine or 10 on sawdust bedding 
in Plexiglas cages, having free access to water and food. 
Experiments were carried out between 8:00 a.m. and 
2:00 p.m. All animals were habituated to the testing 
environment. The temperature was maintained between 
200C and 240C and the relative humidity was generally 
maintained at 45–60%. All procedures were carried out 
in accordance with the European Directive 2010/63/UE/ 
22.09.2010 regarding the protection of animals used for 
experimental and other scientific purposes. The experi-
mental protocol was approved by the Ethics Committee 
of the Faculty of Pharmacy, “Carol Davila” University 
of Medicine and Pharmacy. 

Rat model of paclitaxel-induced peripheral 
neuropathy 

Paclitaxel 2 mg/kg body weight (bw) was injected 
intraperitoneally (i.p.), once daily, for four days, following 
the method described by Zbârcea et al. (2011) [21]. 

Mechanical sensitivity 

This sensitivity was assessed using a Dynamic Plantar 
Aesthesiometer (Ugo Basile, Italy). Animals were placed 
on an elevated wire mesh bottomed cage (22×16.5×14 cm) 
and left for habituation for 15 minutes. The unit raises a 
metal rod (0.5 mm diameter) until it touches the plantar 
surface of the hind paws and begins to exert an upwards 
force until the paw is withdrawn or the preset cut-off is 

reached. Tactile allodynia was measured by assessing hind 
paw withdrawal thresholds in response to a mechanical 
stimulus exerting a linearly increasing force (2 g/s; cut-
off force: 20 g). For the mechanical hyperalgesia, we 
measured the response to mechanical stimulation (force-
increasing rate: 4 g/s, cut-off force: 40 g). Three readings 
were taken on each paw at each time point with a 3–5 
minute interval between trials. The individual data are 
presented as the mean of the six readings. The force and 
the time required to elicit a withdrawal responses are 
measured, respectively, in grams and seconds. 

Tissue preparation and immunohistochemical 
analysis 

Tissue sample collection 

The animals were beheaded under ether anesthesia. 
Livers and brains were rapidly excised and frozen. In 
addition, sciatic nerves and glabrous as well as pilose skin 
samples were taken and submerged in 4% formaldehyde 
[22]. 

Degenerative changes of the myelin fibers experi-
mentally induced by paclitaxel 

After fixation for 24 hours in 4% formaldehyde, the 
skin samples and the sciatic nerves were dehydrated in 
alcohol solutions. Then, the samples were submerged in 
paraffin. Afterwards, tissue microarrays were manufac-
tured using arrays provided by HistoBest Diagnostics 
SRL, Bucharest. Using a Leica 2035 microtome, the skin 
samples were sliced and treated with aminosilan [23]. 

Immunohistochemical assay 

The slices were cleaned of paraffin and rehydrated 
in distilled water [24]. After being repeatedly washed in 
0.05% Tween 20 supplemented phosphate buffer (pH 7.4), 
the slices were incubated with a non-seric universal agent 
(DakoCytomation, Denmark, A/S). Following the removal 
of the blocking agent (without washing), the slices were 
incubated with anti-major basic myelin (mouse IgG1, 
clone 7H11, Leica Biosystems Newcastle Ltd., UK). 
Endogenous peroxidase activity was blocked afterwards 
by means of 2% H2O2 incubation for 30 minutes. The 
slices were incubated with EnVision Flex anti-mouse 
(Dako) and with 3,3’-diaminobenzidine (DAB) (Dako) 
[DAB was used as chromogen for WNT10A staining 
(brown color)]. Nuclear counterstaining was performed 
with methyl green (1% in acetate buffer, pH 4). The 
prepared samples were viewed with a Nikon Eclipse 50i 
microscope and images were captured with a Nikon 
Digital Sight DS-Fi1 camera. 

Evaluation of lipid peroxidation, and suscep-
tibility to oxidative stress in rat tissues 

Determination of tissue lipid peroxidation 

Lipid peroxidation was measured as thiobarbituric 
acid reactive substance (TBARS). The amount of tissue 
TBARS was measured by the thiobarbituric acid assay as 
previously described [25]. The extent of the peroxidative 
reactions was determined by measuring MDA. MDA 
extinction coefficient (0.156 μM-1cm-1) was used for 
calculation of TBARS content. TBARS were expressed 
as nmoles MDA/mg tissular proteins: 
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E535/(ε × l) × f × (1/c) 

where E535 – optical density of the sample compare 
to control at a wavelength of 535 nm; ε × l – molar 
extinction coefficient for MDA of 0.156 cm/mol; f – 
dilution factor of 55; 1/c – protein concentration of the 
tissue homogenates. 

Protein measurement was performed using the Folin–
Ciocâlteu reagent, modified by Lowry et al. (1951) [26]. 

Experimental design 

Assessment of tactile allodynia and mechanical hyper-
algesia was performed right before and at 4, 10 and  
18 days after the first administration of paclitaxel by 
measuring mechanical-induced sensitivity to pain with 
Dynamic Plantar Aesthesiometer (Ugo Basile, Italy). 

The five animal groups received daily, for 18 days, 
the following: 

▪ Group C: Control group (N=9) – normal saline 
0.1 mL/100 g bw, i.p., four days and distilled water, 
1 mL/100 g bw, i.p., 18 days; 

▪ Group P: Paclitaxel group (N=9) – paclitaxel 2 mg/kg 
bw, i.p., four days and distilled water, 1 mL/100 g bw, 
i.p., 18 days; 

▪ Group GE: Gabapentin and etifoxine group (N=10) 
– paclitaxel 2 mg/kg bw, i.p., four days, gabapentin 
300 mg/kg bw and etifoxine 100 mg/kg bw, p.o., 18 days; 

▪ Group TE: Tramadol and etifoxine group (N=10) – 
paclitaxel 2 mg/kg bw, i.p., four days, tramadol 15 mg/kg 
bw and etifoxine 100 mg/kg bw, p.o., 18 days; 

▪ Group GT: Gabapentin and tramadol group (N=9) 
– paclitaxel 2 mg/kg bw, i.p., four days, gabapentin 
300 mg/kg bw and etifoxine 100 mg/kg bw, p.o., 18 days. 

After the last measurement of tactile sensitivity on 
day 18 of the treatment, animals were sacrificed and 
tissue samples were collected. Sciatic nerve biopsies 

(2–3 samples/group), glabrous skin (plantar area) and 
pilose skin (ear) were harvested after euthanasia. In 
sections from these tissues, we observed myelinated fibers. 

Statistical analysis 

Data are presented as mean ± standard error of mean 
(SEM) of nine or 10 animals per group. Results were 
processed using GraphPad Prism 5 software (San Diego, 
California, USA, www.graphpad.com). We established 
distribution normality in the groups using the D’Agostino 
& Pearson’s test. Multiple group comparisons were 
performed using one-way analysis of variance (ANOVA) 
followed by Dunnett’s (when compared to the baseline 
response) or Bonferroni’s test (when compared to control 
group or paclitaxel group). If the results of the group are 
abnormally distributed, we used the Kruskal–Wallis test 
followed by Dunn’s Multiple Comparison Test (when 
compared to the baseline response, control group or 
paclitaxel group). 

 Results 

Mechanical sensitivity 

The mechanical response was assessed by two 
parameters: time to response (s) and applied force (g). 
Paclitaxel treatment established and maintained neuro-
pathic states characterized by hypersensitivities to mecha-
nical stimulation (allodynia – 2 g/s and hyperalgesia – 
4 g/s). 

Treatment with paclitaxel significantly reduced the 
withdrawal thresholds to mechanical allodynia (reduces 
both the time to response and also the force applied for 
paw retraction) on day 18 after the first drug adminis-
tration (9.17±1.24 s and 15.30±0.68 g) compared to the 
control mechanical thresholds (15.83±1.48 s and 18.54± 
0.70 g) (p<0.05; Table 1). 

Table 1 – Modifications in time to response and applied force during allodynia (2 g/s) following paclitaxel and each of 
the co-administered association: gabapentin/etifoxine, tramadol/etifoxine, gabapentin/tramadol 

Behavioral tactile allodynia in response to stimulus 2 g/s 

Basal 4 days 10 days 18 days 

G
ro

u
p

 

 

Time [s] Force [g] Time [s] Force [g] Time [s] Force [g] Time [s] Force [g]

Mean/group ± SEM 
16.54 
±2.63 

18.05 
±0.507 

15.40 
±0.10 

18.94 
±0.34 

15.45 
±1.31 

18.51 
±0.37 

15.83 
±1.48 

18.54 
±0.70 

Percentage change vs. baseline -6.89 4.93 -6.59 2.55 -4.29 2.71 

C
on

tr
ol

 (
C

) 

Kruskal–Wallis test followed by Dunn’s post-hoc test 
vs. baseline (p) 

ns ns ns ns ns ns 

Mean/group ± SEM 
16.55 
±1.87 

17.23 
±0.72 

12.09 
±1.74 

15.6 
±1.23 

12.25 
±2.54 

15.78 
±1.16 

9.17 
±1.24 

15.30 
±0.68 

Percentage change vs. baseline -26.95 -9.46 -25.98 -8.42 -44.59 -11.20 
ANOVA test followed by Dunnett’s post-hoc test  

vs. baseline (p) 
ns ns ns ns ns ns 

Percentage change vs. control group -20.06 -14.39 -19.39 -10.97 -40.29 -13.91 

P
ac

lit
ax

el
 (

P
) 

ANOVA test followed by Bonferroni’s post-hoc test 
vs. control group (p) 

ns * ns ns * * 

Mean/group ± SEM 
17.15 
±2.59 

18.32 
±0.48 

24.91 
±3.30 

19.14 
±0.42 

23.96 
±4.06 

18.87 
±0.45 

23.54 
±4.64 

19.07 
±0.45 

Percentage change vs. baseline 45.25 4.48 39.71 3.00 37.26 4.09 
Kruskal–Wallis test followed by Dunn’s post-hoc test 

vs. baseline (p) 
ns ns ns ns ns ns 

Percentage change vs. control group 52.14 -0.45 46.30 0.45 41.55 1.38 
Kruskal–Wallis test followed by Dunn’s post-hoc test 

vs. control group (p) 
ns ns ns ns ns ns 

Percentage change vs. paclitaxel group 72.20 13.94 65.69 11.42 81.85 15.30 

G
ab

ap
e

nt
in

 / 
et

ifo
xi

ne
 (

G
E

) 

Kruskal–Wallis test followed by Dunn’s post-hoc test 
vs. paclitaxel group (p) 

* * * ns ** * 
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Behavioral tactile allodynia in response to stimulus 2 g/s 

Basal 4 days 10 days 18 days 
G

ro
u

p
 

 

Time [s] Force [g] Time [s] Force [g] Time [s] Force [g] Time [s] Force [g]

Mean/group ± SEM 
16.45 
±1.46 

19.29 
±0.29 

40.02 
±5.91 

19.48 
±0.19 

42.59 
±8.05 

18.96 
±0.51 

32.44 
±4.93 

19.6 
±0.18 

Percentage change vs. baseline 143.28 0.98 158.91 -1.71 97.20 1.61 
ANOVA test followed by Dunnett’s post-hoc test  

vs. baseline (p) 
* ns ** ns ns ns 

Percentage change vs. control group 150.18 -3.95 165.50 -4.26 101.50 -1.10 
ANOVA test followed by Bonferroni’s post-hoc test 

vs. control group (p) 
** ns *** ns ns ns 

Percentage change vs. paclitaxel group 170.23 10.44 184.89 6.70 141.79 12.81 

T
ra

m
ad

ol
 / 

et
ifo

xi
ne

 (
T

E
) 

ANOVA test followed by Bonferroni’s post-hoc test 
vs. paclitaxel group (p) 

*** ** *** * ** *** 

Mean/group ± SEM 
16.01 
±2.21 

17.47 
±0.98 

44.06 
±4.49 

19.96 
±0.04 

37.72 
±3.98 

19.59 
±0.17 

30.38 
±3.46 

19.87 
±0.09 

Procentual change vs. baseline 175.20 14.25 135.60 12.14 89.76 13.74 
Kruskal–Wallis test followed by Dunn’s post-hoc test 

vs. baseline (p) 
*** *** *** ns * ** 

Percentage change vs. control group 182.10 9.32 142.19 9.59 94.05 11.03 
Kruskal–Wallis test followed by Dunn’s post-hoc test 

vs. control group (p) 
*** * *** ns ** ns 

Percentage change vs. paclitaxel group 202.15 23.71 161.58 20.55 134.34 24.94 

G
ab

ap
e

nt
in

 / 
tr

a
m

ad
ol

 (
G

T
) 

ANOVA test followed by Bonferroni’s post-hoc test 
vs. paclitaxel group (p) 

*** *** *** ns *** *** 

SEM: The standard error of the mean; ns: Not significant; ANOVA: Analysis of variance; *p<0.05; **p<0.01; ***p<0.001. 

 
Figure 1 – Analgesic effect (%) of each co-treatment (GE: gabapentin 300 mg/kg bw + etifoxine 100 mg/kg bw; TE: 
tramadol 15 mg/kg bw + etifoxine 100 mg/kg bw; GT: gabapentin 300 mg/kg bw + tramadol l5 mg/kg bw) in tactile 
allodynia induced with paclitaxel group. Group comparisons were performed using one-way analysis of variance 
(ANOVA) followed by Bonferroni’s test or Kruskal–Wallis test followed by Dunn’s post-hoc test, in comparison to 
paclitaxel. *p<0.05; **p<0.01; ***p<0.001. 

Oral administration of the association GE (gabapentin 
300 mg/kg bw + etifoxine 100 mg/kg bw) produced a 
significant inhibition of mechanical allodynia induced 
by paclitaxel (increases both the time to response and 

also the force applied for paw retraction) on days 4, 10 
and 18 after the first drug administration compared to 
paclitaxel treated animals (p<0.05; Table 1). 

The association TE (tramadol 15 mg/kg bw + etifoxine 



Therapeutic potential of certain drug combinations on paclitaxel-induced peripheral neuropathy in rats 

 

511

100 mg/kg bw) reduced mechanical allodynia induced 
by paclitaxel (increases both the time to response and 
also the force applied for paw retraction) at all time 
measurements (Table 1). 

Rats treated with the association GT (gabapentin 
300 mg/kg bw + tramadol 15 mg/kg bw) experienced a 
significant reduction of mechanical allodynia especially 
on days 4 and 10 (Table 1). 

In this study, repeated administration of all three 
associations inhibited the development of paclitaxel-
induced mechanical allodynia. Remarkable effects were 
recorded in the two combinations containing tramadol, in 
particular for the parameter time to response (Figure 1). 

Paclitaxel produced a significant reduction in response 
withdrawal thresholds to mechanical stimulus of 4 g/s 
(mechanical hyperalgesia), on day 18 after first drug 
administration compared to the baseline and control 
group (Table 2). 

Paclitaxel-induced mechanical hyperalgesia in rats was 
decreased by administration of the tested associations. 
The parameter time to response was changed significantly 
at all moments of determinations. The strongest analgesic 
effect was registered for the combination GT (gabapentin 
300 mg/kg bw + tramadol 15 mg/kg bw), which increased 
the time to response after 18 days with 70.6% compared 
to paclitaxel group (p<0.001) (Figure 2). 

Table 2 – Modifications in time to response and applied force during hyperalgesia (4 g/s) following paclitaxel and each of 
the co-administered association: gabapentin/etifoxine, tramadol/etifoxine, gabapentin /tramadol 

Behavioral tactile hyperalgesia in response to stimulus 4 g/s 

Basal 4 days 10 days 18 days 

G
ro

u
p

 

 

Time [s] Force [g] Time [s] Force [g] Time [s] Force [g] Time [s] Force [g]

Mean/group ± SEM 
6.83 

±0.39 
27.32 
±1.51 

6.75 
±0.34 

26.95 
±1.29 

6.70 
±0.33 

26.64 
±1.13 

6.79 
±0.57 

26.47 
±1.99 

Percentage change vs. baseline -1.14 -1.35 -1.89 -2.49 2.71 -3.11 

C
on

tr
ol

 (
C

) 

ANOVA test followed by Dunnett’s post-hoc test  
vs. baseline (p) 

ns ns ns ns ns ns 

Mean/group ± SEM 
7.08 

±0.47 
27.28 
±1.54 

5.90 
±0.71 

23.33 
±2.59 

5.85 
±0.53 

23.54 
±2.1 

5.22 
±0.51 

21.06 
±2.00 

Percentage change vs. baseline -16.66 -14.48 -17.37 -13.71 -26.28 -22.80 

ANOVA test followed by Dunnett’s post-hoc test  
vs. baseline (p) 

ns ns ns ns ** * 

Percentage change vs. control group -15.52 -13.13 -15.48 -11.22 -29.00 -19.69 

P
ac

lit
ax

el
 (

P
) 

ANOVA test followed by Bonferroni’s post-hoc test 
vs. control group (p) 

ns ns ns ns * ns 

Mean/group ± SEM 
7.14 

±0.46 
27.77 
±1.71 

7.86 
±0.46 

29.75 
±1.24 

8.07 
±0.314 

31.19 
±0.9 

8.32 
±0.48 

32.10 
±1.55 

Percentage change vs. baseline 10.18 7.13 13.10 12.32 16.59 15.59 

ANOVA test followed by Dunnett’s post-hoc test  
vs. baseline (p) 

ns ns ns ns ns ns 

Percentage change vs. control group 11.32 8.48 14.99 14.80 13.88 18.70 

ANOVA test followed by Bonferroni’s post-hoc test 
vs. control group (p) 

ns ns ns * * ** 

Percentage change vs. paclitaxel group 26.83 21.61 30.47 26.03 42.88 38.39 

G
ab

ap
e

nt
in

 / 
E

tif
ox

in
e 

(G
E

) 

ANOVA test followed by Bonferroni’s post-hoc test 
vs. paclitaxel group (p) 

* * ** * *** *** 

Mean/group ± SEM 
6.81 

±0.44 
27.00 
±1.60 

8.36 
±0.59 

31.80 
±1.74 

7.92 
±0.74 

29.60 
±2.40 

8.27 
±0.37 

31.96 
±1.11 

Percentage change vs. baseline 22.77 17.78 16.26 9.63 21.31 18.37 

ANOVA test followed by Dunnett’s post-hoc test  
vs. baseline (p) 

ns ns ns ns ns ns 

Percentage change vs. control group 23.91 19.13 18.15 12.12 18.60 21.48 

ANOVA test followed by Bonferroni’s post-hoc test 
vs. control group (p) 

ns ns ns ns ns ns 

Percentage change vs. paclitaxel group 39.42 32.26 33.63 23.34 47.59 41.17 

T
ra

m
ad

ol
 / 

et
ifo

xi
ne

 (
T

E
) 

ANOVA test followed by Bonferroni’s post-hoc test 
vs. paclitaxel group (p) 

* * ns * ** ** 

Mean/group ± SEM 
6.87 

±0.48 
27.41 
±1.80 

11.12 
±0.72 

35.76 
±0.96 

9.92 
±0.64 

35.85 
±0.85 

9.91 
±0.61 

35.97 
±0.87 

Percentage change vs. baseline 61.89 30.46 44.42 30.79 44.32 31.23 

ANOVA test followed by Dunnett’s post-hoc test  
vs. baseline (p) 

*** *** * *** * *** 

Percentage change vs. control group 63.03 31.82 46.31 33.28 41.60 34.34 

ANOVA test followed by Bonferroni’s post-hoc test 
vs. control group (p) 

*** *** ** *** ** *** 

Percentage change vs. paclitaxel group 78.55 44.94 61.78 44.50 70.60 54.03 

G
ab

ap
e

nt
in

 / 
tr

a
m

ad
ol

 (
G

T
) 

ANOVA test followed by Bonferroni’s post-hoc test 
vs. paclitaxel group (p) 

*** *** ** *** ** *** 

SEM: The standard error of the mean; ns: Not significant; ANOVA: Analysis of variance; *p<0.05; **p<0.01; ***p<0.001. 
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Figure 2 – Analgesic effect (%) of each co-treatment (GE: gabapentin 300 mg/kg bw +etifoxine 100 mg/kg bw; TE: 
tramadol 15 mg/kg bw + etifoxine 100 mg/kg bw; GT: gabapentin 300 mg/kg bw + tramadol 15 mg/kg bw) in the 
mechanical hyperalgesia induced with paclitaxel. Group comparisons were performed using the one-way analysis of 
variance (ANOVA) followed by Bonferroni’s test, in comparison to paclitaxel group. *p<0.05; **p<0.01; ***p<0.001. 

Evaluation of lipid peroxidation, and suscep-
tibility to oxidative stress in rat tissues 

Susceptibility to lipid peroxidation, expressed as 
nmol/mg MDA protein in the brain and liver tissue 
homogenate, and the statistical significance of the results 
is presented in Table 3. 

Table 3 – Susceptibility to lipid peroxidation values, 
expressed as nmol/mg MDA protein in the brain and 
liver tissue homogenate, for control (C), paclitaxel (P), 
gabapentin/etifoxine (GE), tramadol/etifoxine (TE) 
and gabapentin/tramadol (GT) groups. Percentage 
change vs. control group or paclitaxel group and the 
statistical significance of the results 

nmoles MDA/mg tissular proteins from 
brain homogenate 

Group  

C P GE TE GT 

Mean/group ± SEM 
13.17 

±0.678 
20.64 

±1.028 
11.03 
±0.865 

8.78
±1.178

7.35 
±1.077 

Percentage change  
vs. control group 

56.76 -16.20 -33.29 -44.15 

ANOVA test followed by 
Bonferroni’s post-hoc test 

vs. control group (p) 
*** ns * *** 

Percentage change  
vs. paclitaxel group 

-46.54 -57.44 -64.37 

ANOVA test followed by  
Bonferroni’s post-hoc test  

vs. paclitaxel group (p) 
*** *** *** 

nmoles MDA/mg tisular proteins from 
liver homogenate 

Group  

C P GE TE GT 

Mean/group ± SEM
13.3 

±2.005 
12.57 

±2.099 
11.77 
±1.74 

9.88
±1.454

12.91
±2.162

Percentage change  
vs. control group 

-5.48 -11.54 -25.74 -2.90 

ANOVA test followed by 
Bonferroni’s post-hoc test 

vs. control group (p) 
ns ns ns ns 

Percentage change  
vs. paclitaxel group 

-6.41 -21.43 2.73 

ANOVA test followed by  
Bonferroni’s post-hoc test  

vs. paclitaxel group (p) 
ns ns ns 

MDA: Malonyldialdehide; SEM: The standard error of the mean; ns: 
Not significant; ANOVA: Analysis of variance; *p<0.05; **p<0.01; 
***p<0.001. 

For groups treated with paclitaxel 2 mg/kg bw, i.p., 
four consecutive doses (P, GT, TE, GT), the liver MDA 
values have not changed significantly comparing to the 
control group (Table 3). 

In the brain, there was an enhanced susceptibility  
to lipid peroxidation for the group that received just 
paclitaxel. Treatment with tramadol/etifoxine (-33.29%; 
p<0.05) and gabapentin/tramadol (-44.15%, p<0.001) 
reduced the malondialdehyde formation in the brain 
(Figure 3). 
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Figure 3 – Change (%) in susceptibility to lipid 
peroxidation (MDA in the brain) to groups: paclitaxel 
(P), gabapentin/etifoxine (GE); tramadol/etifoxine 
(TE); gabapentin/tramadol (GT). Group comparisons 
were performed using one-way analysis of variance 
(ANOVA) followed by Bonferroni’s test, in compa-
rison to control group. MDA: Malonyldialdehide; 
*p<0.05; ***p<0.001. 

Immunohistochemistry on formalin-fixed 
paraffin-embedded tissue slices. Observations 
on myelinated fibers 

The nerves showed areas of demyelination and clear 
signs of axonal degeneration highlighted by reduction in 
the density of myelinated fibers (Figure 4). Following 
the morphological analysis under the optical microscope, 
it was concluded that C group exhibited sciatic nerves 
rich in myelinated fibers, while P group showed a marked 
decline in myelinated fiber density. 

However, the GE group showed only a moderate 
reduction of myelinated nerve fiber density (moderate 
axonal degeneration) with the prevalence of thick fibers. 
The best outcome was observed in the TE group, which 
exhibited only a slight reduction in myelinated nerve fiber 
density (minimal axonal degeneration) with numerous 
myelinated thick fibers. The GT group displayed the 
most severe reduction in myelinated nerve fiber density 
(severe axonal degeneration). In Figure 4H, the sciatic 
nerve is rich in myelinated fibers. 

Upon analysis of the skin samples from the ear, all 
treated groups presented small myelinated nerve fiber 
endings (Figure 5). 

 Discussion 

CIPN affects up to 80% of patients during chemo-
therapy and it is a severe adverse effect that can limit 
dose and choice of chemotherapy. Mechanisms involved 
in CIPN include disruption of axonal transport, altered ion 
channel and receptor activity, neuronal injury and inflam-
mation, oxidative stress, and mitochondrial damage [27]. 

The aim of our study was to investigate the effect of 
three combinations of active substances on the peripheral 
neuropathy induced by paclitaxel in rats. Using the three 
drugs in combinations was supported by their different 
mechanisms of action in order to achieve a therapeutic 
effect potentiation. Data from preclinical literature shows 
a wide scale use of gabapentin doses (300–900 mg/kg) 
and in the case of these associations, we used the minimum 
therapeutic dose, especially for the safety profile of the 
active substance. For etifoxine, the used dose was equal 
to 1/10 of the LD50 determined in rats. 

 

 

 
Figure 4 – Immunohistochemistry. 

Sections of the sciatic nerve: (A) Control 
group; (B) Paclitaxel group; (C and D) 

Gabapentin and etifoxine group;  
(E and F) Tramadol and etifoxine  
group; (G and H) Gabapentin and 

tramadol group. DAB staining for anti-
myelin basic protein (brown color):  
×100 (B, D, G and H); ×200 (A, C,  

E and F). 
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Figure 5 – Slices of pilose skin extracted from the ears, with observable myelinated nerve endings DAB staining for 
anti-myelin basic protein (brown areas): ×100 (B and D); ×200 (A and C). 

 

We noticed changes in tactile sensitivity, during treat-
ment and in the end, we determined the susceptibility to 
oxidative stress and degenerative changes of myelin in 
the central and peripheral nervous system. 

Allodynia and hyperalgesia following the adminis-
tration of paclitaxel are highlighted by reducing the time 
to response and the force applied for paw retraction. The 
smallest tactile sensitivity threshold for the paclitaxel 
group is registered after 18 days, when the parameter 
time to response decreases vs. control group (allodynia  
-40.29%, p<0.05; hyperalgesia -29%, p<0.05) (Tables 1 
and 2). These data are in line with other experimental 
researches [28, 29]. 

The experimental results have shown the analgesic 
effect of all three tested associations, expressed especially 
by significantly increasing the time to response, both in 
the assessment of allodynia and hyperalgesia. 

Remarkable effects in reducing allodynia were 
recorded for the two associations containing tramadol. 
The combination of gabapentin 300 mg/kg bw + tramadol 
15 mg/kg bw presented anti-allodynic effect versus 
paclitaxel group, most intensively after four days (202.15%; 
p<0.001) (Figure 1). 

The mechanical hyperalgesia induced by paclitaxel 
in rats was decreased by administration of the tested 
combinations. The highest analgesic effect was recorded 
for the combination of gabapentin 300 mg/kg bw + 
tramadol 15 mg/kg bw, after 18 days, when the time to 
response increased by 70.6% relative to the paclitaxel 
group (p<0.001) (Figure 2). These data are consistent 

with results reported in literature that show clinical efficacy 
of tramadol in the treatment of acute neuropathic pain 
[14, 15]. Our experimental study shows that the analgesic 
effect of tramadol is maintained over time, when it is 
associated with gabapentin (Figures 1 and 2). 

Mitochondrial dysfunction is a potential cause of 
chemotherapy-induced peripheral neuropathy [30]. Zheng 
et al. showed a link between deformation (increase in 
volume, “swelling”) of the mitochondria in damaged 
nerve pathways and triggering neuropathic pain [30]. 
Paclitaxel is a chemotherapeutic drug, which damages 
mitochondrial molecular structures through abnormal 
apoptotic processes [31]. Neuropathic pain is favored 
by affecting mitochondria in nerve pathways (due to the 
oxidative effects of paclitaxel); reducing this phenomenon 
could be a possible target for the therapy. 

Gabapentin shows neuroprotective effects supporting 
the antioxidant molecular mechanisms in neuronal mito-
chondria [32, 33], being recommended to be used in 
neurodegenerative diseases. Etifoxine is described in 
the literature as a potential antioxidant molecule [34]. 
Experimental studies present data on its beneficial anti-
inflammatory effects on the nerves harmed by paclitaxel 
[35]. 

To assess oxidative stress, we determined MDA, 
one of the most commonly used indicators of lipid 
peroxidation, knowing that pain is closely related to the 
peroxidation of lipids [16, 17]. The experimental results 
showed the involvement of oxidative stress in the 
development and evolution of neuropathic pain. The 
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pharmacological therapy used by us significantly reduced 
the lipid peroxidation and susceptibility to oxidative stress 
compared to the group treated with paclitaxel. Therefore, 
gabapentin and etifoxine can improve peripheral neuro-
pathy induced by paclitaxel due to their neuroprotective, 
anti-inflammatory, antioxidant mechanisms. These effects 
benefit from the addition of the analgesic effect of tramadol. 
Our results show neuroprotective and antioxioxidant effects 
especially for the combination gabapentin/tramadol, and 
then for the association etifoxine/tramadol. 

Observations on myelinated fibers indicated towards 
histological changes induced by paclitaxel on the sciatic 
nerves and the possible protective effect of the tested 
substances. After examining the sciatic nerve for all those 
receiving paclitaxel, we observed areas of segmental 
demyelination, depletion and destruction of the myelin 
sheath as well as axonal degeneration. These observations 
are consistent with literature data [36]. The groups treated 
with combinations (etifoxine/gabapentin, tramadol/etifoxine, 
gabapentin/tramadol) showed reduced damage of the 
myelin fiber density from the sciatic nerve. 

 Conclusions 

Our present data provide evidence that allodynia and 
hyperalgesia evoked by paclitaxel might be inhibited by 
the tested combinations (etifoxine/gabapentin, tramadol/ 
etifoxine and gabapentin/tramadol). Importantly, the 
beneficial effects of the combinations used on paclitaxel-
induced peripheral neuropathy might be mediated by 
reducing the lipid peroxidation and susceptibility to 
oxidative stress and by decreasing the damage on the 
myelin fibers. An advantage of these combinations lies 
in the use of lower doses than with the single active 
substances for the significant improvement of the profile 
of side effects. The gabapentin/tramadol combination might 
represent a strong addition to the array of therapeutic 
options for neuropathic pain, awaiting future high quality 
validating clinical trials. 
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