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actions of these organosulfur compounds. However, the potential of these organo-
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was aimed at investigating the pain attenuating potential of diallyl disulfide and
diallyl trisulfide in chronic constriction injury (CCl)-induced neuropathic pain in rats.
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INTRODUCTION

Neuropathic pain develops due to nerve injury, and no-
ciceptive pain arises due to tissue injury. Another char-
acteristic feature of neuropathic pain is that it tends to
persist despite the healing of the initial injury. In contrast,
nociceptive pain is resolved after the healing of a tissue
injury. Neuropathic pain is characterized by unpleasant
abnormal sensations (dysesthesia), increased pain re-
sponse to painful stimuli (hyperalgesia), and development
of pain in response to a non-painful stimulus (allodynia)
[1]. There have been drugs employed for the management
of neuropathic pain, including gabapentin, pregabalin,
tricyclic antidepressants, etc. However, an incomplete
response along with the undesirable side effects limits the
use of presently available drug therapy [2,3]. Therefore,
there is a need to develop and identify a new drug therapy
for the management of neuropathic pain. Chronic con-
striction injury (CCI) of the sciatic nerve is one of the most
commonly employed models to induce neuropathic pain
in animals. This preclinical pain model simulates carpal
tunnel syndrome in humans [4], which is a common form
of entrapment neuropathy.

Garlic (Allium sativum L.) is a rich source of different
organosulfur compounds including diallyl sulfide, diallyl
disulfide, and diallyl trisulfide [5]. These organic polysul-
fides, found in garlic oil, liberate H,S under physiologi-
cal conditions, and modulate the pathophysiology of a
number of diseases. These are found to reduces oxidative
stress, increase ischemia-induced angiogenesis [6], attenu-
ate nephrotoxicity [7,8], hepatotoxicity [9] and cardiotoxic-
ity [10]. These polysulfides also produce anticancer effects
[11]. Furthermore, these are found to be neuroprotective in
different types of injuries [12,13]. However, the potential of
these organosulfur compounds in neuropathic pain is not
explored. Therefore, the present study has been designed
to explore the pain attenuating actions of diallyl disulfide
and diallyl trisulfide in CCI-induced neuropathic pain in
rats. The study also attempted to explore their potential
pain-attenuating mechanisms through modulation of H,S,
brain-derived neurotrophin factor (BDNF), and nuclear
factor erythroid 2-related factor 2 (Nrf2).

MATERIALS AND METHODS
1. Animals, drugs and chemicals

Male Wistar albino rats (200-250 g) were used for this
study, and these were maintained at standard laboratory
conditions (40% humidity, a temperature of 24°C-26°C, and
12 hr of light and dark). The experimental protocol was

www.epain.org

approved by the Institutional Animal Ethics Committee
of Tianjin First People’s Hospital (Ethical committee) with
ethical approval number: 2019528A65F025. The experi-
ments were performed as per the ethical guidelines. ANA-
12, BDNF receptor blocker (Tocris Bioscience, Bristol, UK),
diallyl disulfide (Sigma-Aldrich, St. Louis, Missouri) and
diallyl trisulfide (Sigma-Aldrich) were used as pharmaco-
logical agents. The enzyme-linked immunosorbent assay
(ELISA) kits for the quantification of BDNF and Nrf2 were
procured from RayBiotech, Peachtree Corners, Georgia.

2. CClI-induced neuropathic pain

Rats were anesthetized using ketamine (80 mg/kg intra-
peritoneal injection [i.p.]) and xylamine (10 mg/kg i.p.),
which was followed by surgery on the left hind limb to
expose the sciatic nerve. Around the sciatic nerve, four
ligatures (silk 4-0) were placed at a distance of one mil-
limeter between each ligature. The ligatures were tied
loosely till a short flick of the ipsilateral hind limb was ob-
served [14]. The rats were placed for 14 days to develop the
pain response. There have been a number of studies docu-
menting the pain assessment on 14th day of surgery in CCI
models [15-17], therefore, the 14 day period was chosen in
this study, on the basis of previously published studies.

3. Assessment of pain-related behavioral parameters

1) Paw pressure test (mechanical hyperalgesia)

The assessment of mechanical hyperalgesia was done us-
ing the pressure stimulation method. The mechanical no-
ciceptive threshold (in grams) was measured by gradually
increasing the weight (pressure) on the left hind paw and
the pressure at which animals attempted to withdraw the
hind paw was denoted as a nociceptive threshold. The cut-
off pressure was maintained at 450 g [18]. The results were
expressed as a percentage decrease in paw withdrawal
threshold on the 14th day in comparison to the 1st day.

2) Von Frey filament test (mechanical allodynia)

The mechano-tactile allodynia was assessed using cali-
brated nylon filaments of different bending forces (0.6, 1,
1.4, 2, 4, 6, 8, 10, 15, and 26 g). The filaments were applied
in the mid-plantar surface of left hind paw ten times,
starting with the softest and continuing in ascending
order of stiffness. A brisk withdrawal of the hind limb on
the application of nylon filaments was considered a posi-
tive response. The bending force (in gram) of the filament,
which evoked 50% of positive response, was considered to
be equal to the mechano-tactile threshold value [19]. The

Korean J Pain 2020;33(3):216-225



218

Wang, et al

results were expressed as a percentage decrease in paw
withdrawal threshold on the 14th day in comparison to the
1st day.

3) Acetone drop test (cold allodynia)

In this test, acetone (100 pL) was sprayed on the plantar
region of the hind paw and the duration for which rat kept
its paw in the air (as a pain response to cold stimulus) was
noted as the paw withdrawal duration (in sec). This test
was repeated thrice, and the cumulative paw withdrawal
duration was noted [20]. The results were expressed as a
percentage increase in paw withdrawal duration on the
14th day in comparison to the 1st day.

4. Quantification of biochemical parameters

After completion of the behavioral tests, animals were eu-
thenized (by cervical dislocation) on the 14th day after sur-
gery. The sciatic nerve and dorsal root ganglia (DRG) of the
injured paw were isolated immediately. These tissues were
processed separately and were homogenized separately
to obtain supernatants of the sciatic nerve and DRG. The
levels of BDNF and Nrf2 were quantified using commer-
cially available ELISA kits, and estimation was performed
as per instructions. The levels of H,S were quantified using
reversed-phase high-performance liquid chromatography
in which the formation of sulfide dibimane, as a result of
the reaction of H,S with monobromobimane, was detected
[21,22]. The protein levels were quantified using the Folin
Lowry method, using bovine serum albumin as the stan-
dard [23].

5. Experimental design

Ten groups were employed in this study, with each group
comprised of eight animals. The doses of diallyl trisulfide
[24,25], diallyl disulfide [8,26], and ANA-12 (a BDNF recep-
tor blocker) [27] were selected on the basis of previously
published studies. The experimental groups included:

- Normal: No surgery was performed.

- Sham: Surgery was performed without nerve ligation.

- CCI: Surgery was performed along with nerve ligation.

- Diallyl disulfide (25 mg/kg per os [p.o.]) in CCL: CCI-
subjected rats were treated for 14 days with a low dose
of diallyl disulfide.

- Diallyl disulfide (50 mg/kg p.o.) in CCI: CCI-subjected
rats were treated for 14 days with a high dose of diallyl
disulfide.

- Diallyl trisulfide (20 mg/kg p.o.) in CCIL: CCI-subjected
rats were treated for 14 days with a low dose of diallyl
trisulfide.
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- Diallyl trisulfide (40 mg/kg p.o.) in CCI: CCI-subjected
rats were treated for 14 days with a high dose of diallyl
trisulfide.

- ANA-12 (0.25 mg/kg) and diallyl disulfide (50 mg/kg)
in CCL: To explore the role of BDNF in diallyl disulfide-
mediated pain attenuating actions, a low dose of ANA-
12 was co-administered with diallyl disulfide (selec-
tion of the dose on the basis of the results of groups
diallyl disulfide [25 mg/kg p.o.] and diallyl disulfide [50
mg/kg p.o.] in CCI) in CCI-subjected rats.

- ANA-12 (0.50 mg/kg) and diallyl disulfide (50 mg/kg)
in CCI: A high dose of ANA-12 was co-administered
with diallyl disulfide in CCI-subjected rats.

- ANA-12 (0.50 mg/kg) and diallyl trisulfide (40 mg/
kg) in CCI: To explore the role of BDNF in diallyl
trisulfide-mediated beneficial effects, a high dose of
ANA-12 (selection of dose on the basis of the results of
groups ANA-12 [0.25 mg/kg] and diallyl disulfide [50
mg/kg] and ANA-12 [0.50 mg/kg] and diallyl disulfide
[50 mg/kg] in CCI) was co-administered with a high
dose of diallyl trisulfide (dose selection on the basis of
the results of groups diallyl trisulfide [20 mg/kg p.o.]
and diallyl trisulfide [40 mg/kg p.o.] in CCI).
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Fig. 1. Effect of different interventions on paw withdrawal threshold
(mechanical hyperalgesia) in Randall-Selitto test. The data were repre-
sented as percentage decrease in paw withdrawal threshold on 14th day
of surgery in comparison to day 1 i.e., before surgery. CCl: chronic con-
striction injury, DADS: diallyl disulfide, DATS: dially! trisulfide. °P < 0.05 vs.
sham; °P < 0.05 vs. CCl; °P < 0.05 vs. DADS (50 mg/kg) in CCl; °P < 0.05
vs. DATS (40 mg/kg) in CCl.
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Fig. 2. Effect of different interventions on paw withdrawal threshold
(mechanical allodynia) in Von Frey test. The data were represented as
percentage decrease in paw withdrawal threshold on 14th day of surgery
in comparison to day 1 i.e., before surgery. CCI: chronic constriction in-
jury, DADS: dially! disulfide, DATS: diallyl trisulfide. °P < 0.05 vs. sham; °P
<0.05 vs. CCl; °P < 0.05 vs. DADS (50 mg/kg) in CCl; °P < 0.05 vs. DATS
(40 mg/kg) in CCI.

6. Statistical testing

All results were expressed as mean + standard error of the
mean. The pain-related behavioral data were analyzed
using two-way analysis of variance (ANOVA); while the
biochemical data were analyzed using one-way ANOVA.
Tukey’s multiple comparison test was employed for post
hoc analysis. A probability value of P < 0.05 was considered
to be statistically significant.

RESULTS

1. Diallyl disulfide and diallyl trisulfide ameliorated
CCl-induced hyperalgesia and allodynia

CCI led to significant development of mechanical hyper-
algesia (assessed using the Randall-Selitto test) (Fig. 1),
mechanical allodynia (assessed using the Von Frey test)
(Fig. 2) and paw cold allodynia (assessed using an ac-
etone drop test) (Fig. 3) on the 14th day in comparison to
the sham control group (Table 1). There was a significant
decrease in the paw withdrawal threshold in response to
the application of weight (pressure) in the Randall-Selitto
the and tactile filaments in Von Frey tests, indicating the
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Fig. 3. Effect of different interventions on paw withdrawal duration (cold
allodynia) in cold acetone drop test. The data were represented as per-
centage increase in paw withdrawal threshold on 14th day of surgery in
comparison to day 1 i.e., before surgery. CCI: chronic constriction injury,
DADS: diallyl disulfide, DATS: diallyl trisulfide. °P < 0.05 vs. sham; °P <
0.05 vs. CCI; °P < 0.05 vs. DADS (50 mg/kg) in CCI; °P < 0.05 vs. DATS (40
mg/kg) in CCl.

development of mechanical hyperalgesia and mechanical
allodynia, respectively. Moreover, there was a significant
increase in paw withdrawal duration in response to the
acetone drop application on the mid-plantar region of the
hind paw. However, treatment with diallyl disulfide (25
and 50 mg/kg) and diallyl trisulfide (20 and 40 mg/kg) for
14 days led to a significant reduction in mechanical hyper-
algesia (Fig. 1), mechanical allodynia (Fig. 2), and cold al-
lodynia (Fig. 3) in CCI-subjected rats in a dose-dependent
manner. The pain-attenuating effects of diallyl trisulfide
was relatively more pronounced in comparison to diallyl
disulfide (Table 1).

2. Treatment with diallyl disulfide and diallyl
trisulfide induced biochemical changes in the
sciatic nerve and DRG of CCI-subjected rats

There was a significant reduction in the BDNF (Fig. 4), H,S
(Fig. 5) and Nrf2 (Fig. 6) levels in the sciatic nerve and DRG
of CCI-subjected rats. However, treatment with diallyl di-
sulfide and diallyl trisulfide for 14 days led to a significant
restoration of the levels of BDNF, H,S, and Nrf2 in the sci-
atic nerve and DRG (Table 1).
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Sciatic nerve

Fig. 4. Effect of different interventions on
the BDNF levels in the DRG and sciatic
nerve. BDNF: brain-derived neurotrophin
factor, DRG: dorsal root ganglia, CCl:
chronic constriction injury, DADS: diallyl
disulfide, DATS: diallyl trisulfide. °P < 0.05
vs. sham; °P < 0.05 vs. CCl; °P < 0.05 vs.
DADS (50 mg/kg) in CCl; °P < 0.05 vs.
DATS (40 mg/kg) in CCI.

Fig. 5. Effect of different interventions
on the H,S levels in the DRG and sciatic
nerve. DRG: dorsal root ganglia, CCl:
chronic constriction injury, DADS: diallyl
disulfide, DATS: diallyl trisulfide. °P < 0.05
vs. sham; °P < 0.05 vs. CCl.

Fig. 6. Effect of different interventions
on the Nrf2 levels in the DRG and sciatic
nerve. Nrf2: nuclear factor erythroid 2-re-
lated factor 2, DRG: dorsal root ganglia,
CCl: chronic constriction injury, DADS: di-
allyl disulfide, DATS: diallyl trisulfide. °P <
0.05 vs. sham; °P < 0.05 vs. CCl; °P < 0.05
vs. DADS (50 mg/kg) in CCI; °P < 0.05 vs.
DATS (40 mg/kg) in CCl.
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3. Co-administration of BDNF blocker attenuated
the effects of diallyl disulfide and diallyl trisulfide
in CCI-subjected rats

Co-administration of ANA-12 (BDNF receptor blocker) for
14 days led to significant attenuation of the pain-amelio-
rating effects of diallyl disulfide and diallyl trisulfide in
CClI-subjected rats. Moreover, co-administration of ANA-
12 also abolished the restorative effects of diallyl disulfide
and diallyl trisulfide on BDNF (Fig. 4) and Nrf2 (Fig. 6)
without any significant effect on H,S levels (Fig. 5, Table 1).

DISCUSSION

In the present study, application of four loose ligatures
around the sciatic nerve in the form of CCI led to induction
of neuropathic pain assessed in the form of development
of mechanical hyperalgesia (Randall-Selitto test), me-
chanical allodynia (Von Frey test) and cold allodynia (ac-
etone drop test). CCI is one of the most common methods
to induce neuropathic pain in animals [28] and the results
of the present study are in line with the previous studies
[16]. However, treatment of CCI-subjected rats with diallyl
sulfide and diallyl trisulfide led to significant attenua-
tion of neuropathic pain, signifying the potential of these
organosulfur compounds in ameliorating neuropathic
pain. There have been previous studies documenting the
widespread application of these compounds in a number
of diseases involving organs such as kidney, heart, and
liver [7-10]. Moreover, studies have shown their neuropro-
tective potential in different models [12,13]. However, to
the best of our knowledge, it is the first report document-
ing the neuropathic pain attenuating potential of diallyl
disulfide and diallyl trisulfide in CCI-induced neuropathic
pain in rats. Nevertheless, future studies may be designed
to explore the protective effects of these organosulfur
compounds on nerve injury-induced histopathological
changes in the sciatic nerve and DRG.

In the present study, CCI was also associated with sig-
nificant alterations in the biochemical milieu in the sciatic
nerve and DRG. Indeed, there was a significant reduction
in the BDNF, H,S, and Nrf2 levels in these sites follow-
ing nerve injury. However, treatment with diallyl sulfide
and triallyl sulfide led to a significant restoration of these
biochemical parameters along with attenuation of neuro-
pathic pain. It signifies that a decrease in the BDNF, H,S,
and Nrf2 levels may contribute to the pathogenesis of neu-
ropathic pain, while their restoration in the presence of di-
allyl sulfide and triallyl sulfide may possibly contribute in
attenuating neuropathic pain. Diallyl sulfide and triallyl
sulfide are reported to release H,S endogenously, and the
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usefulness of diallyl sulfide and triallyl sulfide in a num-
ber of diseases has been attributed to an increase in H,S
levels [29,30]. Moreover, there have been studies showing
that H,S donors may contribute in ameliorating neuro-
pathic pain [31]. Accordingly, the pain attenuating ac-
tions of these organosulfur compounds in this study may
be possibly due to their H,S releasing actions. Moreover,
there have been studies showing that the neuroprotective
actions of organosulfur compounds are due to their anti-
oxidant properties [12,32,33], and the present study results
showing an increase in the levels of Nrf2, an antioxidant,
are in line with these studies.

In this study, co-administration of ANA-12 (a BDNF
blocker) eliminated the pain-attenuating actions of diallyl
disulfide and diallyl trisulfide, along with the reduction
in the levels of BDNF and Nrf2, without any significant
effect on H,S levels. It suggests that diallyl disulfide and
diallyl trisulfide may increase the levels of BDNF and Nrf2
to reduce neuropathic pain. BDNF belongs to the neuro-
trophin family [34], and Nrf2 is a transcriptional factor
contributing to an increase in cellular antioxidant levels
[35]. Studies have shown that activation of the Nrf2 signal-
ing cascade may attenuate neuropathic pain of different
etiologies [36]. But the role of BDNF in neuropathic pain is
controversial, and its pronociceptive [37] as well as anti-
nociceptive actions have been documented. However, our
study documents that an increase in BDNF-dependent sig-
naling may be responsible for the reduction in neuropath-
ic pain. Moreover, there have been studies showing that an
increase in BDNF may increase the expression of Nrf2, i.e.,
Nrf2 is the downstream mediator of BDNF [38,39]. There-
fore, it may be possible to suggest that a diallyl disulfide
and diallyl trisulfide-mediated increase in BDNF may be
responsible for an increase in the Nrf2 levels. A decrease
in the BDNF levels with the treatment of ANA-12, a BDNF
receptor blocker, is an interesting finding. From the results
of the present study, it is difficult to delineate the precise
mechanism responsible for this action. It has been report-
ed that an increase in oxidative stress leads to a decrease
in the BDNF levels [40]. Accordingly, it may be speculated
that the ANA-12-mediated increase in oxidative stress,
due to a decrease in Nrf2 levels, contributes in reducing
the BDNF levels. Since BDNF produces paracrine as well
as autocrine actions [41,42], it may be possible that BDNF
is involved in increasing/potentiating its own synthesis in
an autocrine manner. Accordingly, the ANA-12-mediated
decrease in the actions of BDNF, including autocrine ac-
tions, may contribute to decreasing the synthesis of BDNF.
However, experimental studies are required to delineate
the possible mechanisms involved in the ANA-12-mediat-
ed decrease in BDNF levels in nerve injury-subjected rats.

In diallyl disulfide and diallyl trisulfide-treated rats, the
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non-modulation of H,S levels in the presence of a BDNF
blocker suggests that BDNF is the downstream mediator
of H,S. In other words, diallyl disulfide and diallyl trisul-
fide may increase the levels of H,S, which may eventually
increase the expression of BDNF, followed by an increase
in Nrf2, to attenuate neuropathic pain. This contention
is supported by reports of previously published studies
showing that an increase in H,S levels may contribute to
an increase in the expression of BDNF to produce protec-
tive effects [43]. Accordingly, it may be hypothesized that
diallyl disulfide and diallyl trisulfide may increase the
release of H,S, followed by an increase in the expression
of BDNF and Nrf2 in the sciatic nerve and DRG to mitigate
neuropathic pain in chronic constriction-subjected rats.
However, further experiments are required to prove the
direct relationship in a signaling cascade involving H,S,
BDNF and Nrf2 in the pain attenuating actions of dial-
lyl disulfide and diallyl trisulfide. Diallyl disulfide is also
reported to activate the peroxisome proliferator-activated
receptor gamma coactivator 1 alpha (PGC-1a) [44], whose
activation is suggested to attenuate chemotherapy-
induced neuropathic pain [38]. Accordingly, the possible
involvement of PGC-1a in organosulfur compound-me-
diated pain attenuating actions in nerve-injury-induced
neuropathic pain may be explored in future studies.
Diallyl disulfide and diallyl trisulfide have the potential
to attenuate neuropathic pain in CCI-subjected rats, and
their pain attenuating actions involve an increase in the
levels of H,S, BDNF, and Nrf2 in the sciatic nerve and DRG.
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