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Abstract: When neuropathic pain is maintained long term, it can also lead to the development of
emotional disorders that are even more intense than pain perception and difficult to treat. Hydrogen
sulfide (H2S) donors relieve chronic pain, but their effects on the associated mood disorders are
not completely elucidated. We evaluated if treatment with DADS (diallyl disulfide) or GYY4137
(morpholin-4-ium 4-methoxyphenyl(morpholino) phosphinodithioate dichloromethane complex),
two slow-releasing H2S donors, inhibits the anxiety- and depressive-like behaviors that concur with
chronic neuropathic pain generated by sciatic nerve injury in mice. The modulatory role of these drugs
in the inflammatory, apoptotic, and oxidative processes implicated in the development of the affective
disorders was assessed. Our results revealed the anxiolytic, antidepressant, and antinociceptive
properties of DADS and GYY4137 during neuropathic pain by inhibiting microglial activation and
the up-regulation of phosphoinositide 3-kinase/phosphorylated protein kinase B and BAX in the
amygdala (AMG) and/or periaqueductal gray matter (PAG). Both treatments also normalized and/or
activated the endogenous antioxidant system, but only DADS blocked ERK 1/2 phosphorylation.
Both H2S donors decreased allodynia and hyperalgesia in a dose-dependent manner by activating the
Kv7 potassium channels and heme oxygenase 1 signaling pathways. This study provides evidence
of the anxiolytic and antidepressant properties of DADS and GYY4137 during neuropathic pain
and reveals their analgesic actions, suggesting that these therapeutic properties may result from the
inhibition of the inflammatory, apoptotic, and oxidative responses in the AMG and/or PAG. These
findings support the use of these treatments for the management of affective disorders accompanying
chronic neuropathic pain.
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1. Introduction

Several studies have demonstrated that the prevalence of neuropathic pain in the
general population is around 6.9–10% [1]. It is also well known that, when neuropathic
pain is maintained long term, in addition to the symptoms of the pain itself, it is very
common to develop emotional disorders that are even more intense than pain perception,
making their treatment a challenge [2]. Current treatments reduce pain symptoms but
have limited efficacy in reducing the mood disorders that co-occur with neuropathic pain;
consequently, new therapies are urgently needed.

Hydrogen sulfide (H2S) is a gaseous neurotransmitter that regulates numerous physi-
ological and pathophysiological processes [3]. It is highly implicated in modulating the
cellular redox state and protects cells from oxidative stress [4,5]. Previous works reported
the anxiolytic and/or antidepressant effects of fast exogenous H2S donors such as sodium
hydrosulfide (NaHS) [6] and sodium sulfide (Na2S) [7] and the improvement of the anxiety-
and/or depressive-related behaviors accompanying diabetes [8–10]. In addition, the an-
tidepressant effects of H2S donors that could release H2S in a more controlled manner, such
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as diallyl disulfide (DADS), a garlic component, in animals with depressive-like behav-
iors induced by chronic mild stress (CMS) have been also demonstrated [11]. GYY4137
(morpholin-4-ium 4-methoxyphenyl(morpholino) phosphinodithioate dichloromethane
complex), a synthetic H2S donor that also slowly releases H2S over a long time period [12],
has been also recognized as a promising therapeutic agent in cardiovascular diseases,
inflammatory processes, diabetes, and cancer [13]. Nevertheless, the potential effects of
DADS and GYY4137 in modulating the emotional disorders associated with chronic pain
have not been established.

Microglial activation and the increased synthesis of phosphoinositide 3-kinase (PI3K)/
protein kinase B (Akt) induced by nerve injury in the spinal cord and several brain regions
provoke central sensitization, thus contributing to the development of anxiety- and/or
depressive-like behaviors associated with chronic pain both in animals [14,15] and pa-
tients [16]. Microglial activation has been exhibited in the amygdala (AMG) of mice with
anxiety-like behaviors, and its blockage inhibited this emotional behavior [17].

Recent studies also reveal the direct involvement of oxidative stress in anxiety- and
depressive-like behaviors [18,19]. Oxidative stress, displayed with high levels of reactive
oxygen species (ROS) and/or low levels of antioxidant enzymes, such as heme oxygenase
1 (HO-1) and quinone oxidoreductase 1 (NQO1) in the spinal cord, hippocampus, and
prefrontal cortex, is also implicated in the maintenance of neuropathic pain triggered by
the chronic constriction of the sciatic nerve (CCI) [15,20]. In consequence, the inhibition
of the PI3K/p-Akt signaling pathways attenuated neuropathic pain [21,22] and treatment
with antioxidants, such as oxindoles and Nrf2 and/or HO-1 inducers, exerted anxiolytic
and antidepressant effects by enhancing and/or avoiding the depletion of antioxidant
enzymes induced by neve injury or peripheral inflammation [20,23,24]. Earlier studies
reveal that NaHS blocked oxidative stress and increased the synthesis of superoxide
dismutase (SOD) in the hippocampus of diabetic rats [8]. Similarly, isothiocyanates such as
allyl-isothiocyanate (A-ITC) and phenyl-isothiocyanate (P-ITC) also avoided the enhanced
expression of p-Akt/AKT or p-ERK 1

2 and improved the protein levels of HO-1, NQO1,
and glutathione S-transferase Mu 1 (GSTM1) in the hippocampus and prefrontal cortex of
animals with neuropathic pain [25]. Nevertheless, the effects of DADS and GYY4137 in
the nociceptive and oxidative responses provoked by peripheral nerve lesion in the central
nervous system have not been assessed.

It is well known that oxidative stress leads to cell apoptosis as manifested with the
up-regulation of Bcl2-associated X (BAX), an apoptosis-related protein, in the midbrain of
rats with neuropathic pain [26,27]. In this study, the effects of DADS and GYY4137 in the
apoptotic reactions generated by nerve injury will be also evaluated.

The AMG is an important brain area involved in the modulation of emotional dis-
orders, such as anxiety and depression, as well as in the development of chronic pain
including neuropathic pain [11,28–30]. In addition, several direct and indirect pathways
between the periaqueductal gray area (PAG) and AMG participating in the modulation of
neuropathic pain have also been demonstrated [11,31], thus supporting the participation
of these brain areas in the control of neuropathic pain and associated affective disorders.

In this study, we evaluated the anxiolytic and antidepressant effects of DADS and
GYY4137 in mice with neuropathic pain induced by CCI. The mechanisms implicated in
their analgesic actions and their effects in microglial activation and expression of PI3K/p-
Akt, BAX, and several antioxidant enzymes in the AMG and PAG were further investigated.

2. Materials and Methods
2.1. Animals

Experiments were carried out with male C57BL/6 mice (21–26 g; 5–6 weeks old),
acquired from Envigo Laboratories (Barcelona, Spain), which were housed under standard
light/dark (12/12-h), temperature (22 ◦C), and humidity (66%) conditions with free access
to food and water. Experiments were performed after 7 days of acclimatization to the
environmental conditions, conducted between 9:00 a.m. and 5:00 p.m., and in conformity
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with the guidelines of the European Commission’s directive (2010/63/EC) and the Spanish
Law (RD 53/2013) regulating animal research, and approved by the local Committee of
Animal Use and Care of the Autonomous University of Barcelona (ethical code: 9863).
Maximal efforts were made to reduce the number and suffering of animals used.

2.2. Induction of Neuropathic Pain

Neuropathic pain was provoked by CCI. Sciatic nerve ligation was carried out under
isoflurane anesthesia conditions (3% induction, 2.5% maintenance). The biceps femoris
and the gluteus superficialis were separated by blunt dissection, and three ligatures right
(4/0 silk) around the sciatic nerve were performed taking care to preserve epineural circu-
lation as described by [32]. The same conditions were applied to control animals without
nerve ligation (sham).

2.3. Mechanical Allodynia

Mechanical allodynia was evaluated by measuring the hind paw withdrawal response
after the stimulation with the von Frey filament of different bending forces (0.008–3.5 g).
Animals were placed in Plexiglas tubes (20 cm high × 9 cm diameter) with a wire grid
bottom through which the filaments (North Coast Medical, Inc., San Jose, CA, USA) were
applied by using the up–down paradigm [33]. A filament of 0.4 g was applied first, and
the filament of 3.0 g was used as a cut-off. The strength of the next filament was increased
or decreased depending on the animal’s response. The threshold of the response was
calculated using an Excel program (Microsoft Iberia SRL, Barcelona, Spain) that included
curve fitting of the data.

2.4. Thermal Hyperalgesia

Thermal hyperalgesia was measured by assessing the paw withdrawal latency in
response to radiant heat in the plantar test (Ugo Basile, Varese, Italy) [34]. Mice were placed
in Plexiglas tubes (20 cm high × 9 cm diameter) placed on a glass surface. The heat source
positioned under the plantar surface of the hind paws was activated with a light beam
intensity until the paw withdrawal. We used a cut-off time of 12 s. Mean paw withdrawal
latencies were determined from the average of three separate trials.

2.5. Cold Allodynia

Cold allodynia was evaluated using the cold plate apparatus (Ugo Basile, Italy). The
number of elevations of each hind paw from mice exposed to the cold plate (4 ± 0.5 ◦C)
during 5 min was recorded.

In all tests, animals were habituated to the environment for 1 h before the experiment.
Both ipsilateral and contralateral paws were tested.

2.6. Anxiety Behavioral Tests

The anxiety-like behavior was assessed by utilizing the elevated plus maze (EPM) [35]
and the open file (OF) tests [36]. The EPM has an X-shape with 4 arms each of 5 cm wide
and 35 cm long, two open and two closed, with walls 15 cm high. The height from the
labyrinth to the ground is 45 cm. The animal was placed in the center of the maze facing
the open arms and its behavior was recorded by a digital camera for 5 min. The number
of entries into the open and closed arms and the percentage of time stay in the open arms
were calculated for each animal.

In the OF test, mice were placed in the center of the arena of a 44 × 44 cm box with
a grey non-reflecting base and four walls, and their behavior was recorded by a digital
camera for 5 min. Animals were allowed to move freely around the maze and to explore
the environment. The number of entries in the central area, the time spent in it and the
number of squares crossed was assessed.
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2.7. Depressive Behavioral Tests

The evaluation of the depressive-like behaviors was performed by using the tail sus-
pension test (TST) and the forced swimming test (FST) in which the duration of immobility
of the animals was quantified according to the methods described by [37,38], respectively.

In the TST, mice isolated acoustically and visually were suspended by the tail from a
horizontal wooden bar (35 cm above the floor) using adhesive tape (1 cm from the tip of
the tail). The immobility time in seconds was recorded for 6 min. In the FST, each mouse
was placed in a transparent Plexiglas cylinder (25 cm × 10 cm) containing water to a depth
of 10 cm at 24 ◦C ± 0.1 ◦C. Each animal was subjected to forced swimming for 6 min, and
the total duration of immobility was measured during the last 4 min, when mice show a
sufficiently stable level of immobility. In both tests, mice were considered immobile when
they remained completely quiet.

All of these experiments were performed by experimenters blinded to the
experimental conditions.

2.8. Western Blot Analysis

Mice were euthanized by cervical dislocation at 30 days after surgery (CCI or SHAM).
The contralateral AMG and the PAG were extracted and preserved at 80 ◦C until use. We
analyzed the expression of PI3K, p-Akt/Akt, p-ERK1/2/ERK1/2, CD11b/c, BAX, HO-1,
NQO1, SOD-1, and glutathione S-transferase Mu 1(GSTM1) by Western blot assay. The
sonication of tissues was made in cold lysis buffer RIPA Buffer (Sigma-Aldrich). After
solubilization for 1 h at 4 ◦C, crude homogenates were sonicated for 10 s and centrifuged
at 700× g for 20 min at 4 ◦C. The supernatant (60 µg of total protein) was mixed with 4X
Laemmli loading buffer and loaded onto a 4% stacking/12% separating sodium dodecyl
sulfate polyacrylamide gels. Proteins were electrophoretically transferred onto a polyvinyli-
dene fluoride membrane for 120 min and successfully blocked with phosphate-buffered
saline (PBS) containing 5% nonfat dry milk, Tris-buffered saline with Tween 20 containing
5% bovine serum albumin (BSA), or 5% nonfat dry milk and PBS with Tween 20 containing
5% BSA for 75 min; they were then incubated with specific rabbit primary antibodies anti
PI3K (1:150; Abcam, Cambridge, United Kingdom), phospho-Akt (1:150; Cell Signaling
Technology, Danvers, MA, USA), total Akt (1:250; Cell Signaling Technology, Danvers,
MA, USA), phospho-ERK 1/2 and total ERK 1/2 (1:250; Cell Signaling Technology, Dan-
vers, MA, USA), BAX (1:250; Cell Signaling Technology, Danvers, MA, USA), HO-1 (1:250;
Abcam, Cambridge, UK), NQO1 (1:200; Abcam, Cambridge, UK), SOD-1 (1:150; Novus
Biologic, Littleton, CO, USA), and GSTM1 (1:150; Novus Biologic, Littleton, CO, USA) or
β-actin (1:5000, Abcam Cambridge, UK) overnight at 4 ◦C. The blots were then incubated
with anti-rabbit secondary polyclonal antibodies conjugated to horseradish peroxidase (GE
Healthcare, Little Chalfont, Buckinghamshire, UK) for 1 h at room temperature. Proteins
were detected by using chemiluminescence reagents provided in the ECL kit (GE, Health-
care, Little Chalfont, Buckinghamshire, UK). Densitometric analysis was carried out using
Image-J program (National Institutes of Health, Bethesda, MD, USA).

2.9. Experimental Procedures

In a first set of experiments, we investigated if the repetitive administration of
150 µmols/kg of DADS from day 28 to 30 after surgery or 32 µmols/kg of GYY4137 from
day 27 to 30 after surgery (two times per day) inhibited the anxiety- and depressive-like
behaviors associated with chronic pain. The effects of these treatments in the mechanical
allodynia, thermal hyperalgesia, and cold allodynia provoked by nerve injury were also
assessed (n = 6–8 animals per group). The dose of DADS and GYY413 was selected in
accordance with other studies [11,39].

In other groups of animals, we evaluated the antinociceptive effects produced by
the acute administration of different doses of DADS (12.5–200 µmols/kg) and GYY4137
(2–64 µmols/kg) in CCI mice. The reversion of the analgesic effects made by the acute
administration of high doses of DADS (200 µmols/kg) or GYY4137 (64 µmols/kg) with
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8.0 µmol/kg of the selective Kv7 potassium channel blocker, XE-991, or 14.5 µmol/kg of
the HO-1 inhibitor (tin protoporphyrin IX, SnPP) [40] were also evaluated (n = 6 animals
per group). In all experiments, sham-operated mice were used as controls.

Sciatic nerve-injured animals treated with DADS, GYY4137, or vehicle (0.9% saline
solution, SS) were euthanized by cervical dislocation, and the protein levels of PI3K, p-Akt,
p-ERK 1/2, CD11b/c, BAX, HO-1, NQO1, SOD-1, and GSTM1 in the AMG and PAG were
evaluated by Western blot. In these experiments, sham-operated mice treated with vehicle
were used as controls (n = 3–4 samples per group).

2.10. Drugs

DADS and GYY4137 acquired from Sigma-Aldrich (St. Louis, MO, USA) were dis-
solved in SS and intraperitoneally administered in a final volume of 10 ml/kg, 1 h before
testing, in accordance with our previous pilot studies and other works [11,41]. XE-911 and
SnPP purchased in Tocris Bioscience (Ellisville, MO, USA) and Frontier Scientific (Livchem
GmbH & Co., Frankfurt, Germany) were dissolved in dimethyl sulfoxide (1% in SS) and
administered via intraperitoneal at 8 µmols/kg and 14.5 µmol/kg in a final volume of
10 mL/kg, 30 min before conducting the behavioral tests in accordance with previous
studies [42,43]. All drugs were freshly prepared before use. For each group treated with a
drug, the respective control group received the same volume of the corresponding vehicle.

2.11. Statistical Analyses

Data are expressed as the mean values ± standard error of the mean (SEM). We
used the GraphPad software (version 8.0) for the statistical analysis. A one-way ANOVA
followed by the Student–Newman–Keuls test was utilized for evaluating the effects of
DADS and GYY4137 administered alone and combined with XE-911 or SnPP. The effects of
DADS and GYY4137 in the expression of several proteins were also analyzed by using a
one-way ANOVA and the post hoc Student–Newman–Keuls test. The ED50 of the drugs
was calculated by linear regression analysis. A value of p < 0.05 was considered significant.

In the von Frey filaments and plantar tests, antinociception is expressed as the percent-
age of maximal possible effect, where the test latencies pre-drug (baseline) and post-drug
administration are compared and calculated in accordance with the following equation:

Maximal possible effect (%) = [(drug-baseline)/(cut-off-baseline)] × 100 (1)

In the cold plate, antinociception is expressed according to the following equation:

Inhibition (%) = [(number of paw elevations at baseline − number of paw
elevations after drug)/number of paw elevations at baseline)] × 100.

(2)

3. Results
3.1. Anxiolytic and Antidepressant Effects of DADS and GYY4137 in Animals with Chronic
Neuropathic Pain

The effects of the repetitive intraperitoneal administration of DADS at 150 µmols/kg,
two times a day, during 3 consecutive days and those of GYY4137 administered at
32 µmols/kg, two times a day, during 4 days in the anxiety- and depressive-liked comport-
ments associated with chronic neuropathic pain were evaluated. The results show that
both DADS and GYY4137 normalized the diminished number of entries into the open arms
(p < 0.013; one-way ANOVA followed by the Student–Newman–Keuls test, as compared
with their respective sham-operated mice treated with vehicle; Figures 1A and 2A) and
the percentage of time spend in its (p < 0.008; one-way ANOVA followed by the Student–
Newman–Keuls test, as compared with their respective sham-operated mice treated with
vehicle; Figures 1B and 2B). No changes in the number of entries into the closed arms were
observed (Figures 1C and 2C). We further assessed the effects of DADS and GYY4137 in
the OF test to verify their anxiolytic effects during neuropathic pain. The administration
of DADS and GYY4137 both normalized the reduced number of entries into the central
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area (p < 0.004; one-way ANOVA followed by the Student–Newman–Keuls test, as com-
pared with sham-operated mice treated with vehicle; Figures 1D and 2D) and the shorter
amount of time spent in the central area (p < 0.029; one-way ANOVA followed by the
Student–Newman–Keuls test, as compared with sham-operated mice treated with vehicle;
Figures 1E and 2E), but did not modify the number of squares crossed (Figures 1F and 2F).
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Figure 1. Treatment with DADS inhibited the anxiety- and depressive-like behaviors and the no-
ciceptive responses induced by nerve injury. Effects of the repeated administration with DADS or
vehicle at 150 µmol/kg for 3 days, 2 times for each day, on the anxiety-, depressive-, and nociceptive-
like behaviors induced by nerve injury at 30 days after surgery. The effects of DADS or vehicle in
sham-operated mice are also displayed. In the EPM test, the number of entries to the open arms
(A), percentage of the time spent in the open arms (B), and the number of entries into the closed
arms (C) are shown. In the OF test, the number of entries in the central area (D), the percentage of
time spent in the central area (E), and the number of squares crossed (F) are presented. In the TST
(G) and FST (H), the immobility times (s) are shown. The effects of DADS in the mechanical allodynia
(I), thermal hyperalgesia (J), and thermal allodynia (K) in the ipsilateral paw of sham-operated
or sciatic nerve-injured mice are also indicated. For each test: * denotes significant differences vs.
sham-operated mice treated with vehicle, + vs. sham-operated mice treated with DADS, and # vs.
CCI mice treated with DADS (p < 0.05; one-way ANOVA followed by the Student–Newman–Keuls
test). Mean values ± SEM; n = 6–8 animals.
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induced by nerve injury. Effects of the repeated administration with GYY4137 or vehicle at 32 µmol/kg for 4 days, at 2 times
for each day, on the anxiety-, depressive-, and nociceptive-like behaviors induced by nerve injury at 30 days after surgery.
The effects of GYY4137 or vehicle in sham-operated mice are also displayed. In the EPM test, the number of entries to the
open arms (A), percentage of the time spent in the open arms (B), and the number of entries into the closed arms (C) are
shown. In the OF test, the number of entries in the central area (D), the percentage of time spent in the central area (E),
and the number of squares crossed (F) are presented. In the TST (G) and FST (H), the immobility times (s) are shown. The
effects of GYY4137 in the mechanical allodynia (I), thermal hyperalgesia (J), and thermal allodynia (K) in the ipsilateral
paw of sham-operated or sciatic nerve-injured mice are also indicated. For each test: * denotes significant differences vs.
sham-operated mice treated with vehicle, + vs. sham-operated mice treated with GYY4137, and # vs. CCI mice treated with
GYY4137 (p < 0.05; one-way ANOVA followed by the Student–Newman–Keuls test). Mean values ± SEM; n = 6–8 animals.

Regarding the antidepressant effects, both treatments reduced the high immobility
time observed in sciatic nerve-injured animals treated with vehicle in the TST (p < 0.001;
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one-way ANOVA followed by the Student–Newman–Keuls test, as compared with sham-
operated mice treated with vehicle; Figures 1G and 2G) and in the FST (p < 0.021; one-way
ANOVA followed by the Student–Newman–Keuls test, as compared with sham-operated
mice treated with vehicle; Figures 1H and 2H), thus revealing the antidepressant effects of
these H2S donors under neuropathic pain conditions.

Our data also demonstrated the completed reversion of the mechanical allodynia
(p < 0.001; one-way ANOVA followed by the Student–Newman–Keuls test, as compared
with sham-operated mice treated with vehicle) (Figures 1I and 2I), thermal hyperalgesia
(p < 0.001; one-way ANOVA followed by the Student–Newman–Keuls test, as compared
with sham-operated mice treated with vehicle) (Figures 1J and 2J) and cold allodynia
(p < 0.001; one-way ANOVA followed by the Student–Newman–Keuls test, as compared
with sham-operated mice treated with vehicle) (Figures 1K and 2K) provoked by nerve
injury in animals treated with DADS or GYY4137 during 3 and 4 days, respectively. The
repetitive administration of DADS or GYY4137 did not have any significant effect either in
the contralateral paw of sciatic nerve-injured or sham-operated animals (data not shown).

3.2. The Acute Administration of DADS and GYY4137 Inhibited Mechanical Allodynia, Thermal
Hyperalgesia, and Cold Allodynia Induced by Sciatic Nerve Injury in a Dose-Dependent Manner

The administration of DADS (12.5–200 µmol/kg) or GYY4137 (2–64 µmols/kg) inhib-
ited mechanical allodynia (Figure 3A), thermal hyperalgesia (Figure 3B), and cold allodynia
(Figure 3C) incited by sciatic nerve injury in a dose-dependent manner. As a consequence,
the mechanical antiallodynic and thermal antihyperalgesic effects produced by high doses
of DADS (100, 150 or 200 µmols/kg) were significantly higher than those produced by
lower doses (p < 0.001; one-way ANOVA). Similarly, the inhibitory effects produced by 16,
32, or 64 µmols/kg of GYY4137 were significantly higher than those produced by lower
doses of this drug (p < 0.001; one-way ANOVA). In all tests, the effects of DADS at 50,
100, or 200 µmols/kg and GYY4137 at 16, 32, or 64 µmols/kg were greater than those
produced by vehicle (p < 0.001; one-way ANOVA). Our findings also revealed that DADS
or GYY4137 intraperitoneally administered did not have any significant effect either in the
ipsilateral paw of sham-operated mice or in the contralateral paw of sciatic nerve-injured
or sham-operated animals (data not shown). Regarding the ED50, GYY4137 was about 11.8,
7.2 and 9.9 times more effective than DADS in inhibiting mechanical allodynia, thermal
hyperalgesia, and cold allodynia, respectively (Table 1).

3.3. Reversion of the Antinociceptive Effects of DADS and GYY4137 with the Administration of
XE-991 or SnPP

The involvement of H2S and HO-1 in the antinociceptive actions of DADS and
GYY4137 during neuropathic pain was demonstrated by the reversion of their effects
with the selective Kv7 potassium channel blocker, XE-991 (8.0 µmol/kg), and the HO-1
inhibitor, SnPP (14.5 µmol/kg). Our results showed that both XE-991 and SnPP reversed
the mechanical anti-allodynic effects produced by 200 µmol/kg of DADS (p < 0.001, one-
way ANOVA vs. saline + vehicle treated mice) or 64 µmol/kg of GYY4137 (p < 0.001,
one-way ANOVA vs. saline + vehicle treated mice) (Table 2), in addition to the thermal
antihyperalgesic and anti-allodynic effects produced by DADS (p < 0.001, one-way ANOVA
vs. saline + vehicle treated mice) and GYY4137 (p < 0.001, one-way ANOVA vs. saline +
vehicle treated mice) in animals with neuropathic pain. The administration of XE-991 and
SnPP alone did not produce any significant effect in the ipsilateral and contralateral paws
of CCI animals (data not shown).
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Figure 3. Effects of the acute administration of DADS and GYY4137 in the allodynia and hyperal-
gesia induced by sciatic nerve injury. Mechanical antiallodynic (A), thermal antihyperalgesic (B),
and thermal antiallodynic effects (C) of different doses (logarithmic axis) of DADS and GYY4137
(µmols/kg) are shown. For each dose evaluated, * indicates significant differences vs. animals treated
with vehicle, + indicates significant differences vs. the effect produced by the lowest dose of DADS or
GYY4137, # vs. the effect produced by other doses of DADS or GYY4137 (p < 0.05; one-way ANOVA,
followed by Student–Newman–Keuls test). Data are expressed as mean values of maximal possible
effect (%) for mechanical allodynia and thermal hyperalgesia and as % inhibition for cold allodynia.
Mean values ± SEM (n = 6 animals per dose).
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Table 1. Comparison of the potencies (ED50) of DADS and GYY4137 in the inhibition of the mechani-
cal allodynia, thermal hyperalgesia, and thermal allodynia induced by sciatic nerve injury. Data are
expressed as ED50 values (µmol/Kg) ± SEM (n = 6 animals per dose). For each test, the ratio of the
ED50 values between drugs is also indicated.

Treatments Mechanical
Allodynia

Thermal
Hyperalgesia

Thermal
Allodynia

DADS 54.1 ± 8.1 186.5 ± 22.5 60.3 ± 6.4

GYY4137 4.6 ± 1.7 25.9 ± 6.0 6.1 ± 3.4

Ratio (DADS/GYY4137) 11.8 7.2 9.9

Table 2. Reversal of the effects produced by the acute intraperitoneal administration of 200 µmol/kg
of DADS or 64 µmols/kg of GYY4137 with 8 µmols/kg of XE-911 or 14.5 µmol/kg of SnPP in the
inhibition of the mechanical allodynia, thermal hyperalgesia and thermal allodynia induced by sciatic
nerve injury in the ipsilateral paw. Data are expressed as mean ± SEM (n = 6 animals per treatment).
In each test, * denotes significant differences vs. saline + vehicle treated animals (p < 0.05, one-way
ANOVA, followed by the Student–Newman–Keuls test).

Treatments Mechanical
Allodynia

Thermal
Hyperalgesia

Thermal
Allodynia

Saline + vehicle 7.8 ± 1.1 9.4 ± 1.5 5.8 ± 1.3

DADS + vehicle 73.6 ± 5.7 * 81.1 ± 4.4 * 74.8 ± 5.0 *

DADS + XE-911 7.3 ± 4.9 5.5 ± 2.1 9.4 ± 5.6

DADS + SnPP 6.5 ± 4.3 4.5 ± 0.7 14.3 ± 6.4

GYY4137 + vehicle 79.3 ± 3.1 * 83.0 ± 5.6 * 76.0 ± 5.0 *

GYY4137 + XE-911 13.8 ± 7.0 7.2 ± 4.2 24.7 ± 10.1

GYY4137 + SnPP 6.9 ± 4.1 5.0 ± 3.2 12.0 ± 8.2

Saline + XE-911 10.2 ± 6.6 4.4 ± 2.8 15.2 ± 9.7

Saline + SnPP 10.0 ± 4.3 3.6 ± 1.9 12.1 ± 7.6

3.4. Effects of Treatment with DADS and GYY4137 in the Protein Levels of PI3K, p-Akt, p-ERK
1/2, CD11b/c, and BAX in the AMG and PAG of Mice with Neuropathic Pain

Sciatic nerve injury caused an up-regulation of PI3K (p < 0.032; one-way ANOVA
vs. sham-operated vehicle treated mice) (Figures 4A and 5A); p-Akt (p < 0.018; one-way
ANOVA vs. sham-operated vehicle treated mice) (Figures 4B and 5B), p-ERK 1/2 (p < 0.006;
one-way ANOVA vs. sham-operated vehicle treated mice) (Figures 4C and 5C) and BAX
(p < 0.031; one-way ANOVA vs. sham-operated vehicle treated mice) (Figures 4E and 5E) in
the AMG and PAG. In both areas, the up regulation of PI3K and p-Akt were reversed with
DADS and GYY4137 treatments, whereas p-ERK 1/2 activation was only inhibited with
DADS. Moreover, while the up regulation of BAX in the AMG was normalized with DADS
and GYY4137, only DADS reversed its up regulation in the PAG. Microglial activation
induced by nerve injury in the AMG (p < 0.003; one-way ANOVA vs. sham-operated
vehicle treated mice) (Figure 4D), but not in the PAG (Figure 5D), was inhibited with both
DADS and GYY4137.
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3.5. Effects of Treatment with DADS and GYY4137 on the Protein Levels of HO-1, NQO1,
SOD-1, and GSTM1 in the AMG and PAG of Mice with Neuropathic Pain

In both brain areas, we further evaluated the effects of DADS and GYY4137 in expres-
sion of the antioxidant proteins HO-1, NQO1, SOD-1, and GSTM1. Decreased expression
of HO-1 (p < 0.003; one-way ANOVA vs. sham-operated vehicle treated mice) (Figure 6A)
and increased levels of NQO1 (p < 0.003; one-way ANOVA vs. sham-operated vehicle
treated mice) (Figure 6B) and GSTM1 (p < 0.018; one-way ANOVA vs. sham-operated
vehicle treated mice) (Figure 6E) were demonstrated in the AMG of sciatic nerve-injured
mice. Moreover, both DADS and GYY4137 treatments normalized the decreased expres-
sion of HO-1 (Figure 6A) and maintained the elevated levels of NQO1 (Figure 6B) and
GSTM1 (Figure 6E) in the AMG. In the PAG, GYY4137 improved the protein levels of HO-1
(p < 0.004; one-way ANOVA vs. sham-operated and CCI vehicle treated mice) (Figure 7A)
and NQO1 (p < 0.003; one-way ANOVA vs. sham-operated and CCI vehicle treated
mice) (Figure 7B). Regarding GSTM1, both treatments improved its expression in the
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PAG (p < 0.009; one-way ANOVA vs. sham-operated vehicle treated mice) (Figure 7E). No
changes in the expression of SOD-1 were manifested either in the AMG (Figure 6D) or in
the PAG (Figure 7D) of animals with sciatic nerve injury.
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Figure 5. The effects of DADS and GYY4137 on the expression of PI3K, p-AKT, p-ERK 1/2, CD11b/c, and BAX in the PAG
of animals with neuropathic pain. Treatment with DADS and/or GYY4137 normalized the up-regulation of PI3K (A), p-AKT
(B), p-ERK 1/2 (C), and BAX (E) in the PAG of animals with CCI-induced neuropathic pain. No changes in the expression of
CD11b/c were observed (D). Sham-operated mice treated with vehicle were used as controls. Non-phosphorylated proteins
are expressed relative to β-actin protein levels while phosphorylated proteins are expressed relative to their corresponding
total protein levels. Representative blots for PI3K, β-actin, p-Akt/Akt, and p-ERK 1/2/total ERK 1/2 (F) and for CD11b/c,
BAX and β-actin (G) are displayed. In all panels, * represents significant differences vs. sham-operated mice treated with
vehicle; # vs. sciatic nerve-injured mice treated with DADS; and $ vs. sciatic nerve-injured mice treated with GYY4137
(p < 0.05; one-way ANOVA followed by the Student–Newman–Keuls test). Mean values ± SEM; n = 3–4 samples.
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Figure 7. The effects of DADS and GYY4137 on the expression of HO-1, NQO1, SOD-1, and GSTM1 in the PAG of animals
with neuropathic pain. Treatment with GYY4137 and/or DADS increased the protein levels of HO-1 (A), NQO1 (B), and
GSTM1 (E) in the PAG of animals with CCI-induced neuropathic pain. No changes in the expression of SOD-1 (D) were
observed. We used sham-operated mice treated with vehicle as controls. Proteins are expressed relative to β-actin protein
levels. Representative blots for HO-1, NQO1, and β-actin (C) and for SOD-1, GSTM1, and β-actin (F) are displayed. In all
panels, * represents significant differences vs. sham-operated mice treated with vehicle; + vs. sciatic nerve-injured mice
treated with vehicle; and # vs. sciatic nerve-injured mice treated with DADS (p < 0.05; one-way ANOVA followed by the
Student–Newman–Keuls test). Mean values ± SEM; n = 3–4 samples.
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4. Discussion

This study demonstrated the anxiolytic and antidepressant effects of DADS and
GYY4137 in mice with chronic neuropathic pain and that GYY4137 is more potent than
DADS in inhibiting the allodynia and hyperalgesia provoked by sciatic nerve injury.
These activities are mainly produced via inhibiting the PI3K/p-AKT and p-ERK 1/2
up-regulation, microglial activation, and apoptotic responses provoked by nerve injury
as well as by modulating the endogenous antioxidant system in the AMG and/or PAG.
Both treatments mediated their antinociceptive effects via activating the Kv7 potassium
channels and the HO-1 signaling pathway.

It is well known that chronic pain concurs with several emotional disorders, which
treatment has not completely resolved. This study demonstrates, for the first time, the
inhibition of the anxiolytic and depressive-like behaviors induced by DADS and GYY4137
during neuropathic pain. These results are consistent with the anxiolytic and antidepressant
actions of other H2S donors, Na2S, NaHS, and garlic, in different animal models of anxiety
and depression as well as in diabetic rats with depressive-like behaviors [7,10,11]. Our
results further confirmed the antidepressant properties of other slow H2S releasers such as
several isothiocyanates in animals with depressive-like behaviors but were in contrast to
the lack of anxiolytic effects of these compounds during chronic osteoarthritic or neuro-
pathic pain [25,43]. These dissimilar effects might be probably related with the different
chemical structure of isothiocyanates vs. natural garlic derivates (DADS) or the synthetic
H2S donor (GYY4137). In relation to other known compounds that also have an impact on
the emotional component such as gabapentinoids and several antidepressants [44–46], it
is important to emphasize that although some of them can inhibit neuropathic pain and
improve the associated anxiety-like behaviors, for example, gabapentin and pregabalin,
they did not modify the depressive-like behaviors [47,48]. In contrast, different antidepres-
sants, such as duloxetine, decreased pain hypersensitivity and depression-like behaviors in
animals with CCI-induced neuropathic pain [49], but did not inhibit the anxiety-like behav-
iors [47]. In accordance with our results, several antidepressants for, instance, imipramine,
milnacipran, and paroxetine, in addition to attenuating the nociceptive responses also have
anxiolytic actions during neuropathic pain [50].

In summary, our data revealed, for the first time, the effectivity of DADS and GYY4137
in reducing emotional disorders (anxiety- and depressive-like behaviors) accompanying
chronic neuropathic pain. Moreover, and in accordance with other studies [11,51], our
findings reported the lack effects of DADS and GYY4137 in the locomotor activity of
CCI-injured mice, thus showing the low side effects induced by both treatments during
neuropathic pain.

Microglial activation and oxidative stress play an important role in the control of the
anxiety and depressive-like behaviors [52]. In accordance, microglial activation has been
shown in different brain regions of depressive patients suffering chronic pain [16] and in
the hippocampus of animals with anxiety- and depressive-like behaviors associated with
neuropathic pain [15,24]. Our data further demonstrate that nerve injury also activates
microglia in the AMG, thus reinforcing the key role played by this brain area in the
control of the affective components of neuropathic pain [30,53]. The normalization of the
overexpression of CD11b/c induced by DADS and GYY4137 suggests the participation of
microglia in their anxiolytic and antidepressant effects in CCI-injured mice.

Sciatic nerve ligation also produces important neuroplastic changes in the brain,
which further contribute to the development of the anxiety- and depressive-like behaviors
present in prolonged pain syndromes [9]. Our results reinforced these findings by showing
increased p-ERK 1/2 levels in the AMG, thus supporting the correlation between ERK
activation and the depressive-like behaviors observed in sciatic nerve-injured mice [53]. The
inhibition of ERK activation induced by DADS might also contribute to its antidepressant
and/or anxiolytic actions.

Depression and anxiety disorders are also related to an imbalance between ROS and
antioxidant enzyme levels [54–56]. Therefore, animals with oxidative stress in the hip-
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pocampus and prefrontal cortex [25] or in the peripheral blood granulocytes exhibited signs
of anxiety- and depressive-like behaviors [57]. Interestingly, DADS and GYY4137 both
avoided the decreased expression of HO-1 and maintained the elevated protein levels of
NQO1 and GSTM1 in the AMG, revealing that the potent antioxidant actions of these com-
pounds might also take part in the attenuation of the anxiety- and depressive-like behaviors
induced by both compounds during neuropathic pain. Similarly, other authors revealed
that garlic and different organosulfur compounds of garlic also potentiated the synthesis
of antioxidant enzymes such as glutathione peroxidase in diabetic animals [58] and that
the effectivity of GYY4137 against several neurological diseases is mainly accomplished
via activating HO-1 synthesis [51,59,60].

Our data further revealed that DADS and GYY4137 inhibited the mechanical and cold
allodynia, and thermal hyperalgesia induced by CCI in a dose-dependent manner. These
results agree with the proven analgesic effects of GYY4137 in the neuropathy- induced by
chemotherapeutic agents [39,41] and further reported the potential pain reliever actions of
both DADS and GYY4137 treatments under neuropathic pain conditions generated by nerve
injury. Regarding their effectiveness, our data showed that GYY4137 is 11.8 times more
potent that DADS in inhibiting the mechanical allodynia and between 9.9 and 7.2 times
more effective in decreasing cold allodynia and thermal hyperalgesia induced by CCI,
respectively. Our findings reinforce the hypothesis that systemic administration of H2S
slow-release agents is particularly effective in relieving chronic pain [61,62] and reveal the
greater efficacy of synthetic (GYY4137) versus natural H2S donors (DADS). Moreover, we
also demonstrate that the relief of neuropathic pain induced by DADS and GYY4137 was
mediated via activation of the voltage gated Kv7 potassium channels as validated with
the blockage of their antiallodynic and antihyperalgesic effects with the Kv7 potassium
channel blocker, XE-991 [41].

In this study, we also demonstrated the neuroprotective properties of DADS and
GYY4137 in animals with neuropathic pain with the reversion of the enhanced BAX levels
induced by sciatic nerve-injury in the AMG and PAG. These results agree with the protective
effects of DADS in neuronal cells against apoptosis both in vitro [63] and in vivo [64]. The
neuroprotective effects of DADS and GYY4137 also participate in the painkiller actions of
these compounds.

It is well known that PAG plays an important role in the descending modulation of
pain [65] and the PI3K/p-Akt and ERK activation induced by nerve injury in this area
supported the significant role played by these proteins during the maintenance of neuro-
pathic pain [26]. The inhibition of these pathways with DADS and/or GYY4137 treatments
revealed that their antinociceptive effects are mainly mediated via PAG regulation. In
addition, the antioxidant effects of GYY4137 and DADS in this brain section proved by
the upregulation of the expression of HO-1, NQO1, and GSTM1 might also contribute
to the relief of chronic pain. Moreover, the reversal of the analgesic effects of DADS and
GYY4137 with SnPP (an HO-1 inhibitor) suggest that the slow releasing H2S donors allevi-
ate neuropathic pain by activating the HO-1 signaling pathway. For the first time, we have
demonstrated the participation of HO-1 in the antinociceptive effects of these treatments,
and we postulate a positive interaction between H2S and carbon monoxide systems under
neuropathic pain conditions.

5. Conclusions

In summary, our results reveal the anxiolytic and antidepressant effects of GYY4137
and DADS during neuropathic pain as well as their analgesic properties by blocking the
nociceptive, microglial, and apoptotic responses and activating the antioxidant system
in the AMG and PAG. Thus, we suggest the potential use of these treatments, especially
GYY4137, as desirable candidates for the management of affective disorders accompanying
chronic neuropathic pain.
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