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Abstract

Increasing evidence suggests that the pathogenesis of neuropathic pain is mediated through
activation of microglia in the spinal cord. Hydrogen sulfide attenuates microglial activation and
central nervous system inflammation; however, the role of hydrogen sulfide in neuropathic pain is
unclear. In this study, we examined the effects of hydrogen sulfide breathing on neuropathic pain
in mice. C57BL/6J mice were subjected to chronic constriction injury (CCI) of the sciatic nerve.
After CCI, mice breathed air alone or air mixed with hydrogen sulfide at 40 ppm for 8 h on 7
consecutive days. The expression levels of inflammatory cytokines including interleukin 6 (I1L-6)
were measured in the spinal cord. Effects of hydrogen sulfide on IL-6-induced activation of
microglia were examined in primary rat microglia. Mice that breathed air alone exhibited the
neuropathic pain behavior including mechanical allodynia and thermal hyperalgesia and increased
mMRNA levels of IL-6 and chemokine CC motif ligand 2 (CCL2) after CCI. Inhaled hydrogen
sulfide prevented the neuropathic pain behavior and attenuated the upregulation of inflammatory
cytokines. Sodium sulfide inhibited IL-6-induced activation of primary microglia. These results
suggest that inhaled hydrogen sulfide prevents the development of neuropathic pain in mice
possibly via inhibition of the activation of microglia in the spinal cord.
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1. Introduction

Chronic pain affects about 30% of the population and is estimated to cost $650 billion a year
in health-care costs and lost productivity in the United States [1]. The estimate of the annual
cost of chronic pain was greater than the annual costs of heart disease ($309 billion), cancer
($243 billion), and diabetes ($188 billion) [2]. Neuropathic pain is a common chronic pain
condition [3] that is caused by peripheral nerve injury and is characterized by long-lasting
exaggerated pain behavior such as allodynia and hyperalgesia [4]. Although neuropathic
pain is known as a particularly unpleasant type of pain [3], the management of patients with
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neuropathic pain is challenging because of the multiplicity of mechanisms involved in
neuropathic pain conditions [5]. Precise pathophysiological mechanisms of neuropathic pain
are still unclear, however, a number of studies have suggested that microglial activation and
inflammatory cytokines in the spinal cord play important roles in the development and
maintenance of neuropathic pain [6,7]. To date, management of neuropathic pain is aimed
only at reducing symptoms; however, current drugs have limited efficacy and dose-limiting
toxic effects [8]. Several clinical trials of drugs for neuropathic pain have reported negative
results despite encouraging results from preclinical and early clinical studies [9]. Therefore,
additional therapeutic strategies are urgently needed.

Hydrogen sulfide is a colorless, flammable and water-soluble gas with the characteristic
odor of rotten eggs typically found in sulfur hot spring and sewer [10]. Recently, hydrogen
sulfide was rediscovered as an endogenously produced signaling molecule along with nitric
oxide and carbon monoxide [11]. An abundance of experimental evidence suggests that
hydrogen sulfide plays a prominent role in physiology and pathophysiology [12]. We have
previously reported that inhaled hydrogen sulfide prevents neurodegeneration in a mouse
model of Parkinson’s disease induced by neurotoxin 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) [13]. The protective effects of inhaled hydrogen sulfide in the
mouse model of Parkinson’s disease were associated with inhibition of glial activation and
upregulation of antioxidant and detoxification proteins in the brain. Furthermore, we have
recently reported that breathing hydrogen sulfide prevents the systemic inflammation
induced by lipopolysaccharide (LPS) and improves survival rate in mice [14]. Based on
these findings, we hypothesized that breathing hydrogen sulfide prevents the development of
neuropathic pain behavior via inhibiting microglial activation and neuroinflammation in the
spinal cord. Here we report that inhaled hydrogen sulfide prevents the neuropathic pain
behavior induced by chronic constriction injury of the sciatic nerve in mice.

2. Materials and methods

2.1. Animals

After approval by the Massachusetts General Hospital Subcommittee on Research Animal
Care, we studied 2—3 month-old male C57BL/6J wild-type (WT) mice (The Jackson
Laboratory, Bar Harbor, ME) and 3—4 month-old male Sprague-Dawley rats (Charles River,
Wilmington, MA).

2.2. Surgical procedure

Chronic constriction injury (CCI) of the sciatic nerve was performed in mice as previously
described [15,16]. Briefly, after instrumentation under anesthesia, one side of the common
sciatic nerve was exposed and two loose ligatures (4-0 chromic gut) were made around the
dissected nerve.

2.3. Hydrogen sulfide inhalation

Mice breathed air alone or air mixed with hydrogen sulfide at 40 ppm for 8 h each day for 7
days starting immediately after the CCI operation in custom made chambers, as previously
described [13]. We chose the dose of H,S inhalation based on our recent study in which H,S
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inhalation at 40 ppm prevented neurodegeneration in a murine model of Parkinson’s disease
induced by MPTP [13].

2.4. Behavioral test of neuropathic pain

2.4.1. Mechanical allodynia—Mechanical allodynia was assessed by using the von Frey
filament test as previously described [16,17]. To carry out this test, mice were placed in a
cage in which the bottom is made of gauze. This set-up allowed an experimenter to touch the
mid-plantar surface of mice’s hind-paw from the bottom of the cage. An experimenter
applied von Frey filaments in ascending order of bending force to the mid-plantar surface of
the mice’s hind-paw. A von Frey filament was applied perpendicular to the skin and
depressed slowly until it bent. A threshold force of response was defined as the first filament
in the series that evoked at least one clear paw-withdrawal out of five applications. Each of
these five stimuli was applied to slightly different areas of the mid-plantar surface with 2-3 s
intervals.

2.4.2. Thermal hyperalgesia—Thermal hyperalgesia to radiant heat was assessed by
using a foot-withdrawal test as previously described [16,18]. Mice were placed in plastic
boxes on a glass plate. The radiant heat source was applied from a projection bulb placed
directly under the planter surface of the mice’s hind-paw. The foot-withdrawal latency was
defined as the time elapsed from the onset of radiant heat stimulation to withdrawal of
mice’s hind-paw. The radiant source was adjusted to result in base-line latencies of 12 s and
a cut-off time of 20 s was preset to prevent possible tissue damage. Three test trials with 5
min interval were performed and scores from each trial were averaged to yield the mean
foot-withdrawal latency.

2.5. Measurements of gene expression in the mice spinal cord after peripheral nerve injury

The lumber parts of spinal cord were obtained from mice at 2 days after sham operation or
CCI with or without hydrogen sulfide breathing. RNA was extracted from spinal cord using
the RNAspin Mini kit (GE Healthcare, Piscataway, NJ) and cDNA was synthesized using
moloney murine leukemia virus reverse transcriptase (M-MLV RT) (Promega, Madison,
WI). The mRNA expressions of interleukin 6 (IL-6), tumor necrosis factor a (TNF-a),
chemokine CC motif ligand 2 (CCL2), activating transcription factor 3 (ATF3), integrin
alpha M (ITGAM), glial fibrillary acidic protein (GFAP), and 18S ri-bosomal RNA were
measured by real-time PCR using Realplex 2 system (Eppendorf North America, Westbury,
NY). The primer sequences are listed in Table 1.

2.6. Activation of primary microglia and measurements of gene expression

Primary mixed glial cells were cultured from 0 to 2 days old Sprague Dawley rat pups as
previously described [19]. Cerebral cortices were dissected, minced and digested. The cells
were seeded in poly-D-lysine-coated 75-cm? T flasks with Dulbecco’s Modified Eagle’s
medium containing 20% heat-inactivated fetal bovine serum (FBS) and 1% penicillin/
streptomycin. The cell cultures were con-fluent in 10-14 days, and then the flasks were
shaken for an hour in an orbital shaker at 218 rpm in 36.5 °C to dissociate the microg-lia.
Then, the media from the flasks were extracted. Cells in the extracted media were seeded
into poly-D-lysine-coated six-well plates (2 x10 ° cells/cm?). Cells were incubated for 7
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days and then serum starved with 0.1% FBS. Vehicle, or sodium sulfide (Na,S) at 50, or 200
UM was administered to the media 1 min after the addition of 50 ng/ml recombinant rat IL-6
(Peprotech, Rocky Hill, NJ). We chose the dose of Na,S based on a recent study by
Whiteman and colleagues [20]. After the incubation at 37 °C for 6 h, cells were washed
thoroughly. The mRNA expressions of IL-6, TNF-a, CCL2 and 18S ribosomal RNA were
measured by real-time PCR using Realplex 2 system (Eppendorf North America). The
primer sequences are listed in Table 1.

2.7. Statistical analysis

3. Results

All data are expressed as mean + SD. Data were analyzed using one-way ANOVA or two-
way ANOVA with a Bonferroni post hoc test. GraphPad Prism 5.0 (GraphPad Software Inc.,
La Jolla, CA) was used for statistical analyses. P values less than 0.05 were considered
statistically significant.

3.1. Inhaled hydrogen sulfide prevents the neuropathic pain behavior after peripheral

nerve injury

To examine the effects of inhaled hydrogen sulfide on the neuropathic pain behavior
induced by CClI, mice breathed air alone or air mixed with hydrogen sulfide at 40 ppm for 8
h each day starting immediately after the CCI operation on day 0. The hydrogen sulfide
breathing session was performed 7 consecutive days from day 0 through postoperative day
6. Behavioral experiments were performed before CCI operation (day 0) and 1, 3,5, 7, 9,
and 14 days after CCI operation. In mice that breathed air alone, peripheral nerve injury
resulted in the neuropathic pain behavior including mechanical allodynia and thermal
hyperalgesia on the ipsilateral (operated) side (Fig. 1A and B). No significant mechanical
hypersensitivity or thermal hyperalgesia was observed on the contralateral side (non-
operated, data not shown). In contrast, breathing hydrogen sulfide for 8 h daily for 7 days
significantly attenuated both mechanical allodynia (Fig. 1A) and thermal hyperalgesia (Fig.
1B). These observations demonstrate that inhaled hydrogen sulfide prevents the neuropathic
pain behavior induced by peripheral nerve injury.

3.2. Inhaled hydrogen sulfide prevents microglial activation in the spinal cord after
peripheral nerve injury

To elucidate the mechanisms responsible for the beneficial effect of inhaled hydrogen
sulfide on neuropathic pain, we examined the expression levels of glial activation in the
spinal cord. The mMRNA expression of ITGAM (marker of microglial activation) was
increased by CCI in mice that breathe air alone (Fig. 2A). In contrast, inhaled hydrogen
sulfide at 40 ppm for 8 h for 7 days prevented the upregulation of ITGAM. Although the
expression level of GFAP (marker of astrocyte activation) (Fig.2B) was not affected by CCI
operation, inhaled hydrogen sulfide attenuated the mRNA expression of GFAP (Fig. 2B).
These results suggest that inhaled hydrogen sulfide prevents microglial activation induced
by peripheral nerve injury in the spinal cord.

Nitric Oxide. Author manuscript; available in PMC 2016 April 30.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kida et al.

Page 5

3.3. Inhaled hydrogen sulfide attenuates the inflammatory cytokines in the spinal cord
after peripheral nerve injury

To examine whether inhaled hydrogen sulfide prevents the inflammation induced by CCI
operation, we examined the expression levels of inflammatory cytokines in the spinal cord.
The mRNA expression of inflammatory cytokines including IL-6, TNF-a, and CCL2 were
increased at 2 days after CCI in mice that breathe air alone (Fig. 2C-E). Inhaled hydrogen
sulfide prevented the upregulation of IL-6 and CCL2 (Fig. 2C and D). These results suggest
that inhaled hydrogen sulfide attenuates inflammation in the spinal cord after peripheral
nerve injury.

3.4. Inhaled hydrogen sulfide attenuates the neuronal damage after peripheral nerve injury

ATF3 has been reported as a maker of the neuronal damage after peripheral nerve injury
[21]. To examine whether inhaled hydrogen sulfide attenuates the neuronal damage after
CCI operation, we measured the expression level of ATF3 in the spinal cord. The ATF3
mMRNA was markedly increased in mice that breathed air alone after CCI. Inhaled hydrogen
sulfide blocked the upregulation of ATF3 after CCl in the spinal cord (Fig. 2F).

3.5. The inflammatory cytokine production from activated microglia was prevented by a
hydrogen sulfide donor

To elucidate whether hydrogen sulfide prevents the production of inflammatory cytokines
from activated microglia, we examined the effects of sodium sulfide, hydrogen sulfide
donor, in cultured microglia. Stimulation of microglia with 1L-6 upregulated inflammatory
cytokines including IL-6, CCL2, and TNF-a (Fig. 3). In contrast, administration of 50 or
200 uM sodium sulfide significantly blocked the IL-6-evoked upregulation of IL-6, CCL2,
and TNF-a. Taken together, these observations suggest that hydrogen sulfide prevents the
production of inflammatory cytokines in activated microglia.

4. Discussion

The current study revealed that breathing hydrogen sulfide at 40 ppm for 8 hon 7
consecutive days prevented the development of mechanical allodynia and thermal
hyperalgesia that are the hallmark-symptoms of CCl-induced neuropathic pain. Inhaled
hydrogen sulfide prevented microglial activation and inhibited the upregulation of
inflammatory cytokines in the spinal cord after CCI. The protective effects of breathing
hydrogen sulfide were associated with suppression of ATF3 in the spinal cord. We also
observed that sodium sulfide, a hydrogen sulfide donor, attenuated the increased levels of
inflammatory cytokines in the cultured microglia. Taken together, these observations
suggest that inhaled hydrogen sulfide confers protective effects on neuropathic pain after
peripheral nerve injury possibly via inhibiting microglial activation and inflammation in the
spinal cord.

Increasing evidence demonstrates that microglia contributes to the development of
neuropathic pain after peripheral nerve injury [6,7]. Recent data have shown that the
inhibition of microglial activation prevents development of neuropathic pain behavior in
animal models of neuropathic pain [22,23]. The chemokine CCL2 (also known as monocyte
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chemoattractant protein 1 (MCP1)) was reported to act as a key mediator of microglial
activation in neuropathic pain [6,7,23]. Although CCL2 is not normally expressed in healthy
conditions, it is dramatically upregulated in the spinal cord neurons and dorsal root ganglion
after peripheral nerve injury [24]. Thacker and colleagues demonstrated that intrathecal
administration of CCL2 leads to activation of spinal-microglia and mechanical allodynia
[25]. The authors also reported that intrathical administration of CCL2 combined with anti-
CCL2 antibody prevents both microglial activation and neuropathic pain behavior.
Similarly, we observed that inhaled hydrogen sulfide prevented the increased expression of
CCL2 as well as microglial activation in the spinal cord after peripheral nerve injury,
leading to the attenuation of neuropathic pain behavior.

The activated microglia is known to release inflammatory cytokines and prostaglandins after
peripheral nerve injury [6,7], and these inflammatory responses in the spinal cord play
important roles in the development and maintenance of neuropathic pain status [6,23]. The
inflammatory cytokine I1L-6 has been implicated as a key mediator in the development of
neuropathic pain behavior in both rodents and humans [26-28]. For example, DeLeo and
colleagues reported that intrathecal administration of 1L-6 in the absence of nerve injury
produces mechanical allodynia in rats [26]. Further, Arruda and colleagues demonstrated
that intrathecal administration of anti-1L-6 antibody inhibits the development of mechanical
allodynia after L5 spinal nerve transection [29]. The relation between IL-6 and neuropathic
pain behavior seems to be consistent with our results that inhibition of IL-6 in the spinal
cord by hydrogen sulfide breathing resulted in preventing the development of neuropathic
pain behavior. To further explore the mechanisms of the protective effects of hydrogen
sulfide, we examined the effects of sodium sulfide in the primary microglial cell culture. We
observed a robust increase of IL-6, and TNF-a in IL-6-evoked activated microglia.
Administration of sodium sulfide strongly inhibited the upregulation of these inflammatory
cytokines. These observations suggest that inhaled hydrogen sulfide confers protective
effects on the neuropathic pain via preventing the inflammatory cytokine production from
activated microglia.

ATF3 is a member of the activating transcription factor/cAMP-responsive element binding
protein (ATF/CREB) family of transcription factors and is induced by various stress signals
[30]. A number of studies have demonstrated that peripheral nerve injury induces the
expression of ATF3 in the dorsal root ganglia (DRG) and spinal cord neurons [4,21,31].
Although ATF3 has been recognized as a marker of neuronal injury [21], its precise role is
incompletely understood. Recent studies demonstrated that ATF3 is also associated with the
establishment of long-lasting pain conditions [31,32]. The relationship between the
increased level of IL-6 and upregulation of ATF3 in the spinal cord has been reported after
CCI [4]. Similarly, we observed the correlation of the increased level of IL-6 and ATF3 in
the spinal cord after peripheral nerve injury, and the upregulation of IL-6 and ATF3 were
completely blocked by hydrogen sulfide breathing. Taken together, these observations
suggest that inhaled hydrogen sulfide prevents neuropathic pain by inhibiting not only the
inflammatory cytokine production but also the upregulation of ATF3 in the spinal cord.

Although the current study was not designed to examine the molecular mechanisms
responsible for the beneficial effects of inhaled hydrogen sulfide, it has been reported that
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hydrogen sulfide prevents macrophage activation via inhibition of nuclear factor kappa B
(NF-xB)-dependent signaling [33]. It is likely that inhaled hydrogen sulfide inhibited
microglial activation via inhibition of NF-xB in our study thus preventing the development
of neuropathic pain.

Concentrations of H,S produced by H,S inhalation and administration of various HyS
donors are poorly defined. Inhalation of low concentrations of HoS only modestly increases
blood H5S levels (<1 pM) in rats and mice [14,34]. Administration of Na,S to cell culture
medium only transiently increases sulfide levels that return to the baseline levels within 30
min according to Whitfield and colleagues [35]. Therefore, both inhaled H,S at 40 ppm and
administration of Na,S at 50-200 UM in cell culture appear to have negligible impact on
H,S levels in circulating blood and culture medium, respectively. It is widely believed that
H,S is quickly metabolized in circulation and in culture medium and at least some of it is
taken up by tissue or cells. Nonetheless, the identity of the sulfide metabolites is currently
unknown. Further studies are warranted to better characterize the metabolic fate of H,S,
either breathed or administered as H»S donor compounds, in vivo and in vitro.

Balneotherapy in sulfur containing hot water has been widely used for the treatment of
chronic pain associated with a number of conditions including osteoarthritis and
fibromyalgia [36—38]. While the mechanisms responsible for the beneficial effects of
balneotherapy are poorly understood, it has been reported that immersion in sulfur-rich hot
water increases serum cysteine levels [39] while decreasing plasma levels of inflammatory
cytokines and reactive oxygen species [40]. Based on the current observations, it is tempting
to speculate that at least part of the beneficial effects of balneotherapy may be mediated by
increased sulfide levels caused by absorption or inhalation of hydrogen sulfide contained in
sulfur hot spring.

In conclusion, the current study revealed the robust protective effects of inhaled hydrogen
sulfide, which prevented neuropathic pain behavior after peripheral nerve injury in mice.
The protective effects of breathing hydrogen sulfide were associated with the prevention of
microglial activation as well as attenuation of the upregulation of inflammatory cytokines in
the spinal cord. Our observations also demonstrate that hydrogen sulfide donor markedly
prevented the production of inflammatory cytokines from activated microglia. The ability of
hydrogen sulfide to attenuate the neuropathic pain behavior in mice, if extrapolated to
human beings, is clinically relevant and may serve as the experimental basis for future
studies in which the effects of hydrogen sulfide donor compounds against neuropathic pain
are examined.
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Effects of inhaled hydrogen sulfide on neuropathic pain behavior in mice. Mechanical
allodynia (A) and thermal hyperalgesia (B) were attenuated by hydrogen sulfide breathing at
40 ppm for 8 h (H,S) on 7 consecutive days. H,S, mice that breathed hydrogen sulfide at 40
ppm mixed in air after CCI. Air, mice that breathed air alone after CCI. N =5 in each group.
***P < (0.001 versus Air. Data were analyzed using repeated measures two-way ANOVA.

Nitric Oxide. Author manuscript; available in PMC 2016 April 30.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kida et al.
A ITGAM
c k% k%%
S 204 T 3 1 J
7]
o
5 1.5
]
@ 1.0 I
[] I
o
2 0.5
=
8
S 00 r . T
Sham Air H,S
c IL-6
8 3 kK *
e
Q.
X 24
w
2l T |
S 1
[
2
s
0 . y
: Sham Air H,S
E TNF-a
§ 3 *
= ‘
g ——
5 2 T
it
[
$ T
o 14
Q
2
k=
3 0 . y
e Sham Air H,S

Fig. 2.

Relative Gene Expression

@)

Relative Gene Expression

Relative Gene Expression T

Page 11

GFAP
1.5 *% X
' —
104 —-
0.5
0.0 T
Sham Air H,S
CCL2
5 *%% *%k% X
4..
3.
21 I T
1_
Sham Air H,S
ATF3
301 *k% *kk X
20
10+
(e I T I
Sham Air H,S

Relative gene expression levels of glial activation (A and B), inflammatory cytokines (C-E)
and activating transcription factor 3 (ATF3) (F) in the spinal cord at 2 days after chronic
constriction injury (CCI) of the sciatic nerve. Sham, mice that were subjected to sham
operation without sciatic nerve ligations. Air, mice that breathed air alone after CCI. H,S,
mice that breathed hydrogen sulfide at 40 ppm for 8 h on 2 consecutive days after CCI.
ITGAM, integrin alpha M; GFAP, glial fibrillary acidic protein; IL-6, interleukin 6; CCL2,
chemokine CC motif ligand 2; TNF-a, tumor necrosis factor a. N = 8 in each group. *P <
0.05, **P < 0.01, and ***P < 0.001. Data were analyzed using one-way ANOVA with a
Bonferroni post hoc test.
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Fig. 3.

In?erleukin 6 (IL-6) induced expression levels of inflammatory cytokines in the primary
microglial cells. The microglia was incubated with or without IL-6 (Control) for 6 h.
Vehicle (IL-6 + Vehicle), sodium sulfide (Na,S) at 50 pM (IL-6 + Na,S 50 uM), or 200 uM
(IL-6 + NayS 200 pM) was administered to the media 1 min after the addition of IL-6.
CCL2, chemokine CC matif ligand 2; TNF-a, tumor necrosis factor a. N = 7-8 in each
group. *P < 0.05, **P < 0.01, and ***P < 0.001. Data were analyzed using one-way
ANOVA with a Bonferroni post hoc test.
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Table 1

List of primer sequences for real-time PCR.

IL-6 for mice
IL-6 for mice
TNF-a for mice
TNF-a for mice
CCL-2 for mice
CCL-2 for mice
ATF3 for mice
ATF3 for mice
ITGAM for mice
ITGAM for mice
GFAP for mice
GFAP for mice
18S for mice
18S for mice
IL-6 for rat
TNF-a for rat
CCL-2 for rat
18S for rat

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward

Reverse

TagMan Rn00561420_m1 (Life Technologies, Grand Island, NY)

TagMan Rn99999017_m1 (Life Technologies)
TagMan Rn00580555_m1 (Life Technologies)
TagMan Hs 99999901_s1 (Life Technologies)

5-CCGGAGAGGAGACTTCACAGA-3
5-GGTCTGGGCCATAGAACTGA-3
5-CAGCCTCTTCTCATTCCTGC-3
5-GGTCTGGGCCATAGAACTGA-3
5-ATGCAGGTCCCTGTCATGCTTC-3’
5-ACTCATTGGGATCATCTTGCTGG-¥
5-CAGTTACCGTCAACAACAGACCC-3
5-CTTTCTGCAGGCACTCTGTCTTC-3
5-CCATGACCTTCCAAGAGAATGC-3
5-ACCGGCTTGTGCTGTAGTC-3
5-ACCAGCTTACGGCCAACAG-3’
5-CCAGCGATTCAACCTTTCTCT-3
5-CGGCTACCACATCCAAGGAA-3
5-GCTGGAATTACCGCGGCT-3’
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IL-6, interleukin 6; TNF-a, tumor necrosis factor a; CCL2, chemokine CC motif ligand 2; ATF3, Activating transcription factor 3; ITGAM,
integrin alpha M; GFAP, glial fibrillary acidic protein.
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