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Impact statement

There are currently approximately 425
million diabetic patients worldwide, of
which approximately 90% of patients with
diabetes suffer from neuropathy. Diabetic
neuropathic pain (DNP) is a common
complication of diabetic neuropathy.
Nearly half of the patients hospitalized with
diabetes have pain symptoms or symp-
toms related to neurological injury, and the
incidence increases with age and diabetic
duration. Anti-DNP analgesics have either
limited therapeutic effects or serious side
effects or lack of clinical trials, which has
limited their application.
Physiopathological mechanisms and
treatment of DNP remain a significant
challenge. The present confirmed that
inhalation of H,S may attenuate the dia-
betic neuropathic pain through NO/cGMP/
PKG pathway and p-opioid receptor. It
provides us the animal study foundation for
the application of H,S on the treatment of
DNP and clarifies some target molecules in
the pain modulation of DNP.

Abstract

Diabetic neuropathic pain is a frequent complication of diabetic neuropathy. The specific
manifestations of diabetic neuropathic pain include spontaneous pain and hyperalgesia,
which seriously affect the quality of life of patients. Previous publications have shown that
H,S has both pro-nociceptive and anti-nociceptive effects. This present investigation aimed
to examine the anti-nociceptive effect of HoS on diabetic neuropathic pain. We established
a diabetic neuropathic pain animal model with high-glucose, high-fat diet, and STZ, then
treated rats with different concentrations of H,S and inhibitors of NOS, sGC, PKG, and
opioid receptors. The mechanical allodynia and thermal hyperalgesia of rats were measured
to assess the anti-nociceptive effects of H,S. The mRNA and protein expression of NOS and
PKG1 were measured to explore their roles in the anti-nociceptive action of H,S. The results
revealed that inhalation of H,S gas had anti-nociceptive effect in diabetic neuropathic pain
model rats without affecting the blood glucose level and body mass. It increased the mRNA
and protein level of NNOS, and the inhibitor of NNOS, 7-NI, abolished the anti-nociceptive
effect of H,S. Furthermore, inhibitors of sGC and PKG could also abolish the anti-
nociceptive effect of HoS. The expression of PKG1 was found to be increased by H,S,
which was reversed by the inhibitors of nNOS, sGC, and PKG. Finally, CTOP, a p-opioid
receptor antagonist, abolished the anti-nociceptive effect of H,S, indicating that the

u-opioid receptor plays a role in the anti-nociceptive effect of H,S. In conclusion, the findings of this investigation suggest that
hydrogen sulfide may attenuate the diabetic neuropathic pain through NO/cGMP/PKG pathway and p-opioid receptor.
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Introduction

In recent years, as a result of high-sugar and high-fat diet
habits, the incidence of diabetes and its complications
has increased dramatically.' The main complications of
diabetes include kidney disease, cardio-cerebral vascular
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disease, retinopathy, nerve damage, etc. There are currently
approximately 425 million diabetic patients worldwide, of
which approximately between 6% and 51% among adults
with diabetes suffer from neuropathy.> Neuropathic pain
is triggered by the primary injury of the nervous system.
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The main manifestations include spontaneous pain, hyper-
algesia, abnormal pain, and paresthesia.3 Diabetic neuro-
pathic pain (DNP) is a frequent complication of diabetes.
Nearly half of the patients hospitalized with diabetes have
pain symptoms or symptoms related to neurological injury,
and the incidence increases with age and diabetic dura-
tion.* The pathogenesis is not clear yet. It is speculated
that it may be related to the combined effects of metabolic
disorders, reduced neurotrophic factors, and autoimmune
factors caused by hyperglycemia.>® The high glucose state
during diabetes can cause a large number of body perox-
ides, which causes oxidative stress and promotes the
release of pro-inflammatory factors. These actions aggra-
vate nervous system damage and promote the progress of
DNP. The specific manifestations of DNP include sponta-
neous pain and hyperalgesia, which seriously affect the
quality of life of patients.” Although there have been
some publications on the pathogenesis of DNP, including
the involvement of y-opioid receptor,® there are many fac-
tors involved in the formation and maintenance of DNP,
and multiple mechanisms are involved.®*** Anti-DNP anal-
gesics have either limited therapeutic effects or serious side
effects or lack of clinical trials,"> which has limited their
application.

To explore the new treatment of DNP, hydrogen sulfide
(H5S) may be a potential candidate. As a new type of gas
molecule, H,S plays an important role in many physiolog-
ical functions.”® Tt is involved in many diseases.
Endogenous H,S can be produced by the catalyzation of
L-cysteine by cystathionine f-synthase.'” In recent years,
much literature has shown that H,S is involved in the mod-
ulation of pain processing as a neuromodulator.'*™ It has
been shown that H,S has both pro-nociceptive and anti-
nociceptive effects. Previous studies showed that the local
administration of H,S had a nociception effect. Injection of
H,S donor sodium sulfide into the foot can induce hyper-
algesia, which can be blocked by oxidants.'® The ipsilateral
hindfoot hyperalgesia induced by the injection of formalin
is related to the increase in the concentration of H,S at the
injection site, without causing the contralateral hindfoot
hyperalgesia.'”” However, there are also reports that the
systemic administration of H,S can produce an anti-
nociceptive effect. For example, the treatment of NaHS
suppresses nociception induced by colorectal distension,
which is regulated by K(ATP) channels and nitric oxide
(NO).> Chen et al.** found that NaHS exhibited an anti-
nociceptive effect in neuropathic pain established by chron-
ic constriction injury. It was also revealed that H,S prevents
bone cancer pain.*

H,S exerts its biological characteristics through ATP-
sensitive potassium channels, transient receptor potential-
A channels, and nitric oxide synthase (NOS).*™> Tt is
reported that NO and ¢cGMP can activate downstream mol-
ecules, including cGMP-dependent protein kinase (PKG)
and potassium channels.’**” The NO/cGMP/PKG signal-
ing participates in diabetes-associated osteoporosis.*®
Besides, in the analgesic effects produced by clonidine («2
adrenergic receptor agonist), neostigmine (cholinesterase
inhibitor), and [D-Pen2,D-Pen5]-enkephalin (d-opioid

receptor agonist), NO plays an important role.* When
S-Nitroso-N-acetylpenicillamine (NO donor) is used in
combination with L-cysteine, it produces anti-nociceptive
effect.®® There are also reports that stimulation of the
NO/cGMP/PKG signal leads to the opening of ATP-
dependent potassium channels and the production of
anti-nociceptive effect.*!

Although H,S shows a great possibility to exert an anti-
nociceptive effect, the effect of H,S on DNP has not been
reported yet. Therefore, this work was performed to exam-
ine the anti-nociceptive effect of H,S on DNP. The involve-
ment of NO/cGMP/PKG signaling pathway and u-opioid
receptor was investigated to explore the mechanism.
The hypothesis is H,S may exert an anti-nociceptive effect
on DNP through a NO/cGMP/PKG signaling pathway
and p-opioid receptor.

Materials and methods

Animals and treatment

A total of 650 male Sprague-Dawley rats (180-220 g, aging
6-7weeks) were provided by the Shandong Cancer
Hospital animal center and kept there. All rats were
housed under 23-25°C and 65-75% humidity with free
access to food and water. The procedures of this investiga-
tion complied with IASP’s ethical guidelines. Approval by
the Animal Care and Use Committee of Shandong First
Medical University has been obtained.

Rats were treated with four weeks of a high-glucose,
high-fat diet, 12h of starvation, and a single peritoneal
injection (i.p.) of Streptozocin (STZ, 35 mg/kg). One week
later, we began to measure the blood glucose level, body
mass and mechanical allodynia (MA), and thermal hyper-
algesia (TH) (once a week). At the second week point, rats
who meet the criteria for diabetic neuropathic pain (DNP)
according to the blood glucose level and MA/TH were
assigned to groups. If the blood glucose exceeded
300.6mg/dL, and the MA/TH were different from
Control, the DNP model was considered to be successfully
established. Animals were then randomly assigned to
groups (n=12). Excess rats were sacrificed.

In experiment 1, 70 rats were used to induce DNP model,
and 56 rats were considered to meet DNP criteria. These
rats and 24 normal rats were randomly assigned into
Control, DNP model, DNP model + H2S-L,, DNP model +
H25-M, DNP model + H2S-H, and H2S-M groups. Rats in
the Control group received no treatment (feed with normal
diet); Rats in the DNP model group received DNP model
treatment; Rats in the DNP model + H2S-I, DNP
model + H25-M, DNP model + H25-H groups received
DNP model treatment and inhaled different concentrations
of H2S. Rats in the H25-M group only inhaled 20 ppm H2S
(feed with normal diet). The H2S inhalation started at two
weeks post-STZ injection for 2h per day.

In experiment 2, 150 rats were used to induce the DNP
model; 130 rats were considered to meet the DNP criteria.
Rats were randomly assigned into Vehicle, H2S-M,
H2S-M + 1400W-L, H25-M + 1400W-M, H25-M + 1400W-H,
H2S-M +7-NI-L,  H25-M+7-NI-M,  H2S-M +7-NI-H



groups. In experiment 3, 150 rats were used to induce
the DNP model; 132 rats were considered to meet DNP
criteria. Rats were randomly assigned into Vehicle, H25-M,
H25-M+ODQ-L, H25-M+0DQ-M, H25-M +O0DQ-H,
H2S-M + KT5823-L, H2S-M + KT5823-M, H25-M + KT5823-
H groups. In experiment 4, 250 rats were used to induce
the DNP model; 192 rats were considered to meet the DNP
criteria. Rats were randomly assigned into Vehicle, H2S-M,
H25-M + Nor-BNI-L, H2S-M + Nor-BNI-M, H25-M + Nor-
BNI-H, H25-M + CTOP-L, H2S5-M + CTOP-M, H2S-M +
CTOP-H groups, H2S5-M + Naltrindole-L, H2S-M +
Naltrindole-M, H2S-M + Naltrindole-H. All rats received
DNP model treatment. Rats in the Vehicle group were
given saline via intrathecal polyethylene catheter. Rats in
the H25-M group inhaled 20ppm H2S. Rats in H2S-
M+ 1400W groups, H25-M + 7-NI groups, H25-M + ODQ
groups, H2S5-M+KT5823 groups, H25-M + Nor-BNI
groups, H25-M + CTOP groups, and H2S-M + Naltrindole
groups inhaled 20 ppm H2S and were given different con-
centrations of 1400 W, 7-NI, ODQ, KT5823, Nor-BNI, CTOP,
or naltrindole via intrathecal polyethylene catheter. The
intrathecal injection of drugs started at two weeks post-
STZ injection and lasted for a week.

Establishment of DNP animal model

The preparation procedure of the DNP animal model was
similar to the literature of Ge et al.** The model was induced
by four weeks of a high-glucose, high-fat diet, 12 h of starva-
tion, and an injection (i.p.) of streptozocin (STZ, 35 mg/kg).
Blood was collected after food consumption and the
blood glucose was measured every week. If it exceeded
300.6mg/dL, rats were considered as “type 2 diabetes
mellitus.” The body mass was also measured every week.
The mechanical withdrawal threshold (MWT) and thermal
withdrawal latency (TWL) were examined every Monday
for six weeks, beginning from one-week post-STZ injection.
If the rats had evident MA/TH, the DNP model was con-
sidered as successfully established.*

H,S inhalation

The H,S inhalation procedure has been described by Kida
et al.>* Briefly, beginning at two weeks post-STZ injection,
rats inhaled H,S for 2h each day. The H,S inhalation was
completed using a 28-L transparent plastic chamber
(Ningbo Chamber Company, Ningbo, China). Rats were
put in the chamber to the air-H,S mixture for 2h per day
at room pressure. The H,S concentration was kept at
10 ppm (HoS-L), 20 ppm (H,S-M), or 40 ppm (H,S-H). The
H,S concentration was monitored with an ONIX CVI H,S
analyzer.”®

Intrathecal injection of inhibitors

The inhibitors of iNOS (1400 W), nNOS (7-NI), soluble gua-
nylate cyclase (sGC) (ODQ), PKG (KT5823), and antago-
nists of x-opioid receptor antagonist (Nor-BNI), u-opioid
receptor (CTOP), and d-opioid receptor (naltrindole) were
administrated by intrathecal injection at the first week after
STZ injection. ODQ was used to inhibit sGC, so the produce
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of cGMP was decreased. The procedure has been described
by Chen et al.*® Firstly, rats were anesthetized with keta-
mine (100mg/kg, im.) and xylazine (7.5mg/kg, im.).
An incision was made in the gap between the L4/L5 ver-
tebrae to insert a polyethylene catheter (PE-10, Instech
Laboratories, PA, USA) so its tip was positioned at the sub-
arachnoid space. The catheter was connected to a dorsally
subcutaneously implanted Alzets osmotic minipump
(1007 D) with polyvinylchloride tubing, as reported in our
previous study.” It has a 100-uL reservoir and delivers
drug at a rate of 0.5uL/h for a week. Every compound
was given at three concentrations; 1400W was given
at 1ug/10puL (1400 W-L), 5pg/10 uL (1400 W-M), 10 pg/
10 uL (1400 W-H); 7-NI was given at 1nug/10 uL (7-NI-L),
10 pug/10 uL (7-NI-M), 100 pg/10 uL (7-NI-H); ODQ was
given at 1pg/10uL (ODQ-L), 10pg/10ul (ODQ-M),
20 ug/10 uL (ODQ-H); KT5823 was given at 100ng/10 uL
(KT5823-L), 500 ng/10 uL (KT5823-M), 1 ng/10 uL (KT5823-
H); Nor-BNI was given at 10pg/10uL (Nor-BNI-L),
20pg/10uL  (Nor-BNI-M), 40pg/10uL  (Nor-BNI-H);
CTOP was given at 1pg/10uL (CTOP-L), 10pg/10 uL
(CTOP-M), 20 pg/10 uL. (CTOP-H); Naltrindole was given
at 5ng/10 uL Naltrindole-L), 10 pg/10 uL. (Naltrindole-M),
20 pg/10 uL (Naltrindole-H). All these compounds were
provided by Santa Cruz (CA, USA).

Measurement of MWT and TWL

The Von Frey filament method was applied to measure the
mechanical allodynia.’” The measurement was carried out
between 10:00 a.m. and 4:00 p.m., and the ambient temper-
ature was maintained at 20-25°C. Rats were placed on a test
rack made of metal in a Plexiglas box. Before the measure-
ment, the rats had 15min to adapt to the environment.
The Von Frey filaments (0.6 g-1.5 g) are used in the study,
which are gradually pressurized to bend the filaments
when stimulating the paws of the rats. The continuing stim-
ulation duration was 3s and the measurement interval is
15s. The minimum value of the Von-Fery filament (5 times)
recorded when the paws of rat were lifted was regarded as
the MWT.

The measurement of TWL was performed with a paw
thermal stimulator in a quiet environment at room temper-
ature. First, the distance of the thermal stimulator and the
size of the light source were adjusted. After rats have fully
adapted to the test environment for 20 min, the thermal
stimulator was aimed at the left hind foot of rats.
The light of the thermal stimulator was turned on and the
timer started at the same time. When the rats lifted their
feet, the timing stopped and the time was recorded as TWL.
Three measurements were taken on each left hind foot of
the rat at 10-min intervals. The maximum time of TWL
measurement was set as 30s to prevent the feet of the rats
from being burned. If the rat has not escaped or lifted its
feet after 30 s, the thermal stimulation would automatically
stop and the TWL was recorded as 30s.%®

Real-time PCR analysis

At the end of six weeks after STZ injection, rats were sac-
rificed by exsanguination under anesthesia after the
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assessment of MA/TH was completed. The L4-L6 spinal
cord was collected to measure the mRNA levels of iNOS,
eNOS, nNOS, and PKG1 using real-time PCR method.*
The primer sequences for iNOS, eNOS, nNOS, and PKG1
were as follows: iNOS, 5-ACAGGGAAGTCTGAAGC
ACTAG-3'(coding sense), 5-CATGCAAGGAAGGGAA
CTCTTC-3' (coding antisense); eNOS, 5'- CTATGGTAGT
GCCTTGGCTGGAGG-3' (coding sense), 5'-ACCGCCCA
GGGAACTCCGCT-3' (coding antisense); nNOS, 5-TA
GCTTCCAGAGTGACAAAGTGACC-3' (coding sense),
5'-TGTTCCAGGGATCAGGCTGGTATTC-3' (coding anti-
sense); PKG1, 5-CCG AATTCTGTATTTCTCTTACCTGC
TTC-3' (coding sense), 5-CACACTAGTGGACTCAGTT
TAATTTGTGG-3' (coding antisense); p-actin, 5-CACC
CGCGAGTACAACCTTC-3' (coding sense), 5-CCCAT
ACCCACCATCACACC-3 (coding antisense). The results
were expressed as the ratio of Control.

Western blot analysis

At the end of six weeks after STZ injection, rats were sac-
rificed by exsanguination under anesthesia after the assess-
ment of MA/TH was completed. Samples for RT-PCR and
Western Blot were collected from the same rats. The L4-L6
spinal cord of rats was collected to measure the protein
levels of iNOS, eNOS, nNOS, and PKG1 using the
Western Blot method.* Briefly, the L4-L6 spinal cord was
tirst homogenized (1000xg, 15 min) to collect the protein,
which were separated by an SDS-PAGE gel and transferred
to a nitrocellulose membrane, which was then incubated
with primary antibodies of iNOS, eNOS, nNOS, PKG1,
and f-actin overnight at 4°C, and with secondary antibody
(1:2000; Santa Cruz, USA) at 25 °C for 1 h. The primary anti-
bodies were provided by Sigma-Aldrich (St. Louis, MO,
USA). The protein expression level was measured using
the Quantity One software (Bio-Rad, Hercules, USA).

(a)
-o- (Control =~ DNP modeHH,5-M
-# DNP model -¢- DNP model+H;S-H

-4 DNP model+ H;S-L -~ H.S-M

TWL(s)

Weeks after STZ injection

Statistical analysis

Data were presented as the Mean 4+ S.E.M and analyzed by
one-way ANOVA and Bonferroni post hoc test. For MWT,
TWL, blood glucose, and body mass, the comparison was
performed between data in the same week. P <0.05 was
regarded statistically significant.

Results

H,S exerted antinociceptive effect in DNP model rats

Figure 1 shows the changes in MWT and TWL of rats. The
MWT and TWL were dramatically decreased over-time in the
DNP group. Treatment of lower concentration of H,S did not
significantly change the MWT and TWL compared to
Control, but treatment of middle and higher concentrations
of HyS significantly increased them from the fourth week
after STZ treatment compared to DNP group (MWT:
P <0.05, F=15.90, df =5, R2=0.5409; DNP model + H2S-M
vs. DNP model, P < 0.05, Mean Diff. = —9.354, t =4.731; DNP
model + H2S-H vs. DNP model, P<0.05, Mean Diff.=
—9.934, t=5.024. TWL: P<0.05 F=8702, R2=0.3919;
DNP model + H25-M vs. DNP model, P<0.05, Mean
Diff. =6.640, t=4.072; DNP model+H2S-H vs. DNP
model, P <0.05, Mean Diff. =4.600, t=2.821). Treatment of
middle concentration of H,S only (without STZ injection) did
not impact the MWT and TWL of rats compared to Control.

H.S did not impact the blood glucose level or
body mass

The changes in blood glucose level and body mass of rats
are shown in Figure 2. The blood glucose level of rats in the
DNP model group was significantly increased (P < 0.05,
F=78.94, df =5, Mean Diff. =14.81, t=0.6422). Treatment
of three concentrations of H,S did not significantly change
the blood glucose level compared to the DNP model group
(P >0.05). Treatment of the middle concentration of H,S

(b)

-~ Control =¥ DNP model+H;5-M
-= DNP model -~ DNP model+H:S-H
—=— DNP modeH H;S-L -6~ H3S-M

40+
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104

c 1 T T L T T 1

Weeks after STZ injection

Figure 1. Changes in the mechanical allodynia and thermal hyperalgesia of rats. Figure 1 shows the changes in MWT and TWL of rats. The values are expressed as Mean
+ S.E.M. The MWT (a) and TWL (b) of rats were measured every Monday for six weeks, beginning from one-week post-STZ injection. H,S-L: lower concentration of HoS
(10 ppm); H2S-M: middle concentration of H,S (20 ppm); H>S-H: higher concentration of HoS (40 ppm). MWT: mechanical withdrawal threshold; TWL: thermal withdrawal
latency. #P < 0.05 compared to Control; *P < 0.05 compared to DNP model. n =12 per group.(A color version of this figure is available in the online journal.)
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Figure 2. Changes in the blood glucose level and body mass of rats. Figure 2 shows the changes in blood glucose level and body mass of rats. The values are
expressed as Mean + S.E.M. The blood glucose level (a) and body mass (b) were measured every Monday for six weeks, beginning from one-week post-STZ injection.
H,S-L: lower concentration of H,S (10 ppm); H,S-M: middle concentration of H,S (20 ppm); HoS-H: higher concentration of H,S (40 ppm). #P < 0.05 compared to
Control. n=12 per group.(A color version of this figure is available in the online journal.)

only did not impact the blood glucose level (P> 0.05).
As shown in Figure 2(b), the body mass of rats in the
Control group and H,S5-M group gradually increased
over-time, but the body mass of rats in the DNP model
group, DNP model +H,S-L, DNP model + H,S-M, and
DNP model + H,S-H groups did not show an increase
over-time. From the third week post-STZ injection,
the body mass of rats in the DNP model group, DNP
model +H,S-L, DNP model +H,S-M, and DNP model +
H,S-H groups was significantly lower than Control
(P<0.05, F=9.467, df=5, R2=0.4570; DNP model vs.
Control, P<0.05, Mean Diff.=—-41.10, t=5.482; DNP
model +H2S-L vs. Control, P <0.05, Mean Diff. =30.90,
t=4.122;, DNP model + H25-M vs. Control, P <0.05,
Mean Diff.= —38.00, t=5.069; DNP model + H2S-H vs.
Control, P <0.05, Mean Diff. = —28.70, t = 3.828). No signif-
icant difference was observed in the body mass between
the DNP model group and DNP model +H,S-L, DNP
model + H,S-M, or DNP model+H,S-H groups
(P>0.05). It is indicated that H,S did not impact the
blood glucose level or the body mass.

H.S increased the mRNA and protein level of nNOS,
but not iNOS or eNOS

The mRNA level of iNOS, eNOS, and nNOS and their pro-
tein expression level were measured with the Western blot
method. As shown in Figure 3, the mRNA and protein level
of iNOS were enhanced in the DNP groups (mRNA:
P<0.05, F=182.7, df=5, R2=0.9420; DNP model vs.
Control, P<0.05, Mean Diff.=3.747, t=22.72; DNP
model +H2S-L vs. Control, P < 0.05, Mean Diff. = —3.587,
t=21.75; DNP model + H25-M vs. Control, P < 0.05, Mean
Diff. =3.427, t=20.78; DNP model + H2S-H vs. Control,
P<0.05, Mean Diff.=3.237, t=19.62. Protein level:
P<0.05, F=52.6, df=5, R2=0.8238, DNP model vs.
Control, P<0.05, Mean Diff.=—4.135, t=11.91;, DNP
model + H2S-L vs. Control, P < 0.05, Mean Diff. = —3.895,

t=11.22; DNP model + H25-M vs. Control, P < 0.05, Mean
Diff. = —4.065, t=11.71; DNP model + H2S-H vs. Control,
P <0.05, Mean Diff. = —3.775, t =10.88), but the three con-
centrations of H,S did not significantly change it compared
to DNP model. The mRNA and protein levels of eNOS
were not significantly changed in the DNP group, DNP
model +H,S-L, DNP model + H,S-M, or DNP model +
H,S-H groups compared to Control. The mRNA and pro-
tein level of nNOS were enhanced in the DNP group
(mRNA: P<0.05, F=3241, df=5 R2=0.7501; DNP
model vs. Control, P < 0.05, Mean Diff. =0.038, t=0.2461;
DNP model + H2S-L vs. Control, P <0.05, Mean Diff.=
—0.072, t=0.4664; DNP model + H2S-M vs. Control,
P<0.05, Mean Diff.=—-1.102, t=7.138; DNP model +
H2S-H vs. Control, P<0.05, Mean Diff.=-1.212,
t=7.851. Protein level: P<0.05, F=93.87, df=5, R2=
0.8968; DNP model vs. Control, P<0.05, Mean Diff. =
—0.017, t=0.09419; DNP model 4+ H2S-L vs. Control,
P <0.05, Mean Diff.=0.006, t=0.03324; DNP model +
H25-M vs. Control, P<0.05, Mean Diff.=-2.097, t=
11.62; DNP model + H2S-H vs. Control, P <0.05, Mean
Diff. = —2.211, t =12.25), which were significantly inhibited
by the treatment of middle and higher concentrations of
HyS (mRNA: DNP model vs. DNP model +H2S-M,
P <0.05, Mean Diff.=—1.140, t=7.384; DNP model vs.
DNP model + H2S-H, P <0.05, Mean Diff.=—-1.250, t=
8.097. Protein level: DNP model vs. DNP model + H2S-M,
P <0.05, Mean Diff.=—2.080, t=11.52; DNP model vs.
DNP model + H2S-H, P <0.05, Mean Diff.=-2.194,
t=12.16).

Inhibition of nNOS abolished the anti-nociceptive
effect of H,S

To further explore the role of NOS, we treated rats with
iNOS inhibitor 1400 W and nNOS inhibitor 7-NI, then mea-
sured the changes in MWT and TWL of rats. The results
(Figure 4) showed that none of the three concentrations of
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Figure 3. Changes in the mRNA and protein level of INOS, nNOS, and eNOS in the spinal cord of rats. Figure 3(a) shows the changes in mMRNA levels of INOS, nNOS,
and eNOS; Figure 3(b) shows the representative blots of INOS, nNOS, and eNOS; Figure 3(c) shows the protein levels of INOS, nNOS, and eNOS in the spinal cord. The
values are expressed as Mean + S.E.M. The mRNA and protein level of iNOS, nNOS and eNOS in the spinal cord of rats were measured at six weeks after STZ
injection. HyS-L: lower concentration of H,S (10 ppm); H2S-M: middle concentration of H,S (20 ppm); HoS-H: higher concentration of H,S (40 ppm). *P < 0.05 com-
pared to Control; *P < 0.05 compared to DNP model. n=12 per group.
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Figure 4. Changes in the mechanical allodynia and thermal hyperalgesia by iNOS and nNOS inhibitors. Figure 4(a) and (b) shows the changes in MWT and TWL by
iNOS inhibitor 1400 W; Figure 4(c) and (d) shows the changes in MWT and TWL by nNOS inhibitor 7-NI. The values are expressed as Mean + S.E.M. All rats received a
DNP model. The MWT and TWL of rats were measured every Monday for six weeks, beginning from one-week post-STZ injection. H,S-M: middle concentration of H,S
(20 ppm); 1400 W-L: lower concentration of 1400 W (1 ug); 1400 W-M: middle concentration of 1400 W (5 nug); 1400 W-H: higher concentration of 1400 W (10 pg); 7-NI-L:
lower concentration of 7-NI (1 pg); 7-NI-M: middle concentration of 7-NI (10 pg); 7-NI-H: higher concentration of 7-NI (100 pg). MWT: mechanical withdrawal threshold;
TWL: thermal withdrawal latency. *P < 0.05 compared to H,S-M. n=12 per group. (A color version of this figure is available in the online journal.)



1400 W significantly changed the MWT and TWL (P > 0.05).
Lower concentration of 7-NI did not significantly change
the MWT and TWL, but the middle and higher concentra-
tions of 7-NI significantly decreased the MWT and TWL
compared to H,S-M group from the fourth week after
STZ injection (MWT: P<0.05, F=1064, df=4,
R*=0.8852; H,S-M vs. H,S-M +7-NI-M, P <0.05, Mean
Diff. =8.583, t=11.56; H,S-M vs. HS5-M+7-NI-H,
P <0.05, Mean Diff.=11.37, t=1531. TWL: P <0.05,
F=7124, df =4, R*=0.8382; H,S-M vs. H,S-M +7-NI-M,
P <0.05, Mean Diff.=10.08, t=13.62; H,S-M vs. HS-
M +7-NI-H, P <0.05, Mean Diff. =7.318, t=9.889).

Inhibitors of sGC and PKG suppressed the
anti-nociceptive effect of HoS

To explore the role of sGC and PKG, we treated rats with
sGC inhibitor ODQ and PKG inhibitor KT5823, then mea-
sured the changes in MWT and TWL of rats. As shown in
Figure 5, compared to H,S5-M, the MWT and TWL were
significantly decreased by all the three concentrations of
ODQ (MWT: P <0.05, F=223.0, df =4, R*=0.9419; H,S-M
vs. HyS-M 4+ ODQ-M,, P < 0.05, Mean Diff. =8.950, t =19.15;
H,S-M vs. H,S-M +ODQ-H, P <0.05, Mean Diff. =12.18,
t=26.07. TWL: P <0.05, F=96.55, df =5, R*=0.8753; H,S-
M vs. H,S-M+0DQ-M, P<0.05 Mean Diff.=8.900,
t=18.93; H,S-M vs. H,5-M+ODQ-H, P<0.05, Mean
Diff. = 6.525, t=13.66) and middle and higher concentrations
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of KT5823 from the fourth week after STZ injection (MWT:
P <0.05, F=52.15, R*=0.7914; H,S-M vs. H;S-M + ODQ-M,
P<0.05, Mean Diff.=7417, t=10.83;, H,S-M vs. H,S-
M+ ODQ-H, P<0.05, Mean Diff. =7.958, t=11.62. TWL:
P <0.05, F=60.97, R*=0.8160; H,S-M vs. H;S-M + ODQ-M,
P<0.05, Mean Diff.=8367, t=1220;, H,S-M vs. H,S-
M+ ODQ-H, P <0.05, Mean Diff. =8.442, t=12.31). These
results suggested that inhibition of sGC and PKG abolished
the anti-nociceptive effect of HyS.

H.S increased the protein expression of PKG1,
which was suppressed by the inhibitors of nNOS,
sGC, and PKG

To further confirm the role of PKG, we measured the
mRNA and protein level of PKGI1 after rats were treated
with STZ, H,S or inhibitors of nNOS, sGC, and PKG.
The results are shown in Figure 6. The mRNA and protein
levels of PKG1 were not changed by the DNP model, but
were significantly increased by middle and higher concen-
trations of H,S (mRNA: P<0.05, F=1051, df=5,
R?>=0.9876. DNP model vs. DNP model +H2S-M,
P <0.05, Mean Diff.=—-2.406, t=40.40; DNP model vs.
DNP model+H25-H, P<0.05, Mean Diff.=-2.599,
t=43.65. Protein level: P<0.05, F=581.3, df=5,
R?>=0.9778. DNP model vs. DNP model +H2S-M,
P <0.05, Mean Diff.=—1.529, t=23.95; DNP model vs.
DNP model + H2S-H, P<0.05, Mean Diff.=-2.101,
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Figure 5. Changes in the mechanical allodynia and thermal hyperalgesia by sGC and PKG inhibitors. Figure 5(a) and (b) shows the changes in MWT and TWL by sGC
inhibitor ODQ; Figure 5(c) and (d) shows the changes in MWT and TWL by PKG inhibitor KT5823. The values are expressed as Mean + S.E.M. All rats received a DNP
model. The MWT and TWL of rats were measured every Monday for six weeks, beginning from one-week post-STZ injection. H,S-M: middle concentration of H,S
(20 ppm); ODQ-L: lower concentration of ODQ (1 pg); ODQ-M: middle concentration of ODQ (10 pg); ODQ-H: higher concentration of ODQ (20 pg); KT5823-L: lower
concentration of KT5823 (100 ng); KT5823-M: middle concentration of KT5823 (500 ng); KT5823-H: higher concentration of KT5823 (1 ug). MWT: mechanical with-
drawal threshold; TWL: thermal withdrawal latency. 'P < 0.05 compared to H,S-M. n =12 per group. (A color version of this figure is available in the online journal.)
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Figure 6. Changes in the mRNA and protein expression of PKG1 in the spinal cord by H,S and inhibitors of nNOS, sGC, and PKG. Figure 6(a) shows the changes in
mRNA levels of PKG1 by H,S; Figure 6(b) shows the changes in mRNA levels of PKG1 by H,S; Figure 6(c) shows the representative blots and protein level of PKG1 after
rat were treated with H,S; Figure 6(d) shows the representative blots and protein level of PKG1 after rat were treated with inhibitors of NANOS, sGC, and PKG. The values
are expressed as Mean + S.E.M. H,S-L: lower concentration of H,S (10 ppm); H.S-M: middle concentration of H,S (20 ppm); H,S-H: higher concentration of H,S

(40 ppm). HxS-M + 7-NI: 20 ppm H,S +10 g 7-NI; H,S-M+0DQ: 20 ppm H,S +10 pg ODQ; HoS-M+KT5823: 20 ppm H,S-M + 500 ng KT5823. #P < 0.05 compared to

DNP model; P < 0.05 compared to H,S-M. n =12 per group.

t=232.90). Treatment of inhibitors of nNOS, sGC, and PKG
(7-NI, ODQ, and KT5823) all significantly decreased the
protein level of PKG1 (P<0.05 F=7639, df=4,
RZ2=0.9823. H2S-M vs. H25-M +7-NI, P <0.05, Mean
Diff.=—-2.544, t=44.38, H2S-M vs. H2S-M -+ O0DQ,
P <0.05, Mean Diff.=2.583, t=45.05; H2S-M vs. H2S-
M+KT5823, P<0.05, Mean Diff.=2.320, t=40.47), but
did not change its mRNA level.

CTOP abolished the anti-nociceptive effect of H,S

To explore the role of opioid receptor, we treated rats with
H,S and different concentrations of Nor-BNI, CTOP, and
naltrindole, then measured the changes in MWT and
TWL of rats. As shown in Figure 7, none of the three con-
centrations of Nor-BNI or naltrindole significantly changed
the MWT and TWL. They were significantly decreased by
all the three concentrations of CTOP from the fourth week
after STZ injection compared to H;S-M group (MWT:
P<0.05 F=7559, df=4, R*=0.8461; H,S-M vs. H,S-
M+ CTOP-L, P <0.05, Mean Diff. =6.875, t=11.45; H,S-
M vs. H,S-M+CTOP-M, P<0.05, Mean Diff.=9.650,

t=16.07, H,S-M vs. Hy;5-M+ CTOP-H, P<0.05, Mean
Diff. =3.108, t=5.175. TWL: P<0.05, F=102.8, df=4,
R?=0.8820; H,S-M vs. HyS-M + CTOP-L, P <0.05, Mean
Diff. =5.825, t=10.56; H,5-M vs. H,S-M+ CTOP-M,
P <0.05, Mean Diff.=8.367, t=15.16; H,S-M vs. H,S-
M + CTOP-H, P <0.05, Mean Diff. =10.33, t=18.72), indi-
cating that inhibition of p-opioid receptor abolished the
anti-nociceptive effect of H,S.

Discussion

Due to the poor understanding of the underlying pathogen-
ic mechanism of DNP and the lack of effective clinical treat-
ments, DNP has been major suffering of diabetes patients.
Therefore, in-depth research on the pathogenesis of DNP
may help to improve life quality. The present work estab-
lished a DNP animal model and revealed that inhalation of
H,S gas improved MA/TH in DNP model rats without
affecting the blood glucose level and body mass. It
increased the mRNA and protein level of nNOS, and the
inhibitor of nNOS, 7-NI, abolished the anti-nociceptive
effect of H,S. Furthermore, inhibitors of sGC and PKG
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Figure 7. Changes in the mechanical allodynia and thermal hyperalgesia by opioid receptor antagonists. Figure 7(a) and (b) shows the changes in MWT and TWL by
K-opioid receptor antagonist Nor-BNI; Figure 7(c) and (d) shows the changes in MWT and TWL by p-opioid receptor CTOP; Figure 7(e) and (f) shows the changes in
MWT and TWL by é-opioid receptor antagonist naltrindole. The values are expressed as Mean + S.E.M. The MWT and TWL of rats were measured every Monday for
six weeks, beginning from one-week post-STZ injection. H,S-M: middle concentration of H,S (20 ppm); Nor-BNI-L: 10 pg Nor-BNI; Nor-BNI-M: 20 png Nor-BNI-M; Nor-
BNI-H: 40 ug Nor-BNI; CTOP-L: 1 ug CTOP-L; CTOP-M:10 ug CTOP; CTOP-H: 20 ug CTOP; Naltrindole-L: 5 ug Naltrindole; Naltrindole-M: 10 ug Naltrindole;

Naltrindole-H: 20 pug Naltrindole. MWT: mechanical withdrawal threshold; TWL: thermal withdrawal latency. 'P<0.05 compared to H,S-M. n =12 per group. (A color

version of this figure is available in the online journal.)

could also abolish the anti-nociceptive effect of H,S. The
expression of PKG1 was found to be increased by H.S,
which was reversed by the inhibitors of nNOS, sGC, and
PKG. Finally, CTOP, a u-opioid receptor antagonist, abol-
ished the effect of H,S, indicating that p-opioid receptor
participated in the anti-nociceptive action of HjS.

At present, animal models of diabetes are mostly
induced by the single injection of STZ in the abdominal
cavity. STZ is a powerful alkylating agent which can alkyl-
ate DNA. It makes it difficult to repair DNA, and then
interferes with glucose transport and destroys islet f§ cells
and induces diabetes.*” The results of this experiment indi-
cated that the DNP rat model was successfully established.

As shown in Figure 1, lower concentration of H,S did not
significantly change the MWT and TWL of rats compared to
Control, but middle and higher concentrations of H,S sig-
nificantly increased them from the fourth week after STZ
treatment compared to DNP group. The treatment of H,S,
however, did not significantly affect the blood glucose level
and body mass (Figure 2), indicating that the effect of H,S
was not associated with the blood glucose level or the
severity of STZ-induced diabetics.

The nNOS and eNOS are actively expressed in the rest-
ing state and can catalyze the production of a small amount
of NO, which can relax blood vessels and regulate physio-
logical processes such as pain.*' During the formation of
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neuropathic pain, activated spinal NOS can produce NO.
As an important neuron messenger, NO plays an important
role in signal pathways at the spinal level. Peripheral stim-
ulation causes damage and produces adenosine triphos-
phate, substance P, and excitatory amino acids, which
bind to glial cell receptors and lead to glial cell activation.
Activated microglia expresses iNOS and produces large
amounts of NO, which in turn activate astrocytes and
increase the excitability of pain transmitting neurons.**™**
Our result indicated that nNOS participated in the antino-
ciception of H,S. Publications have shown that the mecha-
nism of NOS in neuropathic pain is complicated, and the
research outcomes are controversial. On one hand, it is
believed that afferent neurons release glutamic acid in the
spinal cord, activate N-methyl-D-aspartic acid receptors,
cause Ca' influx and activate NOS. Activated NOS pro-
duce NO, which can diffuse through the cell membrane
to the presynaptic membrane and promote the release of
glutamic acid as well as pain sensitivity.*> Some other liter-
atures have shown that NO/cGMP activated PKG and
some potassium channels, therefore caused antinocicep-
tion.*® Stimulation of the NO/cGMP/PKG signals may
open potassium channels and produce anti-nociceptive
effects.”~* NO can increase cGMP in cells by activating
sGC. This present work found that H,S can reduce pain
sensitivity in DNP and increase the expression of nNOS
genes and proteins. The present study, by observing the
effects of the inhibitors on the anti-nociceptive action of
H,S, suggested that the NO/cGMP/PKG pathway partici-
pated in the action of H,S in DNP model. PKG has a variety
of physiological functions® and controls a variety of phys-
iological activities. PKG1 is mainly found in the nervous
system.” PKG2 exists only in the plasma membrane and is
only distributed in the kidney, cerebellum, and mucosa.”?
Therefore, the mRNA and protein levels of spinal cord
PKG1 were measured to confirm its involvement in the
action of H,S. The results indicated that H,S could activate
the protein expression of PKG1, but not the mRNA levels of
it to exert the anti-nociceptive effect.

Previous literatures have shown that in pain modula-
tion, the opioid receptor is essential in the anti-
nociceptive effect of many analgesic compounds. For
instance, Zakaria et al.>® found out that petroleum ether
extract of C. nutans exerted anti-nociceptive activity by
activating opioid receptors and NO/cGMP pathway.
Mehanna et al.>* investigated the anti-nociceptive effect of
tadalafil in various pain models and revealed that the
opioid receptors and NO/cGMP pathway were involved.
The investigation of Hervera et al.”® also suggested that
u-opioid receptor interacted with NO/cGMP/PKG/KATP
signaling pathway. We measured the MWT and TWL after
rats were treated with H,S and Nor-BNI, CTOP or naltrin-
dole. The results indicated that inhibition of the p-opioid
receptor abolished the anti-nociceptive effects of H,S. This
result suggests that the p-opioid receptor is involved in the
antinociception of H,S.

In the end, the limitation of the present investigation has
to be noted. First, this is a preliminary animal study, in
which all conditions were well controlled. Whether H,S
can attenuate DNP in the clinical situation still needs

inspection. Second, as H,S can regulate many signal path-
ways in the body, NO/cGMP/PKG pathway and the
p-opioid receptor may not be the only mechanism of its
action. More potential mechanisms and target molecules
should be explored in the future.

In conclusion, the present confirmed that inhalation of
H,S may attenuate the diabetic neuropathic pain through
NO/cGMP/PKG pathway and the p-opioid receptor.
It provides us the animal study foundation for the use of
H,S on DNP and clarifies some target molecules in the pain
modulation of DNP.
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