Am J Transl Res 2017;9(7):3270-3281
www.ajtr.org /ISSN:1943-8141/AJTR0054286

Original Article

Hydrogen sulfide prevents diaphragm weakness
in cecal ligation puncture-induced sepsis by
preservation of mitochondrial function

Hai-Xia Zhang*?3*, Jun-Ming Du®*, Zhong-Nuo Ding?, Xiao-Yan Zhu#, Lai Jiang?, Yu-Jian Liu*

1School of Kinesiology, The key Laboratory of Exercise and Health Sciences of Ministry of Education, Shanghai
University of Sport, Shanghai 200438; ?Department of Anesthesiology, Xinhua Hospital Chongming Branch,
School of Medicine, Shanghai Jiaotong University, Shanghai 202150; Department of Anesthesiology, Surgical In-
tensive Care Unit, Xinhua Hospital, School of Medicine, Shanghai Jiaotong University, Shanghai 200092; “Depart-
ment of Physiology, Second Military Medical University, Shanghai 200433, China. “Equal contributors and co-first
authors.

Received March 30, 2017; Accepted June 17, 2017; Epub July 15, 2017; Published July 30, 2017

Abstract: Mitochondrial dysfunction plays an important role in the pathogenesis of diaphragm weakness during sep-
sis. Recently, hydrogen sulfide (H,S), a gaseous transmitter endogenously generated by cystathionine-B-synthase
(CBS), cystathionine-y-lyase (CSE) and 3-mercaptopyruvate sulfurtransferase (3-MST), is found to improve mitochon-
drial function. The present study aimed to examine whether H,S synthases are expressed in the diaphragm, and
investigated the effect of H,S donor in sepsis-induced diaphragm weakness and its relationship with mitochondrial
function. Immunohistochemical staining of the rat diaphragm revealed that positive immunoreactivity for CBS, CSE
as well as 3-MST was predominately localized to muscle cells. Using a cecal ligation and puncture (CLP)-induced
sepsis model, it was found that CBS and CSE, but not 3-MST, was significantly down-regulated in the diaphragm at
24 h post-CLP compared with sham group. To determine the effect of H,S on sepsis-induced diaphragm weakness,
H,S donor NaHS was intraperitoneally administered 30 min after CLP operation. NaHS at a dose of 50 pmol/kg sig-
nificantly decreased the mortality in septic rats. CLP markedly reduced diaphragm-specific force generation (force/
cross-sectional area and maximal titanic force), which was improved by NaHS treatment. In addition, CLP caused
mitochondrial damage in the diaphragm tissues as evidenced by increased mitochondrial superoxide production,
decreased mitochondrial membrane potential and ATP production, as well as mitochondrial ultrastructural abnor-
malities, which was also attenuated by NaHS treatment. These findings indicate that H,S donor may prevent sepsis-
induced diaphragm weakness by preservation of mitochondrial function, suggesting that modulation of H,S levels
may be considered as a potential therapeutic approach for diaphragm dysfunction during sepsis.
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Introduction production as well as an increased susceptibil-

ity to fatigue, has been documented in several

It has been well established that sepsis is a
major risk factor for the development of ventila-
tory muscle dysfunction in critically ill patients
[1, 2]. Decreased ventilatory muscle contrac-
tion, in turn, contributes to respiratory failure
and prolonged mechanical ventilation in criti-
cally ill patients with septic shock [3]. The dia-
phragm is recognized as the primary muscle of
respiration that contributes 60-80% of respira-
tory forces [4]. Severe dysfunction of the dia-
phragm, consisting of decreased maximal force

experimental models of sepsis, such as after
endotoxin administration [5], cecal ligation and
puncture (CLP)-induced bacterial peritonitis [6],
and pneumonia [7]. The diaphragm stands out
from most skeletal muscles because of its high
mitochondrial volume density (2- to 5-fold
greater than most limb muscles) and its con-
stant activity [8]. Increasing evidence indicates
that mitochondrial dysfunction may play an
important role in producing the biochemical
abnormalities that are characteristic of sepsis-
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associated diaphragm weakness [9]. Thus,
agent exhibiting mitochondria-protective effe-
cts may contribute to ameliorating sepsis-asso-
ciated diaphragm dysfunction.

Hydrogen sulfide (H,S) has recently been sug-
gested to be “the third endogenous gaseous
signaling transmitter” in mammalian tissues
[10, 11]. Endogenous H,S is generated by cys-
tathionine-b-synthase (CBS), cystathionine-c-
lyase (CSE) and 3-mercaptopyruvate sulfur-
transferase (3-MST). Previous studies have
demonstrated that impaired endogenous H,S
production is involved in the pathophysiological
processes in sepsis-associated multiple organ
dysfunction [12, 13]. On the other hand, H,S
treatment has been shown to exert protective
effects via improving mitochondrial function in
cardiovascular and nervous system [14]. Our
previous studies have also demonstrated that
H,S donor protected against endotoxin-induced
adrenal insufficiency through improving mito-
chondrial function [15]. To date, there is no
study examining the roles of H,S in regulating
the mitochondrial function and contractility of
diaphragm muscle in particular, during sepsis.

Thus, in the present study, we first examined
the localization of H,S synthases in rat dia-
phragm muscle, and determined the level of
H,S synthases in rat diaphragm muscles
obtained from control and septic rats. Then, we
evaluated the effects of H,S treatment in sep-
sis-induced diaphragm weakness and its rela-
tionship with mitochondrial function.

Materials and methods
Ethics statement

All experiments were performed in accordan-
ce with the animal experimental guidelines
issued by the Animal Care and Use Committee
at Shanghai lJiaotong University School of
Medicine. This study was approved by the
Ethical Committee of Experimental Animals of
Xinhua Hospital (protocol approval number
2012-1023).

CLP-induced sepsis

Male Sprague-Dawley rats (180-200 g in
weight) were obtained from Shanghai SLAC
Laboratory Animal Co. (Shanghai, China) and
housed at controlled room temperature with
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free access to food and water under a natural
day/night cycle. All animals were acclimatized
for 1 week before the experiment in our labora-
tory. All animals underwent either sham abdom-
inal surgery or cecal ligation puncture as previ-
ously described [6]. Briefly, rats were anes-
thetized with ketamine (80 mg/kg, i.p.). The
abdomen was shaved, wiped with 10% povido-
neiodine solution, and a 2-cm ventral midline
abdominal incision was made. The cecum was
exteriorized, ligated with a sterile 3-0 silk suture
at the middle of cecum, and punctured once
with an 18-gauge needle. The cecum was
squeezed to assure expression of a small
amount of fecal material and was returned to
the abdominal cavity. The incision was closed
and kept clean by povidoneiodine solution. The
sham-operated rats underwent laparotomy,
and the cecum was manipulated without cecal
ligation or puncture.

Experimental groups

For the first set of experiments, rats were sub-
jected to sham operation or CLP. Twenty-four
hours later, the diaphragm tissues were col-
lected for determining the expression of H,S
synthases.

For the second set of experiments, five groups
of animals were studied: (1) Sham, sham-oper-
ated rats given saline (0.5 ml i.p.); (2) NaHS,
sham-operated rats given H,S donor NaHS (50
pumol/kg in 0.5 ml saline i.p.); (3) CLP, rats sub-
jected to CLP and given saline (0.5 ml i.p.); (4)
CLP+NaHS (14 umol/kg), rats subjected to CLP
and given 14 ymol/kg NaHS (in 0.5 ml saline
i.p.); (B) CLP+NaHS (50 pymol/kg), rats subject-
ed to CLP and given 50 pymol/kg NaHS (in 0.5
ml saline i.p.). Either saline or NaHS was admin-
istered 30 min after sham or CLP operation.
The mortality rate in each group was observed
until 7 days after the surgery.

For the third set of experiments, four groups of
animals were studied: (1) Sham, sham-operat-
ed rats given saline (0.5 ml i.p.); (2) NaHS,
sham-operated rats given H,S donor NaHS (50
pmol/kg in 0.5 ml saline i.p.); (3) CLP, rats sub-
jected to CLP and given saline (0.5 ml i.p.); (4)
CLP+NaHS, rats subjected to CLP and given 50
pmol/kg NaHS (in 0.5 ml saline i.p.). Either
saline or NaHS was administered 30 min after
sham or CLP operation. Twenty-four hours later,
the diaphragm tissue samples were collected
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Figure 1. Expression of H,S synthetic enzymes in rat diaphragm. (A, C, E) The negative control of immunohistochem-
istry, preabsorption of the CBS (A), CSE (C) or 3-MST (E) primary antibody was performed with a 10-fold excess of
the blocking peptide, respectively. (B, D, F) Representative sections for positive staining of CBS, CSE and 3-MST in
rat diaphragm, respectively. The positive staining was localized to diaphragm muscle cells as indicted by arrows.
Scale bars correspond to 20 um in (A-D), and 50 um in (E, F), respectively. (G) Western blot analysis of CBS, CSE and
3-MST in rat diaphragm. Positions of molecular weight markers (M) in kDa are shown on the left.

for the measurements of muscle contraction
and biomarkers of mitochondrial function.

Immunohistochemistry

Paraffin sections (5 ym) were rehydrated and
microwaved in citric acid buffer to retrieve anti-
gens. After inhibition of endogenous peroxidas-
es with 3% H,0,, sections were incubated with
antibodies against CBS (sc-46830, 1:100;
Santa Cruz Biotechnology, Santa Cruz, CA), CSE
(sc-131905, 1:100), or 3-MST (sc-374326,
1:100) overnight at 4°C. The bound antibodies
were detected with the biotin streptavidin-per-
oxidase system (Santa Cruz). To confirm the
specificity of primary antibody, preabsorption
of the primary antibody with a 10-fold excess of
the blocking peptides sc-46830P, sc-131905P,
sc-374326P (Santa Cruz) was performed as a
negative control.
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Western blot analysis

Rat diaphragm tissues were homogenized in
cold RIPA buffer (Beyotime, Jiangsu, China).
Equal amounts of approximately 30 ug of pro-
tein samples were separated by 10% SDS-PAGE
and subsequently transferred to nitrocellulose
membranes (Millipore Corp, Bedford, MA). After
blockage in 5% skim milk powder in 0.1% Tris-
buffered saline/Tween 20 (TBST) for 1.5 h at
room temperature, membranes were immunos-
tained using an antibody against CBS, CSE, or
3-MST overnight at 4°C at a dilution of 1:500.
After washed with TBST, the membranes were
incubated with a secondary horseradish perox-
idase-conjugated antibody for 1 h at room tem-
perature. Immunoreactive proteins were visual-
ized using the enhanced chemiluminescence
Western blotting detection system (Santa Cruz).
The chemiluminiscent signal from the mem-
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Figure 2. Expression of CBS and CSE, but not 3-MST,
are down-regulated in rat diaphragm during sep-
sis. Rats were subjected to sham operation or CLP.
Twenty-four hours later, the diaphragm tissues were
collected for determining the expression of H,S syn-
thases. Circles inside bars denoted n per group. Data
are expressed as mean * SEM. **P<0.01 vs Sham.

branes was quantified by a GeneGnome HR
scanner using GeneTools software (SynGene).
To control sampling errors, the ratio of band
intensities to GAPDH was obtained to quantify
the relative protein expression level.

In vitro diaphragm contractile measurements

The diaphragm muscle was excised rapidly
from the mid-costal region, and a diaphragm
muscle strip (-5 mm wide), with intact fibers
inserted at the ribs and central tendon, was
used for isometric contractile measurements
as previously described [16]. Briefly, the dia-
phragm muscle strip was suspended vertically
in a 37°C tissue bath containing Krebs solu-
tion: 137 mM NaCl, 4 mM KCI, 1 mM KHZPOA, 2
mM CaCl,, 1 mM MgCl,, 12 mM NaHCO,, and
6.5 mM glucose. The solution was aerated con-
tinuously with a gas mixture of 95% O, and 5%
CO,, and a pH of 7.40 was maintained. The rib-
end of the muscle was tied to a rigid supporter,
and the central muscle tendon was connected
to an isometric force transducer mounted on a
micrometer. Two silver stimulating electrodes
were placed parallel to the muscle strip. After
equilibration for 15 min, isometric contractions
were recorded at the optimal muscle length (L)
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at which maximal isometric tetanic force was
observed. Stimuli were applied using rectangu-
lar pulse duration of 0.2 ms and train duration
of 250 ms, respectively. To ensure supramaxi-
mal stimulation, the strips were stimulated at
20% above voltage to obtain maximal forces.
The signal was amplified and recorded using a
data acquisition system (MPA 2000; Alcott
Biotech, Shanghai, China). Maximal tetanic ten-
sion was produced by a supramaximal, 250-ms
stimulus train (160 HZ). To measure the force-
frequency response, each strip was stimulated
with a 250-ms train at 10, 20, 40, 60, 80, 100,
and 120 HZ, with at least a 2-min interval
between each stimulus train. Following comple-
tion of all measurements, forces were normal-
ized for muscle cross-sectional areas (CSA),
which were estimated using the following for-
mula: CSA (cm?) = muscle mass (8)/[L, (cm) x
muscle density (g/cm3)], where 1.056 g/cm?3
represented muscle density.

Isolation of mitochondria

Mitochondrial isolation was performed using
Mitochondria Fractionation Kit (Beyotime
Biotech) as previously described [15]. Rat dia-
phragm tissues were quickly removed and
placed in chilled (4°C) isolation media (0.25 M
sucrose, 10 mM Tris-HCI buffer, pH 7.4, 1 mM
EDTA, and 250 ug BSA/ml). The tissues were
minced and washed with the isolation media,
and 10% (w/v) homogenates were prepared.
Nuclei and cell debris were sedimented by cen-
trifugation at 600 g for 10 min at 4°C and dis-
carded. The supernatant was subjected to cen-
trifugation at 11,000 g for 10 min at 4°C. The
resulting mitochondrial pellets were suspended
in the mitochondrial storage fluid.

Detection of mitochondrial superoxide produc-
tion

MitoSOX (Molecular Probes) is a cell-permeable
probe that accumulates specifically in mito-
chondria and becomes fluorescent after oxida-
tion by superoxide [15]. MitoSOX was dissolved
in DMSO immediately before use, and then
applied to isolated mitochondria at a final con-
centration of 5 uM. After incubation under dark
condition for 30 min at 37°C, red fluorescence
was read at 485 nm excitation and 590 nm
emission using a SynergyTM fluorescence plate
reader (Bio-Tek Instruments).

Am J Transl Res 2017;9(7):3270-3281
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Figure 3. Effect of NaHS on survival rate after CLP. Rats were subjected to Statistical analysis

sham operation or CLP. Either saline or NaHS at the indicated doses was
administered 30 min after sham or CLP operation. The mortality rate in
each group was observed until 7 days after the surgery. *P<0.05 vs Sham;

#P<0.05 vs CLP.

Assessment of mitochondrial membrane
potential loss

Mitochondrial membrane potential was detect-
ed with fluorescent probe JC-1 (Sigma-Aldrich),
which exists predominantly in monomeric form
in cells with depolarized mitochondria and dis-
plays fluoresced green [17]. Cells with polarized
mitochondria predominantly contain JC-1 in
aggregate form and show fluoresced red.
Loading was done by incubating isolated mito-
chondria with 2 yM JC-1 for 15 min under dark
condition at 37°C. After staining, the red
fluorescent signals were excited at 530 nm and
detected at 630 nm, and the green fluorescence
was excited at 488 nm and detected at 530 nm
using a SynergyTM fluorescence plate reader.
Mitochondrial damage was assessed by exam-
ining mitochondrial membrane depolarization,
which was indicated by the ratio of red and
green fluorescences.

Measurement of ATP concentration

Samples of isolated mitochondria were homog-
enized in a protein extraction solution (Pierce).
The supernatant after centrifugation at 10,000
g for 10 min was subject to determination of
ATP concentration, using an ATP biolumines-
cence assay (Beyotime). Light emitted from a
luciferase-mediated reaction was measured by
a tube luminometer (Tecan).

Electron microscopy

Fresh rat diaphragm tissues were fixed in a 4%
solution of paraformaldehyde for 24 h. Then,
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Data were expressed as me-
ans + SEM. Statistical signi-
ficance in experiments com-
paring only two groups was
determined by two-tailed Student’s t-test. The
significance of the difference in mean values
among more than two groups was evaluated
by one-way analysis of variance (ANOVA) fol-
lowed by a Tukey post hoc test. Comparisons
between groups for force frequency measure-
ments were made by a two-way ANOVA followed
by Tukey test. To determine statistical signi-
ficance between survival curves, Kaplan-Meier
test was used. All statistical analyses were
done with SPSS 19.0. A p-value of less than
0.05 was considered significant.

Results

H.,S synthesize enzymes are expressed in rat
diaphragm

Immunohistochemical staining in rat diaphragm
sections revealed that positive immunoreactiv-
ity for CBS, CSE as well as 3-MST was predomi-
nately localized to muscle cells of the rat dia-
phragm (Figure 1A, 1C, 1E). Immunoreactivity
was abolished when the antibody was pre-
absorbed with excess peptide, thereby confirm-
ing the specificity of the antibodies (Figure 1B,
1D, 1F). Western Blot analysis detected single
protein bands of approximately 61 kDa, 43 kDa
and 33 kDa corresponding to CBS, CSE and
3-MST in rat diaphragm tissues, respectively
(Figure 1G).

Expression of CBS and CSE, but not 3-MST, are
down-regulated in rat diaphragm during sepsis

We next evaluated the protein levels of H,S syn-
thases in the diaphragm of septic rats. Sepsis

Am J Transl Res 2017;9(7):3270-3281
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Figure 4. NaHS treatment improves diaphragmatic contractility in septic rats. Rats were subjected to sham opera-
tion or CLP. Either saline or NaHS (50 pmol/kg) was administered 30 min after sham or CLP operation. Twenty-four
hours later, the diaphragm strips were collected for measurements of diaphragm contractility. A. Force-frequency
curves of the diaphragm muscles. B. Diaphragm maximal tetanic force was measured at 160 HZ at the beginning of
the protocol. Data are expressed as mean + SEM. **P<0.01 vs Sham. ##P<0.01 vs CLP.

was induced by performing CLP, a widely used
animal model of polymicrobial sepsis that
closely resembles sepsis in humans [18]. As
shown in Figure 2, it was found that the protein
expressions of CBS and CSE were markedly
decreased in the diaphragm at 24 h post-CLP
compared with sham; however, CLP had no sig-
nificant effect on 3-MST expression in the
diaphragm.

H.,S donor NaHS decreases the mortality in
septic rats

Previous in vivo studies assessing the impact
of exogenous H,S on sepsis-induced mortality
have reported conflicting results, revealing
both a protective and a deleterious effect of
H,S [12, 13]. In the present study, H,S donor
NaHS (14 umol/kg or 50 pmol/kg, i.p.) was
administered 30 min after sham or CLP opera-
tion. We first carried out a mortality study, and
monitored survival for 7 days. Remarkably, we
found that 45% (9 of 20) of the septic rats treat-
ed with 50 ymol/kg NaHS survived compared
with 10% (2 of 20) of untreated septic mice
(P<0.05, Figure 3). However, NaHS at a lower
dose of 14 ymol/kg had no significant improve-
ment on the survival rate of septic rats. Thus,
adopting the similar dosage and delivery of H,S
used in the study by Ahmad et al [12], we
confirmed a significant increase in the survival
of septic rats treated with exogenous H,S
donor.
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H.,S donor NaHS improves diaphragmatic con-
tractility in septic rats

To determine the effect of exogenous H,S upon
contractile function, diaphragms were excised
and electrically stimulated in vitro. Figure 4A
showed that diaphragms obtained from septic
rats elicited a substantial decline in diaphrag-
matic force generation with mean force averag-
ing 53, 51, 46, 45, 48, 49, and 51% of those
generated in response to 10, 20, 40, 60, 80,
100, and 120 Hz of stimulation in diaphragms
obtained from sham rats. Administration of
NaHS (50 umol/kg) improved diaphragmatic
contractility in septic rats as evidenced by pro-
foundly enhanced diaphragmatic force (Figure
4). NaHS per se had no effect on the diaphrag-
matic force generation. Figure 4B also showed
that the maximal tetanic force was significantly
higher in the NaHS treatment group than that in
the CLP group.

H.,S donor NaHS alleviates mitochondrial dam-
age in the diaphragm of septic rats

Previous studies have shown that mitochondri-
al damage contributes to diaphragmatic weak-
ness during sepsis [9, 19]. In the present study,
we found that mitochondrial superoxide pro-
duction was significantly increased (Figure 5A),
whereas mitochondrial membrane potential
and ATP production were decreased in the dia-
phragms obtained from septic rats compared
with those from sham rats (Figure 5B and 5C),

Am J Transl Res 2017;9(7):3270-3281
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Figure 5. NaHS treatment attenuates mitochondrial damage in the diaphragm of septic rats. Rats were subjected to sham operation or CLP. Either saline or NaHS
(50 umol/kg) was administered 30 min after sham or CLP operation. Twenty-four hours later, the diaphragm tissues were collected for isolation of mitochondria,
which were used for measurements of mitochondrial superoxide production (A), membrane potential loss (B), and ATP production (C) as described in “Material and
Methods”. Data are expressed as mean + SEM. **P<0.01 vs Sham. ##P<0.01 vs CLP.
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Figure 6. NaHS treatment attenuates ultrastructural abnormalities in the diaphragm of septic rats. Rats were sub-
jected to sham operation or CLP. Either saline or NaHS (50 pmol/kg) was administered 30 min after sham or
CLP operation. Twenty-four hours later, the diaphragm tissues were collected for electron microscopy examination.
Arrows indicated Z-band disintegration, and triangles indicated mitochondrial morphological abnormalities in the

diaphragm obtained from septic rats. Original magnification, x5000. Scale bars correspond to 10 ym.

thus confirming a significant mitochondrial oxi-
dative damage in the diaphragm of septic rats.
We then examined the effect of exogenous H,S
on mitochondrial function in the diaphragm. It
was found that NaHS (50 ymol/kg) treatment
significantly decreased the mitochondrial
superoxide production (Figure 5A, P<0.01 vs
CLP group), and reversed decreased mitochon-
drial membrane potential and ATP production
(Figure 5B and 5C, P<0.01 vs CLP group) in the
diaphragms of septic rats. NaHS per se had no
impact on mitochondrial function in the
diaphragm.

We then assessed ultrastructural changes in
the diaphragm using electron microscope anal-
ysis. As shown in Figure 6, diaphragm tissue
samples obtained from sham-operated rats
exhibited intact Z-band and normal mitochon-
dria with dense internal vesicular cristae. In
contrast, evidence for Z-band disintegration
was found in diaphragm tissue samples ob-
tained from septic rat. In addition, the mito-
chondria in diaphragm tissues of septic rats
exhibited cristae deformation and a significant
alteration of the matrix structure. These ultra-
structural changes of the diaphragm during
sepsis were ameliorated by NaHS (50 pmol/kg)
treatment.

Discussion

The present study is the first to show that CBS
and CSE, two main synthases of H,S in dia-
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phragm muscles, are markedly down-regulated
during sepsis. Moreover, exogenous H,S pre-
vents diaphragm weakness by preservation of
mitochondrial function, and meanwhile signifi-
cantly improves the survival in CLP-induced
sepsis.

Species specific differences have been report-
ed with regard to expression of H S synthases
in skeletal muscles. It is found that human skel-
etal muscles express significant amounts of
CBS and CSE, whereas mouse skeletal muscles
express non-detectable levels of these
enzymes [20, 21]. By using immunohistochem-
istry technique, Du et al [22] demonstrate a
detectable, but low expression of CBS and CSE
in rat hind-limb skeletal muscle samples. In
addition, 3-MST is located in rat hind-limb mus-
cles at a comparable level with that observed in
the liver and kidney. These findings was con-
firmed by our immunohistochemistry results
showing the relatively low levels of CBS and
CSE, as well as high levels of 3-MST in dia-
phragm muscle samples.

Severe inflammation has been found to cause
dysregulation of H_S synthases in a variety of
tissues including lung, liver, kidney, heart and
adrenal glands [12, 13, 15]. For example, liver
CBS expression and cardiac CSE expression
are significantly up-regulated during CLP-
induced sepsisinrodents[12, 13]. Upregulation
of CBS and CSE is also found in liver and kidney
tissues obtained from rodent endotoxemia

Am J Transl Res 2017;9(7):3270-3281
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models [23, 24]. In contrast, our previous study
indicates that protein levels of CBS and CSE
are markedly decreased in adrenal glands dur-
ing endotoxemia [15]. A novel finding of this
study is the demonstration that experimental
sepsis leads to significant down-regulation of
CBS and CSE protein expression in diaphragm
muscles. Taken together, these results suggest
that systemic inflammatory challenge causes
dysregulation of endogenous H_S synthases in
a tissue-specific manner. In addition, we have
previous found that MG132, a proteasome
inhibitor, completely reversed the inhibitory
effect of endotoxin on CBS and CSE expres-
sion, thus suggesting a post-transcriptional,
proteasome-dependent regulation of CBS and
CSE expression by endotoxin in adrenocortical
cells [15]. Activation of proteasome proteolytic
pathway has been implicated in the develop-
ment of diaphragm dysfunction during endotox-
emia and CLP-induced sepsis [25, 26]. Thus, it
is of interest to know whether proteasome pro-
teolytic pathway contributes to the down-regu-
lation of CBS and CSE expression in diaphragm
muscles during severe inflammation, which
merits further investigation.

The effects of H,S on smooth muscle contractil-
ity, either inhibitory or stimulatory, have been
well documented in a variety of organs through-
out the body such as blood vessels [27], blad-
der [28], gastrointestinal tract [29], trachea
[30], oviduct [31], and uterus [32]. However,
few studies have examined the effect of H,S on
striated muscle contractility. It has been found
that NaHS treatment attenuates isoproterenol-
augmented contraction in the electrically-stim-
ulated rat ventricular myocytes in vitro [33].
Using an Akt2-knockout murine model of insu-
lin resistance, Hu et al [34] demonstrate that
NaHS treatment significantly alleviates Akt2
deficiency-induced cardiac contractile dysfunc-
tion in vivo. More recently, Shiina et al [35]
report the inhibitory effect of H,S on the motili-
ty of esophageal striated muscle in rats. In the
present study, we provided the first direct evi-
dence that intraperitoneal administration of
NaHS 30 min after the onset of sepsis could
exert significant protection against sepsis-
induced contractile dysfunction in rat dia-
phragm muscle.

A number of mechanisms have been implicated
in the pathogenesis of diaphragmatic weak-
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ness in established sepsis [36, 37]. Since high
mitochondrial volume density is one of the
most prominent ultrastructural features of the
diaphragm muscle [8], recent interest has
focused on the contribution of mitochondrial
dysfunction to severe inflammation-associated
diaphragmatic weakness. Previous studies
have shown that either sepsis or endotoxemia
can induce mitochondrial dysfunction in the
diaphragm, as evidenced by increase in mito-
chondria ROS production, downregulation of
diaphragm electron transport chain, and
derangements in mitochondrial bioenergetics
[38-40]. On the other hand, H,S is known to be
a direct scavenger of ROS [10, 11]. Moreover,
H,S has been found to exert cytoprotection by
attenuating mitochondrial ROS production,
increasing ATP synthesis as well as inhibiting
mitochondrial membrane depolarization in a
variety of tissues including cardiovascular, ner-
vous system and adrenal glands [14, 15, 41].
Consistent with above studies, the present
study showed that CLP-induced sepsis led to
mitochondrial oxidative injury in diaphragm
muscles, which could be reversed by H,S donor
NaHS. These data suggest that the protective
effect of H_S against sepsis-induced diaphragm
weakness may be, at least in part, related to
the preservation of mitochondrial function.

Previous studies have shown conflicting results
about the effects of exogenous H,S on experi-
mental sepsis. Studies from Bathia’s group
show that an i.v. injection of NaHS at a dose of
10 mg/kg significantly aggravated sepsis-asso-
ciated systemic inflammation and organ injury
in mice [13]. In contrast, a beneficial effect has
been observed by Cunha’s group [42] and
Ferlito et al [43] when H,S is administered s.c.
at a dose of 100 pymol/kg (about 5.6 mg/kg) in
murine models of CLP-induced sepsis. More
recently, Szabo’s group investigate the effect of
various doses of NaHS (1, 3 or 6 mg/kg) on
sepsis-induced mortality in a rat model of CLP-
induced sepsis [12]. Their results indicate that
only treatment at the 3 mg/kg NaHS dose level
(administered i.p. every 6 hours over a 24-hour
period) significantly improved the survival rate
in CLP-induced sepsis. However, neither 1 mg/
kg nor 6 mg/kg NaHS treatment affects CLP-
induced mortality. In addition, they also find
that NaHS treatment at a single dose of 3 mg/
kg significantly attenuates the sepsis-induced
multiple organ dysfunction and systemic inflam-
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mation. In line with the findings of Szabo'’s
group [12], our study found that i.p. administra-
tion of NaHS at a dose of 50 pmol/kg (about
2.8 mg/kg), but not a lower dose of 14 pmol/kg
(@about 0.78 mg/kg), protected rats from sep-
sis-induced mortality.

In summary, we report that the suppression of
CBS and CSE expression is associated with dia-
phragm weakness during cecal ligation punc-
ture-induced sepsis. Additionally, exogenous
H,S prevents diaphragm weakness by preser-
vation of mitochondrial function, and mean-
while significantly improves the survival in CLP-
induced sepsis. Notably, Li et al [44, 45] re-
cently demonstrate that H,S can protect the
medullary respiratory centers against hypoxia-
induced injury, thus antagonizing the inhibitory
effect of hypoxia on rhythmic discharge of the
diaphragm in rats. It has been well recognized
that sepsis is a major cause of hypoxemia
among critically ill patients [46]. Thus, we can-
not exclude the possibility that the beneficial
effect of H,S on respiratory centers may also
contribute to the H,S-mediated protection
against sepsis-induced mortality. Taken togeth-
er, these findings suggest that H,S donor might
be important agents for treatment of respirato-
ry failure in patients with severe sepsis.
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