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Abstract: This study aimed to examine whether exogenous NaHS can protect myocardial mitochondrial injury from
sepsis by enhancing the peroxisome proliferator-activated receptor gamma co-activator 1a (PGC-1a)/ nuclear fac-
tor erythroid-2-related factor 2 (NRF2) pathway and mitochondrial biosynthesis in mice. Animals were divided into
sham-operated, sepsis, sepsis + 25 ymol/L NaHS, sepsis + 50 ymol/L NaHS, sepsis + 100 umol/L NaHS, and
sepsis + 200 ymol/L NaHS groups. The myocardial damage was evaluated by hematoxylin and eosin staining for
myocardial microstructure and serum cardiac troponin | (cTnl) detection. The myocardial mitochondrial damage was
evaluated through transmission electron microscopic observation of mitochondrial microstructure and detection
of the degree of myocardial mitochondrial swelling. The adenosine triphosphate (ATP) level was used to appraise
the mitochondrial function. The mRNA expression levels of Nrf2, PGC-1a, and Tfam were analyzed to explore the
molecular mechanism. Results: In the sepsis group, the structure of myocardial tissue and mitochondria were sig-
nificantly damaged, the serum cTnl level increased (P < 0.05), the ATP level reduced, the degree of myocardial mi-
tochondrial swelling aggravated, and the mRNA expression levels of Nrf2, PGC-1¢, and Tfam increased (P < 0.05).
After NaHS treatment, the structure of myocardial tissue and mitochondria improved, the cTnl level reduced, the ATP
level increased, the degree of myocardial mitochondrial swelling alleviated, and the mRNA expression level of Nrf2,
PGC-1«, and Tfam increased continuously in a dose-dependent manner (P < 0.05). Conclusions: Exogenous NaHS
had a protective effect against myocardial mitochondrial injury in sepsis. The mechanism might lie in enhancing the
PGC-1a/NRF2 pathway and mitochondrial biosynthesis.
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Introduction

Sepsis may result from microbic pathogen
infections, such as bacterial, fungal, viral, and
parasitic, which trigger the release of inflamma-
tory mediators and induce cellular dysfunction
in the affected host. Patients suffering from
this syndrome may present with a dysregulated
host response to infection and life-threatening
organ dysfunction [1, 2]. Multiple-organ dys-
functions are the major cause of death in
patients with severe sepsis. Approximately 44%
of these patients have cardiac dysfunction [3].
Therefore, early effective treatment of myocar-
dial lesions can reduce the morbidity due to
complications and can raise the cure rate of
the disease.

Previous studies have demonstrated that
impaired endogenous hydrogen sulfide (H,S)
production is involved in the pathophysiological
processes in sepsis-associated multiple-organ
dysfunction [4, 5]. Mitochondrial damage had
been recognized as an important molecular
pathology in sepsis. It is linked with the severity
of organ dysfunction and, possibly, outcome of
sepsis [6]. Endogenous H,S can protect cardio-
myocytes via varied mechanisms, such as pro-
tection against oxidative stress and reduction
of mitochondrial damage [7]. A previous study
has revealed the role of H,S in cardioprotec-
tive signaling pathways that converge toward
the mitochondria [8]. NaHS is an important
exogenous donator of H,S. The mechanism
underlying the improvement in mitochondrial
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function by NaHS is worth exploring. Many
regulatory factors regulate mitochondrial bio-
genesis, such as peroxisome proliferator-acti-
vated receptor gamma co-activator 1o (PGC-
1a) and Nrf2. PGC-1la is closely related to
mitochondrial respiratory regulation and ATP
synthesis, and can effectively promote mito-
chondrial biogenesis and reduce mitochond-
rial damage. Nrf2 is an important molecular
family member [9, 10] that can regulate mito-
chondrial function. PGC-1a can strongly induce
the expression of Nrf2 gene [11] and further
synergistically regulate the expression of mito-
chondrial genes encoded by the nucleus, such
as mitochondrial transcription factor A (Tfam),
cytochrome C, and mitochondrial complexes.
These factors co-regulate mitochondrial bio-
genesis [12]. The next question is whether H,S
improves mitochondrial function by adjusting
PGC-1a and Nrf2 levels in sepsis. Therefore,
this study investigated the protective role of
NaHS against myocardial injury and its molecu-
lar mechanism using the Cecal ligation punc-
ture (CLP) models of sepsis. The findings would
provide new insights into clinical treatments of
septic myocardial injury.

Materials and methods
Animals

C57BL/6 male specific pathogen free (SPF)-
grade mice, aged 6-8 weeks and weighing
20-30 g were obtained from Beijing HFK
Bioscience Co. Ltd. They were fed pellet feed in
the cages ad libitum. They were acclimatized
for 1 week before the start of the experiment.
They were randomly divided into the following
groups (10 mice per group): sham-operated
(underwent a similar operation as the sepsis
group without cecal ligation and puncture), sep-
sis (underwent a CLP procedure), and sepsis +
NaHS (underwent a CLP procedure + an NaHS
intervention, with four subgroups). NaHS con-
centrations were 25, 50, 100, and 200 umol/L).

Ethics statement

All procedures and housing were in accordance
with the United Kingdom Animal (Scientific
Procedures) Act (1986) and the National
Institutes of Health Guide for the Care and Use
of Laboratory Animals (NIH Publications No.
8023, revised 1978).
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Establishment of CLP models

The CLP models of sepsis were established in
accordance with the original protocol devel-
oped by Tomasz Skirecki’s lab [13]. The mice
were anesthetized with 7% chloral hydrate
solution (5 mL/kg, i.p.). After anesthesia, the
abdominal skin was prepared, and 75% alco-
hol disinfection was performed. The midline
abdominal incision was made, and the cecum
was ligated (1 cm from the apex) after exter-
nalization. The cecum was punctured twice
(through and through) with a needle. The fecal
mass from the punctured cecum was squeezed
out to ensure patency of punctures. The cecum
was relocated, and the peritoneum and skin
were closed [13]. The mice underwent only
incision and cecum exteriorization in the
sham-operated group. After the operation, a
hypodermic i.p. injection of normal saline was
administered in the sham-operated and sepsis
groups. In the sepsis + NaHS group, intra-
peritoneal an injection of NaHS (Sigma) at
concentrations of 25, 50, 100, and 200 umol/L
(20 mL/kg) was administered. The mice were
placed in the cage until postanesthetic recov-
ery. After 12-h induction of CLP, the mice were
anesthetized with 7% chloral hydrate solution
(5 mL/kg). The serum and myocardial tissues
were collected for subsequent analysis.

Isolation of mitochondria

A Mitochondria Fractionation Kit (Beyotime
Biotech, China) was used to isolate rat heart
mitochondria according to the Wang’s method
described elsewhere [14]. The heart was quick-
ly removed and placed in a buffer containing
250 mM sucrose, 10 mM Tris, and 1 mM EGTA,
pH 7.4, at 4°C. The myocardium samples were
minced into homogenates. The debris was
removed by centrifugation at 700 rpm for 10
min. Then, the supernatant was centrifuged
at 1000 rpm for 10 min. The myocardial mito-
chondrial pellets were obtained.

Detection of plasma endotoxin and serum cTnl

The serum level of the plasma endotoxin was
detected using an endotoxin Limulus kit by the
dynamic turbidity method. The serum level of
cardiac troponin | (cTnl) was detected using
an enzyme-linked immunosorbent assay kit by
the double-antibody sandwich method.
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Table 1. Primers of fluorescent quantitative PCR

tate and lead staining fluids, the sample
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) ) o Amplification _ 7

Primer name Sequence (5-3') length (bp) observed using a transmission electron

Nrf2 F CTTCCATTTACGGAGACCCAC 175 microscope (TEM).

Nrf2 R GATTCACGCATAGGAGCACTG Evaluation of myocardial mitochondrial

PGC-1aF  TGGCACGCAGCCCTATTC 210 damage

PGC-1a R GAGGATCTACTGCCTGGGGAC

Tfam F GCAAAGGATGATTCGGCTCAGGGAA 200 The swelling degree of myocardial

Tfam R CCGGATCGTTTCACACTTCGACGG mitochondria was evaluated using the
optical density values, which were mea-
sured using a tube luminometer. The

plasma endotoxin levels ATP level of myocardial mitochondria was
between two groups detected using an ATP kit (BioVision U.S.A).
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= , at 4°C and 12,000 g for 10 min. After the
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Figure 1. Comparison of plasma plasma endotoxin
levels of mice in different groups. After 12 h of op-
eration, the plasma endotoxin level was measured in
the sham-operated and CLP groups (n = 10 for each
group). Data were presented as the mean * SD. Sta-
tistically significant differences are indicated by "P <
0.01 versus sham-operated group.

Hematoxylin and eosin staining

The myocardial tissue was fixed using 4% para-
formaldehyde for 30-50 min. Hematoxylin and
eosin (HE) staining was conducted after the
section was dehydrated using gradient alcohol,
cleared using xylene, embedded using paraffin,
and cut into sections. The sections were
stained with hematoxylin and 0.5% eosin and
sealed using neutral balsam.

Transmission electron microscopy

The myocardial tissue was cut into a square
(@about 1 mm?3). After fixing with glutaraldehyde
+ osmium chloride and dehydrating using gradi-
ent acetone solution, the square was embed-
ded and cut into semi-thin sections. The sec-
tions were stained using a compound dye
(0.25% sodium borate: 0.25% basic fuchsin =
1:1). After cell image observation using the
microscope, the sections were cut into ultrathin
sections. The ultrathin sections were obtained
using a copper wire mesh attached to a film
prepared using 0.45% Fonnvar solution. After
staining at room temperature using uranyl ace-
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removal of insoluble substances, the subse-
quent RNA extraction steps were conducted.
After total RNA was extracted, random primer
reverse transcription reaction and SYBR green
| fluorescent quantitative polymerase chain
reaction (PCR) (Eppendorf) were carried out.
The mRNA expression levels of Nrf2, PGC-1q,
and Tfam were detected. The primer sequenc-
es are shown in Table 1. The PCR condition was
94°C for 4 min, 94°C for 20 s, 60°C for 30 s,
and 72°C for 30 s, a total of 35 cycles. Three
repeated wells were set for each sample.

Statistical analyses

Data were analyzed using the Statistical
Product for Social Sciences (SPSS; version
20.0). The results of plasma endotoxin levels
between two groups were analyzed using the
Student t test. All data sets were presented
as mean z standard deviation (SD). For the
degree of swelling, serum cTnl and ATP levels,
and g-PCR experiments, the results were ana-
lyzed using one-way analysis of variance. The
Pearson’s correlation coefficient was used to
describe the correlation between indicators.
The scatter plot was applied to describe the
relevant trends of indicators. A P value < 0.05
indicated statistical significance.

Results
Plasma endotoxin levels

Plasma endotoxin levels in the sepsis group
significantly increased compared with those in

Am J Transl Res 2018;10(5):1422-1430
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Figure 2. NaHS could protect the structure of myocardium. Representative images of cardiomyocyte HE staining
(400x) in mice. In the CLP group, cardiac muscle showed cell degeneration and necrosis, inflammatory changes, and
nuclear fragmentation and dissolution. In the presence of different concentrations of NaHS (25, 50, 100, and 200

umol/L), the cardiac muscle improved.

The c¢Tnl levels of mice

*LH#A

*Q Haw

cTnl levels (ng/L)

Figure 3. cTnl levels of mice. After 12 h of operation,
the serum level of the plasma endotoxin was mea-
sured. After the interference of NaHS, the cTnl levels
decreased. Data were presented as the mean + SD.
Statistically significant differences are indicated by
“P < 0.01 versus the sham-operated group, P < 0.01
versus the CLP group, # versus 25 uymol/L group, A
versus the 50 pmol/L group, and m versus the 100
pumol/L group.

sham-operated group, indicating that the sep-
sis model was established successfully (F =
59.22; P = 0.00) (Figure 1).
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Detection of myocardial tissue structure using
HE staining

In the sham-operated group, the cardiomyo-
cytes were intact with no evidence of necrosis
or inflammatory cell infiltration. In the sepsis
group, the cardiac muscle showed cell degen-
eration and necrosis, inflammatory changes,
nuclear fragmentation and dissolution, myocar-
dial fiber fracture and dissolution, fuzzy or dis-
appearing cross striations, interstitial edema,
widened red blood cells, fat deposition or
overflow, and so forth. Exogenous NaHS could
attenuate the sepsis-induced injury in a con-
centration-dependent manner (Figure 2).

Serum cTnl levels

The cTnl level in the sepsis group significantly
increased compared with the sham-operated
group, whereas the NaHS-treated groups sh-
owed a significant decrease in cTnl level. The
cTnl level in the 200 uymol/L NaHS group signifi-
cantly decreased compared with the sepsis
group (Figure 3).

Detection of myocardial mitochondrial struc-
ture using a TEM

The study then assessed ultrastructural chang-
es in the myocardial mitochondria using an

Am J Transl Res 2018;10(5):1422-1430
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Figure 4. Observation of myocardial mitochondrial morphology of mice using a transmission electron microscope
(x20000). In the CLP group, the number of myocardial mitochondria reduced, and in other NaHS groups, the myo-

cardial mitochondrial morphology improved.

electron microscopic analysis. In the sham-
operated group, the myocardial mitochondria
showed regular shape, clear boundary, even
matrix, and dense mitochondrial crest, with no
evident swelling and vacuolar degeneration.
The myocytes had a complete cell membrane
and a clear intercellular boundary, the filaments
were regularly arranged, and the fibrous struc-
ture in the interstitium did not increase signifi-
cantly. In the sepsis group, the number of myo-
cardial mitochondria reduced, the mitochondria
showed irregular shape, obvious swelling and
vacuolar degeneration were observed, and evi-
dent mitochondrial crest rupture was noted in
the swelling mitochondria. The filaments were
irregularly arranged, and the fibrous structure
increased significantly in the interstitium. Also,
fiber fracture and lysis were obvious in some
parts of the myocardium. In the sepsis + 25
pmol/L NaHS group, the myocardial mitochon-
drial morphology was similar to that in the sep-
sis group. In other NaHS groups, the myocardial
mitochondrial morphology improved compared
with the sepsis group, Also, the number of mito-
chondria increased in an NaHS concentration-
dependent manner, the mitochondrial shape
became regular, mitochondrial swelling and
vacuolar degeneration were attenuated, and
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the fibrous structure in the interstitium reduced
compared with the sepsis group (Figure 4).

Swelling and functional changes of myocardial
mitochondria

The result indicated the difference in the
degree of myocardial mitochondrial swelling.
In the sepsis group, the degree of myocardial
mitochondrial swelling was aggravated and
the ATP level decreased significantly. After
NaHS treatment, the degree of myocardial
mitochondrial swelling was alleviated and the
ATP level increased significantly in a con-
centration-dependent manner (Swelling: F =
3524.07, P=0.00; ATP: F = 1834.25, P = 0.00)
(Figure 5).

Nrf2, PGC-1a, and Tfam mRNA expression
levels

The result indicated no significant difference
in the mRNA expression of PGC-1a, Nrf2, and
Tfam between the normal and sham-operated
groups. The mRNA expression of PGC-1«, Nrf2,
and Tfam in the sepsis group increased signifi-
cantly compared with that in the normal control
and sham-operated groups. After NaHS inter-
vention, the mRNA expression of PGC-1a, Nrf2,

Am J Transl Res 2018;10(5):1422-1430
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Figure 5. Comparison of swelling and ATP levels of myocardial cells of mice. The degree of swelling and ATP level
changes showed mitochondrial morphological and functional changes. Data were presented as the mean + SD.
Statistically significant differences are indicated by "P < 0.01 versus the sham-operated group, P < 0.01 versus the
CLP group, # versus the 25 pmol/L group, A versus the 50 ymol/L group, m versus the 100 ymol/L group.

and Tfam increased markedly in a dose-depen-
dent manner (PGC-1: F = 665.15, P = 0.00;
oNrf: F=2644.64, P=0.00; Tfam: F = 145.76,
P =0.00) (Figure 6).

Correlation analysis

In the NaHS intervention group, the degree of
myocardial mitochondrial swelling and serum
cTnl level were negatively correlated with PGC-
1a and Nrf2 mRNA expression levels (mito-
chondrial swelling R =-0.955, -0.962; cTnl R =
-0.963, -0.950, all P < 0.05). ATP content was
positively correlated with Nrf2, PGC-1a, and
Tfam mMRNA expression levels (R = 0.863,
0.821, and 0.950, all P < 0.05). The Tfam
MRNA expression level was also positively cor-
related with Nrf2 and PGC-1a mRNA expres-
sion levels (R = 0.925, 0.937, all P < 0.05). The
result showed that exogenous NaHS could
protect the myocardium in sepsis through im-
proving myocardial mitochondrial biosynthesis
by upregulating the mRNA expression levels of
Nrf2 and PGC-1a.

Discussion

Sepsis manifests microcirculatory abnormali-
ties and tissue cell damage caused by exces-
sive systemic inflammatory response and host
autonomic dysregulation. Without timely and
effective therapeutic intervention, this scenario
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evolves to multiple-organ dysfunction syn-
drome and ultimately death. Myocardial de-
pression is a well-recognized manifestation of
organ dysfunction in sepsis. The degree of
myocardial structural derangement and func-
tional impairment is related to the severity
and mortality of sepsis [17]. The present study
showed that the myocardium of mice in the
sepsis group had cell degeneration and necro-
sis, inflammatory changes, nuclear fragmenta-
tion and dissolution, myocardial fiber fracture
and dissolution, fuzzy or disappearing cross
striations, and interstitial edema, indicating
that CLP-induced sepsis caused myocardial
structural damage. In addition, the cTnl level in
the sepsis group significantly increased com-
pared with that in the sham-operated group.
The quantitative indicator was consistent with
the qualitative indicator, confirming that CLP-
induced sepsis resulted in myocardium injury.
Therefore, while treating sepsis, the myocardi-
um should be protected to reduce the incidence
of cardiac dysfunction and improve the survival
rate of sepsis.

The precise mechanisms by which sepsis leads
to cardiac dysfunction are not clear. However,
awareness exists about a central role of mito-
chondrial dysfunction, which has become the
hot spot for many researchers in recent years
[18]. The mitochondrion is the energy center of
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cells. It provides energy to cells through the
synthesis of ATP by oxidative phosphorylation
in the inner mitochondrial membrane. Mito-
chondria are main sites for cellular respiration
and ATP generation [19, 20]. In the study, the
TEM observation and analysis of the swelling
degree of mitochondria showed that the myo-
cardial mitochondria had obvious swelling, and
the mitochondria ridge was disordered, partly
disrupted, reduced, and even disappeared into
a vacuolated structure. All these results indi-
cated that the myocardial mitochondrial struc-
ture was damaged by CLP-induced sepsis.
Compared with the sham-operated group, ATP
levels in the sepsis group decreased signifi-
cantly, indicating that the myocardial mitoc-
hondria function was injured. Thus, strategies
aimed at improving the myocardial mitochon-
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Figure 6. Comparison of Nrf2, PGC-1a, and Tfam
mRNA expression levels of myocardial cells of
mice. RNA was isolated using an RNA Isolation
Kit. The expression levels of Nrf2, PGC-1a, and
Tfam genes were measured using qPCR (n =
10 for each group). Data were presented as the
mean * SD. Statistically significant differences
are indicated by “P < 0.01 versus the sham-op-
erated group, ¥P < 0.01 versus the CLP group, #
versus the 25 pmol/L group, A versus the 50
pumol/L group, m versus the 100 pmol/L group.

drial structure and function may be potentially
beneficial to the treatment of sepsis.

H,S is an important endogenous biological
signaling molecule. It has been shown to be
crucial in the regulation of a number of vital
biological functions in mammals, including anti-
oxidant, anti-apoptotic, and anti-inflammatory
activities [21]. It plays an important role in the
physiological and pathophysiological process-
es of the cardiovascular system, inflammatory
system, nervous system, and so on. Also, the
protective effects have been observed after
treatment with exogenous H,S in a number of
disease states. Therefore, H2S has been widely
explored by researchers [22, 23]. H,S is a
reducing agent easily consumed by various
oxides. Hence, exogenous donors are needed

Am J Transl Res 2018;10(5):1422-1430
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to supply H,S, which has a therapeutic effect.
Exogenous sodium hydrosulfide has been in-
creasingly used as an exogenous H,S donor in
various studies, such as ischemia-reperfusion
injury [24], myocardial infarction [25], and hem-
orrhagic shock [26]. The experimental results
showed that ATP was significantly unregulated
in NaHS intervention groups compared with
the sepsis group. The increase in ATP was posi-
tively correlated with the concentration of
NaHS. The results revealed that NaHS might
prevent against sepsis-induced cardiac muscle
dysfunction by preserving mitochondrial func-
tion and promoting the production of ATP. This
was correlated with the concentration of NaHS.

Mitochondrial biogenesis is an important path-
way to renew the mitochondria, maintain the
number and quality of mitochondria, improve
mitochondrial function, and promote ATP syn-
thesis. It is orchestrated by specific nuclear
transcription factors that regulate the expres-
sion of genes encoding mitochondrial proteins.
Mitochondrial transcription factor A is an impor-
tant transcription factor implicated in the regu-
lation of mitochondrial biogenesis [27]. The
results showed that the T-fam mRNA expres-
sion level in myocardial cells of mice in the
NaHS intervention groups was statistically
significantly different from that in the sepsis
group. With a gradual increase in the Tfam
MRNA expression level, the level of ATP also
rose, indicating a distinct direct relation be-
tween them. The result showed that the mito-
chondrial damage in myocardial cells of mice in
the NaHS intervention groups was less than
that in the sepsis group, and the number of
mitochondria increased. Hence, NaHS improv-
ed mitochondrial function, promoted ATP pro-
duction, and increased mitochondrial number
by activating mitochondrial biogenesis in mice
with sepsis. PGC-1a and Nrf2 were two of the
important modulating factors in mitochondrial
biogenesis, both of which are closely related
and contribute to Tfam transcriptional activa-
tion. This study also found that the ATP and
Tfam mRNA expression levels were distinctly
positively correlated with PGC-1a and Nrf2
MRNA expression levels in the NaHS interven-
tion groups. Exogenous NaHS could upregu-
late PGC-1a and Nrf2 expression and Tfam
transcriptional activation, and promote mito-
chondrial biogenesis, which was to ensure the
quality and quality of mitochondria, improve the
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function of mitochondria, and increase the syn-
thesis of ATP.

The administration of exogenous NaHS could
upregulate the expression levels of PGC-1a and
Nrf2 in myocardial cells of mice with sepsis and
promote mitochondrial biogenesis by transcrip-
tion of Tfam so as to improve the function of
mitochondria.
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