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Abstract

Tumour necrosis factor (TNF)-a induces cardiac metabolic disorder and mitochon-
drial dysfunction. Hydrogen sulphide (H,S) contains anti-inflammatory and bio-
logical effects in cardiomyocytes. This study investigated whether H,S modulates
TNF-a-dysregulated mitochondrial function and metabolism in cardiomyocytes. HL-1
cells were incubated with TNF-a (25 ng/mL) with or without sodium hydrosulphide
(NaHS, 0.1 mmol/L) for 24 hours. Cardiac peroxisome proliferator-activated receptor
(PPAR) isoforms, pro-inflammatory cytokines, receptor for advanced glycation end
products (RAGE) and fatty acid metabolism were evaluated through Western blot-
ting. The mitochondrial oxygen consumption rate and adenosine triphosphate (ATP)
production were investigated using Seahorse XF24 extracellular flux analyzer and
bioluminescence assay. Fluorescence intensity using 2, 7’-dichlorodihydrofluores-
cein diacetate was used to evaluate mitochondrial oxidative stress. NaHS attenuated
the impaired basal and maximal respiration, ATP production and ATP synthesis and
enhanced mitochondrial oxidative stress in TNF-a-treated HL-1 cells. TNF-a-treated
HL-1 cells exhibited lower expression of PPAR-a, PPAR-8, phosphorylated 5’ adeno-
sine monophosphate-activated protein kinase-a2, phosphorylated acetyl CoA car-

boxylase, carnitine palmitoyltransferase-1, PPAR-y coactivator 1-a and diacylglycerol
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1 | INTRODUCTION

Tumour necrosis factor (TNF)-a is an adipose-derived proinflam-
matory cytokine that critically regulates cardiac function.! TNF-«
induces myocardial contractile dysfunction of the cardiomyocytes
during heart failure.? TNF-a leads to insulin resistance by augment-
ing lipolysis in adipocytes and thereby increasing the phosphoryla-
tion of the serine/threonine of insulin receptor substrate (IRS)-1.2
Nuclear transcription factors including peroxisome proliferator-
activated receptor (PPAR) isoforms «, y and & regulate myocardial
glucose, lipid and energy homeostasis.* Impaired cardiac energy me-
tabolism is common in myocardial stress because of heart failure,
ischaemia or diabetic cardiomyopathy.>® TNF-a has been shown to
change cardiac expression of PPAR isoforms by increasing oxidative
stress.” In addition, diabetes mellitus and hypertension can modu-
late myocardial PPARs through increased inflammatory cytokines
and oxidative stress®’ The receptor for advanced glycation end
products (RAGE) is a multiligand receptor that is directly involved
in the inflammatory response expressed in several tissues including
the heart.1®!!* Animal studies have demonstrated that RAGE and the
ligands of RAGE are overexpressed in heart injuries, diabetes melli-
tus and inflammation.*?*% These findings suggest that inflammation-
induced metabolic disorder may contribute to cardiac dysfunction
during stress, such as heart failure, diabetes mellitus or sepsis.
Moreover, mitochondria play a vital role in maintaining cardiac func-
tion. Previous studies have shown that TNF-a may impair mitochon-
drial activity with decreasing adenosine triphosphate (ATP) function
and increasing oxidative stress. 1413 Sepsis may produce heart fail-
ure through dysregulation of cardiac metabolism and mitochondrial
function. However, effective treatments targeting adverse cardiac
effects of pro-inflammatory cytokines are limited.

Hydrogen sulphide (H,S) is considered the third member of the
gasotransmitter family discovered after nitric oxide and carbon
monoxide.'® Recent studies have shown that H,S acts as a crucial
mediator in numerous signalling pathways of human biology, such
as the blood vessels,!” heart,!® gastrointestinal tract and central
nervous system.'? Accumulating evidence has also illustrated the
potential benefits of H,S in the pathophysiology of the cardiovas-
cular system.?%2? H,S can attenuate myocardial ischaemia-reperfu-
sion injury through preservation of mitochondrial function, and this
may reduce morbidity and mortality associated with ischaemia-in-
duced heart failure.?>?® Moreover, H,S was strongly suggested in

acyltransferase 1 protein, but higher expression of PPAR-y, interleukin-6 and RAGE
protein than control or combined NaHS and TNF-a-treated HL-1 cells. NaHS modu-
lates the effects of TNF-a on mitochondria and the cardiometabolic system, suggest-

ing its therapeutic potential for inflammation-induced cardiac dysfunction.

fatty acid metabolism, HL-1 cardiomyocytes, peroxisome proliferator-activated receptors,

proinflammatory cytokines, receptor for advanced glycation end, sodium hydrosulphide

several studies to be a potent anti-inflammatory molecule in various
models.?*?> The physiological levels of H,S in the circulation were
reported to be approximately 0.01-0.1 mmol/L in healthy animals
and humans.?¢ Sodium hydrosulphide (NaHS), an H,S donor, could
generate H,S quickly with an HS"/H,S ratio of around 3:1.%7 NaHS
has been extensively used while studying the biological effect of
H,S. Therefore, this study investigated whether NaHS modulates
TNF-a-dysregulated mitochondrial function and metabolism in car-

diomyocytes and evaluated the potential underlying mechanisms.

2 | MATERIALS AND METHODS

2.1 | Cell preparations

HL-1 cells were provided by Dr. Claycomb. The cells were derived
from mouse atrium with differentiated biochemical and morpho-
logical properties of adult atrial cardiomyocytes.?® The HL-1 cells
were cultured in a humidified atmosphere of 5% CO, at 37°C in the
Claycomb medium (SAFC Biosciences), as described previously.” To
perform the experiments, the cells were incubated with and without
TNF-a (25 ng/mL, Sigma Aldrich Inc) for 24 hours, followed by with
or without NaHS (0.1 mmol/L, Sigma).29

2.2 | Measurement of cellular ATP levels

Intracellular ATP levels in HL-1 cells were measured utilizing an ATP
bioluminescence assay kit (FL-AA, Sigma-Aldrich), as described pre-
viously.30 Briefly, the ATP in HL-1 cells is consumed and light is emit-
ted based on the conversion of luciferin to light by firefly luciferase
in an ATP-dependent manner, and the light released is proportional
to the ATP present. To measure ATP concentration, all samples were
referred to an ATP standard curve with known concentrations rang-
ing from 1072 to 107 mol/L and then normalized to the number of

cells.

2.3 | Oxidative stress in HL-1 cardiomyocytes

To detect intracellular reactive oxygen species (ROS) levels,a 2', 7'-
dichlorodihydrofluorescein diacetate (H2DCF-DA) ROS Detection
Assay Kit (Thermo Fisher Scientific) was used. According to the
manufacturer's instructions, HL-1 cells with or without TNF-a
and NaHS were incubated in dark with 20 pmol/L H2DCF-DA for
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30 minutes at 37°C. Subsequently, the cells were harvested and
transferred to a 96-well microplate. The fluorescence intensity was
measured with a fluorescence plate reader (Varioskan Flash reader,
Thermo Fisher Scientific) at excitation and emission wavelengths
of 492 and 517 nm, respectively. The increase in fluorescence in-
tensity signified up-regulated cellular ROS levels in the HL-1 cells.

2.4 | Mitochondrial oxygen consumption rate

HL-1 cells with or without TNF-a and NaHS in an unbuffered
Dulbecco's modified Eagle medium at pH 7.4 were transferred
at a density of 2 x 10° cells/well to the wells of an XF24 Seahorse
assay plate to determine the mitochondrial oxygen consumption
rate (OCR) through an XF analysis (XF24, Seahorse Bioscience), as
described previously.30 Before initiating the assay, the cells were in-
cubated at 37°C without CO, for 1 hour for equilibration. For the
measurement of the bioenergetics profile, basal OCR was initially
measured in triplicate. Sequentially, the cells were treated with oli-
gomycin (1 pmol/L) to inhibit ATP synthase, and carbonyl cyanide
p-trifluoromethoxy phenylhydrazone (FCCP; 1 pmol/L) was added
to yield maximal uncoupled respiration. Non-mitochondrial respira-
tion was detected by adding rotenone (0.5 pmol/L) and antimycin
A (0.5 pmol/L). The optimal concentration of each modulator was
measured in concentration response experiments. Under these
conditions, we evaluated mitochondrial basal respiration (baseline
respiration-antimycin A+rotenone post-injection respiration), ATP-
linked respiration (baseline respiration-oligomycin post-injection
respiration), maximal respiratory capacity (FCCP-stimulated respira-
tion-antimycin A+rotenone post-injection respiration), and reserve
respiratory capacity (FCCP-stimulated respiration-baseline respira-
tion) of the TNF-a-treated HL-1 cells with or without NaHS.

2.5 | Western blot analysis

Equal amounts of total proteins from the HL-1 cells were resolved
using sodium dodecyl sulphate-polyacrylamide gel electrophore-
sis (SDS-PAGE), followed by the electrophoretic transfer of pro-
teins onto nitrocellulose membranes. Equal amounts of proteins
(40 pg) were resolved using SDS-PAGE on an 8%-15% gel, followed
by the electrophoretic transfer of proteins onto polyvinylidene
difluoride membranes. Blots were blocked with 5% skimmed
milk for 1 h at room temperature and then probed with antibod-
ies against PPAR-y coactivator 1-a (PGC-1a, Abcam, Cambridge,
UK), phosphorylated (p) acetyl coenzyme A carboxylase (ACC)
(pACC, Millipore), carnitine palmitoyltransferase 1 (CPT-1, Santa
Cruz Biotechnology), diacylglycerol O-acyltransferase 1 (DGAT1,
Abcam), 5’ adenosine monophosphate-activated protein kinase
(AMPK) a2 (EMD Millipore.), phosphorylated (p)-AMPKa2 Thr172
(EMD Millipore), PPAR-« (Thermo Fisher Scientific), PPAR-y (Santa
Cruz Biotechnology), PPAR-§ (Affinity Bio Reagent), interleukin
(IL)-6 (Thermo Fisher Scientific), RAGE (Thermo Fisher Scientific),
glucose transporter (GLUT) 4 (Abcam), IRS-1 (Cell Signaling
Technology), phosphorylated IRS-1 (pIRS-1) at Ser307 (Cell Signaling

Technology), protein kinase B (Akt, Cell Signaling Technology), phos-
phorylated Akt (pAkt, Cell Signaling Technology), total and phos-
phorylated extracellular signal-regulated kinases (pERK 1/2) (Cell
Signaling Technology) and total and phosphorylated a subunit of the
inhibitor of B (I,B ) and phosphorylated I, B (pl(B ) (Santa Cruz
Biotechnology) for overnight at 4°C and secondary antibodies con-
jugated with horseradish peroxidase (Leinco Technologies, Inc.) for
1 hour at room temperature. Bound antibodies were detected using
an enhanced chemiluminescence detection system (EMD Millipore)
and analysed with AlphaEaseFC software (version 6.0; Protein
Simple). Targeted bands were normalized to cardiac glyceraldehyde
3-phosphate dehydrogenase (Sigma-Aldrich) to confirm equal pro-

tein loading.

2.6 | Statistical methods

A paired t test or Systat software Sigma Pot version 12 (Systat
Software Inc.) one-way analysis of variance (ANOVA) with Duncan's
method for multiple comparisons was used to compare differences
between groups when appropriate. P < .05 was considered to be sta-

tistically significant.

3 | RESULTS

3.1 | Effectof H,S on TNF-a-dysregulated ATP
synthesis, oxidative stress and mitochondrial function

As shown in Figure 1, TNF-a-treated HL-1 cells led to lower ATP
production than the control HL-1 cells and the combined NaHS and
TNF-a-treated HL-1 cells. The TNF-a-treated cells exhibited greater
cellular oxidative stress than the controls and HL-1 cells treated with
a combination of NaHS and TNF-a. Cellular oxidative stress and ATP
production were similar in the controls and HL-1 cells treated with a
combination of NaHS and TNF-a.

The TNF-a-treated HL-1 cells had significantly lower basal, maxi-
mal and ATP-linked OCR than the control cells and HL-1 cells treated
with a combination of NaHS and TNF-a (Figure 2). The spare respi-
ratory capacity was similar between the controls, TNF-a-treated
HL-1 cells and the HL-1 cells treated with a combination of NaHS
and TNF-a.

3.2 | Effect of NaHS on TNF-a-mediated myocardial
fatty acid and glucose metabolic dysregulation

As shown in Figure 3, compared with the control HL-1 cells, the
TNF-a-treated HL-1 cells had lower protein expression of pAMPK2q,
pACC, PGC-1a, CPT-1 and DGAT1, which was ameliorated by co-
administration with NaHS. However, the control HL-1 cells, TNF-a-
treated HL-1 cells and HL-1 cells treated with a combination of NaHS
and TNF-a had similar protein expressions of total AMPK2a.

The TNF-a-treated HL-1 cells had lower PPAR-a protein lev-
els, higher PPAR-y expression and lower PPAR-8 expression than
the control HL-1 cells (Figure 4). The HL-1 cells treated with a
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combination of NaHS and TNF-a and the control HL-1 cells had simi-
lar protein expressions of PPAR-a, PPAR-y and PPAR-5.

As illustrated in Figure 5, the TNF-a-treated HL-1 cells had lower
protein expression of pAkt, pIRS-1 at Ser307 than control and/or
combined NaHS with TNF-a-treated HL-1 cells. However, total Akt
and total IRS-1 were expressed similarly (Figure 5). Additionally, the
protein expression of GLUT4 in the TNF-a-treated HL-1 cells was
lower than that in the control cells and the HL-1 cells treated with a
combination of NaHS and TNF-a.

3.3 | Effects of NaHS on TNF-a-mediated
myocardial proinflammatory cytokines, RAGE and
downstream signalling

We studied the effects of H,S on TNF-a-induced inflammatory
signalling. The TNF-a-treated HL-1 cells exhibited greater protein
expression of IL-6 and RAGE than the control HL-1 cells (Figure 6).
However, the protein levels of IL-6 and RAGE were similar in the
controls and HL-1 cells treated with a combination of NaHS and
TNF-a. Additionally, the TNF-a-treated HL-1 cells exhibited higher
protein expression of pERK 1/2 and pl, B than the control HL-1 cells.
However, the protein expressions of total ERK 1/2 and total I, B in
the controls and HL-1 cells treated with a combination of NaHS and
TNF-o were similar.
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FIGURE 3 Sodium hydrosulphide (NaHS) improved fatty acid dysregulation in tumour necrosis factor (TNF)-a-treated HL-1 cells. Western
blot analysis of 5’ adenosine monophosphate-activated protein kinase (AMPK) 2a, phosphorylated AMPK2« (PAMPK2a), phosphorylated
acetyl coenzyme A carboxylase (pACC), peroxisome proliferator-activated receptor-y coactivator-la (PGC-1a), carnitine palmitoyltransferase
1 (CPT-1) and diacylglycerol acyltransferase 1 (DGAT1) expression from cells treated with TNF-a (25 ng/mL) or NaHS (0.1 mmol/L) combined
with TNF-a for 24 h. Densitometry was normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an internal control. Data are

shown as mean = SEM from four independent experiments

4 | DISCUSSION

Several investigations suggested that low-grade systemic inflam-
mation is closely correlated with metabolic dysregulation.“'32 Pro-
inflammatory cytokines increase systematically during low-grade
chronic inflammation®? and might be associated with cardiac insulin
resistance.>3* Excess-free fatty acid is considered as one of the major
players in the development of chronic inflammation and myocardial
damage.35 However, few potential targets were available in attenu-
ating the adverse cardiac effects of inflammatory cytokines. In this
study, NaHS significantly improved the adverse effects of TNF-a on
mitochondrial function with preserved ATP production, mitochon-
drial oxygen consumption and oxidative stress. Additionally, NaHS
attenuated myocardial lipid dysregulation in the TNF-a-treated HL-1
cells by decreasing the protein expressions of IL-6, RAGE and its

downstream signalling pERK and pIKB protein expressions. These

findings suggest the therapeutic potential of H,S in inflammation-in-
duced metabolic dysregulation.

ROS are important contributors to lipid-induced insulin resis-
tance during inflammation. Mitochondrial ROS production is highly
regulated and important for various cell functions. However, high
ROS levels are associated with significant cell damage and mito-
chondrial dysfunction in a process known as oxidative stress,3¢
which is usually associated with the aetiology of obesity, insu-
lin resistance and type 2 diabetes mellitus.®’ H,S plays a critical
role in protecting cardiomyocytes against apoptosis,38 oxidative

3% endoplasmic reticulum (ER) stress and autophagy.® In

stress,
addition, H,S is also involved in alleviating diabetic myocardial
injury by protecting cardiac mitochondria.** In our study, NaHS
improved TNF-a-induced mitochondrial dysfunction, which might
contribute to its beneficial effects on oxidative stress and ATP

synthesis in HL-1 cardiomyocytes.
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FIGURE 4 Sodium hydrosulphide (NaHS) reversed the effect of tumour necrosis factor (TNF)-a on peroxisome proliferator-activated
receptors (PPARs). Representative immunoblots and average data of cardiac PPAR-«, PAPR-y and PPAR-§ protein levels from cells treated
with TNF-a (25 ng/mL), or NaHS (0.1 mmol/L) combined with TNF-a for 24 h. Densitometry was normalized to glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) as an internal control. Data are shown as mean + SEM from four independent experiments
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FIGURE 5 Sodium hydrosulphide (NaHS) modulated the insulin signalling pathway in tumour necrosis factor (TNF)-a-treated HL-1 cells.
Representative immunoblots and average data of an insulin receptor substrate (IRS)-1, phosphorylated IRS-1 (pIRS-1), protein kinase B (Akt),
phosphorylated AKT (pAkt) and glucose transporter 4 (GLUT4) from cells treated with TNF-a (25 ng/mL) or NaHS (0.1 mmol/L) combined
with TNF-a for 24 h. Densitometry was normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an internal control. Data are

shown as mean + SEM from four independent experiments

Similar to our previous investigations,*?43

abnormal myocardial
fatty acid metabolic signals were found in the TNF-a-treated HL-1
cells. AMPK plays a crucial role in the myocardial regulation of glu-
cose metabolism.** The decreased cardiac AMPK phosphorylation

in TNF-a-treated HL-1 cells may be associated with augmented

oversupply of lipid, which can dephosphorylate and deactivate
AMPK.* AMPK modulates fatty acid energy metabolism in differ-
ent ways during myocardial cellular stress.** AMPK stimulates
the transport of fatty acids into mitochondria through phosphory-
lation and inhibition of ACC.*® We have also discovered that NaHS
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FIGURE 6 Sodium hydrosulphide (NaHS) attenuated the receptor of advanced glycation end products (RAGE) and inflammatory
cytokines in tumour necrosis factor (TNF)-a-treated HL-1 cells. Western blot analysis of RAGE, interleukin-6 (IL-6), extracellular signal-
regulated kinases (ERK 1/2), phosphorylated ERK (pERK 1/2), a subunit of the inhibitor of | B (I, B ) and phosphorylated I, B _(plB )

K=o

expression in cells treated with TNF-a (25 ng/mL) or NaHS (0.1 mmol/L) combined with TNF-a for 24 h. Densitometry was normalized to
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an internal control. Results are from four independent experiments

stimulated AMPK-2a and ACC phosphorylation. This action coun-
tered the inhibition of AMPK-2a activity and ACC phosphorylation
caused by TNF-a in the cardiomyocytes.

PGC-1a is required for AMPK to regulate the expression of sev-
eral key players in mitochondrial and glucose metabolism.*’ PGC-1a
plays an important role during the regulation of fatty acid p-oxida-
tion, and the excess accumulation of myocardial lipid might cause
worsening of the energy balance between cardiac lipid and glucose
utilization.>® A suppressed glucose metabolism was found in the
inflammation-related cardiac dysfunction.®® Similarly, treatment
with TNF-a decreases PGC-1a and GLUT4 protein expressions and
inhibits the insulin signalling pathway (pAkt, pIRS-1) in HL-1 cells.
Additionally, the decrease in the CPT-1 protein level in the TNF-a-
treated HL-1cells might have led to an increase in the supply of fatty
acids to the mitochondria. The elevation of these metabolic sub-
strates could have resulted in the accumulation of unoxidized fatty
acids that can be transformed to intracellular lipid intermediates
leading to cardiac lipotoxicity.

PPARs deliver energy in cardiomyocytes by regulating fatty
acid B-oxidation and glucose metabolism. PGC-1a is coactivated

with members of the PPAR nuclear receptor transcription factor
superfamily to activate gene expression involved in mitochon-
drial fatty acid oxidation.>? We found a significant decline in both
PPAR-a and PPAR-§ proteins in parallel to the results of our pre-

vious investigations,c”'53

probably because of the compensatory
response to insulin resistance caused by TNF-a during inflamma-
tion.” Similar to our previous studies,”®® our study demonstrated
that TNF-aincreases PPAR-y expression in cardiomyocytes, which
might result in cardiac lipotoxicity through its lipogenic effect.
PPAR-y was thought in part to regulate DGAT1 to govern lipogen-
esis and lipid storage.’* However, in this study, the TNF-a-treated
HL-1 cells had reduced DGAT1 expression compared with the
control cells. Although the mechanism underlying this finding is
unclear, it is speculated that TNF-a may reduce DGAT1 expres-
sion in cardiomyocytes via PPAR-y-independent signalling. DGAT1
is localized in the ER®® and is crucial for preventing cellular lipo-
toxicity.?® Interestingly, in this study, DGAT1 was restored in the
cardiomyocytes treated with a combination of TNF-a and NaHS,
suggesting that H,S may act as a key regulator of lipotoxicity

during myocardial inflammation.
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For the first time, we demonstrated that NaHS reverses the in-
flammatory effects of IL-6 and RAGE on cardiac PPARs in TNF-a-
treated HL-1 cells. As inflammation can regulate expression of
PPAR isoforms,”?>3 the effect of NaHS on cardiac PPARs may have
been caused by the anti-inflammatory activity of H,S as demon-
strated by the decrease in the expression of IL-6 and RAGE pro-
teins, and its downstream signalling proteins pERK 1/2 and pl B .
Moreover, NaHS may modulate cardiac metabolism through its
effects on PPARs and inflammatory cytokines. However, the ex-
perimental setting (HL-1 cells incubated with NaHS for 24 hours)
in this study may not be clinically relevant, because the adminis-
tration of NaHS to a neutral pH solution leads to an increase in
H,S levels in minutes, which then reduces to normal levels within
30 minutes to 3 hours.*®

H,S can be produced from cysteine by the pyridoxal-5-phos-
phate-dependent enzymes, such as cystathionine p-synthase and
cystathionine y-lyase (CSE).*” The distribution of H,S-producing
enzymes is tissue-specific, and CSE is a major H,S-generating
enzyme in the cardiovascular system.’® In mice with ischaemia-
induced heart failure, CSE overexpression in the heart increased
H,S generation, accompanied by reduced left ventricular dilata-
tion and hypertrophy and improved left ventricular function.®
Pharmacological treatment with 1,25 (OH),D; could induce CSE
activation and H,S formation to increase the total protein amount
and membrane translocation of GLUT4 as well as the glucose
uptake in high glucose-treated adipocytes.59 A pharmacological
approach targeting CSE modulation to increase endogenous H,S
synthesis may be an effective treatment for cardiovascular dis-
eases. These findings suggest that modulation of endogenous H,S
production may be a potential therapeutic strategy for cardiomet-
abolic syndrome.

In conclusion, our study elucidated that H,S may modulate myo-
cardial PPAR expression through cardiac fatty acid regulation, pro-
inflammatory cytokines, RAGE, oxidative stress and ATP synthesis in
TNF-a-treated HL-1 cardiomyocytes.
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