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Abstract
Hydrogen Sulfide (H2S), recently identified as the third endogenously produced gaseous messenger, is a promising
therapeutic prospect for multiple cardio-pathological states, including myocardial hypertrophy. The molecular niche of H2S
in normal or diseased cardiac cells is, however, sparsely understood. Here, we show that β-adrenergic receptor (β-AR)
overstimulation, known to produce hypertrophic effects in cardiomyocytes, rapidly decreased endogenous H2S levels. The
preservation of intracellular H2S levels under these conditions strongly suppressed hypertrophic responses to adrenergic
overstimulation, thus suggesting its intrinsic role in this process. Interestingly, unbiased global transcriptome sequencing
analysis revealed an integrated metabolic circuitry, centrally linked by NADPH homeostasis, as the direct target of
intracellular H2S augmentation. Within these gene networks, glucose-6-phosphate dehydrogenase (G6PD), the first and
rate-limiting enzyme (producing NADPH) in pentose phosphate pathway, emerged as the critical node regulating cellular
effects of H2S. Utilizing both cellular and animal model systems, we show that H2S-induced elevated G6PD activity is critical
for the suppression of cardiac hypertrophy in response to adrenergic overstimulation. We also describe experimental
evidences suggesting multiple processes/pathways involved in regulation of G6PD activity, sustained over extended
duration of time, in response to endogenous H2S augmentation. Our data, thus, revealed H2S as a critical endogenous
regulator of cardiac metabolic circuitry, and also mechanistic basis for its anti-hypertrophic effects.

Introduction
The hypertrophic growth of myocardium—con-

ventionally thought to be a benign, compensatory
response to increased cardiac workload—is increasingly
being categorized as a pathological state warranting timely
and effective therapeutic intervention1,2. It is associated
with multiple cardio-vascular diseases and is a robust
prognostic marker of risk for chronic heart failure3. Not
surprisingly, therefore, numerous therapeutic targets/
molecules with potential anti-hypertrophy effects have

been identified1 and are being studied for their mechan-
istic basis. Some recent studies (from both animal as well
as human studies) have, interestingly, revealed a strong
association between multiple cardio-pathological states
and hydrogen sulfide (H2S)—a gaseous messenger endo-
genously produced through elaborate enzyme systems in
mammalian cells4. Amongst some notable evidences, the
circulating and myocardial levels of H2S were observed to
be significantly (nearly 60%) lower in animals subjected to
transverse aortic constriction—culminating in pressure
overload, hypertrophy and heart failure5. Similar obser-
vations have independently been made for isoproterenol-
induced myocardial injury6,7, adriamycin-induced cardi-
omyopathy8 and spontaneously hypertensive rats9.
Importantly, significantly diminished levels of circulating
H2S have been observed in heart failure patients as well10,
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supporting general relevance of this phenomenon during
cardiac dysfunction. Interestingly, exogenous donors or
strategies (employing genetic tools) to augment endo-
genous levels of H2S appear to manifest ‘‘cardio-protec-
tive’’ effects during multiple pathological conditions
affecting heart5,10.
Despite such compelling evidences, and gradual

appraisal of H2S as an authentic signaling molecule11, the
cellular niche of this key messenger in normal or diseased
myocardium remains incompletely understood. Unlike
areas such as hypoxia sensing12,13, there is limited infor-
mation from cardiac cells describing endogenous func-
tions of H2S in basal or pathological signaling pathways. It
is tempting to speculate that cue-dependent down-
regulation of endogenous H2S could per se propel specific
signaling pathways and culminate in cardio-pathological
effects—a possible reason why therapeutic modulation of
endogenous H2S produces distinctive cardio-protective
effects. This proposition draws support from certain
known effects of H2S in cardiovascular system, including
preservation of mitochondrial function14, regulation of
Nrf-2 signaling cascade15 and endothelial nitric oxide
synthase (eNOS) activity16 (through sulfhydration of its
specific cysteine residues). Furthermore, there exist strong
reasons to surmise a much more intricate regulatory
cascade, in addition to molecules/processes described
above, regulated by H2S in cardiac cells. H2S can poten-
tially modify, directly (post-translational), a significant
number of proteins in the cells17–20—many of which are
key regulatory molecules. Interestingly, a recent study
showed that it is capable of covalently modifying several
electrophilic species (such as 8-nitro cGMP) centrally
involved in cellular ‘‘redox signaling’’21 and thus, capable
of fine-tuning signal transduction in response to vivid
extra-cellular or intracellular cues. Finally, the very fact
that mammalian cells, including cardiomyocytes, have
evolved multiple (organelle-specific) intrinsic H2S-
generating enzyme systems/mechanisms22 attests colos-
sal and larger intracellular niche for this gaseous mes-
senger in myocardium.
We here show that adrenergic overstimulation—known

to culminate in hypertrophy—rapidly downregulates
endogenous H2S levels in cardiomyocytes. The utilization
of an exogenous H2S donor, prior to adrenergic stimula-
tion, prevented this effect and also, strongly counteracted
hypertrophic progression, suggesting an intrinsic role of
H2S during adrenergic stress. We, further, sought to
understand global cellular networks regulated by H2S in
cardiac cells, utilizing transcriptome sequencing and
subsequently, investigated their biological significance
during pathological conditions. We observed that the
augmentation of endogenous H2S levels culminated in
modulation of a significant number of genes, which
composed an integrated metabolic circuitry regulating

production (pentose phosphate pathway, PPP) and utili-
zation (glutathione biosynthesis, cholesterol synthesis and
NOX pathways) of cellular reducing equivalents
(NADPH). Amongst such gene networks, glucose-6-
phosphate dehydrogenase (G6PD)—the first and rate-
limiting enzyme in PPP—emerged as a critical node
(highest degree) and thus, suggesting its biological sig-
nificance for effects produced by H2S. We present mul-
tiple experimental evidences to support such functional
relevance of G6PD during H2S-induced suppression of
cardiac hypertrophy (induced by adrenergic over-
stimulation) in both cellular as well as animal model
systems. Our results, thus, revealed a critical role of H2S
in regulating cardiac cell metabolism and molecular basis
for its cardioprotective effects.

Results
Adrenergic stimulation rapidly decreases endogenous H2S
in cardiomyocytes
β-adrenergic receptor (β-AR) overstimulation is known

to culminate in left ventricular hypertrophy. In view of
aforementioned inverse association between myocardial
H2S levels and cardiac hypertrophy/dysfunction, we
sought to investigate if β-AR stimulation per se can
modulate endogenous H2S levels in cardiomyocytes. For
the same, we stimulated H9c2 cells with isoproterenol
(ISO, 50 μM) and measured the endogenous H2S levels
employing a highly specific intracellular probe, SF7-AM.
As shown in Fig. 1a, b, the stimulation of cells with ISO
culminated in marked decrease in endogenous H2S levels,
as early as 10min post-stimulation. We additionally tested
if the AR-agonist-induced decrease in the endogenous
H2S levels could be prevented employing an exogenous
donor. As shown in Fig. 1a, b, pre-treatment of the cells
with 400 μM NaHS (30 min prior to adrenergic stimula-
tion) reproducibly prevented β-AR agonist-induced
decrease in the intracellular levels of H2S. Interestingly,
we observed similar results when the cardiomyocytes
were stimulated using another β-AR agonist, Nor-
epinephrine (NE, 5 μM) (Fig. 1c, d) and thus, suggesting
general biological relevance of this phenomenon down-
stream of β-AR stimulation.
Since pharmacological pre-treatment of the cells with

NaHS elevated endogenous levels of H2S, significantly (by
nearly 30–50%) over untreated cells (Fig. 1a–d); it was
important to establish if this phenomenon produced any
adverse effects, at early or extended durations of time, in
these cells. For the same, we monitored chronic effects on
cells, including changes in cell viability (employing
Annexin V-PI staining) and growth pattern (as assessed
by distribution of the cells in specific stages of cell cycle)
besides acute cellular responses, including changes in
mitochondrial ROS levels (employing mitochondrial-
specific dye, MitoSOX Red) and mitochondrial
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Fig. 1 (See legend on next page.)
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membrane potential (utilizing JC-1). As a positive control
(for determination of cytotoxic effects employing such
assays), we utilized cells treated with 50 μM H2O2 (known
to culminate in deleterious effects) and simultaneously
subjected these to similar assays. As evident from time-
dependent data presented in Fig. 1e–h, NaHS pre-
treatment did not produce any detectable change in
these parameters (mitochondrial ROS production, mem-
brane potential, cell viability, or cell cycle pattern), neither
at early nor late time points. In stark contrast, however,
most of these parameters were significantly modulated in
the cells treated with 50 μM H2O2, as early as 2 h post
treatment. Taken together, these results unambiguously
showed that the prophylactic, moderate elevation of
endogenous H2S (employing NaHS) did not produce any
deleterious/cytotoxic effects in these cells but was highly
effective in preventing AR-agonist-induced decrease in
endogenous H2S levels.

Cellular H2S levels regulate adrenergic stimulation-induced
hypertrophic responses
Since prophylactic elevation of endogenous H2S could

prevent β-AR stimulation-induced decrease in the intra-
cellular H2S levels, we next sought to establish potential
functional implications of this phenomenon. For the
same, we stimulated the cells with β-AR agonist, ISO, in
presence or absence of NaHS pre-treatment (30 min prior
to stimulation with ISO) and studied hypertrophic chan-
ges (employing differential interference contrast (DIC)
microscopy) in these cells. As shown in Fig. 2a, b, we
observed a significant increase (~200%) in the surface area
of the cells (indicating hypertrophy), 48 h after ISO sti-
mulation. Interestingly, pre-treatment of the cells with
NaHS significantly prevented such hypertrophic response
to ISO stimulation (Fig. 2a, b). These observations sug-
gested critical, intrinsic role of β-AR stimulation-induced

early decrease in endogenous cellular H2S levels during
hypertrophic responses.
The cardiomyocytes characteristically respond by

increasing the expression and secretion of atrial
natriuretic peptide (ANP) and B-type natriuretic peptide
(BNP) during hypertrophic stimulation23,24. We, there-
fore, additionally measured changes in the levels of
secreted ANP and BNP in cell cultures, treated with iso-
proterenol, in presence or absence of NaHS pre-
treatment. As shown in Fig. 2c, d, we observed a sig-
nificant increase in the levels of ANP and BNP, 48 h after
ISO treatment. This effect (of adrenergic stimulation) was,
however, markedly reduced in the cells pre-treated with
NaHS, prior to ISO stimulation. These results indepen-
dently supported our proposition pertaining to critical
role of endogenous H2S levels during adrenergic
overstimulation-induced hypertrophy of cardiomyocytes.

H2S modulates an integrated metabolic network
regulating cellular redox homeostasis
To understand the molecular circuitry affected by H2S

augmentation, we utilized an unbiased global tran-
scriptome sequencing approach. We treated H9c2 cells
with NaHS (400 μM) and generated differential tran-
scriptome, 6 h post treatment. We observed 584 genes to
be differentially expressed (≥1.4-fold, p< 0.05) in the cells
treated with NaHS (Supplementary Table 1). Nearly 286
genes were upregulated and 298 genes downregulated,
during these conditions. We, subsequently, subjected this
data set to various data mining strategies/tools and
identified specific biological processes and pathways—
significantly over-represented in this data set. Interest-
ingly, we observed common biological processes emerging
in independent data mining strategies, suggesting speci-
ficity of analysis and also, unique nature of cellular
responses to modulation of H2S levels. As shown in

(see figure on previous page)
Fig. 1 β-adrenergic stimulation downregulates endogenous H2S levels. a–d The cells were stained with H2S-specific dye, SF7-AM (2.5 µM) and
relative levels of endogenous H2S estimated in cardiac cells, with or without β-AR stimulation (employing ISO/NE), in the presence or absence of
NaHS pre-treatment (400 µM, 30 min). The representative fluorescence micrographs (10X magnification, λex/em: 495/520 nm) for specific groups (n = 3)
are shown in panels a and c. Magnified regions (inset) and scale bar is also shown for images in all groups. Panels b and d depict box-whisker plots
representing corrected total cell fluorescence, CTCF, for indicated groups. The relative change in mean CTCF (represented as % of control) is also
indicated in parenthesis. e–h The cells were treated with NaHS (400 µM) or H2O2 (50 µM) for indicated duration of time and specific assays were
performed. e Mitochondrial superoxide measurement utilizing Mitosox red (mitochondrial superoxide-specific probe) staining and flow cytometry
(BD Accuri C6) f Mitochondrial membrane potential (ΔΨm) assessment utilizing JC-1 dye and flow cytometry (BD Accuri C6). FL-1 (green) vs. FL-2 (red)
dot plots were generated for the indicated groups. Cells with normal ΔΨm are detected as those with higher FL-2 signal (FL-1bright, FL-2bright cells)—
indicative of higher levels of JC-1 aggregates (detected in FL-2, 570 nm). The loss of mitochondrial membrane potential results in increased levels of
FL-1bright, FL-2dim cells—indicative of higher JC-1 monomer (detected in FL-1, 530 nm). g Apoptosis assay: the cells were subjected to Annexin V-FITC/
Propidium Iodide (PI) double staining and data acquired using flow cytometry (BD FACS Calibur). FITC−/PI− cells indicate normal cells while FITC+/PI−,
FITC+/PI+ and PI+ suggest the presence of cells in specific stages of apoptosis (early, late, or necrotic). The percentage of cells in individual quadrant is
also indicated in the figure. h DNA content analysis: the cells were stained with propidium iodide and DNA content analysis (cell cycle) done
employing flow cytometry (BD FACS Calibur). Histogram plot for specific groups is as shown. The relative fractions of cells in specific stages of cell
cycle (G1, S or G2) are also indicated. H2O2 treated group also showed distinctive sub-G1 population, indicating the presence of apoptotic cells.
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Fig. 3a, the clustering of biological terms (associated with
individual differentially expressed genes), utilizing
‘‘BiNGO’’, revealed enrichment of basic biological pro-
cesses such as pentose phosphate shunt, regulation of
transcription, redox homeostasis, sulfur metabolism, and
cholesterol biosynthesis amongst others. The list of sig-
nificantly enriched ‘‘KEGG Pathways’’ (Fig. 3b, Supple-
mentary Fig. 1A–J, Supplementary Table 2) grossly
recapitulated a similar biological theme—with pathways
including steroid biosynthesis, terpenoid backbone
synthesis, pentose phosphate pathway (PPP), nicotina-
mide nucleotide metabolism, glutathione metabolism and
p53 signaling pathway significantly enriched in this data
set.
We next extracted network of co-expressed genes reg-

ulating such pathways, utilizing ‘‘Gene MANIA.’’ This
analysis (Fig. 3c), besides returning an identical biological
theme, revealed additional striking aspects: (1) Majority of
the networks were associated with metabolic or redox
homeostasis processes. (2) Within such metabolic pro-
cesses, three discrete pathways were readily discernable.
These included steroid/isoprenoid biosynthesis pathway,
oxidoreductase coenzyme metabolic pathway (principally
representing pentose phosphate pathway) and glutathione
metabolism pathway (a previously known target of H2S).
(3) Taken together, H2S appeared to modulate an inte-
grated cellular metabolic circuitry—centrally linked by
nicotinamide nucleotide cofactor (NADPH) homeostasis.
This integrative view appears pertinent in consideration of

the fact that while PPP is the key cellular pathway gen-
erating NADPH (reduced form), cholesterol biosynthesis
and glutathione metabolism are the major cellular path-
ways consuming cellular reducing power (NADPH). (4)
G6PD—the first and rate-limiting enzyme within PPP—
stood as the highest degree node (highlighted in Fig. 3c)
within these sub-networks and thus, suggesting it to be of
key significance (node) for biological effects produced by
H2S.

Functional evidences for modulation of G6PD activity by
endogenous H2S augmentation
We, next, sought to generate functional evidence for

modulation of G6PD activity by endogenous H2S levels.
For the same, besides NaHS treatment (to elevate endo-
genous H2S levels), we additionally treated the cells with
PAG & AOAA (inhibitor of CSE & CBS—two key
enzymes responsible for endogenous generation of H2S)
to decrease cellular H2S levels. As shown in Fig. 4a, we
observed significant increase in G6PD activity with the
elevation of endogenous H2S levels (NaHS pre-treatment,
6 h). Interestingly, the treatment of cells with PAG and
AOAA alone significantly reduced G6PD activity, below
that observed in untreated cells (Fig. 4a). Taken together,
these observations suggested an intrinsic, direct relation-
ship between endogenous H2S levels and cellular G6PD
activity.
We, additionally, monitored G6PD activity in a time-

dependent manner, post NaHS stimulation. Intriguingly,

Fig. 2 Augmentation of endogenous H2S suppresses β-adrenergic stimulation-induced hypertrophy in cardiomyocytes. a DIC micrographs.
H9c2 cells were treated with ISO for 48 h, with or without NaHS pre-treatment for 30 min and imaged utilizing DIC microscope (20X magnification).
Scale bar is included in all images. b Box-whisker-plot showing cell surface area (in µm2) for specific groups, calculated using Image J, NIH. c, d The
cells were challenged with ISO for 48 h, in the presence or absence of NaHS pre-treatment and culture supernatant collected for estimating secreted
levels (in pg/ml) of ANP c and BNP d, utilizing sandwich ELISA. Mean ± S.E. was plotted to obtain the bar graphs shown in the figure. **p < 0.01
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Fig. 3 (See legend on next page.)
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we observed significant increase in G6PD activity, as early
as 30min post NaHS treatment and increasing gradually
with time (Fig. 4b, c). Since G6PD is critical for generating

NADPH, we next sought to generate functional proof for
elevation of G6PD activity, at the earliest time point (30
min), by estimating cellular NADP/NADPH ratio. As

(see figure on previous page)
Fig. 3 Genome-wide expression analysis suggests modulation of metabolic processes during H2S augmentation. RNA sequencing analysis
was performed on H9c2 cells, treated with NaHS for 6 h. The list of differentially expressed genes was subjected to analysis employing various
softwares including BiNGO and GeneMANIA (as Cytoscape plugins) and DAVID (Online resource). The gene ontology (GO) networks were then
represented as ‘‘Perfused forced directed clusters’’ and biological networks as ‘‘Degree sorted circular view.’’ a Clustered, over-represented GO and
functional terms, utilizing hyper geometric test, in BiNGO (Cytoscape plug-in). The GO term clusters are indicated using closed boxes with gross
specific annotation (indicated). b Bar graph representing −log2 (p-value) of significantly enriched KEGG pathways, as obtained from DAVID analysis. c
Networks of co-expressed genes (representing significantly enriched biological processes) extracted utilizing GeneMANIA and shown as ‘‘Degree
sorted circular view’’

Fig. 4 Functional evidences for regulation of G6PD by intracellular H2S levels. a Bar graph representing G6PD activity (as percentage change
over control) in cells treated with NaHS (400 μM, 6 h), PAG (1 mM, 2 h), and AOAA (2 mM, 2 h). b, c Bar graphs representing time-dependent changes
in G6PD activity (mU/ml) b and percentage change over control c, post 400 μM NaHS treatment for indicated duration of time. One unit of G6PD
activity was defined as the amount of enzyme that catalyzed the conversion of 1.0 µmol of glucose-6-phosphate into 6-phosphoglucono-δ-lactone
and converted 1.0 µmol of NAD+ to NADH per minute at 37 °C. d Bar graph representing NADP/NADPH ratio in H9c2 cells, 0.5 h post NaHS treatment.
e Representative immunoblots for p53 or G6PD expression in whole-cell extracts from cells treated with or without NaHS. β-actin was used as loading
control. f G6PD activity (represented in mU/ml or percentage change over control) for cells treated with NaHS (400 μM, 4 h), in the presence or
absence of actinomycin D (5 µg/ml, 2 h prior to NaHS treatment). Mean ± S.E. was plotted to obtain bar graph shown in the figure. *p < 0.05, **p <
0.01. #Compared to NaHS groups
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shown in Fig. 4d, we observed a significant increase in
NADPH levels (and thus, lower NADP to NADPH ratio)
in the cells treated with NaHS. This observation yielded
functional evidence for rapid modulation of G6PD activity
in response to H2S augmentation.
Our transcriptome data also suggested modulation of

p53-regulated pathway (Fig. 3b and Supplementary
Table 2), after NaHS treatment. Notably, p53 protein is
known to interact with G6PD and regulate its activity by
preventing formation of active dimers25. We, therefore,
additionally monitored cellular levels of p53 in the cells
treated with NaHS. As shown in Fig. 4e, we observed
significant reduction in the cellular level of p53 protein, 4 h
post NaHS treatment. Interestingly, the expression of
G6PD protein was elevated at this time point (Fig. 4e). In
view of our transcriptome data (suggesting upregulation of
G6PD transcript, Fig. 3, Supplementary Table 1), we fur-
ther, treated the cells with actinomycin D and measured
G6PD activity, 4 h post NaHS treatment. The NaHS-
induced increase in G6PD activity could be significantly
prevented with actinomycin D treatment (Fig. 4f), sup-
porting the possibility of de novo synthesis of G6PD, post

NaHS treatment. It thus appears reasonable to suggest that
NaHS-induced sustained elevation of G6PD activity over
extended duration of time (as evident from Fig. 4) could be
due to potentiation of multiple processes/pathways (by
NaHS), including increase in active dimers (due to lowered
levels of inhibitory protein, p53) and its de novo (elevated)
expression (Figs. 3 and 4e, f).

Critical role of elevated cellular G6PD activity during
suppression of β-AR-induced hypertrophic effects by H2S
We, next, sought to investigate if H2S-induced increase

in the activity of G6PD was causally involved in inhibiting
β-AR-induced hypertrophy. For the same, we utilized
empirically determined doses of two-specific pharmaco-
logical inhibitors of G6PD, namely 6-AN (a competitive
inhibitor) and DHEA (a non-competitive inhibitor), in the
cells pre-treated with NaHS and challenged those with
ISO (Fig. 5a). As evident from Fig. 5b, c, NaHS sig-
nificantly increased G6PD activity in cells with or without
ISO treatment. Interestingly, the pre-treatment of cells
with either 6-AN or DHEA curtailed such NaHS-induced
increase in G6PD activity and kept it significantly below

Fig. 5 H2S-induced increase in G6PD activity is critical for regulating hypertrophic responses. a Schematic representation for experimental set
in panel b and c. H9c2 cells (with or without 30 min NaHS pre-treatment) were stimulated with ISO (50 µM), in the presence or absence of inhibitors;
6-AN (250 µM, 16 h) or DHEA (25 µM, 16 h). b, c Bar graphs (Mean ± S.E.) representing G6PD activity in mU/ml b or percentage change over control c
from various groups (as indicated in figure). d–f Bar graph (Mean ± S.E.) depicting ANP or BNP levels (in pg/ml), as estimated from culture
supernatants after 24 d or 48 h e, f of ISO treatment, with or without NaHS, in the presence or absence of G6PD inhibitors, 6-AN or DHEA. *p < 0.05,
**p < 0.01 compared to control groups
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those observed in NaHS (without G6PD inhibitor) treated
groups (Fig. 5b, c). Under similar conditions, we next
measured the levels of secreted ANP and BNP (as a
measure of hypertrophic responses) after ISO stimulation
(24 or 48 h) of these cells. As evident from Fig. 5d–f, while
NaHS treatment (without G6PD inhibitors) suppressed
ISO-induced elevation of ANP and BNP, significantly
higher levels of these proteins (ANP and BNP) were
observed in ISO-challenged groups with G6PD inhibitors
despite NaHS pre-treatment. These observations sug-
gested that G6PD was critical for manifestation of anti-
hypertrophic effects of NaHS.

Augmentation of endogenous H2S modulates G6PD
activity and p53 levels in rat model system
We next sought to investigate if H2S supplementation

modulated similar pathways in animals during normal or
stress conditions. We utilized an established rat model
system of β-AR-induced cardiac hypertrophy26 and chal-
lenged the animals with low dose (5 mg/kg body weight
per day) of isoproterenol (ISO), with or without NaHS
pre-treatment (4 mg/kg body weight per day for 12 days,
see methods for details). As shown in Fig. 6a, adminis-
tration of isoproterenol (4 h) to the animals reduced
endogenous levels of H2S in myocardial tissues. Notably,
further, similar to the cultured cells, pre-treatment of the
animals with NaHS effectively prevented ISO-induced
decrease in cardiac H2S levels (Fig. 6a). Interestingly, the
cardiac G6PD activity (Fig. 6b) and expression (Fig. 6c)
was markedly elevated in the animals pre-treated with
NaHS (12 days), with or without ISO challenge (4 h). We
also studied the effects of NaHS pre-treatment (H2S
augmentation) on cardiac p53 levels. As shown in Fig. 6d,
the levels of p53 were also markedly reduced with NaHS
supplementation, with or without ISO administration.

These results, taken together, suggested that the effects of
H2S augmentation were conserved under physiologically
relevant conditions and manifested comparably (to those
observed in cultured cells) in our animal model as well.

H2S supplementation suppresses β-AR-induced cardiac
hypertrophy, in G6PD-dependent manner, in rat model
system
We next sought to investigate if NaHS could modulate

cardiac hypertrophy induced by β-AR stimulation and if
G6PD was causally involved in such effects in our animal
model. For the same, we utilized 6-AN (specific G6PD
inhibitor) in the animal model and studied the effect of
H2S augmentation in conferring protection against β-AR
stimulation (ISO) induced cardiac hypertrophy, with or
without this inhibitor. Since this inhibitor can produce
adverse effects (especially related to central nervous system
and motor weakness) in cumulative dosage-dependent
manner27, we first empirically established a non-toxic dose
of 6-AN. We observed that four uniformly spaced doses of
1 mg/kg body weight (during entire experimental span),
after every 5 days, did not produce any detectable adverse
effects per se—neither grossly (activity/motility, survival,
body weight, feed) nor in the heart tissues (morphological
and histological parameters, Supplementary Fig. 2).
The circulating catecholamines mediate pressure-

overload-induced left ventricular hypertrophy28. Simi-
larly, in vivo stimulation of β-ARs employing exogenously
administered catecholamines (ISO or NE) typically cul-
minates into pressure-overload hypertrophy26,29—char-
acterized by concentric increase in cardiac mass,
manifesting as increase in the ventricular-free wall
thickness, decrease in ventricular cavity cross-sectional
area, lowered endo-cardial capillary density concomitant
with marked ventricular fibrosis in left heart30. We

Fig. 6 H2S augmentation modulates G6PD activity and expression in rat heart tissues. Sham- or NaHS-treated animals were challenged with
isoproterenol (5 mg/kg, s.c, 4 h) and specific assays performed. a Bar graph showing total sulfide concentration in heart tissues isolated from the
indicated groups. b Bar graphs representing G6PD activity (in nanomoles (nmol) of NADPH (reduced form) produced per minute per mg of total
protein) c, d Representative immunoblot for G6PD expression c and p53 expresssion d in heart tissues from indicated groups. β-Actin was used as
the internal loading control. Mean ± S.E. values were used to plot the bar graph. *p < 0.05, **p < 0.01 compared to control groups
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carefully studied such parameters in specific groups,
as described above, and represented these in Fig. 7a–h.
Figure 7a depicts representative images of gross heart
isolated from various groups. As shown in Fig. 7b, c, the
cardiac mass (evident from heart-to body weight and
heart weight-to tail length ratios) was increased in animals
treated with isoproterenol and significantly lowered in
those pre-treated with NaHS. The effect of NaHS pre-
treatment on isoproterenol-induced increase in cardiac
mass was attenuated with the administration of 6-AN
(Fig. 7b, c), suggesting key role of G6PD in this process.
Figure 7d, e represent the average left ventricular-free

wall thickness and LV cavity area (as estimated from

cross-sections of heart tissues) from individual groups. In
agreement with the characteristics of pressure-overload
hypertrophy, we observed increase in left ventricular wall
thickness and decrease in LV cavity area with the
administration of isoproterenol to experimental animals
(6 days). Strikingly, however, this phenomenon was sig-
nificantly ameliorated in the animals pre-treated with
NaHS. Interestingly, similar to the changes observed for
cardiac mass, administration of 6-AN significantly inhib-
ited protection conferred by NaHS under these conditions
(Fig. 7d, e).
We, next, performed two different staining, namely

PSR80 and MT, to estimate cardiac fibrosis in various

Fig. 7 Critical role of H2S-induced increase in G6PD activity for suppression of β-AR-mediated cardiac hypertrophy in rat model. The
animals (NaHS- or Sham-treated), with or without 6-AN, were challenged with isoproterenol for 6 days and specific parameters studied. a Gross heart
images, from indicated groups, representing the specific morphological changes. b, c Bar graphs (Mean ± S.E.) depicting heart weight (HW):body
weight (BW), in mg/g, and heart weight (HW):tail length (TL), in mg/cm, in the indicated groups. d, e Bar graphs (Mean ± S.E.) representing left
ventricular-free wall thickness (in mm) and left ventricular cavity area (in mm2), as estimated from sections of heart isolated from indicated groups. f,
g Bright-field micrographs of Picro-Sirius Red (PSR 80, panel f) staining (Red—Collagen, Yellow—Muscle fibers/Cytoplasm), and Masson Trichrome
(MT, panel g staining (Blue—Collagen, Red—Muscle fibers/Cytoplasm). h Transmission electron micrographs (Scale bar: 2 µm) of sections from left
ventricular-free wall of the indicated groups
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groups of animals. As shown in Fig. 7f, isoproterenol
treatment significantly increased collagen content in the
heart (evident as red colored regions in PSR80-stained
heart sections). The pre-treatment with NaHS sig-
nificantly reduced collagen deposition in response to
isoproterenol challenge but this effect was curtailed when
6-AN was additionally administered to the animals
(Fig. 7f). Further, as evident from Fig. 7g, similar results
were also obtained in MT staining of the heart tissue
sections from various groups of animals (note that the
collagen rich areas are stained blue in MT stained sec-
tions). We thus inferred that H2S-induced increase in
G6PD activity was critical for its cardio-protective effects
in the animal model of hypertrophy.
Next, we studied sarcomeric structural organization

(critical for cardiac function) at ultra-structural level,
employing electron microscopy, from various groups of
animals described above. As shown in Fig. 7h, we
observed sarcomeric disarray—the loss of typical sarco-
meric organization (distinct acto-myosin banding pattern,
evident as light and dark bands, and mitochondria, evi-
dent as electron dense structures in EM, arranged parallel
to each unit)—in the cardiac tissues of animals adminis-
tered isoproterenol for 6 days. Strikingly, pre-treatment of
the animals with NaHS prevented this phenomenon

(sarcomeric disarray with isoproterenol treatment). The
inhibition of G6PD (employing 6-AN) counteracted such
effect of NaHS—in preventing sarcomeric disarray
resulting from isoproterenol treatment of the animals
(Fig. 7h).
Our results, taken together, thus yielded strong evi-

dence for regulation of a specific cardiac metabolic cir-
cuitry (involving G6PD as a key node) by H2S and its
functional role in suppression of pathological β-AR sti-
mulation—progressively culminating into cardiac
hypertrophy.
Figure 8 depicts an integrative view of phenomenon

deciphered from our present work (see legend for details),
in close association with the known, major glucose
metabolic pathway.

Discussion
We here presented evidence that pathological

adrenergic responses in cardiac cells ensue by down-
regulating endogenous levels of H2S. An exogenous donor
—which annulled such effect by maintaining stable
levels of intracellular H2S under these conditions—
markedly attenuated pathophysiological effects of adre-
nergic overstimulation, in both cellular as well as
animal model systems. Our data further suggested that
endogenous H2S is physiologically coupled to an inte-
grated cellular metabolic network, centrally connected by
nicotinamide dinucleotide cofactors, in cardiomyocytes.
H2S modulated production of NADPH by
regulating G6PD activity through at least two putative
processes—elevated G6PD expression (transcript as well
as protein) and downregulation of p53 protein
(which negatively regulates G6PD activity by preventing
formation of active enzyme dimers). The inhibition of
G6PD significantly curtailed the effects of H2S in sup-
pressing β-AR-induced hypertrophy, in both cellular and
animal model. These observations hence demonstrate
G6PD as a critical mediator of H2S-induced cardiopro-
tective effects.
The myocardial tissue, interestingly, is uniquely posed

with regards to G6PD and PPP. Despite high metabolic
activity, the basal G6PD activity and PPP output in rat
heart has been shown to be significantly lower than those
observed in other vital organs systems, kidneys, and
liver31,32. Somewhat comparable cardiac G6PD activity
was also reported for humans32,33, plausibly implicating
an evolutionarily conserved phenomenon in heart. The
cardiac cells, further, appear to maintain high levels of
isocitrate dehydrogenase—an alternate enzyme (mito-
chondrial) capable of generating NADPH34. Notably,
however, there exists multiple lines of compelling evi-
dence to surmise a critical role of myocardial G6PD and
PPP. First, the inhibition of G6PD impairs contractile
function in cultured cardiomyocytes35, likely through

Fig. 8 Diagrammatic representation of the phenomenon
deciphered from the work, conceptually integrated to known
framework of cardiac hypertrophy and basic glucose metabolic
pathway. β-adrenergic receptor (β-AR) stimulation—known to
culminate in cardiac hypertrophy—rapidly lowers endogenous levels
of H2S in cardiomyocytes. H2S is intrinsically linked (directly) to G6PD
activity (and production of NADPH), via multiple processes, and this
phenomenon is causally involved in suppression of cardiac
hypertrophy (by H2S) in both cellular and animal model systems.
Progression of cardiac hypertrophy and ensuing dysfunction is, per se,
known to be associated with modulation of glucose utilization
pathway. G6PD: glucose-6-phosphate dehydrogenase, G6P: glucose-6-
phosphate, 6PGL: 6-phospho-gluconolactone, F6P: fructose-6-
phosphate, RIB5P: ribulose-5-phosphate, DHAP: dihydroxy acetone-
phosphate, PGA: glyceraldehyde-3-phosphate
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inhibition of L-type calcium channels36. G6PD-deficient
(mutant) animals, interestingly, exhibit early cardiac
remodeling and dysfunction compared to normal litter-
mates35. Such animals are also prone to accelerated car-
diac hypertrophy in response to pressure overload and
infarct37. Second, there is an intrinsic propensity for
increase in G6PD activity, though a significantly delayed
response (after 12 h), to sustained adrenergic stimula-
tion31. Third, the augmentation of G6PD activity—either
through pharmacological intervention such as dichlor-
oacetate, DCA,38,39 or genetic means to increase G6PD
activity or PPP flux40—bestows an explicit protective
advantage against cardiac hypertrophy. In view of such
information and the observations described in our present
work, it is reasonable to conclude that the unfailing
cardio-protective efficacy of H2S has a robust mechanistic
basis—the intrinsic regulation of expression/activity of an
enzyme (G6PD) occupying evolutionarily conserved, cri-
tical niche in myocardial function and bioenergetics.
Besides NADPH generation, another important func-

tion of PPP includes the production of ribose 5-phos-
phate, critical for synthesis of de novo purine
nucleotides41. Ribose 5-phosphate, in turn, feeds the cel-
lular pool of 5-phosphoribosyl-1-pyrophosphate (PRPP).
During increased energy demand, such as that during
adrenergic stimulation, the cellular PRPP levels are
extremely important (and can become limiting) for
maintaining cellular ATP pool32,42. Not surprisingly,
therefore, ribose supplementation has been shown to
produce beneficial effects during various pathological
conditions42–44. In view of such information, it is likely
that the increased PPP flux, in response to H2S augmen-
tation, could elevate ribose levels and thus, cumulatively
contributing to suppression of cardiac hypertrophy in
response to catecholamine stimulation.
The onset and progression of cardiac hypertrophy,

per se, is characteristically marked by cellular metabolic
reprogramming—involving downregulation of β-
oxidation pathways and increased reliance on glucose
utilization45,46. Accumulating literature suggests that such
fetal metabolic signature (dependence on glucose for ATP
generation) is essentially pro-adaptive and its inhibition
further aggravates cardio-pathological outcomes40.
Several of such metabolic genes are known targets of
HIF-1α—a key transcription factor regulating glycolytic
pathway47. Notably, further, HIF-1α also regulates (in a
p53-dependent manner) critical genes involved in cardiac
angiogenesis48—another critical phenomenon regulating
cardiac failure49 and dependent on H2S

50. Strikingly, the
inhibition of HIF-1α causes cardiac dysfunction during
pressure overload51. The stabilization and biological
activity of HIF-1α is, thus, of unambiguous significance in
governing pathological/deleterious outcomes associated
with hypertrophic cues. Interestingly, a recent report

suggested that pentose phosphate pathway and cellular
NADPH levels are critical for stabilization of HIF-1α and
expression of its target genes51. Taken together, it is thus
reasonable to suggest that H2S-induced augmentation of
G6PD (and elevated cellular NADPH levels) would posi-
tively support stabilization of HIF-1α—a multifaceted
adaptive cardiac response—during sustained adrenergic
stimulation and cardiac remodeling.
It is also important to note that cellular NADPH can also

be utilized, paradoxically, by cardiac Nox isoforms52–54

(cytoplasmic/mitochondria) for generation of ROS—
known to be involved in pathological adrenergic signaling
and other deleterious effects55–57. In our experiments,
however, we did not observe increase in intracellular ROS
in cells treated with NaHS (Fig. 1e), despite marked
increase in NADPH under these conditions (Fig. 4d). A
likely explanation for such observation could be the fact
that besides generation of reducing equivalents, H2S aug-
mentation culminated in ‘‘active routing’’ of cellular
reducing power towards GSH metabolic pathway—
through elevated expression of multiple genes, including
Gclc, Gss, Mgst 2, Gsr, Gstp 1, Cth, and Txnrd1 (Fig. 3,
Supplementary Fig. 1A-J & Supplementary Table 1 & 2).
Interestingly, further, the transcript of an important car-
diac-specific, ROS-producing enzyme, Nox 4, appears to be
downregulated in the cells stimulated with β-AR agonists
in the presence of NaHS pre-treatment (Chhabra et al.,
unpublished data) and thus, likely limiting endogenous
pathways utilizing NADPH for ROS generation per se. In
view of such observations, cumulatively, we hypothesize
that modulation of endogenous H2S uniquely orchestrates
synergistic pathways—comprising of ‘‘NADPH-produc-
tion’’ and ‘‘downstream-utilization’’ processes—and re-
defines the cellular ‘‘redox threshold’’ critical for patholo-
gical adrenergic signaling in cardiomyocytes.
In conclusion, our results, besides describing critical

mechanistic basis, implicate an important intrinsic role for
H2S in regulating cellular ‘‘metabolic state’’ and thus, soli-
citing further studies to explore if endogenous modulation
of this gaseous messenger could be at the ‘‘heart’’ of other
diseases, intrinsically involving metabolic perturbations.

Materials and methods
Cell culture and pharmacological treatments
Embryonic rat heart-derived cardiomyoblast cell line,

H9c2, was purchased from Sigma Aldrich and cultured in
high glucose (4500mg/l) containing Dulbecco’s
modified Eagle’s Medium (DMEM, D7777, Sigma Aldrich)
supplemented with 10% (v/v) fetal bovine serum (FBS),
100 U/ml penicillin and 100 μg/ml streptomycin. Cells
were maintained at 37 °C in a humidified incubator with
5% CO2. The culture medium was replaced with fresh
media every 48 h and the cells were sub-cultured, when
the cultures approached 70–80% confluency. Cells were
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shifted to serum- and antibiotic-free media (DMEM
without FBS and Penicillin-Streptomycin) 16 h prior to
agonist/drug treatment. For H2S treatment, H9c2 cells
were pre-treated with 400 µM Sodium hydrogen sulfide
(NaHS, Cayman Chemicals), prepared fresh in PBS, for 30
min prior to adrenergic stimulation. The adrenergic sti-
mulation was done employing freshly prepared 50 µM
Isoproterenol (ISO, Sigma) in normal saline, for the indi-
cated duration of time. For CSE and CBS inhibition, the
cells were treated with 1 mM L-C-Propargylglycine (PAG,
Sigma) or 2 mM Aminooxyacetic acid hemihydrochloride
(AOAA, Sigma), respectively. For actinomycin D
treatment, cells were pre-treated with 5 µg/ml of
drug, prepared in DMSO. The cells were treated with 25
µM Dehydroepiandrosterone (DHEA, Sigma) or 250 µM
6-Aminonicotinamide (6-AN, Sigma), for G6PD
inhibition.

Microscopy and quantitation
Fluorescent imaging was carried as per standard

protocol and guidelines, briefly described below. The
images were acquired using Motic AE31 microscope
(attached with camera, Moticam 2500, China). The
acquisition settings, including parameters such as expo-
sure time, gain, gamma correction amongst others, were
strictly kept constant for acquisition of images
from specific groups within an individual experiment. A
minimum of six independent fields was acquired, at 10X
magnification, for each specific group. For quantification
of images, unprocessed raw microscopic images were used
and the cell fluorescence measured utilizing Image J, NIH.
The corrected total cell fluorescence (CTCF)
was calculated as Integrated Density—(Area of selected
cell×Mean fluorescence of background readings) for a
minimum of 25 cells per group, from at least six
independent fields58. The CTCF values were then
plotted as box- and whisker-plot using BoxPlotR59. The
DIC images were acquired utilizing inverted DIC
microscope (Axiovert-200, Carl Zeiss). Cell surface area
(in μm2) was estimated using Image J (NIH). The statistical
significance between observations from specific
groups within an experiment was established by one-way
analysis of variance. A minimum of three independent
biological repeats was performed for all individual
experiments.

Intracellular H2S estimation (SF7-AM staining)
Cells were pre-loaded with 2.5 µM Sulfidefluor

7-AM (SF7-AM), Tocris Bioscience and incubated at
37 °C in CO2 incubator for 30min. NaHS (400 µM)
treatment was given to the designated groups for 30min.
Subsequently, the cells were stimulated (in serum-
and phenol red-free media) for 10min with 50 µM

Isoproterenol (ISO), Sigma or 5 µM Norepinephrine
(NE), Sigma, as required in individual experiments.
Images were acquired at 10X magnification (as
described above) using Motic AE31 microscope (λex/em:
495/520 nm).

Mitochondrial superoxide and membrane potential
estimations
To estimate mitochondrial superoxide anion, the cells

were stained with 5 µM MitoSOX Red (Molecular Probes)
for 15 min. For mitochondrial membrane potential
(ΔΨm), JC-1 dye (T3168, Thermo Fisher Scientific) was
employed at a concentration of 5 µg/ml. The cells were
subsequently acquired using BD Accuri C6 cytometer
equipped with 488 nm excitation and 530/585 nm band
pass emission filter.

Cell viability and cell cycle analysis
Cell viability assay was performed utilizing Annexin V/

Propidium Iodide staining kit (Sigma) and the cell cycle
analysis was done as per our previously published proto-
col60, utilizing FACS Calibur (BD).

Enzyme-linked immunosorbent assay (ELISA)
The levels of ANP and BNP in cell culture media were

measured by sandwich ELISA, employing commercially
available kit (Rat ANP ELISA kit, ab108797; Rat BNP 45
ELISA kit, ab108816, Abcam) as per the manufacturer’s
protocol.

RNA isolation, sequencing, and bioinformatic analysis
Total RNA was extracted from the cells utilizing Trizol

reagent (Sigma Aldrich) and purified employing RNeasy
Mini Kit (Qiagen, Hilden, Germany) with on-column
DNase digestion. RNA sequencing, annotation, differ-
ential gene expression and data mining (Bioinformatic
analysis) was done as per protocols described by us
previously61,62.

G6PD activity assay
The homogenates from cell (4% w/v) or heart tissue (8%

w/v) were prepared in ice cold PBS by sonication (30%
amplitude, ten cycles of 5 s sonication with 5 s gap) using
Ultra-Sonicator (VC-505, Sonics Vibra Cell, USA). Sam-
ples were centrifuged at 13,000 rpm for 10min and
supernatant collected. The assays were performed utiliz-
ing G6PD activity kit (ab102529, Abcam), as per the
manufacturer’s protocol.

NADP/NADPH estimation
For estimating NADP/NADPH ratio, a commercially

available kit (ab65349, Abcam) was utilized, as per the
manufacturer’s protocol.
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Western blotting
Whole-cell protein lysates (30 µg), separated on sodium

dodecyl sulfate-polyacrylamide gels, were assayed for
protein expression, utilizing specific antibodies (G6PD,
ab993 and ab76598, Abcam; p53, 554166, BD Biosciences)
and chemiluminescent detection (ECL kit, Sigma
Aldrich). β-Actin (A2228, Sigma) served as an internal
control for whole-cell extracts.

Experimental animals and ethics statement
Male Sprague Dawley rats weighing 220–250 g were

used for the study. The animals were maintained under
standard conditions in animal house facility of the insti-
tute and were exposed to a 12:12 h light–dark cycle. They
were given pellet diet and water ad libitum. In all, 3–4 rats
were housed per cage during all experimental procedures.
The study design was approved by the standing ‘‘Institute
Animal Ethics Committee’’, DIPAS, DRDO and the
experiments were conducted in compliance with the
recommended guidelines of ‘‘Committee for the Purpose
of Control and Supervision of Experiments on Animals
(CPCSEA)’’, Government of India.

Drug administration
The animals were randomly assigned to four groups

namely; control, isoproterenol (ISO), isoproterenol_NaHS
(ISO_NaHS), and NaHS. ISO groups received isoproterenol
at a dose of 5mg per kg of body weight (in saline, 0.9 %
NaCl), once daily by the subcutaneous route. For H2S donor
groups, the animals received daily intraperitoneal (i.p.)
injection of NaHS (Cayman Chemicals) at 4mg per kg of
body weight per day for 12 days, prior to isoproterenol
challenge. NaHS (2mg/ml) was prepared fresh in 0.15M
phosphate-buffered saline (PBS), pH 7.4 before each injec-
tion61. The control groups received sham injections with an
equal volume of 0.15M PBS. Drug administration was
continued for the entire period of adrenergic stimulation.
For G6PD inhibitor treatment, the animals received

intraperitoneal (i.p.) injection of 6-aminonicotinamide (6-
AN, Sigma Aldrich), prepared in 4% DMSO, at 1 mg per
kg of body weight, after every 5 days. Beginning with the
first dose of NaHS, four uniformly spaced doses of 6-AN
were administered to the animals during entire experi-
mental duration.

Sulfide estimation in heart tissues
For estimation of total free sulfide, modified zinc

precipitation assay63 was employed as per protocol descri-
bed by us previously61. The standard curve in the assay was
prepared utilizing known concentrations of NaHS.

Assessment of general parameters of animals
The final body weight (BW, measured in g), tail length

(TL, measured in cm) along with heart weight (HW,

measured in mg) were recorded on the day of sacrifice and
used to calculate the heart-to-body weight (HW/BW) or
heart weight-to-tail length (HW/TL) ratios.

Morphometry
Heart tissues were fixed in 4% paraformaldehyde (PFA)

after washing with ice cold PBS (pH 7.4). The auricles
were removed and transverse ventricular sections of 2 mm
thickness prepared (equidistant from the base of heart).
The sections were imaged (with appropriate scale) and
subsequently, analyzed (to estimate left ventricular-free-
wall thickness and left ventricular-cavity area) utilizing
Image J, NIH. The wall thickness was measured for three
distinct regions of the chamber (similar regions in all the
groups/animals).

Histological assessment
Heart tissues were fixed in 4% PFA, dehydrated through

series of increasing ethanol concentration, cleared in
xylene, and paraffin-embedded. Transverse sections from
mid-region of heart were cut serially at 5 μm thickness.
The sections were de-paraffinized and hydrated prior to
staining. For Picro-sirius red (PSR80) staining, sections
were incubated for 60min in 0.1% Sirius red (Sigma)
dissolved in saturated picric acid, rinsed in acidified water,
dehydrated in ethanol, and cleared in xylene. For Masson
Trichrome (MT) staining, a commercially available kit
(HT15, Sigma Aldrich) was used, as per manufacturer’s
protocol. Images of stained sections were acquired uti-
lizing optical microscope (BX51, Olympus Corporation,
Tokyo, Japan or AE31 Motic, China). A minimum of four
independent fields (within a minimum of three random
sections) per group was imaged and analyzed.

Transmission electron microscopy
The samples were prepared as per protocol described us

previously61 and images acquired using transmission
electron microscope (Technai G2, The Netherlands).

Statistical analysis
The statistical significance of data within multiple groups of

a specific experiment was evaluated by one-way analysis of
variance (*P< 0.05, **P< 0.01, ***P< 0.001). Mean± SE was
calculated for data sets with at least three independent
observations and represented using bar graphs.

Acknowledgements
We thank Dr. Sudhir Chandna for help with DIC microscopy and Dr. S.N. Singh
for kind support during various stages of this work. Dr. R.J. Tripudey is
acknowledged for help with experimental animals and Sandor Proteomics for
transcriptome sequencing. The work was supported by grant from DRDO,
India [No. DIP-265 (MS)]. AC, SM, and AKP received fellowship from UGC, GK
from CSIR, & BB from DST, India.

Author details
1Peptide and Proteomics Division, Defence Institute of Physiology and Allied
Sciences (DIPAS), Delhi, India. 2Biochemical Pharmacology Division, Defence

Chhabra et al. Cell Death Discovery  (2018) 4:6 Page 14 of 16

Official journal of the Cell Death Differentiation Association



Institute of Physiology and Allied Sciences (DIPAS), DRDO, Delhi, India. 3Indian
Institute of Toxicology Research, Uttar Pradesh, India

Author contributions
MS conceived and coordinated the study. AC, SM, GK, AG, GKK, BB, RNM, AKP,
DKS, KB, MS performed the experiments. MS, AC analyzed the experiments and
wrote the paper. All authors reviewed the results and approved final version of
the manuscript.

Competing interests
The authors declare that they have no competing interests.

Publisher's note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at https://doi.org/
10.1038/s41420-017-0010-9.

Received: 10 November 2017 Accepted: 16 November 2017

References
1. Schiattarella, G. G. & Hill, J. A. Inhibition of hypertrophy is a good ther-

apeutic strategy in ventricular pressure overload. Circulation 131,
1435–1447 (2015).

2. Frey, N., Katus, H. A., Olson, E. N. & Hill, J. A. Hypertrophy of the heart: a new
therapeutic target? Circulation 109, 1580–1589 (2004).

3. Levy, D., Garrison, R. J., Savage, D. D., Kannel, W. B. & Castelli, W. P. Prognostic
implications of echocardiographically determined left ventricular mass in the
Framingham Heart Study. N. Engl. J. Med. 322, 1561–1566 (1990).

4. Kabil, O. & Banerjee, R. Enzymology of H2S biogenesis, decay and signaling.
Antioxid. Redox Signal. 20, 770–782 (2014).

5. Kondo, K. et al. H(2)S protects against pressure overload-induced heart failure
via upregulation of endothelial nitric oxide synthase. Circulation 127,
1116–1127 (2013).

6. Geng, B. et al. Endogenous hydrogen sulfide regulation of myocardial
injury induced by isoproterenol. Biochem. Biophys. Res. Commun. 318, 756–763
(2004).

7. Yong, Q. C., Pan, T. T., Hu, L. F. & Bian, J. S. Negative regulation of beta-
adrenergic function by hydrogen sulphide in the rat hearts. J. Mol. Cell. Cardiol.
44, 701–710 (2008).

8. Su, Y. W. et al. Hydrogen sulfide regulates cardiac function and structure in
adriamycin-induced cardiomyopathy. Circ. J. 73, 741–749 (2009).

9. Sun, L. et al. Hydrogen sulfide alleviates myocardial collagen remodeling in
association with inhibition of TGF-β/Smad signaling pathway in sponta-
neously hypertensive rats. Mol. Med. 20, 503–515 (2014).

10. Polhemus D. J., Calvert J. W., Butler J., Lefer D. J. The cardioprotective actions of
hydrogen sulfide in acute myocardial infarction and heart failure. Scientifica
2014, Article ID 768607 (2014).

11. Polhemus, D. J. & Lefer, D. J. Emergence of hydrogen sulfide as an endo-
genous gaseous signaling molecule in cardiovascular disease. Circ. Res. 114,
730–737 (2014).

12. Morikawa, T. et al. Hypoxic regulation of the cerebral microcirculation is
mediated by a carbon monoxide-sensitive hydrogen sulfide pathway. Proc.
Natl Acad. Sci. USA 109, 1293–1298 (2012).

13. Yuan, G. et al. Protein kinase G-regulated production of H2S governs oxygen
sensing. Sci. Signal. 8, ra37 (2015).

14. Elrod, J. W. et al. Hydrogen sulfide attenuates myocardial ischemia-reperfusion
injury by preservation of mitochondrial function. Proc. Natl Acad. Sci. USA 104,
15560–15565 (2007).

15. Calvert, J. W. et al. Hydrogen sulfide mediates cardioprotection through
Nrf2 signaling. Circ. Res. 105, 365–374 (2009).

16. King, A. L. et al. Hydrogen sulfide cytoprotective signaling is endothelial nitric
oxide synthase-nitric oxide dependent. Proc. Natl Acad. Sci. USA 111,
3182–3187 (2014).

17. Gao, X. H. et al. Quantitative H2S-mediated protein sulfhydration reveals
metabolic reprogramming during the integrated stress response. eLife 4,
e10067 (2015).

18. Mustafa, A. K. et al. H2S signals through protein S-sulfhydration. Sci. Signal. 2,
ra72 (2009).

19. Paul, B. D. & Snyder, S. H. H(2)S signalling through protein sulfhydration and
beyond. Nat. Rev. Mol. Cell. Biol. 13, 499–507 (2012).

20. Sen, N. et al. Hydrogen sulfide-linked sulfhydration of NF-kappaB mediates its
antiapoptotic actions. Mol. Cell 45, 13–24 (2012).

21. Nishida, M. et al. Hydrogen sulfide anion regulates redox signaling via elec-
trophile sulfhydration. Nat. Chem. Biol. 8, 714–724 (2012).

22. Li, L., Rose, P. & Moore, P. K. Hydrogen sulfide and cell signaling. Annu. Rev.
Pharmacol. Toxicol. 51, 169–187 (2011).

23. Stuck, B. J., Lenski, M., Bohm, M. & Laufs, U. Metabolic switch and hypertrophy
of cardiomyocytes following treatment with angiotensin II are prevented by
AMP-activated protein kinase. J. Biol. Chem. 283, 32562–32569 (2008).

24. Nakagawa, O. et al. Rapid transcriptional activation and early mRNA turnover
of brain natriuretic peptide in cardiocyte hypertrophy. Evidence for brain
natriuretic peptide as an “emergency” cardiac hormone against ventricular
overload. J. Clin. Invest. 96, 1280–1287 (1995).

25. Jiang, P. et al. p53 regulates biosynthesis through direct inactivation of
glucose-6-phosphate dehydrogenase. Nat. Cell Biol. 13, 310–316 (2011).

26. Leenen, F. H., White, R. & Yuan, B. Isoproterenol-induced cardiac hypertrophy:
role of circulatory versus cardiac renin-angiotensin system. Am. J. Physiol. Heart
Circ. Physiol. 281, H2410–H2416 (2001).

27. Herter, F. P., Weissman, S. G., Thompson, H. G. Jr., Hyman, G. & Martin,
D. S. Clinical experience with 6-aminonicotinamide. Cancer Res. 21, 31–37
(1961).

28. Rapacciuolo, A. et al. Important role of endogenous norepinephrine and
epinephrine in the development of in vivo pressure-overload cardiac hyper-
trophy. J. Am. Coll. Cardiol. 38, 876–882 (2001).

29. Zierhut, W. & Zimmer, H. G. Significance of myocardial alpha- and beta-
adrenoceptors in catecholamine-induced cardiac hypertrophy. Circ. Res. 65,
1417–1425 (1989).

30. Michel, J. B. et al. Morphometric analysis of collagen network and plasma
perfused capillary bed in the myocardium of rats during evolution of cardiac
hypertrophy. Basic Res. Cardiol. 81, 142–154 (1986).

31. Zimmer, H. G., Ibel, H. & Suchner, U. Beta-adrenergic agonists stimulate the
oxidative pentose phosphate pathway in the rat heart. Circ. Res. 67, 1525–1534
(1990).

32. Zimmer, H. G. Regulation of and intervention into the oxidative pentose
phosphate pathway and adenine nucleotide metabolism in the heart. Mol.
Cell. Biochem. 160-161, 101–109 (1996).

33. Zimmer, H. G., Ibel, H., Suchner, U. & Schad, H. Ribose intervention in the
cardiac pentose phosphate pathway is not species-specific. Science 223,
712–714 (1984).

34. Andres, A., Satrustegui, J. & Machado, A. Development of NADPH-producing
pathways in rat heart. Biochem. J. 186, 799–803 (1980).

35. Jain, M. et al. Glucose-6-phosphate dehydrogenase modulates cytosolic redox
status and contractile phenotype in adult cardiomyocytes. Circ. Res. 93, e9–e16
(2003).

36. Rawat, D. K. et al. Glucose-6-phosphate dehydrogenase and NADPH redox
regulates cardiac myocyte L-type calcium channel activity and myocardial
contractile function. PLoS ONE 7, e45365 (2012).

37. Hecker, P. A. et al. Glucose 6-phosphate dehydrogenase deficiency increases
redox stress and moderately accelerates the development of heart failure. Circ.
Heart Fail. 6, 118–126 (2013).

38. Kato, T. et al. Analysis of metabolic remodeling in compensated left ventricular
hypertrophy and heart failure. Circ. Heart Fail. 3, 420–430 (2010).

39. Katare, R., Caporali, A., Emanueli, C. & Madeddu, P. Benfotiamine improves
functional recovery of the infarcted heart via activation of pro-survival G6PD/
Akt signaling pathway and modulation of neurohormonal response. J. Mol.
Cell. Cardiol. 49, 625–638 (2010).

40. McCommis, K. S., Douglas, D. L., Krenz, M. & Baines, C. P. Cardiac-specific
hexokinase 2 overexpression attenuates hypertrophy by increasing pentose
phosphate pathway flux. J. Am. Heart Assoc. 2, e000355 (2013).

41. Stincone, A. et al. The return of metabolism: biochemistry and physiology of
the pentose phosphate pathway. Biol. Rev. Camb. Philos. Soc. 90, 927–963
(2015).

42. Herrick, J. & St Cyr, J. Ribose in the heart. J. Diet. Suppl. 5, 213–217
(2008).

Chhabra et al. Cell Death Discovery  (2018) 4:6 Page 15 of 16

Official journal of the Cell Death Differentiation Association

https://doi.org/10.1038/s41420-017-0010-9
https://doi.org/10.1038/s41420-017-0010-9


43. Pliml, W. et al. Effects of ribose on exercise-induced ischaemia in stable cor-
onary artery disease. Lancet 340, 507–510 (1992).

44. Zimmer, H. G. The oxidative pentose phosphate pathway in the heart: reg-
ulation, physiological significance, and clinical implications. Basic Res. Cardiol.
87, 303–316 (1992).

45. Razeghi, P. et al. Metabolic gene expression in fetal and failing human heart.
Circulation 104, 2923–2931 (2001).

46. Kolwicz, S. C. Jr. & Tian, R. Glucose metabolism and cardiac hypertrophy.
Cardiovasc Res. 90, 194–201 (2011).

47. Semenza, G. L., Roth, P. H., Fang, H. M. & Wang, G. L. Transcriptional regulation
of genes encoding glycolytic enzymes by hypoxia-inducible factor 1. J. Biol.
Chem. 269, 23757–23763 (1994).

48. Semenza, G. L. Hypoxia-inducible factor 1 and cardiovascular disease. Annu.
Rev. Physiol. 76, 39–56 (2014).

49. Sano, M. et al. p53-induced inhibition of Hif-1 causes cardiac dysfunction
during pressure overload. Nature 446, 444–448 (2007).

50. Polhemus, D. J. et al. Hydrogen sulfide attenuates cardiac dysfunction
after heart failure via induction of angiogenesis. Circ. Heart Fail. 6,
1077–1086 (2013).

51. Osada-Oka, M., Hashiba, Y., Akiba, S., Imaoka, S. & Sato, T. Glucose is necessary
for stabilization of hypoxia-inducible factor-1alpha under hypoxia: contribution
of the pentose phosphate pathway to this stabilization. FEBS Lett. 584,
3073–3079 (2010).

52. Gupte, R. S. et al. Upregulation of glucose-6-phosphate dehydrogenase and
NAD(P)H oxidase activity increases oxidative stress in failing human heart. J.
Card. Fail. 13, 497–506 (2007).

53. Gupte, S. A. et al. Glucose-6-phosphate dehydrogenase-derived NADPH fuels
superoxide production in the failing heart. J. Mol. Cell. Cardiol. 41, 340–349
(2006).

54. Han, C. Y. et al. NADPH oxidase-derived reactive oxygen species increases
expression of monocyte chemotactic factor genes in cultured adipocytes.
J. Biol. Chem. 287, 10379–10393 (2012).

55. Sabri, A., Hughie, H. H. & Lucchesi, P. A. Regulation of hypertrophic and
apoptotic signaling pathways by reactive oxygen species in cardiac myocytes.
Antioxid. Redox Signal. 5, 731–740 (2003).

56. Seddon, M., Looi, Y. H. & Shah, A. M. Oxidative stress and redox signalling in
cardiac hypertrophy and heart failure. Heart 93, 903–907 (2007).

57. Takimoto, E. & Kass, D. A. Role of oxidative stress in cardiac hypertrophy and
remodeling. Hypertens. (Dallas, Tex: 1979) 49, 241–248 (2007).

58. McCloy, R. A. et al. Partial inhibition of Cdk1 in G 2 phase overrides the
SAC and decouples mitotic events. Cell Cycle (Georget., Tex.) 13,
1400–1412 (2014).

59. Spitzer, M., Wildenhain, J., Rappsilber, J. & Tyers, M. BoxPlotR: a web tool for
generation of box plots. Nat. Methods 11, 121–122 (2014).

60. Gopalani, N. K., Meena, R. N., Prasad, D. N., Ilavazhagan, G. & Sharma, M.
Cooperativity between inhibition of cytosolic K+ efflux and AMPK activation
during suppression of hypoxia-induced cellular apoptosis. Int. J. Biochem. Cell
Biol. 44, 211–223 (2012).

61. Kumar, G. et al. H2S Regulates hypobaric hypoxia-induced early
glio-vascular dysfunction and neuro-pathophysiological effects. EBioMedicine 6,
171–189 (2016).

62. Gupta, N. et al. Activation of NLRP3 inflammasome complex potentiates
venous thrombosis in response to hypoxia. Proc. Natl Acad. Sci. USA 114,
4763–4768 (2017).

63. Ang, A. D. K. A., Giles, G. I. & Bhatia, M. Measuring free tissue sulfide. Adv. Biol.
Chem. 2, 360–365 (2012).

Chhabra et al. Cell Death Discovery  (2018) 4:6 Page 16 of 16

Official journal of the Cell Death Differentiation Association


	Glucose-6-phosphate dehydrogenase is critical for suppression of cardiac hypertrophy by H2S
	Introduction
	Results
	Adrenergic stimulation rapidly decreases endogenous H2S in cardiomyocytes
	Cellular H2S levels regulate adrenergic stimulation-induced hypertrophic responses
	H2S modulates an integrated metabolic network regulating cellular redox homeostasis
	Functional evidences for modulation of G6PD activity by endogenous H2S augmentation
	Critical role of elevated cellular G6PD activity during suppression of β-AR-induced hypertrophic effects by H2S
	Augmentation of endogenous H2S modulates G6PD activity and p53 levels in rat model system
	H2S supplementation suppresses β-AR-induced cardiac hypertrophy, in G6PD-dependent manner, in rat model system

	Discussion
	Materials and methods
	Cell culture and pharmacological treatments
	Microscopy and quantitation
	Intracellular H2S estimation (SF7-AM staining)
	Mitochondrial superoxide and membrane potential estimations
	Cell viability and cell cycle analysis
	Enzyme-linked immunosorbent assay (ELISA)
	RNA isolation, sequencing, and bioinformatic analysis
	G6PD activity assay
	NADP/NADPH estimation
	Western blotting
	Experimental animals and ethics statement
	Drug administration
	Sulfide estimation in heart tissues
	Assessment of general parameters of animals
	Morphometry
	Histological assessment
	Transmission electron microscopy
	Statistical analysis

	ACKNOWLEDGMENTS
	ACKNOWLEDGMENTS




