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BACKGROUND AND PURPOSE
Many disparate studies have reported the ambiguous role of hydrogen sulfide (H,S) in cell survival. The present study
investigated the effect of H,S on the viability of cancer and non-cancer cells.

EXPERIMENTAL APPROACH

Cancer and non-cancer cells were exposed to H.S [using sodium hydrosulfide (NaHS) and GYY4137] and cell viability was
examined by crystal violet assay. We then examined cancer cellular glycolysis by in vitro enzymatic assays and pH regulator
activity. Lastly, intracellular pH (pH;) was determined by ratiometric pH; measurement using BCECF staining.

KEY RESULTS

Continuous, but not a single, exposure to H,S decreased cell survival more effectively in cancer cells, as compared to
non-cancer cells. Slow H,S-releasing donor, GYY4137, significantly increased glycolysis, leading to overproduction of lactate.
H.S also decreased anion exchanger and sodium/proton exchanger activity. The combination of increased metabolic acid
production and defective pH regulation resulted in an uncontrolled intracellular acidification, leading to cancer cell death. In
contrast, no significant intracellular acidification or cell death was observed in non-cancer cells.

CONCLUSIONS AND IMPLICATIONS
Low and continuous exposure to H,S targets metabolic processes and pH homeostasis in cancer cells, potentially serving as a
novel and selective anti-cancer strategy.

Abbreviations

AE, anion exchanger; CA, carbonic anhydrase; CBS, cystathionine-f synthase; CSE, cystathionine vy lyase; DIDS,
4,4’-diisothiocyano-2,2’-stilbenedisulphonic acid; H,S, hydrogen sulfide; NaHS, sodium hydrosulfide; NHE,
sodium/proton exchanger; OCR, oxygen consumption rate; pH;, intracellular pH; Rot, rotenone; 2-DG, 2-deoxyglucose

Introduction (Warburg, 1956; Gatenby and Gillies, 2004; Lunt and Vander

Heiden, 2011). Cancer cells also exhibit enhanced glucose
Cancer cells harvest energy mainly through glycolysis rather uptake and utilization. In order to recycle NAD*, which
than aerobic mitochondrial oxidative phosphorylation is used in the glycolysis pathway, the pyruvate which is
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generated is channelled into anaerobic respiration, hence
resulting in high lactate production (Harris, 2004; Feron,
2009). As an organic acid, lactate accumulation triggers a
decrease in intracellular pH (pH;). To compensate for this
intracellular acidification, cancer cells overexpress a range of
proteins, mostly transmembrane localized, that are involved
in regulating pH, including monocarboxylate transporters
(Halestrap and Price, 1999), proton-pump vacuolar ATPase
(V-ATPase; Perez-Sayans et al., 2009), carbonic anhydrases
(CAs; Pastorek et al., 1994), anion exchangers (AEs; Romero
et al., 2004) and sodium/proton exchangers (NHEs; Orlowski
and Grinstein, 2004). Multiple isoforms of these proteins are
expressed in cancer cells forming a cooperative network and
efficiently maintaining pH homeostasis. Among all of these
pH regulators, AEs and NHEs work closely together to main-
tain a normal alkaline intracellular pH and this pH balance
ensures cancer cell survival (see Alexander et al., 2013).

Through activation of these pH regulators, especially AEs
and NHEs, cancer cells actively excrete intracellular acid into
the surrounding environment. Increasingly, studies have sug-
gested that an acidified tumour microenvironment facilitates
angiogenesis (Fukumura et al., 2001; Xu etal., 2002), pro-
motes cancer metastasis (Walenta and Mueller-Klieser, 2004;
Gatenby et al., 2006; Rofstad etal., 2006), contributes to
chemoresistance (Luciani et al.,, 2004; De Milito and Fais,
2005) and suppresses the ability of the host immune system
to target cancer cells (Lardner, 2001; Walenta and
Mueller-Klieser, 2004). Practical strategies to manipulate
cancer cell pH could, in theory, be an effective way to trigger
cancer cell death (McCarty and Whitaker, 2010; Webb et al.,
2011). Several pH regulator inhibitors, such as sulphonamides
(Monti et al., 2012; Supuran, 2012) and coumarin (Carta et al.,
2012) derivatives, have been developed to inhibit tumour-
associated CA9 and CA12 isoforms. 4,4’-Diisothiocyano-2,2’-
stilbenedisulphonic acid (DIDS) (Jessen etal., 1986) and
cariporide (Masereel et al., 2003) inhibit AE and NHE activi-
ties, respectively, and enhance nigericin-induced anti-tumour
effect (Yamagata and Tannock, 1996; Harris and Fliegel, 1999).
However, owing to the high toxicity of DIDS and cariporide,
clinical development of these compounds has proved unsuc-
cessful (Yamagata and Tannock, 1996; Theroux et al., 2000).
Alternative approaches that target cancer cell pH would serve
as a better anti-cancer strategy.

Hydrogen sulfide (H,S) is a gasotransmitter that is pro-
duced endogenously via the reverse-transsulfuration pathway
in various organs and tissues in mammalian system (Wang,
2002; 2012; Kimura, 2011; Li et al., 2011). Studies over the
past two decades have identified and characterized many
important physiological and pathophysiological functions of
this interesting gaseous molecule including acting as a vaso-
dilator, neuromodulator and inflammatory signalling media-
tor (Li etal.,, 2011; Wang, 2012). In addition, a number of
studies have described the role of H,S in regulating cell
growth and survival. For instance, treatment with sodium
hydrosulfide (NaHS) and overexpression of cystathionine-f
synthase (CBS), an enzyme involved in endogenous H,S pro-
duction from L-cysteine, has been shown to promote colon
cancer cell proliferation (Cai et al., 2010; Szabo et al., 2013).
On the contrary, other researchers have reported that H,S
decreased cell survival rate and induced apoptosis in smooth
muscle cells and colon epithelial cells (Yang et al., 2006; Cao
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etal., 2010; Wu et al., 2012). The conundrum of whether H,S
is a pro- or anti-cell survival agent may be determined by the
manner in which cells are exposed to H,S.

We have previously shown that prolonged exposure (3-5
days) of cancer cells to low levels of H,S (<30 puM, sustained
over 7 days) using the slow-releasing H,S donor GYY4137 (Li
et al., 2008), results in cancer cell death in vitro by activating
caspase activity and causing apoptosis (Lee etal., 2011).
GYY4137 also caused a significant reduction in tumour
volume in a mouse xenograft model with no apparent del-
eterious effects on physiological functions (Lee et al., 2011).
Following our report, a recent study showed that H,S-
releasing non-steroidal anti-inflammatory drugs inhibited
cell growth of all eleven cancer cell lines which were tested
(Chattopadhyay et al., 2012), providing further evidence of
the potential for H,S as an anti-cancer agent. The commonly
used sulfide salt NaHS, which releases large amounts of H,S
instantaneously in aqueous solution (<400 uM, detected first
1.5 h), causes only a minimal growth inhibitory effect in
cancer cell lines. This led us to hypothesize that a continuous,
low level and prolonged exposure of H,S is the key factor for
effective anti-cancer cell survival activity of the gas molecule.
Interestingly, the anti-survival effect of this H,S donor, which
was observed in a broad range of cancer cell types, was
minimal in normal lung fibroblasts tested. Based on these
findings, we proposed that the anti-survival effect of H,S was
selective, that is, it affected cancer but not normal cells.
Given the glycolytic nature of cancer cells plus the long
recognized ability of H,S to affect cell metabolism, we decided
to examine the effect of H,S on glucose metabolism and pH
homeostasis in both cancer and non-cancer cells.

Methods

Cell culture and compound treatments

Human breast epithelial MCF10A, human breast adenocarci-
noma MCF7, normal human lung fibroblast WI38 and
human hepatocellular carcinoma HepG2 cell lines were
obtained from ATCC (Manassas, VA, USA). MCF7, WI38 and
HepG2 were cultured using DMEM (Gibco, Carlsbad, CA,
USA) supplemented with 10% FBS (HyClone, Logan, UT,
USA). MCF10A cells were cultured using mammary epithelial
basal medium (Lonza, Basel, Switzerland) supplemented with
10% (v v'') FBS, 100 ng-mL™" cholera toxin (Sigma, St. Louis,
MO, USA) and SingleQuot Kit supplements and growth
factors (Lonza). The cells were cultured in standard (25 mM)
or low glucose (5 mM) DMEM (Gibco) for at least three pas-
sages before commencement of the experiment. Sodium
hydrosulfide (NaHS; Sigma) was dissolved freshly in DMEM
before every treatment. GYY4137 and ZYJ1122 (structural
analogue of GYY4137, which does not release H,S and, there-
fore, was used as a negative control in this study) were syn-
thesized chemically in house (Li et al., 2008; Lee et al., 2011)
and dissolved at 80 mM stock concentration before dilution
into the indicated concentrations in media. Rotenone
(Rot) and antimycin A (Sigma) were prepared in 10 mM
ethanol/water (1:1, v v') solution. 4,4’-diisothiocyano-2,2’-
stilbenedisulphonic acid (DIDS; Sigma) and cariporide (Santa
Cruz, Dallas, TX, USA) were dissolved in PBS to final concen-
trations of 10 mM and 10 mg-mL" respectively.
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Cell viability assay

Cell viability was assessed using the crystal violet colorimetric
assay (Bonnekoh et al., 1989). Adherent live cells fixed with
methanol were stained with 5% (w v!) crystal violet solution
before solubilized with 1% (v v'!) SDS solution. Absorbance at
570 nm was read using a spectrophotometer (Tecan Ultra
384, Mannedorf, Switzerland).

Measurement of °*H

Glucose uptake rate and glucose utilization rate were deter-
mined using *H-labelled 2-deoxyglucose (2-DG) and *H-labelled
glucose (PerkinElmer, Waltham, MA, USA) respectively
(Alexander ef al., 1981; Hom et al., 1984). For glucose uptake
experiments, cells were harvested and lysed in RIPA lysis buffer
[20 mM Tris-HCI (pH 7.4), 137 mM NacCl, 0.1% SDS, 0.5% (w
v') deoxycholate, 1% (v v') Triton X-100, 2 mM EDTA] after
30 min of incubation with 2.5 uCi *H-labelled 2-DG. For
glucose utilization experiments, cells were incubated with
10 uCi *H-labelled glucose for 1 h, then changed into normal
fresh media and samples were collected at the indicated time
points to assay *H,O. The sample was then mixed with biode-
gradable scintillation liquid and the *H count was detected
using a liquid scintillation counter (Beckman Coulter, Brea, CA,
USA). Antimycin A was used as a positive control since inhibi-
tion of mitochondrial function by antimycin A is known to
boost glycolysis (Dickman and Mandel, 1990).

Glycolytic enzymatic assays

Cells treated with either 400 pM ZY]1122 or GYY4137 for 5 days
were lysed with passive lysis buffer (Promega, Fitchburg, WI,
USA) and protein content was determined using the Bradford
protein assay (Bio-Rad, Hercules, CA, USA). Then, 30 ug of total
protein lysate was used for each glycolytic enzymatic assay.
Hexokinase (HK) assay (Sols ef al., 1958) was performed in
50 mM Tris-HCI buffer containing 13.3 mM MgCl, (pH 8.0),
with final concentrations of 80 mM glucose, 16.5 mM ATP
(Sigma), 6.8 mM NAD and 300 U-mL™" glucose-6-phosphate
dehydrogenase (Sigma). Absorbance at 340 nm was recorded at
30 s intervals for up to 7 min. To assess phosphofructokinase
(PFK) activity (Kamemoto and Mansour, 1986; Clark and Lai,
1989), protein lysate was added into 50 mM Tris-HCl reaction
buffer containing 6 mM MgCl,, 2.5 mM DTT (pH 7.0), with
final concentrations of 4 mM fructose-6-phosphate (Sigma),
1 mM ATP, 0.2 mM NADH (Sigma), 1 U-mL™" aldolase (Sigma)
and 2.5U-mL" triose-glycerolphosphate dehydrogenase
(Sigma). Absorbance at 340 nm was measured at 30 s intervals
for up to 20 min. Pyruvate kinase (PK) activity was assessed
using assay kit (Biovision, Milpitas, CA, USA). Enzyme activity
was measured at 570 nm absorbance. For all the three assays,
absorbance was measured with a spectrophotometer (Tecan
Ultra 384) and enzyme activity was determined from initial
linear portion of activity curve.

Lactate assay

Lactate was determined by a lactate dehydrogenase enzy-
matic assay (Clark and Lai, 1989). Media of cells treated for 5
days with 400 uM ZYJ1122 or GYY4137 were collected and
frozen at —80°C to deproteinize. The enzyme reaction was
performed in a final concentration of 0.4 M hydrazine
(Sigma), 0.5 M glycine (Bio-Rad), pH 9.0 buffer; with 0.1 mM
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NAD (Sigma) and 2 U-mL™" lactate dehydrogenase (Sigma).
The reaction mixure was incubated at room temperature for
30 min and absorbance at 340 nm was recorded. At the end
of the experiment, cells were lysed with RIPA lysis buffer and
protein concentration was determined with the Bradford
protein assay (Bio-Rad).

Mitochondrial function analysis

MCF7 and MCF10A cells were plated and treated with 400 uM
ZYJ1122 or GYY4137 for 24 h on XF96-well plates. Preparation
and analysis were performed with a XF96 extracellular flux
analyzer with Mito Stress Test Kit (Seahorse Bioscience, North
Billerica, MA, USA; Nicholls et al., 2010) according to the
manufacturer’s instructions. Three baseline oxygen consump-
tion rate (OCR) measurements were carried out using a 3 min
mix, 3 min measure cycle. OCR was then monitored continu-
ously with challenges of oligomycin (1 uM), carbonyl cyanide-
p-trifluoromethoxy-phenylhydrazone (FCCP, 1.5 uM) and
Rot/antimycin A (1 uM) using the same 3 min measure cycle.
Mitochondrial function parameters were analysed using XF96
software (Seahorse Bioscience).

pH; measurement

Intracellular pH (pH;) of cells was measured by a ratiometric
analysis method wusing confocal microscopy (Zeiss,
Oberkochen, Germany; Rink et al., 1982; Wang and Kurtz,
1990). Cells were incubated with 2 uM BCECF probe (Invitro-
gen, Carlsbad, CA, USA) in mammalian Ringer’s solution
[2.2 mM CaCl,, 5.6 mM KCl, 154 mM NaCl, 2.4 mM NaHCOs,
2 mM Tris-HCI (pH 7.4)] for 10 min. After rinsing off excess
dye, samples were incubated with mammalian Ringer’s solu-
tion and excited at pH-insensitive 405 nm and pH-sensitive
488 nm wavelengths. Emission intensity was measured at
500 nm. The ratio of 488/405 nm corresponded to pH;. pH; of
a cell was calculated from an in situ 3-point calibration curve of
pH 6.5, pH 7.0 and pH 7.5 performed with addition of 10 uyM
nigericin (Sigma) in 125 mM KCI, 1 mM MgCl,, 1 mM CaCl,,
20 mM HEPES sodium-free buffer, pH adjusted with hydro-
chloric acid (HCI) or potassium hydroxide (KOH).

Assay of pH regulator activity

The pH regulator activity was assessed with either alkali load or
acid load assay. Cells were plated in 35 mm fluorodishes
(World Precision, Sarasota, FL, USA) and treated with 400 uM
7ZYJ1122 or GYY4137 for 5 days. Before the confocal micros-
copy analysis, cells were stained with BCECF as mentioned
earlier. Resting pH; of cells was obtained in mammalian Ring-
er’s solution with real-time monitoring mode. Cells were then
challenged with either alkali (20 mM HEPES, 20 mM NH,CI,
5 mM KCl, 2 mM CaCl,, 1 mM MgCl,, 10 mM glucose; Alonso
et al., 1993) or acid [20 mM HEPES, 5 mM KCl, 2 mM CacCl,,
1 mM MgCl,, 10 mM glucose (pH 6.0); Furtado, 1987] loading
buffer. Changes in pH; following challenges correspond to the
activity of AEs and were monitored continuously. For the acid
load assay, following the induction of intracellular acidifica-
tion with acid loading HEPES buffer (pH 6.0), Na" buffer
(20 mM HEPES, 150 mM NacCl, 5 mM KCI, 2 mM CaCl,, 1 mM
MgCl,, 10 mM glucose, pH 7.4) was reintroduced. The rate of
pH; recovery was observed from slope of pH; recovery. The
experiment was repeated at least three times.



Quantitative RT-PCR

Total RNA of MCF7 and HepG?2 treated with 400 pM ZYJ1122
or GYY4137 for S days were extracted using TRIzol (Invitro-
gen). Relative mRNA expressions of AE2 and NHE1 were
performed using KAPA SYBR FAST qPCR master mix (KAPA-
Biosystems) with iQ5 Multicolor Real-time PCR detection
system (Bio-Rad). Primer sequences: AE2 Forward, 5-GAA
GATTCCTGAGAATGCCG-3’, Reverse, 5-GTCCATGTTGGC
ACTACTCG-3’; NHE1 Forward, 5-CCAGCTCATTGCCTIT
CTACC-3, Reverse, 5-TGTGTCTGTTGTAGGACCGC-3".

Statistical analysis

Data are shown as mean + SD. Comparisons between non-
treated (NT) and treatment groups were analysed using two-
tailed, one-way anova followed by Dunnett's multiple
comparison test (XLSTAT). P < 0.05 was considered
significant.

Results

Continuous exposure to low concentration of
H3S decreased cancer cell survival
We have previously shown that the slow H,S-releasing com-
pound GYY4137 exhibited anti-cancer activity (Lee etal.,
2011). To verity if it is indeed the low and prolonged exposure
to H,S causes the inhibitory effect of cell survival, cancer
MCEF7 and non-cancer MCF10A cells were exposed to either
single or continuous exposure regimens of NaHS. For con-
tinuous H,S exposure, NaHS was replaced every 2 h for 5 days
due to the volatility of H,S. Single exposure to H,S had no
apparent or minimal (at very high concentrations) effect on
cell survival of both MCF7 and MCF10A cell lines, regardless
of whether they were cancer or non-cancer cell types
(Figure 1A). Interestingly, continuous exposure to H,S signifi-
cantly decreased cell viability but had a more profound effect
on cancer compared with non-cancer cell lines. At a concen-
tration of 5 UM NaHS (log, = 2.32), cell viability of MCF7 was
reduced to 68%, whereas MCF10A was maintained at 91%
survival. The effect was apparent after continuous exposure
to 10 and 20 pM of NaHS (log, = 3.32 and 4.32) where cell
viability of MCF7 was reduced to 45 and 31%, whereas
MCF10A maintained 87 and 71% survival respectively. Taken
together, these data suggest that the anti-cancer activity of
H,S, within a range of 5-20 uM (log, = 2.32-4.32, region
shaded orange in Figure 1A), is much more profound in
cancer than in non-cancer cells. It is noteworthy that at
concentrations greater than 80 uM (log, = 6.32), the continu-
ous exposure to H,S drastically killed all the cells. We also
observed the similar selectivity of NaHS in cancer cell line
HepG2 and normal human lung fibroblast WI38 (Figure 1B).
Continuous NaHS exposure within 5-20 uM (region shaded
orange) affected HepG2 cell survival but was tolerated by
WI38, an observation similar to in MCF7 and MCF10A cells.
In contrast, the slow H,S-releasing donor, GYY4137
required higher working concentrations (region shaded green
in Figure 1C; log, 7.64, 8.64, 9.64; corresponding to 200, 400,
800 uM GYY4137) to exhibit anti-survival activity in both
MCF7 and HepG2 cancer cell lines. In addition, 400 uM of
GYY4137 treatment significantly reduced cancer cell survival
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to nearly 50%, an extent comparable to what we observed in
continuous exposure to 10-20 uM NaHS. Nonetheless, non-
cancer cell lines tolerated GYY4137 well within its effective
concentration window (Figure 1D). Taken together, the data
suggested that continuous and low exposure to H,S selec-
tively target cancer cells. We therefore carried out our subse-
quent mechanistic studies using 400 uM concentration of
GYY4137 as a substitute of the continuous and low amount
(10-20 uM) of H,S exposure.

The anti-cancer effect of H,S

is glucose-mediated

As cancer cells are highly dependent for metabolic energy on
the availability of glucose, we hypothesized that H,S inter-
feres with glucose metabolism and hence results in cancer cell
death. To examine this possibility, cancer (MCF7, HepG2)
and non-cancer cells (MCF10A, WI38) were cultured using
DMEM containing either 5 or 25 mM glucose and incubated
with GYY4137 over a period of 5 days. Surprisingly, HepG2
and MCF7 exposed to H,S survived better in low glucose
condition (Figure 1E). In the presence of 400 uM GYY4137, at
least 80% of the MCF7 and HepG2 cells survived in low
glucose medium, but only about 50% of cells survived in the
presence of standard glucose concentration. At a higher con-
centration of GYY4137 (600 uM), 50-60% survival was
observed in low glucose conditions, whereas less than 30%
survived in standard glucose medium. Minimal differences
were observed in the non-cancer cell lines WI38 and
MCF104A, in which survival was maintained at about 80%
across the range of 200-600 uM of GYY4137, under both
standard and low glucose conditions. The different extent of
cell survival in the presence of standard and low glucose
media suggests that the anti-proliferative effect of H,S on
cancer cells is likely to be glucose-mediated.

Prolonged exposure to low levels of H>S
enhances glucose uptake and increases
glycolytic rate and lactate production in
cancer cells

Since cancer cells use mainly glycolysis to generate the energy
required for survival, we next examined whether H,S affected
glucose transport into cells by measuring the uptake of
*H-labelled 2-DG. We observed 41.3% enhancement of
glucose uptake within 30 min of [*H]-2-DG incubation in
cells exposed to GYY4137 as compared either with non-
treated (NT) or ZYJ1122-treated cells (Figure 2A). ZYJ1122 is a
structural analogue of GYY4137 lacking a sulfur atom, hence
does not produce H,S (Lee etal., 2011). To examine if an
increase in glucose uptake up-regulated the rate of glycolysis,
we incubated MCF7 cancer cells with *H-labelled glucose and
measured *H,O produced over time. As expected, cells treated
with mitochondrial inhibitor, antimycin A, had the highest
glycolytic rate among all samples, followed by cells treated
with GYY4137, which exhibited enhanced glycolysis as com-
pared to NT or ZYJ1122-treated cells (Figure 2B). Using in vitro
enzymatic assays, we also observed significantly higher activi-
ties of the three main glycolytic enzymes, that is, HK, PFK and
PK in GYY4137-treated cells (Figure 2C). Taken together,
these results suggest that glycolysis is increased in H,S-
exposed cancer cells. Next, we proceeded to measure the
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Figure 1

H,S effect on survival of cancer and non-cancer cell lines. (A) Continuous but not single exposure to NaHS decreased cell survival and the effects
were stronger in the MCF7 cancer cell as compared to MCF10A non-cancer cell line. The effective concentration window for selective anti-cancer
survival (i.e. non-cancer cell 275% cell survival) was shaded in orange (log, 2.32, 3.32, 4.32; corresponding to 5, 10 and 20 pM NaHS). (B) An
additional cancer cell line HepG2 and non-cancer cell line WI38 showed similar concentration-responses to NaHS as that of MCF7 and MCF10A.
(C) Comparison of effective concentration windows of NaHS and the slow H,S-releasing donor GYY4137 in MCF7 and HepG2. GYY4137 showed
a right shift in its effective concentration window as compared to NaHS (region shaded green as compared to orange). (D) GYY4137 exhibited
high selectivity on cancer cell lines within its effective concentration window (log, 7.64, 8.64, 9.64; corresponding to 200, 400 and 800 uM
GYY4137). (E) Anti-survival effect of H,S was more prominent when cancer cells were cultured under standard glucose DMEM (Std., 25 mM) as
compared to low glucose DMEM (5 mM). Minimal effect of GYY4137 (200-600 uM) was detected in non-cancer cells MCF10A and WI38 (bottom

panel) as compared to can

cer cells. (n = 3), *P < 0.05. Results are mean + SD.
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Figure 2

H.S increases glycolysis in cancer cells. An increase in (A) glucose uptake and (B) glucose consumption was observed in MCF7 cancer cells
incubated with GYY4137. Antimycin A (AA, 2 uM) was included as a positive control. LSC, liquid scintillation count. (C) Significantly higher
glycolytic enzymes reaction rate in both GYY4137-treated HepG2 (left) and MCF7 (right) cancer cells. HK, hexokinase; PFK, phosphofructokinase;
PK, pyruvate kinase. (D) A large increase of lactate amount and (E) enhanced lactate production rate in both MCF7 and HepG2 cancer cells upon
H,S incubation. NT, non-treated. ZY)J1122 and GYY4137, 400 uM. (n = 3), *P < 0.05. Results are mean * SD.
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Figure 3

GYY4137 treatment did not affect mitochondrial functions. No significant differences in basal respiration, ATP production, spare respiratory
capacity and proton leak were observed in (A) MCF7 and (B) MCF10A treated with GYY4137 for 24 h. OCR, oxygen consumption rate.
Oligomycin, 1 pM; carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), 1.5 uM; rotenone (Rot)/antimycin A (AA), 1 uM; NT, non-

treated; ZY)J1122 and GYY4137, 400 uM (n = 8). Results are mean * SD.

release of lactate, the end product of glycolysis, in cells
treated with H,S. Exposure of MCF7 and HepG2 to GYY4137
dramatically increased lactate production under standard
DMEM conditions but to a lesser extent in low glucose
DMEM (Figure 2D). ZY]J1122 did not change lactate produc-
tion. Monitoring the amount of lactate over 5 days also
revealed an increase in lactate production rate (Figure 2E). In
contrast to cancer cells, the non-cancer cells MCF10A and
WI38 exposed to H,S displayed no significant difference in
lactate production even when cultured using standard DMEM
conditions (Supporting Information Fig. S1).

In view of the fact that inhibition of mitochondrial func-
tion may boost glycolysis, and H,S is known to inhibit mito-
chondrial cytochrome ¢ oxidase activity (Khan et al., 1990),
we carried out a mitochondrial function analysis by measur-
ing OCR in MCF7 and MCF10A cells incubated with
GYY4137 or ZY]J1122 for 24 h using XF96 extracellular flux
analyzer. No significant differences were observed between
NT, ZYJ1122 and GYY4137 samples in several mitochondrial
function parameters, including basal respiration, ATP produc-
tion, spare respiratory capacity and proton leak (Figure 3).
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This suggests that the H.S released by GYY4137 had little or
minimal effect on cellular mitochondrial functionality
and that the increase in glycolytic rate observed was not
likely to be due to inhibition of mitochondrial oxidative
phosphorylation.

Prolonged exposure to a low level of H,S
causes intracellular acidification in

cancer cells

Since GYY4137 increases glycolysis and lactate production in
cancer cells, we next asked whether this enhancement of
cellular metabolic acid production contributes to the decrease
in intracellular pH (pH;). To examine this possibility, we per-
formed ratiometric pH; measurement with BCECF dye using
confocal microscopy imaging. A neutral cell would appear as
green in colour, whereas an acidic cell would appear to be
yellowish. Visually, GYY4137-treated cells were more acidic
than NT or ZYJ1122 negative controls (Figure 4A). MCF7 and
HepG2 cancer cells showed significantly decreased pH; fol-
lowing H,S incubation. From a resting state value of pH 7.21,
the pH; of HepG2 treated with H,S decreased sharply to
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H,S triggers intracellular acidification in cancer but not non-cancer cells. (A) pH measurements of MCF7 and HepG2 using ratiometric confocal
microscopy showed a significant decrease in intracellular pH (pH;) in GYY4137-treated samples, both visually with microscope (pictures on top)
and quantitatively (graph below). (B) No significant change in pH; in different treatments was observed in normal cells MCF10A and WI38. NT,
non-treated. ZYJ1122 and GYY4137, 400 uM. (n > 50 cells per group), *P < 0.05. Results are mean + SD.

pH 6.58. Similarly, H,S exposure reduced the pH; of MCF7
cells from pH 7.43 to pH 6.59. In contrast, very little or no
change in pH; was seen in either MCF10A or WI38 cells
exposed to either ZYJ1122 or GYY4137 (Figure 4B). The
decline in pH; was specific to H,S and was not secondary to
cell death, since MCF?7 cells incubated with three commonly
used cytotoxic agents (taxol, etoposide and camptothecin)
did not show intracellular acidification (Supporting Informa-
tion Fig. S2). Thus, we concluded that H,S released from
GYY4137 causes significant intracellular acidification in
cancer, but not non-cancer cells. The fall in pH; observed may
result from an increase in metabolic acid due to enhanced
glycolysis.

H,S impairs pH regulator activity in cancer
but not non-cancer cells

Since cancer cells are well equipped with functional and
efficient intracellular pH regulating mechanisms, it is surpris-
ing that H,S can trigger such a drastic decrease in pH; in these
cells. We hence hypothesized that H,S may, additionally,
affect the ability of the cell to regulate its own intracellular

pH. To examine the effect of H,S on pH regulatory activity,
cancer cells treated with GYY4137 were subjected to either
alkali or acid challenge so as to assess the activity of AEs and
NHE:s respectively. NT or ZY]J1122-treated cells responded effi-
ciently to an alkali load, with a signature alkali response
(indicated by arrows) following NH,4Cl introduction. In con-
trast, such an alkali response was much reduced in GYY4137-
treated HepG2 and MCF7 cells (Figure 5A), suggestive of
defective AE activity in these cancer cells after exposure to
H,S. In separate experiments, cells were challenged with acid
loading HEPES buffer to induce intracellular acidification and
then reintroduced to Na* buffer to activate NHEs (indicated
by the inset ). This was indeed the case in NT and in cells
exposed to ZYJ1122 where they responded effectively to Na*
buffer. However, GYY4137-treated cells showed a much
slower pH; recovery response rate in acid challenge
(Figure 5B), showing that H,S reduces the activity of NHEs.
No significant difference was observed between NT, ZYJ1122-
and GYY4137-treated MCF10A or WI38 cells (Supporting
Information Fig. S3), suggesting that there is no H,S-induced
defect in either AE or NHE activity in non-cancer cells.
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Moreover, the expression levels of AE2 and NHE1 (the most
widely expressed isoforms in each family, see Alexander et al.,
2013) was not affected by GYY4137 (Figure 5C). This suggests
that it is the activity and not the expression of the pH regu-
lator that is affected by H,S.

Combination of increased glycolysis rate and
defective pH homeostasis selectively Kills
cancer cells

We have shown that H,S selectively kills cancer cells but has
minimal effect on non-cancer cells, possibly through an
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increased metabolic acid production via enhanced glycolysis
and/or impairment in pH regulation capability. To study the
interplay between these two components, we first deter-
mined whether an increase in glycolytic rate alone in MCF7
cells was sufficient to reduce pH;. We used the mitochondrial
inhibitors, Rot and antimycin A, to boost glycolysis to its
maximum. MCF7 treated with Rot and/or antimycin A pro-
duced approximately three times more lactate (i.e. higher
glycolysis) as compared to NT cells (Figure 6A, left panel).
However, Rot and/or antimycin A did not significantly
change pH; as was observed in cells exposed to H,S (Figure 6A,
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An increase in lactate production or inhibition of pH regulator(s) alone was insufficient to cause intracellular acidification and cancer cell death.
(A) High lactate production (left) induced by the mitochondrial inhibitors, rotenone (Rot, 2 uM) and/or antimycin A (AA, 2 uM) did not cause a
significant decrease in pH; (right). *P < 0.05. (B) No significant effects on MCF7 and HepG2 cancer cell survival were observed even with increasing
concentrations of DIDS and/or cariporide (Cari) inhibition of pH regulator(s). (C) pH regulator inhibition resulted in less substantial pH; changes
as compared to GYY4137-treated cells. NT, non-treated. DIDS, 50 uM; cariporide (Cari), 0.05 mg-mL™" (n > 50 cells per group). Results are mean

+ SD.

right panel). We then asked whether inhibition of pH regu-
lator activity alone might be sufficient to cause cancer cell
death. MCF7 and HepG2 cells were treated with the com-
monly used AE inhibitor, DIDS, and/or NHE inhibitor,
cariporide. Although either DIDS (50 uM) or cariporide
(0.05 mg-mL™) is sufficient to inhibit pH regulator responses
following alkali or acid challenge (Supporting Information
Fig. S4), there were no observable anti-proliferative effects
of DIDS and/or cariporide on MCF7 and HepG2 cells
(Figure 6B), even at concentrations up to 125 uM (DIDS) and
0.125 mg-mL™" (cariporide). Furthermore, DIDS and/or cari-
poride inhibition did not cause the same dramatic decrease in
pHi (=0.5 pH units), which was apparent in GYY4137-treated
cells (Figure 6C). In conclusion, these data suggested a com-

bination of both high metabolic acid influx due to glycolysis
coupled with an inefficient pH response capacity was neces-
sary for H,S-induced intracellular acidification, leading, in
turn, to death of cancer cells.

Acid accumulation induced by H,S drives
cancer cell death

Next, we inhibited glycolysis using 2-DG to determine
whether a reduction in lactate production, which contributed
to intracellular acidification, could reverse GYY4137-induced
cancer cell death. The cancer cells were co-treated with 2-DG
and GYY4137 for 5 days and cell survival was assessed with
crystal violet assay. Co-treatment of cells with 2-DG (0.5 mM)
and GYY4137 successtully increased survival of MCF7 cells
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from about 58 to 90% survival (Figure 7A). For HepG2 cells,
2-DG (1 mM) significantly restored cancer cell survival, from
nearly 41% increase to 78% survival (Figure 7A). Further-
more, we treated cancer cells with GYY4137 for 72 h allowing
acid accumulation to occur, followed by co-incubation with
ionophore nigericin for another 48 h. Nigericin is an iono-
phore that allows free transport of protons across the mem-
brane (Shavit etal., 1968). We anticipated that nigericin
could restore acidic pH; caused by GYY4137 and rescue anti-
cancer effect of H,S. Indeed, increasing concentrations of
nigericin restored the acidic pH; of MCF7 and HepG2 closer to
non-treatment pH; coupled with an increase in cell survival
(Figure 7B). These results show that intracellular acidification
is the driving force triggering cancer cell death by H,S.

Discussion and conclusions

In this study, we demonstrated that prolonged exposure to
low concentration range of H,S but not single exposure,
exhibited selective anti-cancer effects. Further mechanistic
studies demonstrated that the H,S selectivity in cancer (cf.
non-cancer) cells is largely due to the fact that H,S increases
metabolic acid-lactate production, and impairs the pH regu-
latory system, which is much more prominent in cancer cells.
Accumulation of metabolic acid inside the cells causes
intense intracellular acidification, hence serves as a damaging
stimulus and triggers cancer cell death (Figure 7C). This study
highlights a great potential of H,S as a novel selective anti-
cancer agent. Furthermore, the anti-cancer activity of H,S had
been previously reported by our group and others to be effec-
tive in a wide range of cancer cell lines (Lee etal., 2011;
Chattopadhyay et al., 2012), potentially applicable in target-
ing various cancer types.

Several studies have suggested that the endogenous H,S
plays a role in regulating cell survival. Yang et al. (2004)
showed that overexpression of cystathionine y lyase (CSE),
one of the enzymes that is responsible for endogenous H,S
production, inhibited HEK293 cell proliferation. In contrast,
Szabo et al. (2013) recently reported that gene silencing of
CBS, but not CSE or 3-mercaptopyruvate sulfurtransferase,
decreased colon cancer cell proliferation and migration. It
might be difficult to reconcile the anti-survival effects of the
endogenous H,S among these studies as these H,S-producing
enzymes also play pivotal roles in sulfur metabolism and
cysteine biosynthetic process. For example, CBS is important
in eliminating homocysteine, a toxic metabolite, via reverse-
transsulfuration pathway. Therefore, whether the changes in
the expression of endogenous H,S enzymes only reflect the
role of H,S needs to be further explored. In addition, it may
be difficult to compare the anti-cancer effects of endogenous
with exogenous H,S. In colon epithelial cells, exogenous H,S
was reported to increase cell proliferation (200 uM, HCT116
cell line; Cai et al., 2010) but also decrease cell survival (50—
200 uM, WiDr cell line; Cao et al., 2010). Findings from these
studies are difficult to interpret and the variations may largely
be caused by the different doses and modes of H,S exposure,
and maybe cell line specific.

Nonetheless, no one has ever examined the effect of con-
tinuous exposure to exogenous H,S. In this study, the con-
tinuous exposure to low concentrations of H,S (either using
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NaHS or GYY4137) showed the consistent anti-cancer effect
and we thus proposed that prolonged exposure to a low dose
of exogenous H,S is a potential selective anti-cancer thera-
peutic strategy. In contrast, continuous exposure to high con-
centrations of H,S (NaHS > 80 uM; GYY4137 > 2 mM)
drastically affected cell survival of both cancer and non-
cancer cells, possibly due to an inhibitory effect on mito-
chondrial cytochrome oxidase (Khan et al., 1990; Goubern
etal., 2007). GYY4137 releases H,S in a slow manner, thus
requiring a higher working concentration (a right shift of
effective window, region shaded green in Figure 1C) to
exhibit a similar degree of anti-cancer activity as NaHS. Based
on the concentration-response curves of NaHS and GYY4137,
we speculated that although with its higher working concen-
tration, the concentration of effective compound, H.S,
released by 400 uM GYY4137 might only correspond to
nearly 10 uM of H,S. This estimation was lower than our
previous study (<30 uM; Lee etal., 2011) where a conven-
tional methylene blue assay was used to measure the H,S
level. The overestimation of H,S level may be caused by an
acidic assay condition where the H,S release was maximized
(Li et al., 2008; Olson, 2009).

Cancer cells have long been known to exhibit different
metabolic behaviours from normal cells. Cancer cells are
often regarded as ‘addicted’ to glucose and harvest energy via
glycolysis process (Gatenby and Gillies, 2004; Harris, 2004).
Although this observation was made a few decades ago, little
or no progress in terms of cancer therapy has been made in
exploiting this fundamental difference in metabolism, which
exists between normal and cancer cells (Zhao et al., 2013).
Increasing glycolysis as a strategy to kill cancer cells is
perhaps counterintuitive as this is the main source of energy
in such cells. However, cancer cells are not immune to the
deleterious effects of excessive intracellular acidification and
have evolved different pH regulatory mechanisms to counter
the high production of metabolic acid generated by glucose
metabolism. Conceptually, effective cancer therapy could
therefore be achieved by disrupting pH homeostasis in cancer
cells. However, from the present work, it is clear that neither
increased metabolic acid production nor pH regulator inhi-
bition alone is sufficient to bring about cancer cell death.
Induction of high lactate production in cancer cells using
mitochondrial inhibitors did not result in a significant reduc-
tion in pH;. Moreover, inhibition of AE or NHE activity was
also insufficient to trigger intracellular acidification and
cancer cell death. In this study, we demonstrated, for the first
time, that H,S-mediated anti-cancer activity is due to the
combined effect of increased metabolic acid production and
defective pH regulation resulting in intracellular acidifica-
tion. Although theoretically applicable, intracellular acidifi-
cation would not be possible simply by using mitochondrial
inhibitors (which would stimulate glycolysis) and pH regula-
tor inhibitors (which would impair pH homeostasis), as these
two inhibitors alone, and presumably also in combination,
possess high toxicity (Knobeloch et al., 1990; Yamagata and
Tannock, 1996; Theroux et al., 2000; Swarnkar et al., 2013). In
fact, mitochondrial inhibitor alone causes acute cell death
regardless of whether cells are cancer or non-cancer. There-
fore, an agent like H,S that induces intracellular acidification
selectively in cancer but not non-cancer cells is useful in
cancer therapy.
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H,S is the latest member of the gasotransmitter family.
However, unlike NO or CO, H,S is able to move through lipid
membrane freely without facilitation of membrane channels
(Mathai ef al., 2009). This lipophilic property adds to the
difficulty in identifying the exact molecular targets of H,S.
Cai et al. (2010) reported that NaHS increased Akt and ERK
phosphorylation, contributing to an increased proliferation
of HCT116 colon cancer cells. Similarly using colon epithelial
cells, another study demonstrated that NaHS activated AMPK
phosphorylation, decreased mTOR signalling and induced
autophagy in the cells (Wu et al., 2012). To add to the com-
plexity, NaHS was shown to suppress Rot-induced p38 and
JNK phosphorylation in a neuroblastoma model, protecting
the cells from apoptosis (Hu et al., 2009). Combining the
findings from these studies, the role of H,S in cell signalling
remains obscure and appears to be specific for cell lines,
tissues and systems. However, a recent study by Cuevasanta
etal. (2012) reported that H,S had higher permeability and
solubility in lipid as compared to aqueous buffer, proposing
that H,S may accumulate within the plasma membrane
bilayer. Our data revealed that GYY4137 increased glucose
uptake and impaired pH regulator activity; both the glucose
transporter and pH regulators are located in the membrane.
Hence, H,S may affect the activity of these membrane-bound
proteins, possibly via post-translational modification of sulf-
hydration (Paul and Snyder, 2012), and this deserves further
investigation.

In conclusion, we propose a new approach to cancer
therapy, which involves exploiting the natural differences in
the metabolism of cancer vis-a-vis non-cancer cells. H,S over-
drives cancer glycolysis, resulting in high metabolic acid pro-
duction, coupled with impaired pH homeostasis, to bring
about an intense intracellular acidification. As both of these
mechanistic components exist largely in cancer, but not
normal cells, H,S may therefore serve as a specific and effec-
tive cancer therapy strategy.
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Figure S1 Lactate production of normal cells. Normal cells
WI38 and MCF10A cultured under standard DMEM (25 mM
glucose) condition for 5 days did not exhibit any significant
difference of lactate production upon exposure of H,S. NT,
non-treated. ZYJ1122 and GYY4137, 400 uM (n = 3 experi-
ments). Results are mean + SD.

Figure S2 Intracellular acidification was observed only in
H,S donor treatment but not other commonly used cytotoxic
agents. No dramatic decreases in pH; were observed in MCF7
cancer cells treated with commonly used cytotoxic agents
including taxol (10 ug-mL™), etoposide (200 uM) and camp-
tothecin (CPT, 20 uM) at pharmacological concentrations.
NT, non-treated. GYY4137, 400 uM (1 = 50 cells per group).
Results are mean + SD.

Figure $3 pH response curves of normal cells upon alkali
and acid load. No significant difference in pH responses
between different treatments of normal cells WI38 (left) and
MCF10A (right) either upon (A) alkali or (B) acid load. NT,
non-treated. ZYJ1122 and GYY4137, 400 uM.

Figure $4 Typical pH response curves with pH regulator
inhibition. A dosage of 50 uM of DIDS (top) or 0.05 mg-mL™
of cariporide (bottom) effectively inhibited cellular pH;
responses towards alkali or acid challenges (indicated by
black arrow pointer). NT, non-treated (n > 50 cells per group).
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