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Abstract

Significance: Hydrogen sulfide (H,S) is likely to join nitric oxide (NO) and carbon monoxide (CO) as the third
gaseous transmitter, influencing an array of intracellular signaling cascades. Thus, H,S is implicated in nu-
merous physiological processes and in the pathology of various diseases. Recent Advances: H,S-donating agents
that liberate H,S slowly either alone or in combination with NO, the so-called NOSH compounds, are being
synthesized, and these have been shown to have great potential against cancer. Critical Issues: An accurate
determination of H,S levels is challenging. H,S and NO share many similar actions; do these similarities act to
potentiate each other? Since many actions of H,S appear to be mediated through inhibition of inflammation and
Nuclear factor kappa-light-chain-enhancer of activated B cells is a central player in this scenario, does
S-nitrosylation of this transcription factor by NO affect its S-sulfhydration by H,S and vice versa? Future
Directions: Deciphering the molecular targets of these novel hybrid agents and having genetically engineered
animals should help us move toward targeted therapeutic applications. Human safety data with these new
hybrids is essential. Antioxid. Redox Signal. 20, 831-846.

Introduction

HYDROGEN SULFIDE, HS, is a colorless gas with a strong
odor, likened to rotten eggs, that until recently was only
considered as being a toxic environmental pollutant with little
or no physiological significance. However, the past few years
have demonstrated its role in many biological systems, and it
is becoming increasingly clear that H,S is likely to join nitric
oxide (NO) and carbon monoxide (CO) as the third gaseous
transmitter, influencing an array of intracellular signaling
cascades. Thus, H,S is implicated in numerous physiological
processes and in the pathology of various diseases.

In general, biosynthesis of H,S requires tissue-specific
enzymes that generate L-cysteine, a metabolite of dietary
methionine. Three such enzymes have been identified: cy-
stathionine f-synthase (CBS, EC 4.2.1.22) and cystathionine
y-lyase (CSE, aka CGL, EC 4.4.1.1) that require pyridoxal
5’-phosphate as a cofactor and use L-cysteine as substrate (7,
17); and 3-mercaptopyruvate sulfurtransferase (EC 2.8.1.2)
which produces H,S using 3-mercaptopyruvate, a metabolite
of L-cysteine (56). H,S can also be generated endogenously

through nonenzymatic reduction of elemental sulfur in the
blood (67) using reducing equivalents supplied through the
glycolytic pathway (55).

H,S is sparingly soluble in water up to ~117 mmoles/L
and when dissolved, it acts as a weak acid with the equilib-
rium: H,S = HS™ +H* = S~ +H". Only the first reaction is
physiology relevant, as the pK,; is around 6.9, which is ap-
proximately equivalent to the intracellular pH in many tis-
sues, and it is not far from the pH of mammalian blood (7.4)
(23). In the presence of oxygen and metal catalysts such as iron
(1), HoS is spontaneously oxidized, thus significantly re-
ducing its concentration in a matter of hours (12). Mitochon-
drial oxidation via three consecutive reactions is how much of
the H,S is metabolized (22). This oxidation requires one mole
of oxygen for every mole of H,S that is oxidized along the
electron transport chain.

Interest in the biological actions of H,S is growing, and,
therefore, there has been a lot of focus on H,S-donating or
H,S-releasing compounds and on the way in which these
compounds deliver this volatile gas to target tissues. In this
review, these two modes of H,S delivery are distinguished.
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H,S-releasing compounds are sulfide salts such as NaHS,
Na,S, and CaS, which form HS™ and H,S immediately on
solvation in physiological buffers. Although extensively used
in studying the biological actions of HyS, these compounds
are of limited therapeutic value, as their effective residence
time in tissues is relatively short. H,S is rapidly lost from
solution by volatilization in laboratory conditions (12), or
transferred across respiratory membranes (24).

H,S-donating compounds are either naturally occurring
compounds (mainly in foods) or synthetic hybrids. There are a
large number of “foods” that may release H,S when metab-
olized. For example, garlic and some of its metabolites (allicin,
diallyl disulfide [DADS], and diallyl trisulfide) have been
shown to release HyS in vivo (24, 26). Sulforaphane, the iso-
thiocyanate compound from broccoli, and allyl iso-
thiocyanate, derived from wasabi, mustard, and horseradish,
have health benefits that are quite similar to those which are
attributed to H,S or other H,S-donating compounds, al-
though it has not yet been determined whether any of these
are indeed metabolized to produce H,S.

There are a number of synthetic H,S-donating compounds
that are in various stages of development as therapeutic
agents, and the list keeps on growing. Of these, GYY4137
(morpholin-4-ium 4 methoxyphenyl(morpholino)), phosphi-
nodithioate, Figure 1 is a water-soluble molecule from which
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H_S is slowly liberated (39). A good number of synthetic H,S-
donating compounds use the dithiolethione moiety for H,S
donation. These include sildenafil, L-DOPA, latanoprost, and
nonsteroidal anti-inflammatory drugs (NSAIDs) such as as-
pirin (ASA), sulindac, indomethacin, diclofenac, naproxen,
ibuprofen, and mesalamine. Other H,S-donating moieties
such 3-(prop-2-en-lyldisulfanyl)propanoic acid (a derivative
of DADS) have also been employed.

In the past few years, a number of articles have addressed
the role of some of these H,S-donating compounds in the
cardiovascular system (35), urology (57), neuroinflammation
(34), and ophthalmology (51). The reader is also referred to an
excellent review article by Sparatore ef al., which highlights
these general areas (59). Here, the role of H,S-donating com-
pounds as agents that may have utility against cancer are
focused on and have addressed some of the mechanisms of
actions of these novel agents. Also discussed are the newly
reported nitric oxide-and-hydrogen sulfide-donating dual
hybrids of ASA (30).

Synthetic H,S-Donating Hybrids
GYY4137

This is a water-soluble molecule slowly liberating H,S
when dissolved in acidic (pH 3.0) phosphate buffer; however,

a
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Structural components of hydrogen sulfide (H,S)-donating compounds. The structural components of HS-aspirin

(HS-ASA) (salicylic acid derivative), HS-sulindac (indole derivative), and HS-ibuprofen, HS-naproxen (arylpropionic acid
derivative), HS-diclofenac, HS-indomethacin, and HS-mesalamine are indicated; the traditional nonsteroidal anti-inflammatory
drug (NSAID) is shown in the shaded box; this is covalently attached to a dithiolethione moiety [5-(4-hydroxyphenyl)-3H-1,2-
dithiole-3-thione] that can release H,S. The chemical structure of GYY4137, a water-soluble H,S-donating compound, is also

shown.
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when dissolved in buffer at pH 7.4 or 8.5, relatively much
smaller amounts of H,S are detected (39). When administered
to rats either intrapertioneally (ip) or intravenously (iv), sig-
nificant increases in plasma H,S were observed for approxi-
mately 3h. However, the methodology used in determining
H,S levels is questionable (28), casting doubt on actual in vivo
H_S levels.

The anti-cancer effects of GYY4137 were evaluated by de-
termining its cell growth inhibitory effects using seven dif-
ferent human cancer cell lines. These represented cervical
carcinoma (HeLa), colorectal carcinoma (HCT-116), hepato-
cellular carcinoma (Hep G2), osteosarcoma (U20S), breast
adenocarcinoma (MCF-7), acute promyelocytic leukemia cells
(HL-60), and myelomonocytic leukemia (MV4-11) (36). Five-
day treatment with GYY4137 (400 uM) significantly reduced
proliferation of MCF-7, MV4-11, and HL-60 cells. At 800 M,
GYY4137 killed greater than 90% of all these cancer cells
(MCF-7,MV4-11, HL-60, HeLa, HCT-116, Hep-G2, and U20S),
but did not affect the survival of noncancer human diploid
lung fibroblasts (IMR90 and WI-38). The apparent ICs, for
GYY4137 in MCF-7, HL60, and MV4-11 cells was around
350 uM. GYY4137 promoted apoptosis as seen by the presence
of cleaved poly(ADP-ribose)polymerase and cleaved caspase
9. In MCEF-7 cells, it also caused cell-cycle arrest in the G,/M
phase; however, it did not affect the noncancerous IMR90
cells. In a xenograft model using SCID mice, a daily i.p. in-
jection of GYY4137 (at 100-300 mg/kg) also dose dependently
decreased the growth of HL-60 and MV4-11 tumors (36). An
inspection of the published reports in which GYY4137 has
been used as the H,S-donating compound clearly indicates
that the doses needed to see any biological/pharmacological
effects are rather high; this limitation may damper enthusiasm
for its further development as a pharmaceutical drug.

H>S-donating NSAIDs do not cause stomach ulcers

ADT-OH, (5-(4-hydroxyphenyl)-3H-1,2-dithiole-3-thione)
the main metabolite of ADT (anethole dithiolethione (Fig. 1),
has been extensively used as a H,S donor with many thera-
peutic agents, including a good number of NSAIDs, reviewed
in (28). The rational for developing hybrid NSAIDs which
release H,S was based on the observation that in animal
models of chronic ulcer, an increase in expression of CSE and
CBS enzymes as well as H,S levels were observed, suggesting
a defensive response (65). Administration of structurally di-
verse Hy,S donors enhanced ulcer healing and since these
agents did not affect gastric pH or inhibit acid secretion, Kap
channel agonists or antagonists had no affect on ulcer healing;
and since H,S is a vasodilator, it is possible that this may have
contributed to the healing process observed in this study (65).

Long-term use of NSAIDs may lead to significant side
effects, mainly gastrointestinal (GI) and renal. The GI side
effects may range from dyspepsia to bleeding, obstruction,
and perforation. Among patients using NSAIDs, it is esti-
mated that about 16,500 deaths occur every year in the United
States. This figure is similar to the number of deaths from the
acquired immunodeficiency syndrome and considerably
greater than the number of deaths from multiple myeloma,
asthma, cervical cancer, or Hodgkin’s disease (70). Un-
fortunately, many physicians and most patients are unaware
of the magnitude of this problem. The gastric damage is a
result of direct epithelial damage due to their acidic properties
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and also through the breakdown of mucosal defense mecha-
nisms (leukocyte adherence, decreases in blood flow, bicar-
bonate and mucus secretions) due to a reduction of mucosal
prostaglandin synthesis (62).

A number of HyS-donating NSAIDs have shown consider-
able protective effects in the stomach compared with their
traditional counterparts. For example, H,S-diclofenac had sig-
nificant GI sparing effects compared with diclofenac (37, 64, 65)
and inhibited both cyclooxygenase (COX)-1 and COX-2 enzy-
matic activity to the same extent as its parent counterpart (64). It
also reduced the plasma levels of the pro-inflammatory
cytokines, IL-1f and Tumor-necrosis factor-alpha, while it
elevated the anti-inflammatory, IL-10 (37). Similarly, H,S-
indomethacin (61), H,S-mesalamine (64), and H,S-naproxen
(63) were also shown to cause significantly less damage to the
stomach compared with their respective parent compound. In
a recent study, HyS-donating ASA (ACS14) was shown to
spare the stomach of rats from the harmful side effects of ASA
when given 30 min before ASA administration (41). ACS14
also abrogated ASA-induced up-regulation of COX-2 ex-
pression, but it had no effect on the reduced PGE; levels; it
also attenuated ASA-suppressed superoxide dismutase-1 ex-
pression and glutathione (GSH) activity (41). These data
suggest that ACS14 enhances mucosal integrity by inhibiting
oxidative stress in the gastric tissue.

H.S-donating NSAIDs are effective chemopreventive
agents. The landmark study of Kune et al. (32) showing that
subjects using NSAIDs for various indications had a signifi-
cantly lower incidence of colon cancer ushered in a new era in
chemoprevention. Many epidemiological studies, collectively
describing results on >1 million subjects, have established
NSAIDs in general and ASA in particular as the prototypical
chemopreventive agents against cancer. Recently, Rothwell
et al. (53) reported that daily ASA use, whether regular
strength or low dose, resulted in reductions in cancer inci-
dence and mortality. Moreover, the same group has also re-
ported that ASA prevented distant metastasis (54). However,
regular NSAID use may lead to serious side effects as de-
scribed earlier. To overcome these limitations and to improve
the safety profile of NSAIDs, numerous strategies have been
employed. One such strategy mentioned earlier has been the
use of H,S. Recently, a number of H,S-donating NSAIDs (HS-
ASA, HS-sulindac, HS-ibuprofen, and HS-naproxen; these are
the same as S-ASA, S-sulindac, S-ibuprofen, and S-naproxen)
were shown to have utility as anti-cancer agents (8-10). Al-
though human safety data on H,S-donating NSAIDs are not
yet available, these compounds have shown great potential
using in vitro and in vivo models of carcinogenesis.

Aspects of the mechanism of action of HyS-NSAIDs.
Two approaches have been used to unravel the mechanisms
underlying the properties of H,S-NSAIDs. First, the effect of
H,S-NSAIDs on cell kinetics has been investigated, which, by
controlling tissue mass, determines the development of can-
cer. Second, some of the molecular mechanisms that might
mediate these effects have been evaluated. The effects of H,S-
NSAIDs on at least five molecular targets, no doubt there
are many others, that have been implicated in carcinogene-
sis have been studied, including the Wnt/ fi-catenin signal-
ing pathway, Nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-xB), reactive oxygen species (ROS),
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thioredoxin/thioredoxin reductase-1 (Trx/TrxR), and mod- S oo © . I HZEA
lations of xenobiotic-metabolizing enzymes. S8 geSs 9. © 2N Yoo T & <
B § ey ST BHS SR QT LA 28g
S22 ACOA BD S 0| 53z
Cell kinetics. HyS-NSAIDs have three effects on cultured ~ 8 ™ o= X 9&‘:@
cancer-cell kinetics. They inhibit cell proliferation, as dem- T e
onstrated by a reduced expression of the proliferation marker s |Sn 8 © o é % &
proliferating cell nuclear antigen (PCNA); they enhance cell § 8 ‘_;'I i eI i‘l - S;_"I Ty H i 3 % 3 §
death by inducing apoptosis, and they block transitions S=| @, > SN ~H o™ 0 oY | 2pS
through the cell cycle, predominantly that between Gy/G; (8, " A gal o © =l £ z \é._
9). The net result of these effects is a significant inhibition of = =8 3
cell growth, which, presumably, accounts for the ultimate 3 . §§§
inhibition of carcinogenesis that is observed in vivo. = 809 S [C\) S 2%« AL T2 o % o e
HS-ASA, HS-Sulindac, HS-naproxen, and HS-ibuprofen in- (5 § g B H& E aJs H HS A IB < b=
hibited growth of eleven different cancer cell lines of six different 5 Ao A N ° 32 K = % -% e
histological subtypes (9). The cell lines were that of colon (HT-29: 5 gL g
COX-1 and COX-2 positive, HCT 15: COX null, and SW480: 6 o E = g
COX-1 positive, low levels of endogenous COX-2), breast e 818 lc\) = Sa B ~ s g -~ E - o
(MCF7: [ER(+)], SKBR3: [ER(-) and MDA MB-231: [ER-,  § SIBIZ HNR AN HAa% Sfg
PR-, which does not overexpress Her2]); T-cell leukemia E W |A AN ® L 2 B g 8
(Jurkat), pancreatic (BxPC3: both COX-1 and COX-2 positive, E s o ci} S g §
MIAPaCa-2: COX-null), prostate (LNCaP), and lung (A549). Z | 2 Sgdm
All four HS-NSAIDs inhibited the growth of these cell lines oA % oo E - Q® :E = § g
(9) (Table 1). Interestingly, ASA, which was the least potent of a s § f_’| § HH g A T H f_ﬁ R 2‘ § % “‘E
the four NSAIDs in inhibiting the growth of these cell lines, its fﬁ S| A oA § % % D % 3 i &{3 £T 8
modified H,S-donating hybrid, became the most potent £ = 0 5 28 4
HS-NSAID. In a fold-comparison study of the ICs, values E) 2 ) )
(Traditional NSAID/HS-NSAID), HS-ASA was at least 1100- B oo & o — o -% S = g‘
3000-fold more potent than ASA. HS-SUL, HS-IBU, and & (N = " S ‘_{_’l s 1T 19 fl i ) = "§ g g
HS-NAP were about 20-500-fold more potent than their cor- E Qg) By~ g™ g S= QoS é £ES S
responding traditional counterparts. Such fold increases im- a + ] — © SEH
ply that the H,S-related structural modification of the parent = § 5 RS
molecules imparts a differential enhancement in potency (9). . - . - on = g =
Since colon HT-29 and pancreatic BxPC3 cells express both Sl .12 838 AR U CR= P z _f; oS
COX-1 and COX-2 whereas colon HCT15 and pancreatic MIA = g S B H = é ® 5 1 s 3 a9 Tes E
PaCa2 cells are COX null (21, 29), this suggests that the effects E &5 |9 Ned A = 0 X O < g T% —é
observed here are COX independent. The cell growth inhibi- — TEx &
tory effect of HS-NSAID:s is at least, in part, dependent on the = — = '3 g%
release of H,S, as the preincubation of MDA MB-231 breast % ] oo 8 ~ e g § §6
cancer cell with NaF, a carboxylesterase enzyme inhibitor, 5 %Q S <_T‘_>| S H%« 9% 0 S ; - g‘g
significantly reversed HS-ASA-mediated cell growth inhibi- = < | ReN B BT 2w~ £8 §i
tion (8). It also appears that HS-NSAIDs preferentially inhibit & g © g o B0 = £ §¢
the growth of cancer cells compared with normal cells. For & s g3
example, treatment of normal human mammary epithelial e §8 £ %
cells (HMEpC) with 10 uM HS-ASA showed that 78% of the E ol owvs b © N 0 § s
. D[ SSS — ™ + — o S+ T 4
cells were viable after 24 h; however, under the same exper- 3 § SHN HHgy Hyw H5 2 £ g 2 g
imental conditions, only 28% of breast cancer cells (MDA MB- > S| AEA § N g ®© 5 = « % g @ =
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eration of HT-29 human colon cancer cells in a dose-dependent LL)% o oo B O o &~ :}Tg o
manner, as measured by the expression of PCNA (Fig. 2A), and = § oS " 2 T fl " f; SO T fl S § :g <8
also increased the apoptotic population of cells (Fig. 2B) (9). - S Q:) Ny 88T Q= g™ %g Z 5
HS-NAP was the strongest contributor to apoptosis. Similarly, 2 RN ® = v o %
HS-ASA reduced PCNA expression of MDA MB-231 breast = E E £ %
cancer cells in a dose-dependent manner as well as increased = o N o PR éﬂ
the proportion of cells in apoptosis (8). & § S § T DS = g5 é‘ 8
Analysis of cell cycle phases by flow cytometry showed E 10 R SN gH =8 ;21 8| g 525
that treatment of HT-29 colon cancer cells by all four N ©~ =« f\‘ﬁ gi-'
HS-NSAIDs was associated with a dose-dependent increase g4 = ‘§
in the percentage of cells in Go/G; phase, and this accumu- < o g fﬁ : ‘é’ =
lation was accompanied by a corresponding reduction in the - %) < ) o) 5= 8 =
. . .. <o pZo S R | 2258
percentages of cells in S and G,/M phases (Fig. 3) (9). Simi- §0 £ AE <h S 51 AEDRHE O %‘ g
larly, HS-ASA also affected the cell cycle progression of MDA < | <IXK ZIxK HIL BT 258
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FIG.2. Effectof HS-NSAIDs A
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(B). Results are mean+SEM
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respectively. Reproduced from 0 -
Chattopadhyay et al., 2012 (8)
with permission from Elsevier.

MB-231 breast cancer cells, causing a dose-dependent accu-
mulation in Gy/G; phase (10). HS-ASA also dose-dependently
inhibited the proliferation of Jurkat T-cell leukemia cells, in-
creased apoptosis, and caused a Gy/G; block in the cell cycle
(18). Thus, it appears that HS-NSAIDs inhibit the proliferation
of HT-29 colon, MDA MB-231 breast, and Jurkat T-cell leuke-
mia cancer cells by a combined induction of Gy/G; arrest and
apoptosis.

NF-«B signaling pathway. The transcription factor NF-«xB
has a central role in cancer biology. It has pleiotropic activities

2.0 0 0.5
[HS-NSAID}, XIC4

that relate to carcinogenesis, and it is an important regulator
of the immune system; it is vital for the induction of cytokines,
anti-apoptotic genes, and growth proliferation, collectively
perpetuating the conversion of cells from normal to cancer-
ous. NF-«kB can suppress apoptosis, thus promoting tumori-
genesis (25). Most chemopreventive agents (i) suppress the
activation of the NF-xB through the inhibition of NF-xB
signaling pathway, and (ii) they sensitize the tumors to che-
motherapeutic agents through abrogation of NF-«xB activa-
tion. As stated so eloquently, “NF-xB is an ideal target
for chemoprevention and chemosensitization” (4). Since the field
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FIG. 3. Effect of HS-NSAIDs on
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Results are representative of two ° | ]
different experiments. This study © 100
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here. Reproduced from Chatto-
padhyay et al., 2012 (8) with per-
mission from Elsevier. 60 ]
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Nuclear R
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H,S-donating NSAIDs as chemotherapeutic agents is in its
infancy, the number of reports describing the effects of this
class of compounds on the NF-«B signaling pathway is rather
limited.

One study showed that the H,S-donating agent, GYY4137,
reduced lipopolysaccharide (LPS)-induced NF-xB activation
in mouse macrophages (68). The same group has also re-
ported that when rats were injected with LPS, GYY4137
decreased hepatic LPS-evoked rise in NF-«xB activation (38).
H,S-donating diclofanc was shown to reduce inflammation in
rats after LPS administration, and this was attributed to in-
hibition of liver NF-«B activation (37). In these in vivo studies,
nuclear proteins were extracted from rat livers and assayed
for activity using TransAM NF-«B p65 kit.

There is one report detailing the effect of HS-ASA on the
NF-«B signaling pathway using MDA MB-231 breast cancer
cells. The rational for investigating this cell line was reported
to be due to the fact that NF-«B is constitutively activated in
estrogen receptor (ER)-negative breast cancer cell lines and
primary tumors (5, 46, 52), and that this led to resistance to
apoptosis (50, 66), and promotion of an invasive and meta-
static phenotype (47).

837

In MDA-MB 231cells treated with HS-ASA for 6h, there
was a significant dose-dependent inhibition of DNA binding
activity of NF-«xB (p65) (Fig. 4A). HS-ASA at its ICs for cell
growth inhibition (3.6 uM) and 2xICsq (7.2 uM) reduced the
NF-«B-DNA binding activity to ~71% and 50%, respectively.
Levels of nuclear p65, which is the functionally active subunit
of NF-xB, were also reduced by HS-ASA in a concentration-
dependent manner (Fig. 4B). The decrease in DNA binding
activity was associated with a decrease in NF-xB protein p65
levels in the nucleus. One of the most critical steps in NF-«xB
activation is its dissociation from IxkB, which is mediated
through phosphorylation and subsequent proteolytic degra-
dation of this inhibitory subunit (6, 19). HS-ASA decreased
phospho-IxBu levels and at 2xICs, it completely inhibited
IxBa phosphorylation, while total levels were unaltered (Fig.
4C and D). Thus, HS-ASA inhibits translocation of p65 to the
nucleus through blockade of IxBa phosphorylation. The
phosphorylation of the IxBs is known to be mediated by
Ikappa kinases (IxKs), namely IxKo and IxKp, which are ac-
tivated by phosphorylation at specific serine residues in the
activation loop of IxKf (6). HS-ASA decreased the phos-
phorylation of both IxK« and IxKf without affecting total IxK
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FIG. 6. The activity of the phase-II enzymes glutathione S-transferase (GST) and NAD(P)H:quinone oxireductase
(NQO)1 is induced by HS-ASA. Hepa 1clc7 or HT-29 cells were treated with the indicated concentrations of HS-ASA for
24h before enzyme activity was measured. HS-ASA increased GST and NQO1 enzyme activities in a concentration-
dependent manner. GST in Hepa 1c1c7 cells (A), in HT-29 cells (B); NQO1 in Hepa 1clc7 (C) and in HT-29 (D). This increase
in enzyme activity was dependent on H,S, as preincubation of the cells with NaF, a carboxylesterase inhibitor, abrogated the
increase in enzyme activity back to control levels (E, F). Results are mean+SEM of three different experlments performed
in duplicate. *p <0.05 compared with untreated cells, **p <0.02 compared with untreated cells, and p<0 02 compared with
HS-ASA at its ICs in absence of NaF. Reproduced from Chattopadhyay et al., 2012 (9) with permission from Elsevier.
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FIG. 7. Effect of HS-ASA on
GST phase-I and phase-II metabolizing
enzymes. Hepa 1clc7 (A) or HT-29
(B) cells were incubated with the
UGT indicated concentrations of HS-
ASA for 24h, after which cell ex-
tracts were prepared and subjected
CYP 1A1 to immunoblotting. Representative
blots (one of two determinations)
are shown here. HS-ASA increased
Actin NQO1, GST, UGT, CYP1Al, and
CYP2E1 protein levels. Nuclear
proteins were also immunoblotted
CYP 2E1 for Nrf2 and Lamin (bottom panel).
Reproduced from Chattopadhyay
Actin et al., 2012 (9) with permission from

Elsevier.
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FIG. 8. HS-ASA induces phase-II enzyme activity and glutathione (GSH) levels in vivo. Male Wistar rats (n=4 per
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prepared. HS-ASA treatment induced GST and NQO1 enzyme activities A and C, respectively. GSH levels were also
increased in the livers of the HS-ASA-treated rats (B). Results are mean+SEM for four rats in each group. *p<0.05; 'p<0.01
compared with vehicle-treated rats. HS-ASA is a mono-functional inducer of hepatic phase-II enzymes. (D) Liver microsomes
and cytosol from HS-ASA-treated Wister rats were subjected to immunoblotting for phase-I (CYP1A1 and CYP2E1) and
phase-II (GST, UGT1A1, and NQO1) enzymes. Actin was used as a housekeeping gene. The four lanes represent individual rats.
(E) The expression of each protein (fold compared with control) for each group of animals (mean +SEM, 1n=4). *p <0.05, 'p<0.01
compared with the corresponding control. Reproduced from Chattopadhyay et al., 2012 (9) with permission from Elsevier.
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levels (Fig. 4C and D). Therefore, HS-ASA prevents activation
of IxKs, inhibits phosphorylation-mediated degradation of
IxBa, and prevents translocation of NF-xB-p65 into the nu-
cleus (8).

Recently, using ER(—) breast cancer cells, it has been re-
ported that dithiolethiones inhibit NF-«xB transcriptional ac-
tivity not through H,S release but rather viaz a covalent
reaction with the NF-«B p50 and p65 subunits (60).

Reactive oxygen species. As a part of their mechanism of
action, many anticancer agents induce ROS. High ROS levels
can disrupt redox homeostasis, leading to cellular damage
and apoptosis (15, 16). Using molecular probes that detect
intracellular levels of peroxides and superoxide anions
(0,°7), it was shown that HS-ASA dose-dependently induced
ROS levels in MDA MB-231 breast cancer cells (8) (Fig. 5).

When the equilibrium between ROS formation and en-
dogenous antioxidant defense mechanisms is disturbed, a
state of oxidative stress is generated within the cell, which
ultimately may lead to cell death. Thus, the observation that
HS-ASA induced cell cycle changes and apoptosis in MDA-
MB-231 cells, which was associated with parallel increases in
ROS levels, appears to favor cell death.

Thioredoxin/thioredoxin reductase-1. Trx is a ubiquitous re-
dox-active thiol protein associated with the enzyme TrxR that
maintains it in the reduced state (45). Trx can suppress apo-
ptosis (1), and increases in Trx and TrxR are found in several
human primary cancers that are associated with aggressive
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tumor growth, including breast carcinoma (40). In addition,
some relationships exist between TrxR inactivation and
growth inhibition, cell cycle arrest, and apoptosis in colorectal
cancer cell lines (71). In MDA-MB 231 breast cancer cells, it
was shown that TrxR activity was strongly inhibited by HS-
ASA (8). Moreover, it was also shown that HS-ASA caused a
moderate inhibition of NF-xB-activity through inhibition of
IKK activation (8). Thus, targeting the Trx/TrxR system,
which is required for the maintenance of essential cysteine
residues in the active thiol forms in certain proteins, including
the NF-«B protein (43), are attractive targets for cancer drug
development.

Whnt/B-catenin signaling pathway. The Wnt signaling cascade
has a major role in human colon carcinogenesis (13), and its
deregulation has also been implicated in T-cell acute lym-
phoblastic leukemia (ALL) as well as in B-cell chronic lym-
phocytic leukemia (14, 42). The f-catenin protein is intimately
involved in the Wnt signaling pathway that regulates cell—cell
adhesion and may promote leukemia cell proliferation (14).
The stabilization and accumulation of f-catenin has a pow-
erful regulatory role in proliferation and differentiation (44,
49). p-Catenin is expressed in T-ALL cells, tumor lines of he-
matopoietic origin, and primary leukemia cells but is unde-
tectable in normal peripheral blood T cells. Among the
leukemic cell lines, fi-catenin is expressed in high levels in
Jurkat T cells (14). Using this cell line, it has been shown that
HS-ASA dose-dependently reduced f-catenin protein levels;
whereas its parent counterpart, ASA, for approximately 5 mM
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FIG.9. HS-ASA inhibits tumor xenograft growth. Athymic SCID male mice were injected subcutaneously with MDA-MB-
231 cells for the development of subcutaneous tumors. After tumor formation, the mice were randomly divided into two groups
(n=6) and treated daily with vehicle or 100 mg/kg HS-ASA for 23 days according to the protocol in A. Representative tumor sizes
for untreated and treated mice are shown in B. Average tumor volume as function of time and tumor mass at sacrifice are shown in
C and D, respectively. HS-ASA significantly reduced tumor volume from day 20 post inoculation to sacrifice, p <0.05. Tumor mass
was also significantly reduced by HS-ASA treatment, p <0.05. Reproduced from Chattopadhyay et al., 2012 (8) with permission
from Elsevier. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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had no effect on total f-catenin expression (18). Using syn-
chronized cells, the effects of HS-ASA on the expression of
p-catenin/T-cell factor transcriptional target, cyclin D1, were
also investigated. HS-ASA dose-dependently reduced cyclin
D1 protein expression (18). These results are in agreement with
cell growth inhibition and G; phase blockade. In some B- and
T-cell leukemias, ASA and its NO donating derivatives are
reported to activate caspases (3, 48). HS-ASA is also reported to
increase caspases-3 enzyme activity and protein expression in
a dose-dependent manner (18). The caspase inhibitor zVAD-
fmk was able to completely abrogate HS-ASA-mediated
caspase activation, confirming specificity. Preincubation of
the cells with the caspase inhibitor also partially reversed
HS-ASA-mediated cell growth inhibition, increasing its ICs
for cell growth inhibition by about five-fold, from 1.8 +0.6 uM
to 8.9£0.5 uM (18).

Modulation of xenobiotic-metabolizing enzymes. The xeno-
biotic-metabolizing enzymes are classified as phase-I (oxidation
and reduction reactions) and phase-II (conjugation reactions)
enzymes. The balance between the phase-I carcinogen-activating

enzymes and the phase-II detoxifying enzymes is critical to
determining an individual’s risk for cancer [reviewed in (69)].
Phase-I enzymes primarily consist of the cytochrome P450
(CYP) superfamily. In humans, four CYP gene families
(CYP1-CYP4) are considered the most important (31).
Phase-II enzymes comprise many enzyme superfamilies,
including the NAD(P)H:quinone oxireductase (NQO),
glutathione S-transferases (GSTs), and UDP-glucuronyl-
transferases (UGTSs). NQO protects cells against the toxicity
of quinones and their metabolic precursors by promoting
the obligatory two-electron reduction of quinones to semi-
quinones. The human GSTs consist of four main classes:
o (A), u (M), 0 (T), and = (P), each of which is divided into
one or more isoforms (20). GSTs detoxify a number of car-
cinogenic electrophiles by transforming them into their
conjugates with reduced glutathione. Pharmacological
strategies that modulate the levels of phase-I and phase-II
enzymes can enhance the elimination of the carcinogenic
reactive species. In particular, identification of compounds
that preferentially activate phase-II compared with phase-I
enzymes can be beneficial as chemopreventive agents.
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There is a consensus enhancer element, known as antioxi-
dant response element (ARE), in the regulatory domains of
many phase-II genes, and the ARE-binding transcription
factor Nrf2 has been implicated in the action of many che-
mopreventive agents (33). Nrf2 is a regulator of the inducible
expression of the enzymes GST and NQO1, which are im-
portant in catalyzing the detoxification of reactive electro-
philes and oxidants [reviewed in (58)].
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FIG. 12. Anti-inflammatory prop-
erties of NOSH-1. Rat paw edema
was induced by carrageenan injec-
tion. (A) ASA and NOSH-1 caused
a significant reduction in paw vol-
ume at all time points. Results are
mean+S.EM. of four rats in each
group, *p<0.05 versus vehicle-trea-
ted rats at all time points. (B) ASA
and NOSH-1 caused a significant
reduction in PGE; levels in the paw
exudate. Results are mean+S.E.M.
for four rats in each group, *p <0.01
versus vehicle. (C) NOSH-1 inhib-
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Using human hepatoma HepG2 and human colonic ade-
nocarcinoma LS180 cells, it has been shown that both H,S-
donating diclofenac and H,S-donating sulindac inhibit the
activity and expression of the carcinogen-activating enzymes
CYP1A1, CYP1B1, and CYP1A2 (2). This inhibition was me-
diated by transcriptional regulation of the aryl hydrocarbon
receptor (AhR). Both H,S-donating diclofenac and H,S-
donating sulindac inhibited carcinogen-induced CYP enzyme
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activity through direct inhibition as well as through decreased
transcriptional activation of the AhR. H,S-donating sulindac
also induced expression of GST A2, a phase-II detoxifying
enzymes (2).

Using mouse hepatoma Hepa 1clc7 and human HT-29
colorectal cancer cells, it has also been reported that GST (Fig.
6A and B) and NQO1 (Fig. 6C and D) activities were dose-
dependently induced by HS-ASA (10). The increase in
enzyme activity was shown to be H,S dependent, as pre-
incubation of the cells with NaF, a carboxylesterase enzyme
inhibitor that dampens release of H,S from HS-ASA, reversed
HS-ASA-mediated induction of NQO1 activity to near basal
levels (Fig. 6E and F) Therefore, H,S release from HS-ASA
appears to be required for induction of NQO1 activity. HS-
ASA also caused a dose-dependent increase in NQO1, GST,
and UGT1 protein levels as well as increased protein levels of
CYP1A1 and CYP2E in these cell lines (Fig. 7). The tran-
scription factor Nrf2, which is involved in induction of many
phase-II enzymes, showed enhanced expression in the HS-
ASA-treated cells (10) (Fig. 7).

Treatment of rats with HS-ASA (100mg/kg/day for 21
days) induced hepatic GST activity by 3.4-fold (Fig. 8A), GSH
levels were increased 2-fold (Fig. 8B), and NQO1 enzyme
activity was increased 1.5-fold (10) (Fig. 8C). Immunoblot
analysis (Fig. 8D) demonstrated that HS-ASA moderately
increased the liver cytosolic GST, NQO1, and substantially
increased UGT1Al protein levels (Fig. 8E). The levels of the
phase-I enzymes, CYP1A1 and CYP2EI], did not differ between
the untreated and treated groups (10) (Fig. 8E). This finding
strongly suggests that in vivo HS-ASA is a monofunctional
inducer of phase-II metabolizing enzymes, and it underscores
the dangers of translating in vitro data to whole animals.

Animal studies. In a xenograft model of ER(—) breast cancer,
HS-ASA significantly reduced tumor volume and tumor
mass, through induction of apoptosis and inhibition of both
proliferation and NF-xB (8). Athymic SCID male mice were
injected subcutaneously with MDA-MB-231cells in the right
flank, allowing for the development of subcutaneous tumors
after 7 days (Fig. 9). After tumor formation, mice were treated
with vehicle or 100mg/kg HS-ASA for 23 days. HS-ASA-
treated mice showed a significant reduction in tumor volume
compared with untreated mice (Fig. 9), mean tumor volume
was decreased by 44% (p <0.05), and average tumor mass was
reduced by 47% (p <0.05). Immunohistochemical expression
of HS-ASA-treated and untreated mouse tumor sections
showed a strong expression for proliferation and NF-«B (Fig.
10A and C, control panel), whereas HS-ASA-treated tumors
showed a diminished expression of NF-xB and proliferation
(Fig. 10A and C, treated panel). HS-ASA treatment was also
accompanied with increased number of cells undergoing ap-
optotic death (20%) compared with control (1.5%) (Fig. 10B).

NOSH-Aspirin

Recently, a new class of anti-inflammatory agents that are
capable of donating both NO and H,S (termed NOSH com-
pounds) have been described (11, 30). Four NOSH agents
have been reported; in all of these, ASA was used as a scaffold
to which NO and H,S-releasing moieties were coupled with
one of the 1, 2 positions. Nitrate (—ONO,) was used for NO
release, and this was attached to the ASA through an aliphatic
spacer; while one of the following H,S-releasing moieties,
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ADT-OH, or 4-hydroxy benzothiazamide, or lipoic acid, was
directly coupled to ASA (30), Figure 11. NOSH-1 (NOSH-
ASA, NBS-1120) was shown to have strong anti-inflammatory
properties similar to its parent compound, ASA (30) (Fig. 12).
Using the carrageenan rat’s paw edema model, NOSH-1
showed a reduction in paw inflammation, which was dose
dependent. A comparison of PGE, content of paw exudates
from control, ASA-treated, and NOSH-1-treated animals
showed a clear and significant COX inhibition by ASA and
NOSH-1. An evaluation of COX expression in paw exudates
showed that COX-2, which produces inflammatory PGE,,
was barely detectable in the controls, was significantly in-
duced by carrageenan, and dose-dependently inhibited by
NOSH-1, as shown in Figure 12.

The cell growth inhibitory properties of the four NOSH-
compounds were evaluated in 11 different human cancer cell
lines of six different histological subtypes. The cell lines were
those of colon (HT-29: COX-1 and COX-2 positive, HCT 15:
COX null, and SW480: COX-1 positive, low levels of
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FIG. 13. NOSH-ASA inhibits tumor xenograft growth.
Athymic nude mice were injected subcutaneously with HT-
29 cells for the development of subcutaneous tumors as
described in Material and Methods. NOSH-ASA signifi-
cantly reduced tumor volume 6 days after treatment to sac-
rifice, *p<0.05 at day 6, 'p<0.01 days 9-18. Reproduced
from Chattopadhyay et al., 2012 (10) with permission from
Elsevier. To see this illustration in color, the reader is referred
to the web version of this article at www.liebertpub.com/ars
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FIG. 14. Mechanisms of action of H,S-releasing NSAIDs. When hydrolyzed, H,S-releasing NSAIDs produce the parent
NSAID and the H,S-releasing moiety from which H,S is released. The NSAID component inhibits COX-1 and COX-2, resulting in
compromised mucosal defense mechanisms, which may lead to ulcers. NSAIDs can reduce renal perfusion, which can lead to
increases in blood pressure, leading to cardiovascular (CV) damage. The released H,S counteracts many of the detrimental effects of
NSAIDs. These protective effects appear to be mediated through activation of Karp channels. H,S enhances the mucosal defense
mechanisms; causes vasodilation, thus reducing BP and leading to cardioprotective effects. Both the NSAID and H,S have anti-
inflammatory effects, the former through inhibition of COX and the latter through inhibition of nuclear transcription factor kB (NF-«B);
collectively, these contribute to reduction in tumor mass. Modified and reproduced from Kashfi and Olson 2012 (27) with permission
from Elsevier. To see this illustration in color, the reader is referred to the web version of this article at www liebertpub.com/ars

endogenous COX-2), breast (MCF7: [ER(+)], MDA MB-231
and SKBR3: [ER(-)]); T-cell leukemia (Jurkat), pancreatic
(BXxPC3: both COX-1 and COX-2 positive, MIAPaCa-2: COX-
null), prostate (LNCaP), and lung (A549). All four NOSH
compounds were extremely effective in inhibiting the growth
of these cell lines; however, NOSH-1 was the most potent,
with ICsgs for cell growth inhibition ranging from 48-280 nM
at 24 h (30).

In a fold comparison of the ICs, values (ASA/NOSH 1-4),
NOSH-1 was at least 100,000-fold more potent than ASA in
HT-29 colon cancer cells. The increase in potency for NOSH-2,
-3, and -4 in the same cell line after 24 h of treatment was
>60,000-fold, >600-fold, and >16,000-fold, respectively (30).
In HT-29 colon cancer cells, the enhanced potency of NOSH-1
increased to ~125,000-fold and to ~250,000-fold after 48 h
and 72 h of treatment (11).

NOSH-ASA (NBS-1120) treatment of athymic nude bearing
a human colon cancer xenograft caused an 85% reduction in
tumor volume after 18 days of treatment (Fig. 13) (11).

Conclusion

There appears to be no doubt in the utility of H)S in
modulating an array of physiological and pathological con-
ditions. H,S-donationg and NOSH-donating prodrugs are
under development with great potential in influencing the
treatment or prevention of a number of diseases. Similar to
NO, H,S appears to be multifaceted, having opposing effects,
which appear to be dose dependent. This is most evident in
the context of inflammation, where both pro-inflammatory
and anti-inflammatory effects have been reported [reviewed
in (27)]. Various H,S-donationg prodrugs are actively being
studied for the general treatment of conditions pertaining
to arthritis, cardiovascular, urological, neuroinflammatory,
and ophthalmological diseases, [reviewed in (54)]. H,S-
donationg NSAIDs, apart from sparing the stomach from the
serious side effects of the parent NSAID, also appear to have
great potential as anti-cancer agents. The mechanisms and
pathways affected by H,S-donationg NSAIDs in reducing
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NSAID-induced side effects, inflammation, and cancer are
illustrated in Figure 14.

An important issue that needs to be resolved is the question

of how to accurately measure tissue H,S concentrations.
Many methods reported in the literature are fraught with
flaws; see (27) for details. To maximize the potential in de-
veloping long-lasting modalities for the treatment or pre-
vention of any disease, we need to think about genetically
modified animals which will allow us to delve into the
mechanism(s) of cell signaling that involve H,S. With all that
has been done in this field thus far, I believe that we are still at
the dawn of an exciting new era.
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Abbreviations Used

AhR = aryl hydrocarbon receptor
ALL = acute lymphoblastic leukemia
ARE = antioxidant response element
ASA = aspirin
CBS = cystathionine f-synthase
CO = carbon monoxide
COX-1 = cyclooxygenase-1
COX-2 = cyclooxygenase-2
CSE = cystathionine y-lyase
CYP = cytochrome P450
ER~ = estrogen receptor negative
ER+ = estrogen receptor positive
GST =glutathione S-transferase
H,S =hydrogen sulfide
HS-ASA =hydrogen sulfide-donating aspirin
IxK =TIkappa kinases
NF-«xB = nuclear factor kappa-light-chain-
enhancer of activated B cells
NO = nitric oxide
NOSH = nitric oxide-hydrogen sulfide donating
NQO =NAD(P)H:quinone oxireductase
NSAIDs =nonsteroidal anti-inflammatory drugs
PR- = progesterone receptor negative
ROS =reactive oxygen species
Trx/TrxR = thioredoxin/thioredoxin reductase-1
UGT = UDP-glucuronyltransferase




