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A B S T R A C T

The balance between phase-I carcinogen-activating and phase-II detoxifying xenobiotic metabolizing

enzymes is critical to determining an individual’s risk for cancer. We evaluated the effect of Hydrogen

sulfide-releasing aspirin (HS-ASA) on xenobiotic metabolizing enzymes in HT-29 human colon and Hepa

1c1c7 mouse liver adenocarcinoma cells and in Wistar rats. HS-ASA inhibited the growth of HT-29 and

Hepa 1c1c7 cells, with an IC50 of 3.2 � 0.3 mM and 4.2 � 0.4 mM, respectively. The IC50 for ASA in both cell

lines was greater than 5000 mM at 24 h. In these cell lines, HS-ASA caused a dose-dependent increase in

activity and expression of the phase-II enzymes glutathione S-transferase (GST) and NAD(P)H:quinoneox-

ireductase (NQO1). It also caused an increase in UDP-glucuronosyltransferase (UGT) expression. The levels of

CYP 1A1 a phase-I enzyme was increased by HS-ASA in both cell lines. Pretreatment of cells with NaF, an

esterase inhibitor, abrogated the HS-ASA-mediated increases in NQO1 enzyme activity. HS-ASA increased the

protein levels of the transcription factor Nrf2, which is a regulator of the phase-II enzymes. In vivo, HS-ASA at

100 mg/kg/day had no effect on rat’s weights; it induced a 3.4-fold and 1.4-fold increase in hepatic GST and

NQO1 enzyme activities, respectively. GST and NQO1 protein levels were also increased. In contrast to that in

cultured cells, CYP 1A1 protein levels were not altered in vivo. Therefore, HS-ASA induces phase-II enzymes,

at least in part, through the action of H2S and by modulating Nrf2; these effects may be part of its mechanism

of action against carcinogenesis.

� 2011 Elsevier Inc. All rights reserved.
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1. Introduction

Environmental and endogenous chemical carcinogenic agents
contribute to the process of carcinogenesis. Induction of enzymes
that enhance the detoxification of such chemical carcinogens
represents an important strategy for cancer chemoprevention. The
xenobiotic-metabolizing machinery consists of phase-I cyto-
chrome P-450 oxidative-metabolism enzymes and phase-II
conjugating enzymes. In general, phase-II enzymes can reduce
the cellular exposure to carcinogens whereas phase-I enzymes can
increase it [1,2]. Therefore, the balance between the phase-I
carcinogen-activating enzymes and the phase-II detoxifying
enzymes is critical, and cancer susceptibility may, in part, be
determined by altered functions of these enzymes [3].
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The phase-I metabolic enzymes are the P450 super family, with
the CYP1, 2, and 3 families being the major contributors to
xenobiotic metabolism [1]. The phase-II enzymes include many
enzyme super families such as NAD(P) H:quinoneoxireductase
(NQO1), glutathione S-transferases (GSTs) and UDP-glucuronyl-
transferases (UGTs) [4]. NQO1 protects cells against the toxicity of
quinones and their metabolic precursors by promoting the two-
electron reduction of quinones to semiquinones [5]. GSTs detoxify
a number of carcinogenic electrophiles by catalyzing their
conjugation with reduced glutathione [6,7].

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 over phase-I
enzymes can be beneficial as chemopreventive agents. Certain
chemopreventive compounds, such as isothiocyanates and
dithiolthiones have been shown to act as transcriptional activators
of phase-II enzymes [8,9]. There is a consensus enhancer element,
known as antioxidant response element (ARE) in the regulatory
domains of many phase-II genes, and the ARE-binding transcription
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factor Nrf2 have been implicated in the action of many chemo-
preventive agents [8]. Nrf2 is a regulator of the inducible expression
of the enzymes GST and NQO1, which are important in catalyzing the
detoxification of reactive electrophiles and oxidants (reviewed in
[10]).

Non-steroidal anti-inflammatory drugs (NSAIDs) in general and
aspirin in particular are prototypical anticancer agents [11].
Increasing evidence from human epidemiological studies, animal
models, and in vitro experiments have demonstrated the potential
of NSAIDs in the chemoprevention of colorectal cancer (CRC)
[12,13]. However, the side effects from aspirin and other NSAIDs
have reduced the interest for NSAIDs as cancer chemopreventive
agents. A more recent approach to alleviate the gastrointestinal
side effects of NSAIDs has been the development of compounds
where the conventional NSAID is modified with active redox
moieties such as endogenous gases, for example, nitric oxide
releasing NSAIDs (NO-NSAIDs) and more recently hydrogen
sulfide-releasing NSAIDs (HS-NSAIDs) (reviewed in [11]). Hydro-
gen sulfide (H2S) at micro molar concentrations neutralize a
variety of reactive species including oxy radicals [14], peroxyni-
trite [15], hypochlorous acid [16] and homocysteine [17]. H2S has
been recognized for its ability to affect key physiologic functions
[18]. In the intestine, H2S modulates epithelial secretion [19] and
promotes resolution of colitis [20]. However, there are only a few
reports describing actions of HS-NSAIDs. An H2S-releasing
derivative of diclofenac was reported to produce significantly less
damage in the GI tract, while it was more effective than the parent
drug in reducing inflammation [21,22].

In the previous accompanying manuscript, we demonstrated
cell growth inhibition by various HS-NSAIDs in human cancer cell
lines of different tissue types. In this study we explored further the
effects of one such HS-NSAID, H2S-releasing aspirin (HS-ASA) on
colorectal cancer cells in vitro and in vivo, and evaluated its effects
on xenobiotic metabolizing enzymes. We report its effect on
phase-I and phase-II enzymes in liver and colon cell lines, and in
the liver, kidney and colon of rats.

2. Materials and methods

2.1. Reagents

HS-ASA was synthesized and purified by us with 1H NMR
verification. Stock (100 mM) solutions of HS-ASA and ASA (Sigma
Chemical, St Louis, MO) were prepared in dimethylsulfoxide
(DMSO; Fisher Scientific, Fair Lawn, NJ). The final DMSO
concentration was adjusted in all media to 1%.

2.2. Cell culture

HT-29 human colon adenocarcinoma and Hepa 1c1c7 mouse
liver adenocarcinoma cell lines were obtained from American Type
Tissue Collection (Rockville, MD). Cells were grown in 5% CO2 at
37 8C in a MEM (Hepa 1c1c7) or McCoy 5A (HT-29) medium
supplemented with 10% fetal calf serum, 10 000 IU/mL penicillin
and 10 mg/mL streptomycin.

To assay GST activity and perform immunoblot analyses, cells
were seeded in 10 cm cell culture dishes at a density of
5.0 � 105 cells/cm2 in 10 mL of media and allowed to attach for
24 h. Cells were exposed to various concentrations of HS-ASA for
24 h, control cultures were supplemented with DMSO only. Cells
were washed twice with ice-cold PBS and harvested using a rubber
policeman. The cell pellet was stored dry at �70 8C until analyses.
Cells were lysed by incubating them for 30 min on ice in lysis buffer
(50 mM Tris–HCl, 0.8% digitonin and 2 mM EDTA, pH 6.8). After
centrifugation, the lysate was assayed for GST enzyme activity and
subjected to immunoblot analysis.
2.3. Animal treatments

Male Wistar rats were purchased from Charles River Laborato-
ries (Wilmington, MA). After acclimation, the animals were housed
and maintained according to the approved standards of Institu-
tional Animal Care and Use Committee. HS-ASA was suspended
(100 mg/mL, w/v) in a solution of 0.5% carboxy methyl cellulose
(Sigma Chemical) immediately before treatment. Rats were
divided into two groups of five animals each and treated via

gavage either with vehicle or with HS-ASA, 100 mg/kg/day. After
21 days of treatment, animals were killed by CO2 and cervical
dislocation and their liver, kidneys and colon were removed
rapidly for preparation of microsomes and cytosol. Liver and
kidneys were immediately perfused with cold NaCl (0.9, w/v) and
homogenized in 3 mM Tris buffer (pH 7.2) containing 0.25 M
sucrose and 1 mM EGTA. For the liver and kidneys after removing
the mitochondria as described previously [23], the post-mitochon-
drial supernatant was centrifuged at 20,000 � g for 20 min to
remove light mitochondria and peroxisomes, and the resulting
supernatant was centrifuged at 100,000 � g for 60 min to collect
microsomes and cytosol. Microsomes were further purified and
characterized as previously described [24]. The small intestine was
homogenized in 50 mM Tris–HCl (pH 7.5) containing 1 mM DTT,
1 mM EDTA, 10 mM leupeptin, heparin 25 U/mL and 20% glycerol
(v/v) [25]. Protein concentration was determined by the Bradford
method.

2.4. Measurement of GST activity

GST enzyme activity was determined by measuring the
enzyme’s ability to catalyze the conjugation of reduced glutathione
with 1-chloro-2,4-dinitrobenzene [26]. The conjugation was
accompanied by an increase in absorbance at 340 nm. A GST
activity assay kit was purchased from Cayman Chemical (Ann
Arbor, MI) and followed in accordance with the manufacturer’s
instructions. The rate of increase was directly proportional to the
increases in GST activity in the sample. The absorbance in the wells
was kinetically measured at 340 nm at 1-min intervals for 5 min.
The activity of GST was expressed as nmol/min/mg homogenate
protein.

2.5. Measurement of NQO1 activity

In vitro NQO1 activity was assayed as described previously [27].
Briefly, Hepa 1c1c7 (10 000 cells/well) or HT-29 (15 000 cells/well)
were plated into 96 well plates and incubated overnight. Cells were
then treated with various concentrations of HS-ASA for 24 h. Cells
were lysed in 50 mL 0.8% digitonin, after which we added to each
well 200 mL of reaction mixture [25 mM Tris–HCl buffer (pH 7.4),
0.5% bovine serum albumin, 0.025% Tween-20, 5 mM FAD, 30 mM
NADP, 1 mM glucose-6-phosphate, 2 U/mL glucose-6-phosphate
dehydrogenase baker’s yeast (Sigma), 0.3 mg/mL 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-tetrozolium bromide (MTT)]
containing 25 mM menadion (2-methyl-1,4 napthoquinone). The
reaction was arrested after 5 min by adding 50 mL of solution
containing 0.3 mM dicoumarol in 0.5% DMSO and 5 mM potassium
phosphate (pH 7.4). Initial reaction rates were measured at
610 nm. In vivo, NQO1 activity was determined by adding the
cytosolic fractions into the above reaction mixture (final volume
1 mL) in order to initiate the reaction. After 5 min, the absorbance
at 610 nm was measured.

2.6. Measurement of glutathione levels

Reduced glutathione (GSH) and oxidized glutathione (GSSG)
levels were measured by a commercial kit by Cayman Chemical
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Fig. 1. Effects of HS-ASA on HT-29 human colon cancer and Hepa 1c1c7 cell growth.

Cells were treated with various concentrations of HS-ASA or conventional aspirin

for 24 h from which IC50s for growth inhibition were determined (Table 1). Results

are means � SEM of 3 different experiments with triplicate plates. Error bars are

within the symbols.

Table 1
IC50s for cell growth inhibition.

IC50 mM

HT-29 Hepa 1c1c7

ASA >5000 >5000

HS-ASA 3.2 � 0.3y 4.2 � 0.4y

Enhanced potency >1500 >1000

Colon HT-29 and liver Hepa 1c1c7 cells were treated for 24 h with various

concentrations of ASA and HS-ASA as described in Section 2. From their growth

curves, IC50 values for growth inhibition were determined. Results are means � SEM

of 4 different experiments performed in triplicates.
y P < 0.001 compared to ASA.
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(Ann Arbor, MI). The protocol measures both GSH and GSSG,
therefore, the assay reflects total glutathione. The cell homogenate
was prepared in ice-cold 0.1 M phosphate-buffered saline (PBS, pH
7.4) containing 0.1 mM EDTA. Then the cell homogenates were
centrifuged at 14,000 � g for 30 min at 4 8C and the supernatants
were collected for glutathione assay. Protein concentrations were
determined with a Bio-Rad protein concentration assay kit (Bio-
Rad Laboratories). Briefly, 100 mL of cell supernatant was added to
an equal volume of the metaphosphoric acid and then centrifuged
at 2000 � g for 2 min to remove protein. Then 50 mL of 4 M
triethanolamine per mL of the supernatant was added to increase
the pH of the sample. For total GSH assay, 50 mL of sample was
added to 150 mL of a reaction mixture containing 0.4 M 2-(N-
morpholino) ethane sulfonic acid, 0.1 M phosphate (pH 6.0), 2 mM
EDTA, 0.24 mM NADPH, 0.1 mM 5,50-dithiobis-2-nitrobenzoic acid
(DTNB), and 0.1 unit glutathione reductase (GR). The reaction was
carried out at 37 8C for 25 min and then total glutathione was
determined by absorbance at 412 nm using GSSG as standard. For
the measurement of GSSG, GSH was removed from the reaction by
adding 10 mL of 1 M 2-vinylpyridine solution per mL of superna-
tant. Then GSSG remained in the reaction was quantified as total
GSH assay. The amount of reduced GSH was obtained by
subtracting GSSG from total glutathione. Each assay was
performed in duplicate and GSH and GSSG were expressed as
mmol/g tissue.

2.7. Western blot analysis

After treatment with HS-ASA or vehicle, cells were harvested
and lysed in buffer containing 50 mM Tris–HCl (pH 7.5), 150 mM
NaCl, 1 mM EDTA, 0.5% IGEPAL, and 10% glycerol in the presence of
proteinase inhibitors. Proteins were fractionated by SDS-PAGE and
transferred to supported nitrocellulose membrane (Bio-Rad
Laboratories, Hercules, CA). Proteins were probed with primary
antibody and visualized using an ECL kit according to the
manufacturer’s instructions (Amersham Pittsburg, PA). Goat
polyclonal antibodies against NQO1 (1:500), rabbit polyclonal
antibodies against Nrf2 (1:1000), P4501A1 (1:1000), P4502E1
(1:1000) and mouse monoclonal antibody against tubulin (1:1500)
were from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse
monoclonal antibodies to GST (1:1000) were from Cayman
Chemical (Ann Arbor, MI).

2.8. Statistics

Data are presented as means � SEM for the number of
observations indicated in the figure legends. Statistical evaluation
of the data was performed by one-factor analysis of variance (ANOVA)
followed by Tukey’s test for multiple comparisons. P < 0.05 was
regarded as statistically significant.

3. Results

3.1. HS-ASA inhibits the growth of HT-29 colon cancer cells and Hepa

1c1c7 murine hepatoma cells

The growth inhibitory effect of HS-ASA was evaluated by the
MTT assay in human colon cancer cell line HT-29 and murine
hepatoma Hepa1c1c7 cells (Fig. 1). HS-ASA had a significant
growth inhibitory effect on HT-29 and Hepa1c1c7 cells in a
concentration-dependent manner, with an IC50 of 3.2 � 0.3 mM and
4.2 � 0.4 mM, respectively (Table 1). The IC50 for ASA in both cell lines
was greater than 5000 mM at 24 h. Therefore, the ratio ASA/HS-ASA is
>1500 in the HT-29 cells and >1000 in Hepa1c1c7 cells, suggesting
that HS-ASA is at least 1000–1500-fold more potent than traditional
ASA. For further studies, we used the various fold amounts of the IC50
concentrations in the two cell lines. In HT-29 cells, the equivalent
concentration used for 0.5�, 1�, and 2 � IC50 was 1.6, 3.2, and 6.4 mM,
and in murine hepatoma Hepa 1c1c7 cells, the equivalent concentra-
tion used for 0.5�, 1�, and 2 � IC50 was 2.1, 4.2, and 8.4 mM.

3.2. HS-ASA induces phase-II enzyme activity and protein levels

We examined the effect of HS-ASA on the activity of two major
phase-II enzymes, NQO1 and GST, in mouse hepatoma Hepa 1c1c7
and human HT-29 colorectal cancer cells. Both cell lines are known
to express NQO1 and GST enzymes [28,29]. Cells were treated with
various concentrations of HS-ASA or equimolar concentrations of
conventional ASA or 1 mM ASA for 24 h, followed by assay for
change in GST and NQO1 activities. HS-ASA induced the activities
of GST (Fig. 2A and B) and NQO1 (Fig. 3A and B) in these two cell
lines. The induction of the enzyme activities were as follows: in
Hepa 1c1c7 cells at 1 � IC50 HS-ASA induced GST activity by 8.8-
fold, and in HT-29 cells at 1 � IC50 HS-ASA induced GST activity by
7.5-fold, compared to the basal levels. The parent compound ASA at
equimolar concentrations had no effect on either NQO1 or GST
enzyme activity in these cell lines (data not shown). However, at
1 mM, ASA caused approximately a 3-fold increase in GST activity
in HT-29 cells, 1.83 � 0.14 U/mg protein to 5.9 � 0.3 U/mg protein
for control and treated cell, respectively. NQO1 activity in Hepa 1c1c7
cells at 1 mM ASA was not determined.

We examined whether H2S release from HS-ASA is required for
induction of NQO1 activity. For this we used NaF, a carboxylester-
ase enzyme inhibitor, that we shown to inhibit the release of H2S
from HS-ASA in HT-29 cells (please see previous accompanying
manuscript). Cells were incubated with 10 mM NaF for 1 h before
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treatment with various concentrations of HS-ASA for 6 h. Inhibi-
tion of esterase enzyme reversed HS-ASA-mediated induction of
NQO1 activity to near basal levels (Fig. 3C and D) Therefore, H2S
release from HS-ASA is required for induction of NQO1 activity.

The effect of HS-ASA on protein levels of the phase-I enzyme
CYP1A1 and phase-II enzymes NQO1, GST and UGT1 were
examined in HT-29 and Hepa 1c1c7 cells. Cells were treated with
HS-ASA for 24 h followed by immunoblotting and detection of
protein levels. A dose-dependent increase in NQO1, GST and UGT1
protein levels was observed for 0.5�, 1�, and 2 � IC50 concentra-
tion of HS-ASA in both cell lines (Fig. 4 upper panel). The increase in
protein expression was qualitatively in agreement with changes in
enzyme activity. GST protein levels increased in both the colon and
liver cell lines with a large basal expression in liver cells, as
expected. NQO1 was induced many folds in both liver and colon
cells, with a marginal excess in fold in mouse hepatoma cells than
in colon cancer cells. This agrees with the enzymatic activity fold
increase observed which was slightly more in the mouse hepatoma
cells. While NQO1 (but not GST) is known to be more active in the
liver cells compared with colon cells, here such a comparison could
not be made due to different species tissue types. Therefore, HS-
ASA-mediated induction of phase-II enzyme activity is associated
with an increase in phase-II protein levels in both cell types.

Many phase-II enzyme inducers also co-induce phase-I
enzymes [8]. Therefore, we evaluated the effects of HS-ASA on
two P450 enzyme families. CYP1A1 is a very important phase-I
metabolizing enzyme in humans. It is a polycyclic aromatic
Fig. 4. Effect of HS-ASA on phase-I and phase-II metabolizing enzymes. Hepa 1c1c7 (pane

ASA for 24 h, after which cell extracts were prepared for immunoblotting as described in 

increased NQO1, GST, UGT, CYP1A1 and CYP2E1 protein levels. Nuclear proteins were 
hydrocarbon hydroxylase which is mostly extra-hepatic, and is
expressed in the small intestine, placenta, lung, and skin [30]. The
enzyme CYP2E1, belonging to another P450 family, which is
involved in alcohol metabolism. It is expressed in liver, kidney,
intestine and the lung [30]. Interestingly, HS-ASA increased the
protein levels of CYP1A1 and CYP2E1 in both HT-29 and Hepa
1c1c7 cells (Fig. 4).

3.3. Induction of phase-II enzymes is associated with Nrf2- increase

In the cytoplasm the Nrf2 transcription factor is bound to
Keap1. Nrf2 translocates to the nucleus when certain inducers
disrupt the complex formation with Keap1, where it leads to the
transcription of phase-II genes. We examined whether HS-ASA-
mediated induction of phase-II enzymes occurs by modulating
Nrf2. For a preliminary study we determined nuclear level of Nrf2
in response to HS-ASA in Hepa 1c1c7 and HT-29 cells. In both cell
types, HS-ASA increased the expression of Nrf2 in a concentration-
dependent manner (Fig. 4 lower panel).

3.4. HS-ASA induces the enzymatic activities of NQO1 and GST while it

also increases protein levels of NQO1, GSH and GST in vivo

To determine whether HS-ASA induces hepatic phase-II
enzymes in vivo, we measured its effect on the enzymatic
activities of GST and NQO1; the total GSH levels, and also on
the protein levels of NQO1, GSH and GST in male Wistar rats. As
l A) or HT-29 (panel B) cells were incubated with the indicated concentrations of HS-

Section 2. Representative blots (one of two determinations) are shown here. HS-ASA

also immunoblotted for Nrf2 and Lamin (bottom panel).
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Fig. 5. HS-ASA induces phase-II enzyme activity and GSH levels in vivo. Male Wistar rats (N = 4 per group) were treated with HS-ASA (100 mg/kg body weight) for 3 weeks

after which liver microsomes and cytosol were prepared as described in Section 2. HS-ASA treatment induced GST and NQO1 enzyme activities panels A and C, respectively.

GSH levels were also increased in the livers of the HS-ASA-treated rats (panel B). Results are mean � SEM for 4 rats in each group. *P < 0.05; yP < 0.01 compared to vehicle treated

rats.

Table 2
GST and NQO1 activity in rat extra hepatic tissues.

Tissue GST (nmol/min/mg) NQO1 (nmol/min/mg)

Untreated Treated Untreated Treated

Kidney 796 � 53 918 � 51 197 � 8 320 � 10*

Colon 487 � 22 755 � 35* 48 � 3 73 � 4*

GST and NQO1 enzymatic activity were measured in kidney and colon of untreated and HS-ASA treated rats as described in Section 2. Results are means � SEM of 4 different

animals in each group.
* P < 0.05 compared to untreated rats.
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shown in Fig. 5A, compared with controls, after 4 weeks of
treatment, HS-ASA significantly induced the activity of GST by 3.4-
fold, from 1234 � 106 in control to 4218 � 261 nmol/min/mg
protein in the treated rats, respectively (P < 0.01). GSH levels were
increased 2-fold, from 5.2 � 0.5 to 9.8 � 0.8 mg/mg protein. NQO1
enzyme activity was increased 1.5-fold from 101 � 5.2 to
155 � 9.7 nmol/min/mg protein in control and treated animals,
respectively (P < 0.05, Fig. 5C). We also evaluated the effects of HS-
ASA on extra hepatic tissues of rats, namely the kidneys and the
colon. Similar to the liver, HS-ASA significantly increased (P < 0.05),
the activity of GST (1.5-fold) and NQO1 (1.6-fold) in the colon
(Table 2). In the kidneys, NQO1 enzyme activity was also increased
(1.6-fold), however, GST enzyme activity although it was increased
in the treated animals, this increase was not statistically significant
(Table 2). Immunoblot analysis (Fig. 6) demonstrated that HS-ASA
moderately increased the liver cytosolic GST, NQO1, and substan-
tially increased UGT1A1 protein levels. The levels of the phase-I
enzymes, CYP1A1 and CYP2E1, did not differ between the untreated
and treated groups. This finding strongly suggests that in vivo

HS-ASA is a monofunctional inducer of phase-II metabolizing
enzymes.

4. Discussion

The present study identifies an H2S-donating derivative of
aspirin (HS-ASA) as an inducer of phase-II metabolizing enzyme in
HT-29 human colon cancer cells and in Hepa 1c1c7 mouse
hepatoma cells. The importance of phase-II enzyme induction in
cancer prevention has been well established [31]. HS-ASA
increased NQO1 and GST protein levels and enzymatic activities.
In these cell types, it also increased the protein levels of P450 1A1 a
phase-I metabolizing enzyme. HS-ASA was also effective at
inducing the phase-II enzyme response in vivo. Rats treated by
gavage with 100 mg/kg body weight for 7 days had an increase in
NQO1, GSH and GST levels in the kidney, colon, and liver. Although,
the kidney and colon also participate in the detoxification process,
the liver is the major site for xenobiotic metabolism and
transformation. HS-ASA also demonstrated remarkable improve-
ment in cell growth inhibitory activity and potency as compared
with the parent compound ASA, implying an active pharmacologi-
cal role for H2S in this molecule. Based on these properties of HS-
ASA in HT-29 cells and Hepa 1c1c7 mouse hepatoma cells, HS-ASA
has a good potential as a colon cancer preventive agent. Current
understanding of the biology of the gasotransmitter H2S is still in
the developmental stages compared to that of nitric oxide. It is well
established that the H2S rapidly travels through cell membranes
without using specific transporters, exerts a host of biological
effects on various biological targets ranging from cytotoxic to
cytoprotective effects [15,32–36]. Among the cellular processes,
H2S can inhibit the adhesion and activation of neutrophil
granulocytes [35] and platelet aggregation [37–41]. At the
mechanistic level, upregulation of anti-inflammatory genes such
as HO1, and downregulation of inflammatory genes (COX2, FOS,
IL1b) are known to occur [33,42].

The results reported in this study demonstrate that HS-ASA
increases GST enzyme activity and protein levels in vitro. It also
increases GST and GSH levels in vivo. GSTs catalyze the conjugation
of electrophilic compound with reduced glutathione [43]. The
enhancement of GST enzyme activity and its protein levels is the
working mechanism of several anticarcinogens [44,45]. Substances
that specifically increase conjugation systems are considered to be
more potent inhibitors of cancer, thereby explaining in part, the
anticarcinogenic properties of NSAIDs in the upper gastrointestinal
tract [46,47]. Allyl sulfides which are constituents of garlic and
generate H2S have also been shown to induce GSTs in animal
models [48,49]. In addition to GST induction and anti-cancer
activity, compounds that release H2S have been used in multiple
models of inflammation [38,42,50–55].



Fig. 6. HS-ASA is a mono-functional inducer of hepatic phase-II enzymes. Upper

panel: Liver microsomes and cytosol from HS-ASA-treated Wistar rats were

subjected to immunoblotting for phase-I (CYP1A1 and CYP2E1) and phase-II (GST,

UGT1A1, NQO1) enzymes. Actin was used as a housekeeping gene. The four lanes

represent individual rats. Lower panel: The expression of each protein (fold over

control) for each group of animals (mean � SEM, N = 4). *P < 0.05, yP < 0.01 compared

with the corresponding control.
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Two important considerations regarding HS-ASA and the role of
H2S emerge. First, it is clear that H2S release from HS-ASA is
required for the induction of NQO1 activity, since NaF reversed this
induction. Second, the pharmacological role of H2S conjugation
with ASA is highlighted by the inability of the parent compound
ASA to induce GST and NQO1 activities at equimolar doses.

HS-ASA increased UGT1A1 protein expression in both the HT-
29 and Hepa 1c1c7 cells. UGTs are phase-II enzymes that are
membrane-bound, localized in the endoplasmic reticulum of liver
and extrahepatic tissues [56]. The primary role of UGT1A1 activity
is the glucuronidation of various exogenous drugs and endogenous
substrates such as bilirubin and estrogen. NQO1 is primarily
cytosolic and catalyzes the reduction of a variety of quinones.
Down-regulation of UGT1A gene expression also was found in an
early stage of hepatocarcinogenesis [57]. Generally, the ability to
induce phase-II enzymes without inducing or decreasing phase-I
enzyme activities appears to be an ideal quality of a chemopreven-
tive agent. However, phase-II enzyme inducers may also induce
phase I enzymes [8]. In this respect, a promising observation in our
in vivo study was the ability of HS-ASA to induce phase-II enzymes
without affecting the phase-I enzyme P4501A1 and P4502E1,
although there was some increases in cultured cells. This
observation underscores the dangers of translating in vitro data
to whole animals.
Several detoxifying and cytoprotective enzymes are under the
regulatory control of Nrf2 [58], such as expression of certain GSTs
and NQO1. It is possible that HS-ASA-mediated increases in GST
and NQO1 are probably brought about, in part, through increase in
Nrf2 protein levels. This is evidenced by the concentration-
dependent increase of Nrf2 expression by HS-ASA in cultured cells.
It may be envisaged that the translocation of overexpressed Nrf2
occurs to the nucleus, followed by induction of ARE-containing
genes, as has been reported for sulforaphane treated cancer cells
[59–61]. Although our data do not demonstrate translocation to
the nucleus, the ability of HS-ASA to upregulate Nrf2, NQO1, UGT,
and GST levels, suggests that HS-ASA can potentially prevent
carcinogenesis. In conclusion, HS-ASA co-induces multiple phase-II
metabolizing enzymes and thus may be regarded as a monofunc-
tional inducer. This represents one mechanism by which HS-ASA
exhibits chemopreventive properties. The mechanism(s) of action
including glutathione-dependent and independent pathways, and
H2S enzymatic release and its implications warrant further study.
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