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A B S T R A C T

Hormone-dependent estrogen receptor positive (ER+) breast cancers generally respond well to anti-

estrogen therapy. Unfortunately, hormone-independent estrogen receptor negative (ER�) breast

cancers are aggressive, respond poorly to current treatments and have a poor prognosis. New approaches

and targets are needed for the prevention and treatment of ER� breast cancer. The NF-kB signaling

pathway is strongly implicated in ER� tumor genesis, constituting a possible target for treatment.

Hydrogen sulfide-releasing aspirin (HS-ASA), a novel and safer derivative of aspirin, has shown promise

as an anti-cancer agent. We examined the growth inhibitory effect of HS-ASA via alterations in cell

proliferation, cell cycle phase transitions, and apoptosis, using MDA-MB-231 cells as a model of triple

negative breast cancer. Tumor xenografts in mice, representing human ER� breast cancer, were

evaluated for reduction in tumor size, followed by immunohistochemical analysis for proliferation,

apoptosis and expression of NF-kB. HS-ASA suppressed the growth of MDA-MB-231 cells by induction of

G0/G1 arrest and apoptosis, down-regulation of NF-kB, reduction of thioredoxin reductase activity, and

increased levels reactive oxygen species. Tumor xenografts in mice, were significantly reduced in volume

and mass by HS-ASA treatment. The decrease in tumor mass was associated with inhibition of cell

proliferation, induction of apoptosis and decrease in NF-kB levels in vivo. HS-ASA has anti-cancer

potential against ER� breast cancer and merits further study.

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

Breast cancer is one of the most common malignancies among
women [1,2]. The treatment of breast cancer usually relies on
surgery and radiotherapy and/or chemotherapeutic drugs. Estro-
gen receptor positive breast cancers generally have a better
prognosis and are often responsive to anti-estrogen therapy [3].
Unfortunately, estrogen receptor negative breast cancers are more
aggressive [4] and unresponsive to anti-estrogens. Triple negative
breast cancers (TNBC) lack expression of estrogen receptor (ER)
and progesterone receptor (PR), and do not over-express HER2, and
are treated mainly by cytotoxic chemotherapy [5]. For TNBCs, there
is an urgent need to develop novel anticancer agents with low
cytotoxic effects, and which can effectively inhibit tumor cell
proliferation pathways [6,7].
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NSAIDs are important agents for cancer prevention and may
serve as possible adjunct in cancer treatment based on reports
that they stimulate anticancer effects in vitro, inhibit carcinogen-
esis in carcinogen-induced and genetically driven rodent models,
reduce the incidence of colorectal precancerous lesions and colon
cancer incidence, and regress precancerous lesions in genetic and
sporadic cancer risk cohorts [8–12]. However, NSAID-induced
upper gastrointestinal side effects remain a major problem that
affects a broad segment of the population, due to frequent
prescription and over the counter dispensing [13]. These reasons
have stimulated the search for alternative anti-inflammatory
drugs that are safe for long-term use. Hydrogen sulfide (H2S),
recently hypothesized as the third ‘gasotransmitter’ alongside
nitric oxide and carbon monoxide, has been attracting extensive
attention because of its multiple physiological and pathophysio-
logical roles in various body systems [14–16]. The H2S-releasing
derivative of mesalamine has demonstrated superior anti-inflam-
matory and anti-nociceptive efficacy compared with the base
mesalamine molecule in a rodent experimental model of colitis-
associated colorectal distension [17]. Recently, it was reported
that H2S-releasing diclofenac inhibited lipopolysaccharide-induced
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inflammation and caused significantly less gastric toxicity than
diclofenac. It also reduced plasma IL-1b/TNF-a; and elevated
plasma IL-10 [15].

NF-kB is a transcription factor that functions in a wide variety of
processes from inflammatory reaction and development, to
cellular survival and oncogenesis [18]. NF-kB binds to DNA and
leads to transcription of genes that contribute to tumorigenesis,
such as inflammatory, antiapoptotic genes, and positive regulators
of cell proliferation and angiogenesis, and in promoting metastasis
in vivo [19,20]. Studies indicate that NF-kB is constitutively
activated in estrogen receptor-negative breast cancer cell lines and
primary tumors [21–24], and that this event is associated with
resistance to apoptosis [25,26], and promotion of an invasive and
metastatic phenotype [27]. In several mouse xenograft models,
tumor growth is impaired when NF-kB is inhibited [20,28,29].
Therefore, activated NF-kB, constitutes a valid therapeutic target
for ER-negative breast cancers and certain subclasses. Changes in
the intracellular reduction–oxidation (redox) states have been
reported to modulate the activity of NF-kB [30–33].

Many anticancer agents induce reactive oxygen species (ROS) as
part of their mechanism of action. A selective state of oxidative
stress is generally found in cancer cells, however, a very high ROS
level can disrupt redox homeostasis and cause cellular damage,
and even induce apoptosis and cell death [34,35]. On the other
hand, endogenous redox molecules such as thioredoxins Trxs,
which are overexpressed in certain cancers are known to
suppresses apoptosis [36]. Trx is a small ubiquitous redox-active
thiol protein associated with the enzyme thioredoxin reductase-1
(TrxR) that maintains it in the reduced state [37]. Increased
expression of Trx and TrxR is found in several human primary
cancers that are associated with aggressive tumor growth
including breast carcinoma [38]. Also, there exists some relation-
ships between TrxR inactivation and growth inhibition, cell cycle
arrest and apoptosis in colorectal cancer cell lines [39]. Therefore,
ROS and Trx/TrxR system are attractive targets for cancer drug
development.

In the present study we have demonstrated cell growth
inhibition in a triple negative (ER�, PR�, HER�) breast cancer
cell line MDA-MB 231, mammary tumor growth inhibition in a
xenograft mouse model, and the effect on NF-kB activity by the
novel H2S-releasing compound HS-ASA.

2. Materials and methods

2.1. Reagents and cell culture

HS-aspirin (HS-ASA), [4-(5-thioxo-5H-1, 2-dithiol-3-yl)-phenyl
2-acetoxybenzoate] was synthesized and purified by us with 1H
NMR verification as described in the accompanied manuscript.
Aspirin and other fine chemicals were obtained from Sigma–
Aldrich (St. Louis, MO). Human breast cancer MDA-MB-231 cell
line (ER�, PR�, which does not over express Her2) [40] was
obtained from the American Type Culture Collection (Mana-
ssas,VA) and maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% heat-inactivated fetal calf serum
(FCS), 2 mmol/L L-glutamine and penicillin/streptomycin
(100 units/mL), at 37 8C in 5% CO2 humidified atmosphere. A
normal human mammary epithelial (HMEpC) cell line was
obtained from Promo Cell, (Heidelberg, Germany) and was
cultured in ready-to-use mammary epithelium cell growth
medium as suggested by manufacturer.

2.2. MTT assay

Cell growth inhibitory effect of HS-aspirin was measured using a
colorimetric MTT assay kit (Roche, Indianapolis, IN). MDA-MB-231
cells were plated overnight in 96-well plates at a density of
30,000 cells/well. The cells were then incubated for 24 h with
different concentrations of HS-ASA. After the indicated time, 10 mL
of MTT dye (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium
bromide, 5 mg/mL in phosphate buffered saline), was added to each
well, and the plates were incubated for 2 h at 37 8C. This was
followed by the addition of 100 mL of the solubilization solution. The
absorbance of the plates was measured on an ELISA reader at a
wavelength of 570 nm. Each sample was performed in triplicate, and
the entire experiment was repeated three times.

2.3. Cell proliferation

PCNA antigen expression was determined using an ELISA Kit
(Calbiochem, La Jolla, CA), in accordance with the manufacturers
protocol. MDA-MB-231 cells (1 � 106 cells/mL) were incubated
with serum-free media for 24 h to remove the effect of endogenous
growth factors, they were then treated for 24 h with various
concentrations of HS-ASA or vehicle. For the assay, we made a
suspension of 1 � 106 cells/mL in suspension buffer (5 mM
ethylene diamine tetraacetic acid [EDTA], 0.2 mM PMSF, 1 mg/
mL pepstatin, 0.5 mg/mL leupeptin, and 50 mM tris[hydroxy-
methyl] aminomethane hydrochloride [Tris–HCl] [pH 8.0]).
Samples of the suspension were pipetted into the wells of the
plate enclosed with the kit, where rabbit polyclonal antibody
specific for the human PCNA protein was immobilized. The mouse
monoclonal antibody clone PC10 was then added to each well as a
detector antibody and the mixture was incubated for 2 h at room
temperature. After the wells had been washed, horseradish
peroxidase streptavidin was added and the plates were incubated
for 30 min at room temperature. The chromogenic substrate
tetramethylbenzidine was then added, and the plates were
incubated for a further 30 min. Finally, the stop solution was
added and the absorbance was measured at 450 nm in a plate
reader.

2.4. Cell cycle analysis

Cell cycle phase distributions of control and treated MDA-MB-
231 cells were obtained using a Coulter Profile XL equipped with a
single argon ion laser. For each subset, >10,000 events were
analyzed. All parameters were collected in list mode files. Data
were analyzed on a Coulter XL Elite Work station using the
Software programs MultigraphTM and MulticycleTM. MDA-MB-
231 Cells (0.5 � 106) treated with various concentrations of HS-
ASA were fixed in 100% methanol for 10 min at �20 8C, pelleted
(5000 rpm � 10 min at 4 8C), resuspended and incubated in PBS
containing 1% FBS/0.5% NP-40 on ice for 5 min. Cells were washed
again in 500 mL of PBS/1% FBS containing 40 mg/mL propidium
iodide (used to stain for DNA) and 200 mg/mL RNase type IIA, and
analyzed within 30 min by flow cytometry. The percentage of cells
in G0/G1, G2/M, and S phases was determined form DNA content
histograms.

2.5. Assay for apoptosis

MDA-MB-231 cells (0.5 � 106 cells/mL) were treated for 24 h
with various concentrations of HS-ASA. Cells were washed with
and resuspended in 1X Binding Buffer (Annexin V binding buffer,
0.1 M HEPES/NaOH (pH 7.4), 1.4 M NaCl, 25 mM CaCl2; BD
BioSciences Pharmingen, San Diego, CA). Then 5 mL of Annexin
V-FITC (final concentration 0.5 mg/mL) was added followed by
propidium iodide as a counterstain (final concentration 20 mg/
mL). The cells were then incubated at room temperature for 15 min
in the dark. Finally, the cells were transferred to FACS tubes for
analysis. Percentage of apoptotic cells was obtained using a Becton
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Dickinson LSR II equipped with a single argon ion laser. For each
subset, about 10,000 events were analyzed. All parameters were
collected in list mode files. Data was analyzed by Flow Jo software.

2.6. Thioredoxin reductase assay

MDA-MB-231 cells were treated with vehicle or different
concentrations of HS-ASA for 24 h, harvested, washed with
Dulbecco’s phosphate-buffered saline (Invitrogen, Carlsbad, CA)
and centrifuged. Cell pellets were resuspended in a hypotonic
potassium phosphate buffer (5 mM, pH 7.4, 0.5 mM EDTA), and
disrupted by sonication. A post-microsomal supernatant was
generated by ultra-centrifugation at 105,000 � g for 2 h. The protein
concentration of the post-microsomal supernatants was determined
by Bradford assay (Bio-Rad Laboratories) with bovine serum
albumin as a standard. Thioredoxin reductase activity was measured
using a colorimetric assay (Cayman Chemical, Ann Arbor, MI) as
described by the manufacturer. Data were collected starting 1 min
after the initiation of the reaction to allow non-enzymatic reduction
of DTNB [5,50-dithiobis(2-nitrobenzoic acid)] to go to completion.

2.7. Determination of reactive oxygen species

MDA-MB 231 cells (0.3 � 106 cells/well) were plated in 6-well
plates for 24 h after which they were treated with various
concentrations of HS-ASA for 1 h. Cells were then trypsinized,
washed once in PBS resuspended and then incubated for 30 min at
37 8C in the dark with the oxidation-sensitive fluorescent probes
20,70-dichlorodihydrofluorescein diacetate (DCFDA, 10 mM) or
dihydroethidium (DHE, 5 mM) (Molecular Probes, Life Technolo-
gies, NY). Fluorescence intensity was then measured by flow
cytometry using a FACS Calibur (BD Bioscience). DCFDA is a probe
for H2O2 and other peroxides, while DHE is an intracellular probe
that preferentially measures superoxide anion [41,42].

2.8. Nuclear protein extraction and NF-kB p65 transcription factor

assay (ELISA) and immunoblotting

MDA-MB-231 cells (2 � 106) were seeded overnight in a 10 cm
dish, followed by incubation with various concentrations of HS-
ASA for 24 h. Nuclear protein was extracted using a nuclear protein
extraction kit (Cayman Chemical Co., Ann Arbor, MI). Protein
concentrations were determined with a Bio-Rad reagent (Bio-Rad
Laboratories). Nuclear extracts were stored at �80 8C until used.
Nuclear extracts were used to detect DNA binding activity of NF-kB
by using the NF-kB (p65) transcription factor assay kit (Cayman
Chemical) in which the specific DNA sequence containing the NF-
kB response element is immobilized in a 96-well plate. Briefly,
50 mg of nuclear proteins were added to the wells with complete
transcription factor buffer and incubated overnight in a total
volume of 100 mL at 4 8C. Blank wells, positive control (TNF alpha-
stimulated HeLa cell nuclear extract provided with kit), and non-
specific binding (provided with kit) samples were also included on
the plate. NF-kB binding was detected by adding NF-kB primary
antibody (except the blank wells) for 1 h at room temperature. A
secondary antibody conjugated to HRP was added after washing
the wells, and incubated for 1 h at room temperature, followed by
addition of 100 mL developing solution, incubation for 45 min with
gentle agitation, addition of stop solution, and measurement of
absorbance at 450 nm. The reading for nonspecific binding was
subtracted from each treatment. The percent change in activity of
each test sample relative to the average of untreated samples was
determined. For immuno-detection in cell lysates antibodies
against IkBa (L35A5), Phospho-IkBa (Ser32) (14D4), NF-kB p65
(D14E12), Phospho-IKKa/b (Ser176/180) (16A6) were obtained
from Cell Signaling Technology, (Boston, MA).
2.9. Mouse xenograft model

Male athymic SCID mice, age 5 weeks, were purchased from
Charles River Laboratories, Inc., (Wilmington, MA) and were
housed according to institutional and NIH guidelines. Human
breast cancer MDA-MB-231 cells (5 � 106) suspended in Matrigel
(BD Biosciences, San Jose, CA) 50% (v/v) were inoculated
subcutaneously in the right flanks of each mouse (six mice per
group) using a 1-mL syringe and 22-gauge needles. When the
tumors reached an average sizes of �60 mm3, the mice were
randomly grouped (n = 6) and gavaged daily with either vehicle
(1% methylcelloluse) or HS-ASA (100 mg/kg body weight). The
tumor size was measured every other day using electronic calipers,
the tumor volumes were calculated using the following formula:
length � width2/2. Thirty days post inoculation, the mice were
sacrificed, the tumors collected, weighed, and photographed. The
tumors were stored in formalin for immunohistochemistry
studies.

2.10. Immunohistochemistry

All specimens were fixed in formalin and paraffin-enclosed for
examination. Five-micrometer-thick tissue sections were prepared
to conduct immunohistochemistry. Paraffin-embedded sections
were deparaffinized and rehydrated, washed in distilled water, and
then subjected to heat mediated antigen retrieval treatment.
Endogenous peroxidase activity was quenched by incubation in 2%
hydrogen peroxide in methanol for 15 min and then cleared in PBS
for 5 min. The sections were blocked for 30 min with 3% normal
horse serum diluted in PBS. The sections were then blotted and
incubated with primary mouse proliferating cell nuclear antigen,
Ki-67 at the appropriate dilution (1:200 dilution) in blocking
serum for 4 h at room temperature, or primary rabbit NF-kB p65
antibody (1:100 dilution) in blocking serum overnight at 4 8C. The
next day, the slides were washed three times for 5 min each in PBS
and incubated with biotinylated anti-rabbit antibody for 2 h. The
slides were washed in PBS, followed by formation of the
avidinbiotin-peroxidase complex (ABC, Vector Laboratories, Inc.).
The slides were washed and the peroxidase reaction was
developed with diaminobenzidine and peroxide, then counter-
stained with hematoxylin, mounted in para-mount, and evaluated
using a light microscope (�200, Carl Zeiss). A negative control was
done in all cases by omitting the primary antibody. All slides were
counterstained by hematoxylin. For quantification, 200 cells at
three randomly selected areas were assessed and the positively
proliferating cell nuclear antigen, Ki-67–stained cells were
counted and expressed as percentage of stained cells. For NF-kB
scoring, for each animal 5 slides were scored by using the following
semi-quantitative scoring system as described previously [43]. The
extent of staining was graded as follows: 0 = no staining; 1+ = �25%
of cells positive; 2+ = 26–50% of cells positive; 3+ = �51% of cells
positive. The intensity of staining was scored as follows: 0 = no
staining; 1+ = faint; 2+ = moderate; 3+ = strong. 1+, 2+ and 3+ were
recorded as 1, 2 and 3 points, respectively. To compare differences
in staining, an expression index (EI) was calculated by the
following formula: EI = extent of staining � intensity of staining.
For detection of apoptotic cell death in tumor tissues, the paraffin-
embedded sections were then incubated in a mixture of labeling
solution (450 mL) and enzyme solution (50 mL) for 1 h at 37 8C and
washed three times in 0.1 mol/L PBS for 5 min each according to
the manufacturer’s instructions (Promega TUNEL System, Madi-
son, WI). The sections were then incubated with diaminobenzi-
dine for 8 min at 37 8C. Finally, the sections were rinsed, mounted
on slides, and cover slipped. Positive TUNEL stains were recorded
by counting the number of positively stained DAB cells in a
defined area.
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2.11. Statistical analysis

In vitro data are presented as mean � SEM for at least three
different sets of plates done in triplicate. In vivo treatment groups
and number of animals in each group are indicated in the figure
legend to Fig. 7. Comparison between treatment groups 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. Cell growth inhibition of MDA MB-231 and HMEpC cells

We evaluated the growth inhibitory effect of HS-ASA using
the breast cancer cell line MDA-MB-231. This human cell line is
particularly suitable for pre-clinical studies since it is highly
aggressive both in vitro and in vivo [44]. Cells that were plated a
day earlier were treated with vehicle, or various concentrations
of HS-ASA and ASA for 24 h, growth inhibition was measured
using the MTT assay, and IC50 values were determined. HS-ASA
inhibited the growth of MDA-MB-231 cells in a concentration-
dependent manner; the IC50 of HS-ASA was 3.6 � 0.5 mM (Fig. 1).
In contrast, conventional ASA at 24 h, in concentrations up to 5 mM
failed to inhibit the growth of the cells by 50% or more, which is in
agreement with previous findings in several types of cancer cells
[45–47]. This represents a >1000-fold increase in the potency of
HS-ASA. We next evaluated the effects of HS-ASA on a normal
human mammary epithelial cell line HMEpC. After 24 h treatment
with 10 mM HS-ASA, only 28% of MDA MB-231 remained viable.
However, under the same experimental conditions, 78% of HMEpC
cells were viable (Fig. 2). The IC50s for cell growth inhibition were
3.5 � 0.4 and 27.2 � 0.8 mM for the MDA MB-231 and HMEpC cells,
respectively at 24 h. This indicates that HS-ASA inhibits cell growth
preferentially in breast cancer cells compared with normal
epithelial mammary cell line.

3.2. Effect of HS-HSA on proliferation, cell cycle progression, and

apoptosis

To investigate the effect of HS-ASA on proliferation, MDA-MB-
231 cells were treated with HS-ASA at actual (1�, or 3.6 mM), half
(0.5�, or 1.8 mM) or twice (2�, or 7.2 mM) the IC50 concentration
for 24 h, followed by determination of PCNA antigen expression.
HS-ASA reduced PCNA expression in these cells in a dose
dependent manner up to the highest dose studied; thus at 0.5�,
1�, and 2� IC50 the reduction was 21 � 2%, 53 � 3% and 64 � 2%,
respectively (Fig. 3A). HS-ASA also affected the cell cycle progression
as measured by DNA content of treated-MDA-MB-231 cells using flow
cytometry. Cells treated with 0.5�, 1�, and 2� IC50 HS-ASA
accumulated progressively in G0/G1 phase (Fig. 3B). For example,
at 1� IC50 the cell populations in the different phases were altered as
follows compared to control: G0/G1 increased from 41.9 � 2% to
64.3 � 1.7%; S phase was reduced from 34.8 � 3.3% to 14.6 � 3.3%,
and G2/M reduced appreciably from 23.3 � 2.2% to 12.7 � 3.2%. An
arrest at G0/G1 phase was evident at 1� and 2� IC50 HS-ASA
compared to control; G0/G1 increased to 64.3 � 1.7% and 76.1 � 2.3%,
respectively, while the population in S phase was reduced to 23 � 1.7
and 14.6 � 1.2%, and G2/M was reduced to 12.7 � 1.2% and 9.3 � 2.2%,
respectively. Finally, the proportion of cells in apoptosis increased in a
dose dependent manner as estimated by the Annexin V-FITC staining
and flow cytometry. Treatment with 0.5�, 1� and 2� IC50 HS-ASA
resulted in 15 � 2%, 43 � 3%, and 64 � 5% cells in early apoptotic
phase, respectively, compared to untreated control (Fig. 3C). There-
fore, HS-ASA inhibits proliferation of MDA-MB-231 cells by a
combined induction of G0/G1 arrest and apoptosis.
3.3. H2S release is required for effect of HS-ASA

Published work by others has shown that HS-NSAIDs release
H2S [15,48–50]. In order for H2S to be released from HS-ASA the
ester bond linking the ADT-OH moiety to the ASA molecules has to
be hydrolysed. Therefore, we used NaF, a carboxylesterase enzyme
inhibitor [15], and examined if HS-ASA-mediated H2S release was
necessary for the cell growth inhibitory effect in MDA-MB-231
cells. Cells were treated with increasing concentration of HS-ASA
without or with 15 mM NaF, followed by cell growth determination
by MTT assay. Fig. 1 shows that inhibition of H2S release by NaF
strongly reversed HS-ASA mediated cell growth inhibition,
although not completely. The IC50 for the combination increased
to 220 � 15 mM, which is approximately 60 times less potent than
HS-ASA, thus, demonstrating that H2S release is necessary, in part, for
cell growth inhibition by HS-ASA.
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3.4. HS-ASA inhibits NF-kB DNA binding and thioredoxin reductase

activity

Since NF-kB is implicated in cell survival and oncogenesis, we
examined NF-kB activity during HS-ASA-mediated cell growth
response. Nuclear extracts from HS-ASA treated cells were
examined as described in Section 2. HS-ASA significantly inhibited
DNA binding activity of NF-kB (p65) in a concentration dependent
manner in MDA-MB 231cells, at 6 h (Fig. 4A). HS-ASA at
concentrations equivalent to 1� IC50 and 2� IC50 reduced the
NF-kB-DNA binding activity to approximately 71% and 50%,
respectively. Therefore the reduction in DNA binding was
substantial only at twice the IC50 concentration. We measured
the level of nuclear p65, the functionally active subunit of NF-kB,
HS-ASA, at 1� and 2� IC50 concentrations reduced nuclear p65
levels to approximately 78% and 66%, respectively (Fig. 4B). The
decrease in DNA binding activity was associated with decrease in
NF-kB protein p65 levels in the nucleus. One of the most critical
steps in NF-kB activation is its dissociation from IkB, which is
mediated through phosphorylation and subsequent proteolytic
degradation of this inhibitory subunit [51,52]. To determine
whether the inhibitory effect of HS-ASA on NF-kB DNA binding
was due to reduced translocation of p65 into the nucleus by
suppression of IkBa degradation via phosphorylation, we deter-
mined the phosphorylation status of IkBa in the cytoplasm. HS-
ASA decreased phospho-IkBa levels and higher concentration of
HS-ASA completely inhibited IkBa phosphorylation while total
levels were unaltered (Fig. 4C and D). Thus, HS-ASA inhibits
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translocation of p65 to the nucleus through blockade of IkBa
phosphorylation. The phosphorylation of the IkBs are known to be
mediated by IkappaKinases (IKKs) namely IKKa and IKKb, which
are activated by phosphorylation at specific serine residues in the
Fig. 6. HS-ASA induces ROS levels. MDA-MB-231 cells were treated with HS-ASA for 1 

superoxide anions in cells (B). A representative histograms are shown. Values are the mea
activation loop of IKKb [51]. HS-ASA decreased the phosphoryla-
tion of both IKKa and IKKb without affecting total IKK levels
(Fig. 4C and D). Therefore, HS-ASA prevents activation of IKKs,
inhibits phosphorylation-mediated degradation of IkBa, and
prevents translocation of NF-kB-p65 into the nucleus. This effect
was more prominent at 2� IC50 values.

The redox balance of the cells may influence the function of NF-
kB by regulating its ability to bind to DNA [30,31,53,54]. We
examined thioredoxin reductase activity in MDA-MB 231 breast
cancer cells in response to various concentrations of HS-ASA. There
was a strong inhibition of TrxR activity; 0.5�, 1� and 2� IC50 HS-
ASA reduced the activity of TrxR to 78%, 51% and 38%, respectively,
compared to control (Fig. 5).

3.5. HS-ASA induces ROS

We examined whether HS-ASA induced ROS levels. DCFDA is a
molecular probe that detects greater than ten individual reactive
species [55,56]. Cells were treated with different concentrations of
HS-ASA for 1 h, stained with DCFDA, and analyzed for levels of
intracellular peroxides. Compared with control, increasing con-
centrations of HS-ASA increased the population of cells showing
DCFDA-dependent fluorescence, indicating an induction of intra-
cellular peroxides (Fig. 6A and B). ROS increased to 15-fold by 1�
IC50 HS-ASA, followed by a marked increase to 47-fold by 2� IC50

HS-ASA, compared with basal levels. We also monitored intracel-
lular levels of superoxide anion (O2

��) generated by HS-ASA using
dihydroethidium (DHE), a selective probe for O2

�� [57]. HS-ASA
clearly increased O2

�� levels (Fig. 6C and D), confirming ROS
generation. The increase in superoxide anions levels was evident at
0.5� IC50, which increased markedly at 1� IC50 that was followed
by a reduction at 2� IC50.
h followed by staining with a general ROS probe DCFDA (A) or DHE which detects

n � SEM of three independent experiments. *P < 0.05 compared to untreated controls.



Fig. 7. HS-ASA inhibits tumor xenograft growth. Athymic SCID male mice were injected subcutaneously with MDA-MB-231 cells for the development of subcutaneous tumors

as described in Section 2. Following tumor formation, the mice were randomly divided into 2 groups (N = 6) and treated daily with vehicle or 100 mg/kg HS-ASA for 23 days

according to the protocol in panel A. Representative tumor sizes for untreated and treated mice are shown in panel B. Average tumor volume as function of time and tumor

mass at sacrifice are shown in panels 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.

Fig. 8. HS-ASA inhibits proliferation, induces apoptosis and decreases NF-kB p65 in vivo. Stored tumors were sectioned, probed, and scored as described in Section 2. Average

mitotic index at sacrifice was determined by Ki-67 staining (P < 0.05), TUNEL staining (P < 0.02) and p65 staining (P < 0.02). Representative fields used for quantification of

the staining are shown. The scale bar represents 200 mm.
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3.6. Effect of HS-ASA on tumor growth in a xenograft model

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. Using male mice was a
distinct feature in our study to focus specifically on HS-ASA-
induced changes without estrogen interference, since estrogen has
diverse effects on tumor phenotype of tumors and on angiogenesis
[58]. MDA-MB-231 is an estrogen-independent cell line that does
not require exogenously added estrogen for xenograft growth, and
is ideally suited for TNBC studies. Following tumor formation, six
mice were treated everyday for 23 days with 100 mg/kg HS-ASA,
whereas six control mice were left untreated for the same period of
time. At the end of the study, HS-ASA-treated mice showed a
considerable reduction in tumor volume compared with untreated
mice (Fig. 7). Compared with the control group with mean tumor
volume of 1269 � 110 mm3, HS-ASA reduced the tumor volume to
712 � 118 mm3, equivalent to a mean reduction of 44% (P < 0.05).
Compared to the control group with average tumor mass 6.4 � 1.1 g,
HS-ASA reduced the tumor mass to 3.4 � 0.8 g, equivalent to a
reduction of 47% (P < 0.05), which was consistent with continued
regression of tumor volume over the same treatment period.

The primary endpoint of tumor cell proliferation (mitotic index)
was assessed by Ki67, a biomarker of proliferation which is a highly
prognostic factor in breast cancer [59]. Immunohistochemical
expression of HS-ASA-treated and untreated mouse tumor sections
was evaluated for Ki-67 and NF-kB p65. The untreated tumors
showed a strong expression index of Ki67 and NF-kB (Fig. 8A and C,
control panel), whereas HS-ASA-treated tumors showed a dimin-
ished expression of NF-kB and Ki67 (Fig. 8A and C, treated panel).
HS-ASA treatment was also accompanied with increased number
of cells undergoing apoptotic death (20%) compared with control
(1.5%) (Fig. 8B).

4. Discussion

In the present study, HS-ASA exhibited anti-breast cancer
activity both in vitro and in vivo. HS-ASA induced apoptosis and
inhibited cell proliferation in chemoresistant ER-negative breast
cancer cells, and reduced mammary tumor growth in a mouse
xenograft model.

HS-ASA appears to recruit several cellular events to inhibit
cellular growth as suggested by our in vitro studies. The growth
inhibitory effect of HS-ASA is associated with G1 to S cell cycle
arrest, inhibition of proliferation and induction of apoptosis. Low
concentration of HS-ASA, such as 1� IC50, significantly reduced the
proportion of cells in S phase and blocked DNA synthesis inhibiting
cell renewal, whereas higher concentration of HS-ASA (2� IC50)
induced cell death in a large population (64%) of the cells. Thus, the
proapoptotic effect of HS-ASA suggests strong antineoplastic
potential. Strong antiproliferative effects of H2S, by endogenous
overproduction or exogenous addition have been reported in
HEK293 embryonic kidney cells [60], while decreased cell viability
was reported at physiological concentration of H2S in a WiDr
cancer cell line of colon origin [61]. However, apoptotic response of
endogenous H2S is known to vary depending on tissue type. For
example, a pro-apoptotic response occurs on aorta smooth muscle
cells [60] whereas cytoprotection occurs in endothelial cells
[62,63]. Consistent with our studies in cancer cells, an H2S
releasing compound GYY4137 induced apoptosis and cell cycle
arrest in several human cancer cell lines, including the ER positive
MCF-7 cells [50]. However, this compound is not NSAID based and
therefore lacks any potential advantages that an H2S-releasing
NSAID may have.

Encouraged by our findings in the ER-cells, we examined the
effects of HS-ASA treatment in a mouse xenograft model. Tumor
xenografts representing human estrogen-responsive negative
breast cancer underwent large reductions in volume and mass.
Decrease in tumor size and mass was associated with inhibition of
cell proliferation and induction of apoptosis. The dose of HS-ASA
in this mouse model appeared to be well tolerated with no
apparent harmful side-effects or overall gross toxicity observed.
Our study adds to the repertoire of a number of independent
studies that have demonstrated beneficial effects of H2S or
sulfide-donor compounds in animal models of disease and cancer
[17,48,50,64–69].

In this study, the plausible event is that HS-ASA was utilized
enzymatically by MDA-MB-231 cells, releasing H2S. This is based
on the observation that NaF, a known inhibitor carboxylesterase
enzyme activity, reversed HS-ASA-facilitated cell growth inhibi-
tion. Although spontaneous release of H2S following incubation in
a culture medium may also be expected, and probably does occur,
the fact that NaF strongly reversed cell growth inhibition suggests
that spontaneous H2S generation by HS-ASA is either low or slow.

At the level of biochemical events, some known molecular
targets of H2S are intracellular signaling proteins and transcription
factors. The interaction of H2S with transcription factors has
received much attention in recent studies particularly with respect
to its role in inflammation and tissue ischemia [70]. Since certain
classes of ER negative breast cancers depend on NF-kB for
proliferation [71], our finding that HS-ASA inhibits NF-kB signaling
mediated by blockade of IkBa phosphorylation by inhibiting IKK
activity, is significant, although this occurred strongly at 2� IC50

concentration. Similar inhibition of IKK/NF-kB signaling occurred
by H2S-releasing diclofenac in osteoclasts and by the cancer
preventive compound curcumin in Jurkat T cells [72,73]. In our
study, it is encouraging that this inhibition of NF-kB was associated
with a decreased mitotic index (suppression of Ki67) in the tumors
of the HS-ASA treated animals

Since cellular redox mechanisms may be affected by H2S we
examined the Trx/TrxR system, which are required for the
maintenance of essential cysteine residues in the active thiol
forms in certain proteins including the NF-kB protein [31]. Trxs are
also overexpressed in certain cancers and are known to suppresses
apoptosis [36]. Here it was an interesting finding that HS-ASA
moderately inhibited the activity of TrxR enzyme, the inhibition
being 50% at its IC50. Also, as noted above, at its IC50 concentration,
HS-ASA led to a moderate inhibition of NF-kB-activity through
inhibition of IKK activation. However, in light of a recent report
describing that TrxR activity does not affect cytoplasmic activation,
nuclear translocation, or DNA-binding activity of NF-kB [74], we
believe that inactivation of TrxR may be important through a
combined effect with ROS. Overall, since molecular targets in ER-
breast cancer are few and are a major therapeutic issue, the breast
cancers that rely on NF-kB activation for aberrant cell proliferation
are appropriate candidates for examination of response to HS-ASA.

Nitric oxide-releasing aspirin has also been shown to exert
apoptotic effects on cancer cells via ROS generation [75,76].
Oxidative stress is produced in cells when there is disturbance in
the equilibrium between ROS formation and endogenous antioxi-
dant defense mechanisms. It is well accepted that cancer cells have
high constitutive oxidative stress levels [77] and may be pushed
over a threshold to cell death by exogenous ROS. In our study, HS-
ASA induced cell cycle changes and apoptosis in MDA-MB-231
cells, which was associated with parallel increase in ROS levels and
decrease in Trx reductase activity, both of which appear to favor
cell death. Interestingly, increases in the ROS superoxide anion
levels dropped markedly at 2� IC50 HS-ASA, (Fig. 6C and D), even
though a larger number of cells were apoptotic (64%). Since the
molecular mechanisms of the oxidative responses are not
completely understood, this remains unclear. Increase in oxidative
stress appears to be an early event as ROS levels are induced at
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early time point of 1 h at low concentration of half the IC50 value. It
has been reported that inhibition of the NF-kB signaling pathway
resulted in induction of massive oxidative stress and cell death in
cutaneous T-cell lymphoma cell lines [78]. Therefore, a collective
effect of ROS induction and inhibition of the NF-kB likely
contribute to HS-ASA’s overall mechanism of action.

In conclusion, HS-ASA, suppressed the growth MDA-MB-231
cells by induction of apoptosis and alteration of cell cycle phases.
This effect correlated with down-regulation of NF-kB activity,TrxR
activity, and induction of ROS. Therefore, HS-ASA demonstrates
therapeutic potential in ER-breast cancer treatment and warrants
further study.
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