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a b s t r a c t

l-Buthionine sulfoximine (BSO) is a potent inhibitor of glutathione biosynthesis and studies have shown
that it is capable of enhancing the apoptotic effects of several chemotherapeutic agents. Previous studies
have shown that long-term antihormonal therapy leads to acquired drug resistance and that estrogen,
which is normally a survival signal, is a potent apoptotic agent in these resistant cells. Interestingly, we
have developed an antihormone-resistant breast cancer cell line, MCF-7:2A, which is resistant to estrogen-
induced apoptosis but has elevated levels of glutathione. In the present study, we examined whether BSO
poptosis
reast cancer
-Buthionine sulfoximine
lutathione

is capable of sensitizing antihormone-resistant MCF-7:2A cells to estrogen-induced apoptosis. Our results
showed that treatment of MCF-7:2A cells with 1 nM E2 plus 100 �M BSO combination for 1 week reduced
the growth of these cells by almost 80–90% whereas the individual treatments had no significant effect on
growth. TUNEL and 4′,6-diamidino-2-phenylindole (DAPI) staining showed that the inhibitory effect of the
combination treatment was due to apoptosis. Our data indicates that glutathione participates in retarding
apoptosis in antihormone-resistant human breast cancer cells and that depletion of this molecule by BSO

osing
may be critical in predisp

. Introduction

Breast cancer continues to be the most common malignancy
ffecting women. Although great strides have been made in the
reatment and cure of early stage breast cancer, metastatic breast
ancer remains incurable resulting in 40,000 deaths per year in
he United States alone [1]. Approximately two-thirds of all breast
ancers contain the estrogen receptor (ER) and/or progesterone
eceptor (PgR) and are termed hormonally sensitive disease. A sig-
ificant proportion of these hormonally sensitive breast cancers
re dependent upon estrogenic stimulation for survival and growth
2].

Historically, various techniques employing estrogen deprivation
ave been utilized to exploit this feature in the treatment of hor-
onally sensitive breast cancers. Until recently, tamoxifen has been

onsidered to be the hormonal therapy of choice for the treatment

f ER-positive breast cancers [3]. Now, survival benefits have been
emonstrated for the third generation aromatase inhibitors [4] and
he pure anti-estrogen, fulvestrant, that causes degradation of the
R [5].

� Lecture presented at the ‘18th International Symposium of the Journal of Steroid
iochemistry and Molecular Biology’, 18–21 September 2008, Seefeld, Tyrol, Austria.
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resistant cells to estrogen-induced apoptosis.
© 2009 Published by Elsevier Ltd.

The use of exhaustive anti-estrogen therapies has consequences
for the tumor [6]. With continued long-term estrogen depriva-
tion, these initially hormonally sensitive breast cancer cells become
sequentially resistant to further anti-estrogen therapy [7–9], indi-
cating that they develop sophisticated survival mechanisms to
sustain growth in estrogen deprived environments (Fig. 1). Jordan
and colleagues have demonstrated that when estrogen receptor
positive breast cancer cells are grown and maintained in long-
term estrogen deprived (LTED) environments, they can ultimately
develop enhanced responsiveness to greatly diminished levels of
estrogen [6,7,10]. These pre-clinical animal models show that ini-
tially, ER expressing tumors are stimulated by estrogen and respond
appropriately to tamoxifen with tumor regression. However, with
continued exposure to tamoxifen, the tumors become resistant
and re-grow [9]. Additionally, treatment of these LTED tumors
with post-menopausal levels of estrogen inhibits tumor growth as
well as causes regression of established tamoxifen resistant tumors
[7,8,11,12] (Fig. 1).

Clinical data supports the use of estrogen to treat hormonally
sensitive breast cancers. In the past, pharmacologic doses of estro-
gen were a commonly employed therapy that resulted in durable

responses with regression of disease [13] with as high as 40%
response rate as first-line treatment in patients with hormonally
sensitive breast cancer with metastatic disease [3] and approxi-
mately 31% (44% clinical benefit rate) in patients heavily pre-treated
with previous endocrine therapies [14]. Long-term survival data for

http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:v.craig.jordan@fccc.edu
dx.doi.org/10.1016/j.jsbmb.2008.12.016
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Fig. 1. Evolution of drug resistance to selective estrogen receptor modulations (SERMs). Acquired resistance occurs during long-term treatment with a SERM and is evidenced
by SERM-stimulated breast tumor growth. Tumors also continue to exploit estrogen for growth when the SERM is stopped, so a dual signal transduction process develops.
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he aromatase inhibitors prevent tumor growth in SERM-resistant disease and fulve
hase I resistance. Continued exposure to a SERM results in continued SERM-stimula
r aromatase inhibitors. The event that distinguishes phase I from phase II acquired
rowth, with physiologic levels of estrogen.

harmacologic estrogen treatment in the patients treated as first-
ine therapy for hormonally sensitive metastatic breast cancer has
ielded a statistically significant 5-year survival benefit in favor of
strogen when compared to tamoxifen, 35% and 16% respectively.
his clinical data is consistent with the pre-clinical models of Jor-
an and colleagues that show that after exhaustive anti-hormonal
reatment, estrogen treatment produces tumor apoptosis and rapid
umor regression [8,9].

Therefore, we have hypothesized that treatment with a defined
ourse of estrogen in post-menopausal women with ER-positive
etastatic breast cancer whose disease has progressed after ini-

ial response to sequential anti-estrogen therapies, will result in
linical responses and may potentially reverse hormonally refrac-
ory disease, resulting in additional clinical benefit with further
ndocrine treatment such as an aromatase inhibitor, in this heav-
ly endocrine pre-treated population. We are currently evaluating
he optimal dose of daily estradiol therapy to reverse antihormonal
esistance [6] but the goal is to enhance the estradiol-induced apop-
otic response.

Increased intracellular glutathione has long been associated
ith tumor cell resistance to various cytotoxic agents. Studies
ave shown that l-buthionine sulfoximine (BSO) (Fig. 2), a potent

nhibitor of glutathione biosynthesis [15], sensitizes tumor cells
o apoptosis induced by standard chemotherapeutic drugs in vitro
nd in vivo [16,17]. We previously reported the development of a
ong-term estrogen deprived breast cancer cell line, MCF-7:2A [18],

hich appeared to be resistant to estradiol-induced apoptosis but
xpressed elevated levels of glutathione. We believe that the com-
ination of BSO and estradiol could possibly be used to improve
he efficacy of estradiol as an apoptotic agent if glutathione deple-

ion is fundamental to tumor cell survival. Our goal is to address
he hypothesis that by altering glutathione levels, we may be able
o enhance estrogen-induced apoptosis and have employed BSO as
ur agent of choice.

Fig. 2. Chemical structure of l-buthionine sulfoximine.
t that destroys the ER is also effective. This phase of drug resistance is referred to as
owth, but eventually autonomous growth occurs that is unresponsive to fulvestrant
ance is a remarkable switching mechanism that now causes apoptosis, rather than

In the current study, we investigated the in vitro effect of the
combination of BSO and estradiol (E2) on MCF-7:2A cell viability in
relation to apoptosis. We found that BSO or E2, as individual treat-
ments, did not significantly alter the viability of MCF-7:2A cells nor
induced apoptosis. However, the combined treatment of BSO and
E2 depleted glutathione content and induced significant apoptosis
in MCF-7:2A cells. In contrast, similar experiments performed in
wild-type hormone responsive MCF-7 cells showed no apoptosis
or growth inhibition following the combination treatment of BSO
and E2. Our data indicates that glutathione participates in retarding
apoptosis in antihormone-resistant human breast cancer cells and
that depletion of this molecule by BSO may be critical in predispos-
ing resistant cells to E2-induced apoptotic cell death. We suggest
that these data may form the basis of improving therapeutic strate-
gies for the treatment of antihormone-resistant ER-positive breast
cancer.

2. Materials and methods

2.1. Cell culture and reagents

The MCF-7 human breast cancer cell line was obtained from
Dr. Dean Edwards (University of Texas, San Antonio, TX) and was
maintained in phenol red RPMI 1640 medium supplemented with
10% fetal bovine serum (FBS), 2 mM glutamine, 100 U/mL penicillin,
100 �g/mL streptomycin, 1× non-essential amino acids and bovine
insulin at 6 ng/mL. The clonal cell line, MCF-7:2A [18], was derived
by growing MCF-7 cells in estrogen-free media for more than 1
year, followed by two rounds of limiting dilution cloning. These
cells were grown in phenol red-free RPMI 1640 medium supple-
mented with 10% 4× dextran-coated, charcoal-treated FBS (SFS).
All reagents for cell culture were obtained from Invitrogen. BSO
and 17beta-estradiol (E2) were from Sigma.

2.2. Cell proliferation

Prior to the start of the cell growth assay, parental MCF-7 cells
were grown in estrogen-free RPMI media containing 10% SFS for 3
days. This procedure was performed in order to remove any endoge-
nous estrogen from the serum. On the day of the experiment, MCF-7
and MCF-7:2A cells were seeded in estrogen-free RPMI media con-
taining 10% SFS at a density of 5 × 105 cells per 15-cm dish. After
24 h, cells were treated with nothing (control), 10−9 M E2, increas-
ing concentrations of BSO (10 �M to 2.5 mM) either alone or com-

bined with 10−9 M E2 for 1 week with retreatment on alternate days.
At the indicated time point, the DNA content of the cells was deter-
mined as previously described [8] using a Fluorescent DNA Quanti-
tation kit (Bio-Rad). For each analysis, six replicate wells were used,
and at least three independent experiments were performed.
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Fig. 3. Intracellular glutathione levels in wild-type MCF-7 cells and antihormone-
resistant MCF-7:2A breast cancer cells. (A) Cells were seeded at 2 × 106 cells per
100 mm culture plates in estrogen-free media and total cellular glutathione was
measured over a 72-h time period using a glutathione colorimetric assay kit, as
J.S. Lewis-Wambi et al. / Journal of Steroid Bi

.3. TUNEL staining for apoptosis

Apoptosis was determined by the terminal deoxynucleotidyl
ransferase-mediated dUTP nick end-labeling (TUNEL) assay using
n in situ cell death detection kit, POD (Roche Molecular Biochem-
cals), according to the manufacturer’s instructions. Briefly, fixed
ells were washed, permeabilized, and then incubated with 50 �L
f terminal deoxynucleotidyl transferase end-labeling cocktail for
0 min at 37 ◦C in a humidified atmosphere in the dark. For sig-
al conversion, slides were incubated with 50 �L of converter-POD
anti-fluorescein antibody conjugated with horse-radish peroxi-
ase) for 30 min at 37 ◦C, rinsed with PBS, and then incubated with
0 �L of DAB substrate solution for 10 min at 25 ◦C. The slides were
hen rinsed with PBS, mounted under glass coverslips, and analyzed
nder a light microscope (Inverted Nikon TE300).

.4. 4′,6-Diamidino-2-phenylindole (DAPI) staining for apoptosis

MCF-7:2A cells were grown (overnight) in RPMI medium con-
aining 10% dextran-coated charcoal stripped fetal bovine serum
SFS) and then treated with ethanol vehicle (i.e., control), 1 nM
stradiol, 100 �M BSO, or BSO + E2 for 72 h. The cells were then
ashed in PBS, fixed with 4% paraformaldehyde for 20 min at room

emperature, and washed again in PBS. Cells were then treated with
�g/mL of DAPI (Sigma Chemical Co.) for 30 min, washed again
ith PBS for 5 min, and treated with 50 �L of VectaShield (Vector

aboratories, Burlingame, CA). Stained nuclei were visualized and
hotographed using a Zeiss fluorescence microscope (Provis AX70;
lympus Optical Co., Japan). Apoptotic cells were morphologically
efined by cytoplasmic and nuclear shrinkage and by chromatin
ondensation or fragmentation.

.5. Glutathione assay

Total cellular glutathione was measured using the Total Glu-
athione Colorimetric microplate assay Kit (Oxford Biomedical
esearch), according to the manufacture’s protocol. Cells were
lated at 0.5 × 106/well of a six-well plate and allowed to recover
vernight. After appropriate treatments, cells were washed in PBS
nd then lysed in 100–150 �L of buffer (100 mM NaPO4, 1 mM EDTA,
H 7.5) containing 0.1% Triton X-100 and frozen at −80 ◦C until anal-
sis. To measure total glutathione, proteins were precipitated with
ulfosalicylic acid at a final concentration of 1%. Samples were then
pun for 10 min in a microcentrifuge to pellet proteins, and super-
atant was diluted 1:20 in buffer before being measured. For all
easurements, 50-�L triplicates of each sample were used for glu-

athione determination. The GSH level was obtained by comparing
ith the GSH standards and represented as nmol/mg of protein.

.6. Statistical analysis

Statistical analysis was performed using Student’s t-test, and a
value of <0.05 was considered significant. Data are expressed as

he mean ± S.E. The mean value was obtained from at least three
ndependent experiments.

. Results

.1. Glutathione levels are elevated in estrogen deprived
CF-7:2A breast cancer cells
Previous studies have shown that GSH levels in primary breast
umors are more than twice the levels found in normal breast tis-
ue, and levels in lymph node metastases are more than four times
he levels in normal breast tissue [19]. Recently, we reported the
described in Section 2. *P < .0001, with respect to MCF-7 cells. (B) BSO reduces glu-
tathione levels in MCF-7 and MCF-7:2A cells. For experiment, cells were treated with
100 �M BSO for 48 h and levels of glutathione were measured as described in Section
2. Bars ± S.E.

development of an estrogen deprived breast cancer cell line MCF-
7:2A that is resistant to estrogen-induced apoptosis and expresses
high levels of the glutathione synthetase gene GSS. To determine
whether GSH levels were elevated in our apoptosis-resistant MCF-
7:2A breast cancer cell line glutathione assays were performed on
these cells. Fig. 3A shows that MCF-7:2A cells had significantly
higher levels of GSH at 24, 48, and 72 h (11.9–15.8 nmol/mg pro-
tein) compared to wild-type MCF-7 cells (7.8–7.6 nmol/mg protein)
and this trend continued up to day 7 (data not show). We next
examined whether the GSH synthesis inhibitor BSO was capable
of suppressing GSH levels in these cells. Fig. 3B shows that treat-
ment with 100 �M of BSO for 48 h suppressed GSH levels by ∼55% in
MCF-7 cells and by ∼75% in MCF-7:2A cells. Longer treatment with
BSO (>48 h) yielded similar levels of inhibition (data not shown).
These results indicate a possible link between elevated GSH levels
and resistance to estrogen-induced apoptosis and they suggest that
suppression of GSH by BSO has the ability to reverse the resistant
phenotype of the MCF-7:2A cells.

3.2. Glutathione suppression by BSO sensitizes
antihormone-resistant MCF-7:2A cells to estrogen-induced
apoptosis

We next examined whether depletion of glutathione by BSO has
the ability to sensitize MCF-7:2A cells to estrogen-induced apop-

tosis. Wild-type MCF-7 cells and estrogen deprived MCF-7:2A cells
were seeded in estrogen-free media, and after 24 h, were treated
with nothing (control), 1 nM estradiol, or 10 �M to 10 mM BSO in
the presence or absence of 1 nM estradiol for 7 days. Fig. 4A shows
that the growth of MCF-7 cells was stimulated 5-fold over the con-
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Fig. 4. BSO enhances the growth inhibitory effect of estradiol in antihormone-resistant MCF-7:2A cells. (A) MCF-7 cells were grown in estrogen-free media for 3 days prior
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o the start of the growth assay. On the day of the experiment, cells were seeded in
f BSO in the presence or absence of 1 nM (10−9 M) E2 for 7 days. At the indicated t
ection 2. (B) MCF-7:2A cells were treated similarly as described above. The data re

rol cells by 1 nM estradiol during the course of the 7-day assay
nd that treatment with BSO, either alone or in combination with
stradiol, did not significantly alter the growth of these cells except
t very high concentrations (>1 mM). In contrast, MCF-7:2A cells
reated with the combination of BSO and estradiol showed a sig-
ificant concentration dependent decrease in cell growth relative
o cells treated with estradiol or BSO alone (Fig. 4B). It is note-
orthy that 100 �M BSO, as a single agent, did not cause growth

nhibition of MCF-7:2A cells. However, when combined with 1 nM
stradiol the combination caused an 80–90% decrease in growth
Fig. 4B). The cell killing effect of BSO and estradiol was observed as
arly as 48 h after treatment and persisted over the time course of
he experiment with maximum cell death at the 7-day time point.
he concentration of BSO used in this study is already known to be
linically achievable without significant side effects [20,21].

Based on the above finding, we next determined whether MCF-
:2A cells underwent apoptotic cell death following BSO plus
stradiol treatment. TUNEL assay was performed on cells treated
ith 100 �M BSO, 1 nM estradiol, or 100 �M BSO plus 1 nM estra-
iol for 72 h to detect fragmentation of DNA, a characteristic of
poptotic cell death. Fig. 5A shows that the percentage of TUNEL-
ositive cells significantly increased with the combination of BSO
nd estradiol but not with estradiol or BSO alone. After treatment
ith BSO and estradiol (72 h), as many as 53% of cells displayed

UNEL-positive staining, whereas, only 1% of the control cells and

% of the estradiol treated cells were TUNEL-positive (Fig. 5A). BSO-
reated cells looked similar to control cells. As expected, wild-type

CF-7 cells showed very little TUNEL-positive staining in the pres-
nce of estradiol alone or BSO plus estradiol combined (data not
hown), thus indicating a lack of apoptosis in these cells. DAPI
ll plates and after 24 h were treated with various concentrations (10 �M to 10 mM)
ints, cells were harvested and total DNA (ng/well) was quantitated as described in
ts the mean of three independent experiments.

staining of MCF-7:2A cells treated with BSO and estradiol further
confirmed that the cells were undergoing apoptosis (Fig. 5B). In
addition, phase contrast microscopy of MCF-7:2A cells showed mor-
phological changes associated with apoptosis following BSO and
estradiol treatment (Fig. 5C). Overall, these results indicate that
BSO, as a single agent, causes neither growth inhibition nor cell
death, but is capable of sensitizing antihormone-resistant MCF-
7:2A cells to estradiol-induced apoptosis at clinically achievable
concentrations.

4. Discussion

In the current study, we investigated whether suppression of
the antioxidant glutathione by BSO has the ability to sensitize
antihormone-resistant MCF-7:2A breast cancer cells to estradiol-
induced apoptosis. Our results showed that glutathione levels were
significantly elevated in antihormone-resistant MCF-7:2A breast
cancer cells compared to wild-type MCF-7 cells and that the com-
bination treatment of BSO and estradiol caused a dramatic increase
in apoptosis whereas the individual treatments had no effect on
growth. Noteworthy, the killing effect of BSO and estradiol occurred
at clinically achievable concentrations and was observed as early
as 48 h. These findings are consistent with previous studies which
have shown that the cytotoxicity of a number of chemotherapeutic
drugs, including melphalan [22], doxorubicin [23], and bleomycin

[24], are significantly enhanced when glutathione is depleted by
BSO.

Our laboratory has previously demonstrated that when estro-
gen receptor positive breast cancer cells are grown and maintained
in LTED environments, they can ultimately develop enhanced
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Fig. 5. BSO enhances the apoptotic effect of estradiol in MCF-7:2A breast cancer cells. (A) Cells were treated with 1 nM E2, 100 �M BSO, or 1 nM E2 + 100 �M BSO for 72 h and
TUNEL staining for apoptosis was performed as described in Section 2. Slides were photographed through brightfield microscope under 100× magnification. TUNEL-positive
cells were stained black (white arrows). Columns (right), mean percentage of apoptotic cells (annexin V-positive cells) from three independent experiments done in triplicate;
bars, SEs. (B) Fluorescent microscopic analysis of apoptotic cells stained with 4′ ,6-diamidino-2-phenylindole (DAPI). MCF-7:2A cells were treated with 1 nM E2, 100 �M BSO,
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r 1 nM E2 + 100 �M BSO as described above for 72 h. To assess the number of cells
white arrows). At least 200 cells per slide were counted by two individuals to cont
epresentative slides are shown. Scale bars = 50 �M. (C) Phase contrast microscopy

esponsiveness to greatly diminished levels of estrogen [7,9]. These
re-clinical animal models show that initially, estrogen recep-
or expressing tumors are stimulated by estrogen and respond
ppropriately to tamoxifen with tumor regression. However, with
ontinued exposure to tamoxifen, the tumors become resistant
nd re-grow [9]. Additionally, treatment of these LTED tumors
ith post-menopausal levels of estrogen inhibits tumor growth

s well as causes regression of established tamoxifen resistant
umors [7,9,11,12] (Fig. 1). Mechanistic studies indicate that the
poptotic action of estrogen is due to its ability to either activate
he fasR/FasL death receptor pathway [11,25] or to disrupt mito-
hondrial function through activation of the bcl-2 family proteins
7]. The paradoxical action of estrogen in these resistant cells is
ypothesized to be due to increased sensitivity to estrogen due
o adaptation to estrogen deprivation caused either by tamoxifen
r an aromatase inhibitor [26]. It is believed that this “estrogen
ypersensitivity” helps to explain the effectiveness of high-dose
strogen in patients with extensive prior endocrine therapy [14].

Interestingly, our present findings indicate that the ability of
stradiol to induce apoptosis in antihormone-resistant cells is influ-
nced by the level of glutathione present in the cells. Glutathione
evels were elevated ∼1.4- to 1.6-fold in antihormone-resistant

CF-7:2A cells compared to wild-type MCF-7 cells and these
ells failed to undergo apoptosis following 1 week of treatment
ith physiological concentrations of estradiol alone. In the pres-

nce of BSO, however, which depleted intracellular glutathione by
60–70%, the combination treatment of BSO and estradiol caused
dramatic increase in apoptosis which was observed as early as

8 h with maximum induction observed at day 7. Previous stud-
es have shown that glutathione is an important component of

umor drug resistance [21] and that depletion of intracellular glu-
athione by BSO significantly enhances the cytotoxicity of many
ytotoxic agents, principally alkylating agents [15,20,27] and plati-
ating compounds [16] but also irradiation [28] and anthracyclines
29]. The concentration of BSO used in our study was within the
going apoptosis, round and/or shrunken nuclei of DAPI-stained cells were counted
subjective variability. Experiments were repeated three times with similar results.
F-7:2A cells treated with 1 nM E2, 100 �M BSO, or 1 nM E2 + 100 �M BSO for 72 h.

range of 10 �M to 1 mM, which is similar to what has previously
been reported in the literature. However, we did observe some
toxicity at higher concentrations of BSO (>1 mM) in wild-type MCF-
7 and antihormone-resistant MCF-7:2A cells (Fig. 4). It should be
noted that BSO, at a clinically achievable concentration of 100 �M,
was used for all of our combination experiments with estradiol
since this concentration, as an individual treatment, did not sig-
nificantly alter the growth of MCF-7:2A cells.

Glutathione, a sulfhydryl containing tripeptide, is involved in
detoxifying cells from various toxins including chemotherapeutic
agents [30,31]. Previous studies have demonstrated a strong corre-
lation between elevated glutathione levels and increased resistance
to chemotherapy in cancer cells [32]. This resistance was not limited
to the particular chemotherapy agent used to induce resistance, but
was also evident when other chemotherapeutic agents were tested
for cross-resistance [32]. Additionally, translational studies of in
vitro cell lines derived from patients with chemorefractory disease
were found to have elevated glutathione levels [33]. BSO inhibits
�-glutamylcysteine synthetase (�-GCS), the rate limiting enzyme
in the production of glutathione, thus depleting glutathione levels
within the cell [34]. Both, GSH as well as resultant increase in �-GCS
levels as a result of BSO treatment can be monitored peripherally in
patients by analysis of peripheral mononuclear cells (PMNs) [35].
BSO also exhibits selectivity in that in vitro studies have demon-
strated greater depletion of glutathione levels in tumor tissues than
sampled normal tissues [30]. Based on its ability to target intracel-
lular glutathione and reverse therapeutic resistance in refractory
cancers, BSO is thought to be a potential antineoplastic agent and/or
“therapeutic sensitizer” worthy of clinical evaluation.

Early phase clinical trials of BSO at doses resulting in both

peripheral and tumor GSH depletion show that BSO can be safely
administered to patients with refractory disease. BSO was admin-
istered intravenously twice daily either alone or together with
chemotherapy to cancer patients whose disease who disease
had progressed despite multiple lines of previous chemotherapy
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ig. 6. Clinical protocol to investigate the efficacy of estradiol plus BSO combinat
nticipated treatment plan for third-line endocrine therapy. Patients must have res
e eligible for a course of low-dose estradiol combined with BSO therapy for 3 mo
nastrozole until relapse. The overall goal is to increase response rates and maintain

35,36]. In these patients treated with escalating doses of BSO,
ausea and vomiting amenable to anti-emetic therapy were the
ain toxicities. Bone marrow suppression correlating with extent

f previous chemotherapy exposure was found to be the rate
imiting toxicity in the combination studies. No other significant
oxicities were noted. Intracellular glutathione levels measured in
MNs decreased in a linear manner with repeated doses of BSO to
maximum of approximately 10–40% of baseline values [35,36].
hen tested in sequential tumor biopsies, glutathione was also

ound to be depleted to a variable extent in a similarly predictable
attern [36]. Additionally, BSO administration resulted in an initial
apid inhibition of �-GCS activity followed by �-GCS recovery
uring the intervening time between dosings. In fact, �-GCS levels
irrored peripheral BSO concentrations in patients thus demon-

trating targeted delivery of BSO. Clinically, responses to treatment,
ncluding complete responses, have been achieved [27,35,36].

In this present study, we demonstrated that glutathione deple-
ion by BSO sensitized antihormone-resistant MCF-7:2A human
reast cancer cells to estradiol-induced apoptosis in vitro. Taken
ogether, it would be reasonable to incorporate this data into our
orking translational model for clinical evaluation (Fig. 6). We

herefore propose utilizing BSO together with estrogen in patients
or a defined therapeutic course in patients with hormonally sen-
itive metastatic breast cancer whose disease has progressed on
rior antihormonal therapies to significantly reduce their disease
urden, while potentially reversing resistance to antihormonal
herapies. This would then be followed by continuing treatment
ith an aromatase inhibitor for maintenance of additional clinical

enefit for these patients (Fig. 6). Our future goal will be to address
his hypothesis in the context of a clinical trial based on these new
re-clinical findings.
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