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CELLULAR AND MOLECULAR BIOLOGY

Buthionine Sulfoximine and 1,25-Dihydroxyvitamin D Induce Apoptosis
in Breast Cancer Cells via Induction of Reactive Oxygen Species
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Laboratorio “Dr. Fernando Cañas,” Bioquı́mica y Biologı́a Molecular, Facultad de Ciencias Médicas, Universidad Nacional de
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Calcitriol or 1,25(OH)2D3 is a negative growth regulator of
breast cancer cells. The aim of this study was to determine
whether L-buthionine-S,R-sulfoximine, a
glutathione-depleting drug, modifies the antiproliferative
effects of 1,25(OH)2D3 on MCF-7 cells. For comparison, we
included studies in MCF-7 cells selected for vitamin D
resistance and in human mammary epithelial cells transformed
with SV40 and ras. Our data indicate that
L-buthionine-S,R-sulfoximine enhances the growth inhibition
of 1,25(OH)2D3 in all transformed breast cell lines. This effect is
mediated by ROS leading to apoptosis. In conclusion, BSO
alters redox state and sensitizes breast cancer cells to
1,25(OH)2D3-mediated apoptosis.

Keywords: 1,25 (OH)2D3 or calcitriol, BSO, Breast cancer cell,
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INTRODUCTION

Epidemiological studies have suggested that high levels of
serum 25OHD3, which reflects an individual’s vitamin D sta-
tus, is associated with reduced risk of breast cancer develop-
ment and progression (1–3). Furthermore, studies in animal
models of breast cancer, including human xenograft exper-
iments, have shown that vitamin D reduces both initiation
and progression of breast tumors (4–6). Although activation
of the vitamin D receptor by 1,25(OH)2D3, the biologically
active metabolite of vitamin D, is known to trigger antipro-
liferative and prodifferentiating effects in a wide variety of
malignant and normal tissues (7, 8), the specific molecular
mechanisms that mediate these effects have yet to be clari-
fied. In addition, sensitivity to vitamin D is reduced as can-
cer progresses and upon chronic exposure to 1,25(OH)2D3.
Furthermore, the development of vitamin D-based strategies
for breast cancer prevention or treatment has been limited
by calcemic side effects (8). Although a number of vitamin D
analogs have been synthesized that display reduced calcemic
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effects relative to 1,25(OH)2D3, the therapeutic window for
these compounds remains small. For this reason, agents that
synergize cells to the anticancer effects of vitamin D have
been sought, with the expectation that combination thera-
pies could improve therapeutic efficacy while reducing toxi-
city. A few small clinical trials have employed this approach,
combining vitamin D therapies with dexamethasone or taxol
derivatives, with some promising results (9–12). Although
breast cancer is a common malignancy and is a major cause
of cancer death in women, few agents that enhance the re-
sponsiveness of breast cancer cells to vitamin D have been
identified to date.

1,25(OH)2D3 inhibits cellular proliferation by blocking
the G1 to S transition in association with induction of cyclin-
dependent kinase inhibitors p21 or p27, dephosphorylation
of the retinoblastoma protein, and decreased activity of var-
ious cyclins (A1, D1, D3, and E1) (13–15). Apoptosis in-
duction by 1,25(OH)2D3 in breast cancer cells has been
linked to changes in effector and inflammatory caspases
and Ca2+ release from intracellular stores leading to cal-
pain activation (16, 17). 1,25(OH)2D3 modulates genes re-
quired for maintenance of redox status, such as thioredoxin
reductases, alters the subcellular localization and activity of
thioredoxin-1, and induces accumulation of reactive oxygen
species (ROS) in MCF-7 breast cancer cells (18–21). Fur-
thermore, thioredoxin-1 activity was higher in MCF-7 cells
selected for resistance to 1,25(OH)2D3-mediated apoptosis
(22). Taken together, these findings indicate that multiple
pathways contribute to the antiproliferative and apoptotic ef-
fects of 1,25(OH)2D3, including several that regulate cellular
redox state.

Overexpression of the antioxidant glutathione (GSH)
has been observed in primary breast tumors and in lymph
node metastases (23). In vitro, increased intracellular GSH
induces resistance of breast cancer cells to cytotoxic agents
whereas GSH-depleting drugs potentiate the effect of anti-
cancer drugs (24–26). In previous studies, we demonstrated
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BSO and 1,25-Dihydroxyvitamin D in Cancer Cells 

that menadione (MEN), an agent that reduces intracellular
GSH due to the redox cycle of the quinone metabolism
(27), potentiates the effects of 1,25(OH)2D3 on MCF-7
cell growth in association with enhanced oxidative stress.
Because MEN has additional cellular effects including
vitamin K activity, in these follow-up studies we sought
to determine whether agents that specifically induce GSH
depletion would sensitize breast cancer cells to 1,25(OH)2D3.
L-buthionine-S,R-sulfoximine (BSO) is a selective inhibitor
of gamma glutamyl cysteine ligase, which catalyzes the rate
limiting step of GSH synthesis. BSO has been shown to
deplete intracellular GSH and sensitize tumor cells to apop-
tosis induced by standard chemotherapeutic agents (28–31).
Lewis-Wambi et al. (25) demonstrated that BSO sensitized
antihormonal-resistant MCF-7:2A cells to estradiol-induced
apoptosis. Based on these previous observations, the aim of
the current study was to determine whether BSO modified
the effects of 1,25(OH)2D3 on MCF-7 cell growth or apopto-
sis in vitro. For comparison purposes, we included studies in
MCF-7 cells selected for vitamin D resistance and in human
mammary epithelial cells transformed with SV40 and ras.
Our data indicate that BSO significantly enhances the
growth inhibitory effects of 1,25(OH)2D3 in all transformed
breast cell lines tested, providing proof of principle that BSO,
which is less toxic than menadione, might represent a more
suitable drug for combination treatment with vitamin D
analogs in breast cancer patients.

MATERIALS AND METHODS

Chemicals
Dulbecco’s Modified Eagle Medium (DMEM), phosphate
buffered saline (PBS), and trypsin-EDTA (0.05%) were
purchased from Gibco (Invitrogen, Grand Island, NY,
USA). Fetal bovine serum (FBS) was from Natocor (Carlos
Paz, Argentina). BSO (L-buthionine-S,R-sulfoximine) was
obtained from Sigma (St. Louis, MO, USA). 1,25(OH)2D3
was a generous gift from F. Hoffmann-La Roche Ltd. (Basel,
Switzerland). All other reagents were of analytical grade.

Cells and cell culture
Human breast cancer MCF-7 and vitamin D-resistant MCF-
7 (MCF-7DR) cells (16) were maintained in DMEM supple-
mented with FBS (5%), penicillin (100 U/mL), and strep-
tomycin (100 µg/mL) at 37◦C and were subcultured once
a week. Human breast cancer cells generated by oncogenic
transformation of primary mammary epithelial cells (HM-
LER cells, obtained through the introduction of hTERT,
SV40 large T antigen, and H-ras-V12, provided by Dr. R.
A. Weinberg, MIT, Cambridge, MA) (32) were cultured
in Medium 171 supplemented with mammary epithelial
growth supplements (Invitrogen) at 37◦C and subcultured
twice a week. For experiments, cells were plated in 10-cm
plates, grown in complete media for 24 hr and treated with
1,25(OH)2D3 in the presence or absence of BSO for differ-
ent times at the indicated concentrations. Cells treated with

vehicle alone (ethanol, less than 0.05%) were included in all
assays.

Cell growth assay
Adherent cell number was evaluated as previously described
(16). Briefly, cells seeded at 2 × 103 cells/well in 24-well
plates were allowed to attach for 24 hr and then exposed to
1,25(OH)2D3, with or without BSO, or vehicle alone for the
indicated times. Cells were then fixed with 1% glutaralde-
hyde, incubated with 0.1% crystal violet, destained with H2O,
and solubilized with Triton X-100 (0.2%). Absorbance, which
is proportional to adherent cell number under the condi-
tions used, was measured at 562 nm (minus background at
630 nm). Data represent mean ± standard error of 4–6 wells
per treatment and are representative of three replicate exper-
iments.

Evaluation of apoptosis and morphology
MCF-7 cells were grown on Lab-Tek II chamber slides
(Fisher Scientific, Rochester, NY, USA) and exposed to
1,25(OH)2D3 in the presence or absence of BSO, or ethanol
vehicle, for 96 hr. Cells were fixed in 4% formaldehyde,
permeabilized in ice-cold methanol, and blocked overnight
with PBS/1% BSA. For detection of cytochrome c, cells were
incubated with mouse monoclonal antibody to cytochrome
c (BD PharMingen Biosciences, San Jose, CA, USA) for 3 hr
at 37◦C. Slides were washed with PBS followed by incubation
for 1 hr with anti-mouse secondary antibody conjugated
to ALEXA-488 (Molecular Probes, Eugene, OR, USA).
Fluorescence was counted in nuclei and entire cells by using
the Image J 1.45S (NIH) software. The fluorescence analysis
of data was accomplished following a procedure previously
described (33) and later the nuclei/cytosol fluorescence
ratios were calculated. Slides were incubated for 15 min at
room temperature with 1 µg/mL Hoechst 33258 (Sigma),
washed with PBS, rinsed with distilled H2O, and coverslips
were applied with an antifade reagent. For detection of DNA
strand breaks, the in situ cell death detection kit (Boehringer
Mannheim, Germany) was used according to the manufac-
turer’s instructions on cells grown, fixed and permeabilized
as described earlier. This assay labels individual cells
undergoing apoptosis by terminal transferase-mediated
addition of fluorescein dUTP at DNA strand breaks. Phase
contrast and fluorescence images were obtained using an
Olympus AX70 microscope equipped with a Spot RT digital
camera (Sterling Heights, MI, USA). Caspase assay for in
situ apoptosis was performed in MCF-7 cells exposed to
1,25(OH)2D3 in the presence or absence of BSO, or ethanol
vehicle, for 72 or 96 hr. Positive controls for apoptosis
were accomplished in MCF-7 cells treated with 1 ng/mL
TNF-alpha (Sigma-Aldrich, St. Louis, MO, USA). CaspACE
FITC-VAD-FMK In Situ Marker (Promega, Madison, WI,
USA) was used according to the manufacturer’s protocol.
Pictures were undertaken with a Leica DMI6000 microscope
with TCS SP5 confocal laser scanner (Leica Microsystems
Inc., Buffalo Grove, IL, USA). Fluorescence values were
acquired and analyzed by using an IN Cell Analyzer 1000
(Amersham Biosciences, Piscataway, NJ, USA).

Copyright C© 2012 Informa Healthcare USA, Inc.
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 L. P. Bohl et al.

Figure 1. Cell growth of MCF-7 cells treated with BSO and/or 1,25(OH)2D3 (D). (A) MCF-7 cells were treated with 2, 20, or 200 µM BSO for 96
hr. (B) MCF-7 cells were treated with 20 µM BSO and/or 100 nM 1,25(OH)2D3 for 96 hr. Values represent means ±SE. ∗p < .05 versus Control,
+p < .05 versus 20 µM BSO and 100 nM 1,25(OH)2D3.

Flow cytometry
For cell cycle analysis, cells were harvested by trypsiniza-
tion, collected by centrifugation, fixed in 100% ethanol at
–20◦C, and incubated with propidium iodide (5 µg/mL) and
RNAse (0.015 U/mL) in PBS for 20 min (34). Cell cycle anal-
ysis was performed on BD FACSCantoTM II Flow Cytome-
ter (BD Biosciences, San Jose, CA, USA). PI was analyzed on
564–606 nm band pass filter. Data were modeled using the
FlowJo 7.6.4 software (Tree Star, Ashland, OR, USA).

For measurement of ROS production, cells were collected
by trypsinization and pelleted by centrifugation. Cell suspen-
sions (5 × 105 cells) were incubated with 4 µM hydroethi-
dine (HE, Molecular Probes, Invitrogen) in PBS for 15 min
at 37◦C. Conversion of HE to ethidium by superoxide an-
ion was analyzed with an Epics XL Flow Cytometer (Coulter
Corp., Miami, USA) on FL3 using a 620 nm band pass filter.
Data were analyzed using MULTIPLUS AV analysis software
(Phoenix Flow Systems, Inc., San Diego, CA, USA) (16).

Determination of total GSH
After treatment, cells were washed and resuspended in PBS
buffer plus 1 mM PMSF, 1 mM NaF, 1% Triton X-100, and
homogenized at 4◦C. Homogenates were cleared by cen-
trifugation (15,000 × g) for 30 min at 4◦C, and super-
natants were used to evaluate GSH content using the glu-
tathione disulfide reductase-5,5′-dithiobis (2-nitrobenzoate)
recycling procedure (35). Protein concentrations were deter-
mined using purified serum albumin as standard by Bradford
assay (36).

Statistical analysis
Data were evaluated by one-way analysis of variance
(ANOVA) and Bonferroni post hoc test. Differences were
considered significant at p < .05 using SPSS software for
Windows Release 8.0.0 Standard Version (SPSS Inc., Chicago,
IL, USA).
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RESULTS

Effects of 1,25(OH)2D3 and BSO on cell number and cell cycle
We first examined the effects of BSO alone on growth of
MCF-7 cell cultures. After 96 hr, dose-dependent growth in-
hibition was observed, with significantly reduced cell density
at concentrations of 20 µM BSO or higher (Figure 1A). We
then examined the effects of 20 µM BSO in the presence of
100 nM 1,25(OH)2D3, a dose known to inhibit MCF-7 cell
growth in this time frame. As shown in Figure 1(B), 100 nM
1,25(OH)2D3 exerted a more pronounced inhibitory effect
on MCF-7 cell growth than 20 µM BSO, and an additive ef-
fect was observed in cells cotreated with both agents. While
BSO at 100 µM was more potent as a single agent, the ad-
ditive effect of 100 µM BSO and 100 nM 1,25(OH)2D3 was
not significantly different than that observed with 20 µM
BSO and 100 nM 1,25(OH)2D3 (data not shown). No signifi-
cant changes in cell density were observed at shorter exposure
times for either agent alone. Since 20 µM BSO was the lowest
effective dose in growth inhibition, this dose was used for the
remaining experiments.

Flow cytometry was utilized to determine whether cell
cycle arrest preceded the reduction in cell density induced
by BSO, and whether sensitization of MCF-7 cells to the ef-
fect of 1,25(OH)2D3 was associated with changes in cell cy-
cle kinetics. While no effects of 20 µM BSO alone on cell
cycle were observed, an increased percentage of cells in G1
phase and a decreased percentage in S phase was observed
with 100 nM 1,25(OH)2D3 (Table 1). Simultaneous treatment
with 100 nM 1,25(OH)2D3 and 20 µM BSO had no addi-
tional effects on cell cycle kinetics at 72 hr or 96 hr (data
not shown). None of the treatments altered the percentage of
cells in G2.

Table 1. Effects of BSO and 1,25(OH)2D3 (D) on Cell Cycle
Distribution in MCF-7 Cells

G1 S G2

Control 63 ± 1 26 ± 1 10 ± 2
BSO 63 ± 1 25 ± 1 11 ± 1
D 70 ± 1∗ 18 ± 2∗ 10 ± 2
D + BSO 68 ± 1∗ 19 ± 1∗ 11 ± 1

Note: Cells were treated with vehicle (ethanol), 20 µM BSO, 100 nM 1,25(OH)2D3,
or both drugs for 72 hr. Cell percentages at each cell cycle phase were determined by
flow cytometry.
Values represent means ± SE.
∗p < .05 versus Control.

Effects of 1,25(OH)2D3 and BSO on apoptosis
To evaluate the possibility that apoptosis was induced in
MCF-7 cells treated with BSO alone or in combination with
1,25(OH)2D3, cell and nuclear morphology was analyzed af-
ter 96 hr treatment (Figure 2). No morphological evidence
of apoptosis was observed in cells treated with 20 µM BSO.
In contrast, cells treated with 100 nM 1,25(OH)2D3 alone
or in combination with 20 µM BSO displayed morpholog-
ical features of apoptosis including cell shrinkage, condensed
chromatin, withdrawal of cell-to-cell contacts, and loss of
adherence (Panel A). Moreover, apoptotic bodies typical of
late apoptosis were detected with Hoechst nuclear stain-
ing in cells treated with 1,25(OH)2D3 or both agents (Panel
B). DNA fragmentation was specifically determined by ter-
minal dUTP nick end labeling (TUNEL) staining (Panel
C). In cultures treated with 1,25(OH)2D3 or both agents,
TUNEL-positive cells were more prevalent relative to con-
trol or BSO-treated cultures. Since cytochrome c translo-
cation from mitochondria to cytoplasm and nucleus is a
trait of the intrinsic apoptotic pathway, we also measured

Figure 2. Effects of BSO and 1,25(OH)2D3 (D) on MCF-7 cell morphology, TUNEL and cytochrome c staining. MCF-7 cells were treated with vehicle
(ethanol), 20 µM BSO, 100 nM 1,25(OH)2D3 or both drugs for 96 hr. (A) Phase contrast microscopy (magnification, 200×) shows apoptotic cells
(arrows). (B) Hoechst fluorescence microscopy shows typical apoptotic bodies (arrows). (C) Fluorescence microscopy of TUNEL staining. Positive
cells are pointed with arrows. (D) Fluorescence microscopy of MCF-7 immunostained with cytochrome c antibody. The same field was used to
acquire (A) phase contrast, (B) Hoechst, and (C) TUNEL staining images.

Copyright C© 2012 Informa Healthcare USA, Inc.
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 L. P. Bohl et al.

Figure 3. Effects of BSO and 1,25(OH)2D3 (D) on caspase activation in situ in MCF-7 cells. Cells were incubated for 72 hr with 20 µM BSO and/or
100 nM 1,25(OH)2D3. Positive controls were performed by using 1 ng/mL TNF-alpfa. Caspase activation was determined by using CaspACE
FITC-VAD-FMK In Situ Marker kit. (A) Pictures were taken by using a confocal microscope. (B) Fluorescence data were acquired with an IN Cell
Analyzer and are expressed in total granule intensity/ cell (×103). Values represent means ± SE. ∗ p < .05 versus Control, BSO, and D.

the nuclei/cytoplasm ratio of fluorescent cytochrome c. As
shown in Figure 2, Panel D, cytochrome c staining was re-
stricted to the cytoplasm (where mitochondria are local-
ized) in both control and BSO-treated cells. In contrast, cells
treated with 1,25(OH)2D3 or 1,25(OH)2D3 plus BSO dis-
played cytochrome c staining not only in the cytoplasm but
also in nuclei (3-fold enhancement in the nuclei/cytoplasm
ratio in cells treated with 1,25(OH)2D3, and 10-fold in cells
treated with 1,25(OH)2D3 plus BSO), an indication of cy-
tochrome c translocation out of the mitochondria. Caspase
activation in situ revealed that either BSO or 1,25(OH)2D3
for 72 hr produced the same response of MCF-7 cells treated
with vehicle, whereas 1,25(OH)2D3 plus BSO increased sig-
nificantly the enzymatic activation. TNF-alpha (1 ng/mL), a
known apoptotic inducer, also produced caspase activation in
MCF-7 cells causing a similar response to that obtained with

the combined treatment (Figure 3). After 96 hr of treatment,
enhancement of caspase activation in situ was caused either
by the combined treatment or by 1,25(OH)2D3 alone. Total
granule fluorescence intensity/cell was as follows (means ±
E.S.): Control (4.49 × 103 ± 2.19 × 103), BSO (3.81 × 103∗ ±
0.54 × 103, ∗p < .05 vs. 1,25(OH)2D3 or 1,25(OH)2D3 plus
BSO), 1,25(OH)2D3 (95.62 × 103† ± 7.39 × 103, †p < .05 vs.
Control, BSO, and 1,25(OH)2D3 plus BSO), 1,25(OH)2D3
plus BSO (210.50 × 103¶ ± 6.43 × 103, ¶p < .05 vs. Control,
BSO, and 1,25(OH)2D3).

Effects of 1,25(OH)2D3 and BSO on cellular redox status
To assess whether oxidative stress was associated with
apoptosis triggered by either 1,25(OH)2D3 or the combined
treatment, we determined total GSH content and ROS gener-
ation. As expected, treatment with BSO for 96 hr significantly

Cancer Investigation
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Figure 4. GSH content of MCF-7 cells in response to 1,25(OH)2D3 (D) and/or BSO. Cells were incubated for 96 hr with 20 µM BSO and/or 100 nM
1,25(OH)2D3. Values represent means ± SE. ∗p < .05 versus Control; ∗∗ p < .05 versus 1,25(OH)2D3.

reduced total GSH content (Figure 4). 1,25(OH)2D3 treat-
ment alone also significantly reduced total GSH content, but
to a lesser extent than BSO. Interestingly, GSH content of cells
treated with both 1,25(OH)2D3 and BSO had intermediate
GSH content, with no evidence of an additive effect of the two
agents. We also measured ROS production by flow cytometry
(Figure 5) and found that 1,25(OH)2D3 treatment signifi-
cantly increased ROS but BSO treatment alone had minimal
effects (29.6% vs. 4.7% ROS positive cells, respectively).
This effect was further enhanced when both drugs were
administered simultaneously (42.8% ROS positive cells).

Effects of 1,25(OH)2D3 and BSO on additional cell lines
To determine whether BSO could affect growth of vitamin
D-resistant breast cancer cells, we used MCF-7DR cells, a
variant of MCF-7 cells which were selected for resistance to
1,25(OH)2D3. As expected, 100 nM 1,25(OH)2D3 had min-
imal effects on growth of MCF-7DR cultures compared to
the MCF-7 parental cells (i.e., Figure 1 vs. Figure 6A). BSO
alone produced a small antiproliferative effect in a dose-
dependent manner (data not shown). Combined treatment
with 1,25(OH)2D3 and BSO further reduced cell numbers in
MCF-7DR cultures, however the response was still much lower
than that observed in the parental MCF-7 cells (Figure 6A).

Since MCF-7 cells represent a well-differentiated estro-
gen receptor positive breast cancer cell line, it was of inter-
est to test whether similar effects of 1,25(OH)2D3 and BSO
would be retained in an estrogen receptor negative trans-
formed breast cell line. We utilized HMLER cells, which were
created via retroviral transduction of hTERT, SV40 large T
antigen and oncogenic ras into normal human mammary
epithelial cells (32). HMLER cells are tumorigenic in nude

mice but lack expression of estrogen and progesterone recep-
tors and do not demonstrate amplification at the HER2 ge-
nomic locus, thus, they represent a model of triple negative
breast cancers (32). As shown in Figure 6(B), HMLER cells
were more sensitive to BSO and less sensitive to 1,25(OH)2D3
than MCF-7 cells (Figure 1). Similar to MCF-7 cells, however,
maximal growth reduction was achieved when HMLER cells
were treated with both agents (Figure 6B).

DISCUSSION

The present data demonstrate that the GSH depleting agent
BSO sensitizes MCF-7 breast cancer cells to the antitumor
effects of the vitamin D receptor ligand 1,25(OH)2D3. We
confirmed that the growth inhibitory effect of 100 nM
1,25(OH)2D3 in MCF-7 cells treated for 96 hr is approx-
imately 50% (15, 16, 27) and showed that when cotreated
with 20 µM BSO, growth reduction of approximately 75%
is achieved. To explore the mechanisms of growth inhibition
under these conditions, we documented the independent
and combined effects of these agents on GSH content, ROS,
apoptosis, and cell cycle. BSO alone dramatically decreased
intracellular GSH content and had minimal effects on cell cy-
cle, ROS production, or apoptosis. In contrast, 1,25(OH)2D3
alone had less effect on GSH content but induced cell cycle
arrest in G0/G1, enhanced ROS production, and triggered
apoptosis via cytochrome c release and caspase activation.
Cells treated with both BSO and 1,25(OH)2D3 exhibited
enhanced ROS production and apoptosis, but no further
depletion of GSH than BSO treatment alone, and no further
effects on cell cycle than 1,25(OH)2D3 alone. Collectively,
these data indicate that the enhanced effect of combination

Copyright C© 2012 Informa Healthcare USA, Inc.
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 L. P. Bohl et al.

Figure 5. Effects of 1,25(OH)2D3 (D) and/or BSO on ROS production in MCF-7 cells. Cells were treated with 20 µM BSO and/or 100 nM
1,25(OH)2D3 for 96 hr. ROS production was analyzed by flow cytometry. Numbers in upper right corner of each panel indicate the percentage of
positive cells after negative subtraction of data obtained with vehicle-treated cells: (A) cells treated with vehicle; (B) cells treated with 1,25(OH)2D3;
(C) cells treated with BSO; (D) cells treated with 1,25(OH)2D3 and BSO. The figure is representative from at least four independent experiments.

treatment in reducing growth of MCF-7 cultures is mediated
via increased ROS production leading to apoptosis rather
than GSH depletion or cell cycle arrest.

Relationships between GSH, ROS, and apoptosis have
been explored in several studies. Koren et al. (37) demon-
strated that the effect of BSO on GSH content of MCF-7
cells is dose-dependent and saturates at a concentration of
20 µM, the dose used in these studies. This could explain,
at least in part, why the combined treatment did not further
decrease GSH content as compared to BSO alone. Under the
conditions used, depletion of GSH by BSO alone was not suf-
ficient to trigger significant ROS accumulation. Regardless,
synergistic effects of BSO and 1,25(OH)2D3 on ROS produc-
tion were clearly observed in association with apoptosis after
96 hr treatment. Depending on the cellular context, ROS can

act both as second messengers in intracellular signaling cas-
cades and as inducers of cell death (38). High levels of ROS
overload the capacity of superoxide dismutase and other
antioxidants, leading to sustained oxidative stress eventually
causing cell death (39). In our studies, decrease of GSH
content alone (as with BSO treatment), which did not signif-
icantly enhance ROS, did not trigger apoptosis. The lack of
effect of BSO alone on apoptosis was previously reported in
lung cancer Calu-6 cells (40) and in metastatic breast cancer
cells (25), although BSO was shown to trigger apoptosis in
several neuroblastoma cell lines (39). These discrepancies
may be related to culture conditions, since the effect of
GSH on cell viability was shown to be density-dependent in
Ht22 cells derived from mouse hippocampus (41). Differ-
ences in BSO sensitivity, intracellular GSH content, or the
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Figure 6. Cell growth of MCF-7 DR (A) and HMLER (B) cells treated with BSO and/or 1,25(OH)2D3 (D). Cells were treated with 20 µM BSO and/or
100 nM 1,25(OH)2D3 for 96 hr. Values represent means ± SE. ∗p < .05 versus Control, +p < .05 versus 20 µM BSO and 100 nM 1,25(OH)2D3.

downstream cascade to GSH depletion might also explain
the variability in the apoptotic responses of cancer cells to
BSO.

Apoptosis in response to either 1,25(OH)2D3 or the
combination treatment was associated with the release
of cytochrome c from mitochondria reaching the nuclei,
indicating involvement of the intrinsic pathway. Since ROS
is mainly generated as a subproduct of electron transport in
the mitochondria (37), mitochondrial dysfunction might be
induced by the combined treatment secondary to oxidative
stress. ROS production has been described as an early
event in several apoptotic models (42, 43), and in MCF-7
cells treated with 1,25(OH)2D3, ROS production and cy-
tochrome c release occur before the appearance of apoptotic
morphology (16). It has been proposed that ROS open the
mitochondrial permeability transition pore and/or dissipate
the mitochondrial membrane permeabilization, leading
to release of apoptogenic factors including cytochrome c
(44). ROS have also been shown to downregulate bcl-2

expression, which can further sensitize cells to apoptotic
death (45). Thus, there are many potential mechanisms by
which the enhanced ROS generated by combined treatment
with 1,25(OH)2D3 and BSO could trigger apoptosis.

Our data also demonstrate that the cooperative effect of
BSO and 1,25(OH)2D3 was retained in MCF-7DR cells, a vari-
ant of MCF-7 cells, which were selected for resistance to
1,25(OH)2D3. However, the magnitude of growth inhibition
by the combination treatment was much lower in MCF-7DR

cells than in parental MCF-7 cells (33% in MCF-7DR cells
vs. 73% in MCF-7 cells). MCF-7DR cells were also less sensi-
tive to BSO-mediated growth inhibition. Genomic and pro-
teomic approaches have demonstrated that multiple growth
factor signaling pathways and apoptotic regulators are altered
in 1,25(OH)2D3-resistant MCF-7 cell lines (21, 22) includ-
ing several involved in redox control such as thioredoxin.
These changes might underlie the reduced sensitivity of the
vitamin D-resistant cells to BSO. In addition, treatment with
BSO in the presence of 1,25(OH)2D3 might sufficiently alter

Copyright C© 2012 Informa Healthcare USA, Inc.
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redox status to circumvent these altered pathways and par-
tially overcome the resistance phenotype. In support of this
concept, we previously showed that combining menadione,
another GSH lowering agent, with 1,25(OH)2D3 had similar
effects on MCF-7DR cells (27).

Of particular interest with respect to advanced breast
cancer, we also demonstrated that the combination treatment
enhanced the growth inhibitory effects of 1,25(OH)2D3 in
HMLER cells, a model of triple negative disease. Although
these cells are fairly unresponsive to 1,25(OH)2D3 due to
downregulation of the vitamin D receptor during trans-
formation (46), they were highly responsive to BSO (70%
growth inhibition in HMLER vs. 20% in MCF-7). Further-
more, combination therapy with BSO and 1,25(OH)2D3 was
equally effective in HMLER and MCF-7 cells.

In summary, our data indicate that the GSH depleting
agent BSO and the VDR agonist 1,25(OH)2D3 independently
trigger growth inhibition in breast cancer cells. Furthermore,
both estrogen receptor negative and positive cell lines ex-
hibited similar growth inhibition when treated with the two
agents in combination. The identification of new agents for
the treatment of breast cancer is clearly of interest since cur-
rent therapies are often limited by short-term efficacy due
to the emergence of drug resistance. Although vitamin D-
based drugs have been proposed as potential agents for breast
cancer based on preclinical animal models, their efficacy has
not been demonstrated in the clinic, in part due to the nar-
row therapeutic window for 1,25(OH)2D3 and its synthetic
analogs (8). Our studies indicate that reduction of cellular
GSH content may be one strategy to enhance the efficacy of
1,25(OH)2D3 and vitamin D analogs as anticancer agents.
The synergistic effects of 1,25(OH)2D3 and BSO could di-
minish the adverse effects of high doses of calcitriol, espe-
cially related to calcium metabolism (8). The concentration
of BSO used in our study is clinically achievable (24) and
it has been employed safely in several clinical trials (24, 47,
48) or undergoing clinical studies (49, 50). Future preclinical
studies exploring the anticancer properties of 1,25(OH)2D3
and BSO could open new avenues for the treatment of hu-
man breast cancer.
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ABBREVIATIONS

BSO L-buthionine-S,R-sulfoximine
GSH glutathione
ROS reactive oxygen species
MCF-7DR human breast cancer vitamin D resistant cells
HMLER human breast cancer cells generated by onco-

genic transformation of primary mammary
epithelial cells

25OHD3 25 hydroxyvitamin D3
VDR vitamin D receptor
MEN menadione
DMEM Dulbecco’s Modified Eagle Medium
PBS phosphate buffered saline
FBS fetal bovine serum
TUNEL terminal dUTP nick end labeling
HE hydroethidine
PMSF phenyl methanesulphonyl fluoride
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