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Abstract. Background/Aim: Adjuvant therapeutic options
are limited for triple negative breast cancer (TNBC). Thus,
we evaluated the cytotoxic effects of the newly synthesized
antineoplastic agent 1,4,5-Oxathiazinane-4,4-dioxide (OTD)
on TNBC cells as a potential cancer therapeutic strategy.
Materials and Methods: TNBC primary BT-20 and
metastatic MDA-MB-231 cell lines were treated with
increasing concentrations of OTD for various time periods
to assess cell viability. Cell necrosis, apoptosis, necroptosis,
autophagy, and ROS generation were evaluated using assay
kits or specific inhibitors. Results: Treatment with OTD
resulted in a dose- and time-dependent cell death of TNBC
BT-20 and MDA-MB-231 cells. OTD also dose-dependently
arrested TNBC cell proliferation. Notably, treatment with
OTD induced both necrosis and apoptosis of TNBC cells,
while the pan-caspase inhibitor Z-VAD-FMK partially
attenuated OTD-induced cell death. Importantly, abrogated
OTD-induced cell death was observed in the presence of the
ROS scavenger N-acetylcysteine (NAC), whereas enhanced
OTD-induced cell death was observed after the addition of
the glutathione synthesis inhibitor BSO, indicating OTD-
induced killing of TNBC cells via a reactive oxygen species-
dependent mechanism. Conclusion: OTD is strongly
cytotoxic to both primary and metastatic TNBC cells,
possibly by inducing multiple cell death pathways. 

Breast cancer is the commonest form of cancer in women
accounting for approximately 29% of all new cancer cases and
associated with 15% of cancer-related deaths (1). Of these,
triple negative breast cancer (TNBC), characterised by lack of
estrogen receptor (ER), progesterone receptor (PR), and human
epidermal growth factor receptor type 2 (HER2), is particularly
aggressive and carries the worst prognosis. This is largely due
to the lack of targeted molecular therapies for TNBC, which is
in sharp contrast to ER-positive/PR-positive and HER2-positive
subtypes. TNBC also has a poorer outcome after chemotherapy
compared to other breast cancer subtypes, reflecting an
intrinsically adverse prognosis and aggressive behaviour (2). 

Although anti-vascular endothelial growth factor
(VEGF)/VEGF receptor (VEGFR) monoclonal antibodies (e.g.
bevacizumab), anti-VEGFR tyrosine kinase inhibitors (e.g.
sunitinib and sorafenib), anti-endothelial growth factor receptor
(EGFR) agents (e.g. cetuximab), poly (ADP ribose) polymerase
(PARP) inhibitors (e.g. olaparib and veliparib), mammalian
target of rapamycin (mTOR) inhibitors (e.g. everolimus) and
Src tyrosine kinase inhibitor (e.g. dasatinib) have been studied
in clinical trials, the results are variable (3). The most
commonly used treatment regimens for TNBC in the clinical
setting in many countries are a combination of anthracyclines,
cyclophosphamide, and taxanes, while in some developing
countries, the combination of cyclophosphamide-methrotrexate-
5FU (CMF) is widely used for economic reasons (4, 5). In
many of these trials, drug toxicity and severe side effects were
a major source of concern, making the search for novel
therapeutic agent(s) with reduced systemic toxicity very crucial.

1,4,5-oxathiazinane-4,4-dioxide (OTD) is a newly
synthesized compound that has a ring structure similar to
taurultam (Figure 1). Taurultam exists in equilibrium with
taurolidine in aqueous solution, which is thought to play a
crucial role in its mechanisms of action. Previous studies
with taurolidine have shown that it exerts anti-inflammatory
properties through inhibition of tumour necrosis factor-α
(TNF-α), interleukin (IL)-1, IL-6, and IL-8, and is clinically
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beneficial in conditions such as abdominal peritonitis and
pancreatitis (6-8). From an oncology perspective, taurolidine
has been found to exhibit powerful anti-neoplastic properties
in colorectal carcinoma (9-11). melanoma (12), glioblastoma
(13-16), pancreatic cancer (17, 18), and prostate cancer (19),
among others. In addition, taurolidine has been shown to
inhibit angiogenesis by blocking tumour-derived VEGF (13,
20). Notably, Buchholz et al. have reported that the newly
synthesized compound OTD exhibits anti-neoplastic
properties in pancreatic cancer cells both in vitro and in vivo,
in a dose- and time-dependent manner similar to those of
taurolidine/taurultam (21). However, the mechanism by
which OTD works is still largely unexplored, and available
data are scarce, although preliminary results suggest that
OTD may work in a fashion similar to that of taurolidine. A
number of studies have demonstrated that taurolidine works
by inducing apoptosis, as evidenced by increased DNA
fragments in the sub G0/G1 phase of the cell cycle, the
release of apoptosis-inducing factor (AIF), and the down-
regulation of the anti-apoptotic gene Bcl2 (6, 11-13). It
appears that taurolidine induces apoptosis in tumour cells via
both intrinsic and extrinsic apoptotic pathways and operates
through caspase- and non-caspase-dependent mechanisms as
well as by generation of reactive oxygen species (ROS) (13,
16, 19, 22). Interestingly, current data has also shown that
OTD not only induces apoptosis and necrosis, but can also
initiate the production of ROS in cancer cells (21). 

In the clinical setting, taurolidine can be administered to
patients through numerous routes including intraperitoneally,
intravenously, and topically, and has been shown to exhibit
an excellent safety profile (6, 7, 14, 23, 24). The only known
side effect of taurolidine is peripheral vein irritation when
given at high doses intravenously. Allergic reactions have not
been observed and are unlikely to happen, because in
aqueous solution, taurolidine exists in equilibrium with
methylol-taurultam and taurultam, both of which are rapidly
metabolised to the physiological substances taurine and
carbon dioxide. In comparison, OTD, in addition to
intravenous, intraperitoneal, and topical administrations, can
be given orally. OTD has a significantly longer half-life of

approximately 24 h compared to the 30 min of taurolidine.
Additionally, OTD also causes less burning pain in open
wounds compared with taurolidine (24). The aim of the
present study was to evaluate the cytotoxic effects of the
novel compound OTD in TNBC cells.  

Materials and Methods

Reagents, cell lines and cultures. The OTD ultra-pure powder,
kindly provided by Geistlich Pharma AG (Wolhusen, Switzerland),
was dissolved in phosphate-buffered saline (PBS) solution (pH 7.4),
filtered through 0.2 μm syringe filters (Pall Corporation, Ann Arbor,
MI, USA), and prepared to the desired concentrations. N-
acetylcysteine (NAC) and DL-buthionine-sulfoximine (BSO) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Z-VAD-
FMK, Necrostatin-1 (Nec-1), and 3-Methyladenine (3-MA) were
obtained from InvivoGen (San Diego, CA, USA) and Abcam
(Cambridge, MA, USA), respectively. Two types of human TNBC
cell lines, BT-20 and MDA-MB-231, were used in the present study.
The primary TNBC cell line BT-20 was purchased from American
Type Culture Collection (ATCC, Manassas, VA, USA) and cultured
in Eagle’s minimum essential medium (EMEM) supplemented with
10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. The
metastatic TNBC cell line MDA-MB-231, isolated from a pleural
effusion of a patient with invasive ductal carcinoma, was purchased
from ATCC and cultured in DMEM with 10% FBS and 1%
penicillin-streptomycin. All cells were cultured at 37˚C in a
humidified atmosphere with 5% CO2 until reaching a sub-confluent
monolayer. Sub-confluent cultures of BT-20 and MDA-MB-231
cells were harvested by trypsinization, resuspended in the respective
culture medium, and adjusted to the desired cell concentrations for
in vitro experiments. All culture media and reagents for cell cultures
were purchased from Invitrogen Life Technologies (Paisley,
Scotland, UK). All other chemicals, unless indicated, were obtained
from Sigma-Aldrich.

Assessment of cell viability and OTD-induced cytotoxicity. Sub-
confluent cultures of BT-20 and MDA-MB-231 were harvested and
re-suspended in respective medium at a density of 1.0×105 cells/ml.
A 100 μl aliquot of this cell suspension was seeded in 96-well cell
culture plates (Sarstedt, Numbrecht, Germany) at a final density of
1.0×104 cells/well. Cells were incubated for 12 h to allow adherence
and further incubated with fresh culture medium as the control or
treated with at increasing concentrations (100, 200, 500, 1,000, and
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Figure 1. Molecular structures of taurolidine, taurultam, and 1,4,5-Oxathiazine-4,4-dioxide (OTD).



2,000 μM) of OTD for various time periods. Cell viability and
cytotoxicity of OTD were assessed by using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltertazolium bromide (MTT) assay
based on the yellow-coloured MTT converted to purple-coloured
formazan crystals by viable cells. Briefly, at each time point, 10 μl
of a 5 mg/ml MTT solution was added into each well and incubation
was protracted for another 2 h at 37˚C. The supernatant was then
removed and 100 μl of DMSO was added to each well after
washing with PBS. The absorbance of each well was measured
using a Micro-titre Plate Reader (Dynex Technologies Inc.,
Chantilly, VA, USA) at 570 nm wavelength and the optical density
(OD) for each well was recorded. Cells without OTD treatment and
culture medium containing no cells were used as the positive and
negative controls, respectively. An absorbance two times that of the
negative control was considered positive for the presence of viable
cells (19). Cell viability was expressed as the percentage (%) of the
control.

Measurement of cell proliferation. The harvested BT-20 and MDA-
MB-231 cells were seeded in 96-well cell culture plates (Sarstedt) at
a density of 1.0×104 cells/well and incubated for 12 h to allow the
cells to adhere. Cells were further incubated with culture medium as
the control or treated with 100, 200, 500, 1,000, or 2,000 μM OTD
for 12 h. BT-20 and MDA-MB-231 cell proliferation was assessed by
using the commercially available 5-bromo-2-deoxyuridine (BrdU)
labelling and detection kit (Exalpha Biologicals Inc, Shirley, MA,
USA) based on the incorporation of the thymidine analogue, BrdU to
newly replicated DNA during the synthesis (S) phase of the cell cycle.
Cell proliferation was expressed as the percentage (%) of the control.

FACScan analysis for cell apoptosis and necrosis. The harvested
BT-20 and MDA-MB-231 cells were seeded in 24-well cell culture
plates (Sarstedt) at a density of 0.5×105 cells/well for 12 h and
further incubated with culture medium as the control or treated with
different concentrations of OTD for 18 h. Cell apoptosis and
necrosis were assessed by using the annexin V/FITC and propidium
iodide (PI) assay kit (BD Biosciences, San Jose, CA, USA). Cell
apoptosis and necrosis were detected by FACScan analysis using
CellQuest software (BD Biosciences) based on that cell apoptosis
was quantified through the binding of annexin V to externalised
phosphatidylserine, whereas cell necrosis was simultaneously
measured through the binding of PI to fragmented DNA (25).
Annexin V positive cells were considered apoptotic, Annexin V and
PI positive cells were considered late apoptotic and/or necrotic, PI
positive cells were identified as necrotic, and Annexin V and PI
negative cells were considered viable cells. Cell apoptosis and
necrosis were expressed as percentages (%).

FACScan analysis for autophagy induction. The harvested BT-20
and MDA-MB-231 cells were plated and cultured in 12-well cell
culture plates (Sarstedt) at 1.0×105 cells/well for 12 h, and further
incubated with culture medium as the control or treated with 100,
200, 500, 1,000, or 2,000 μM OTD for 18 h. Cells were also treated
with 0.5 μM rapamycin and 10 μM chloroquine for 18 h as a
positive control for autophagy induction. Induction of autophagy
was assessed using the Cyto-ID autophagy detection kit (Enzo Life
Sciences, Farmingdale, NY, USA) based on that a 488 nm-excitable
green fluorescent detection probe which specifically fluoresces in
autophagic vesicles and an increase in green signal indicates the
accumulation of the probe within the cells arising from enhanced

autophagic vesicles. Autophagy induction in BT-20 and MDA-MB-
231 tumour cells after treatment with OTD was quantified by
FACScan analysis using CellQuest software (BD Biosciences) and
expressed as mean fluorescence intensity (MFI).

Assessment of OTD-induced cell death after inhibition of ROS
generation, cell apoptosis, necroptosis, and autophagy. NAC is a
radical scavenger agent that increases the amount of the reducing
agent glutathione, whereas BSO is an irreversible inhibitor of the
γ-glutamylcysteine synthase, an enzyme required in the biosynthetic
step of glutathione synthesis (26). To evaluate whether ROS
contributes to OTD-induced killing of TNBC cells, we treated BT-
20 and MDA-MB-231 cells with OTD in combination with either
NAC or BSO. Briefly, BT-20 and MDA-MB-231 cells were plated
and cultured in 96-well cell culture plates (Sarstedt) at a density of
1.0×104 cells/well for 12 h. Cells were then pre-incubated with
either 5.0 mM NAC or 1.0 mM BSO for 30 min, and further
incubated with culture medium as the control or treated with
different concentrations of OTD for 24 h. Cell viability was
assessed using the MTT assay.

To further examine whether cell apoptosis, necroptosis, and
autophagy contribute to OTD-induced cell death in TNBC cells, we
treated BT-20 and MDA-MB-231 cells with OTD in combination
with the pan-caspase inhibitor Z-VAD-FMK, the potent necroptosis
inhibitor Nec-1, or the autophagosome formation inhibitor 3-MA.
Briefly, BT-20 and MDA-MB-231 cells were plated and cultured in
96-well cell culture plates (Sarstedt) at a density of 1.0×104
cells/well for 12 h. Cells were then pre-incubated with either 5.0
μM Z-VAD-FMK, 1.0 μM Nec-1, or 5 mM 3-MA for 30 min, and
further incubated with culture medium as the control or treated with
different concentrations of OTD for 24 h. Cell viability was
assessed using the MTT assay.

Statistical analyses. All data are expressed as the mean±SD.
Statistical analysis was performed using one-way ANOVA or Tukey
tests between experimental groups (single agent treatment with
different doses and single agent versus combined treatment at
various time points) with GraphPad software version 6 (Prism, San
Diego, CA, USA). Differences were considered statistically
significant when the p-value was less than 0.05.

Results

OTD induces cell death in TNBC cells in a dose- and time-
dependent manner. We first treated TNBC cells with
different concentrations of OTD to assess OTD-induced cell
death using the MTT assay. In the primary TNBC cell line
BT-20, treatment with OTD for 24 h resulted in a dose-
dependent cell death, as OTD at 200, 500, 1,000, and 2,000
μM induced 25.1%, 52.7%, 65.6%, and 79.3% of cell death,
respectively, when compared to culture medium-treated BT-
20 cells (p<0.05, p<0.01) (Figure 2A). Treatment of the
metastatic TNBC cell line MDA-MB-231 with OTD for 24
h also led to a dose-dependent cell death, as OTD at 100,
200, 500, 1,000, and 2,000 μM caused 20.9%, 50.6%,
55.9%, 66.5%, and 79.1% of cell death, respectively, when
compared to culture medium-treated MDA-MB-231 cells
(p<0.05, p<0.01) (Figure 2B).
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We next treated TNBC cells with OTD for various time
periods. Treatment of primary BT-20 cells with OTD at 500 μM
for 24 h caused 52.7% of cell death (p<0.01 versus culture
medium-treated cells) and a time-dependent increase in cell
death was observed in BT-20 cells treated with 500 μM OTD
for 48 and 72 h (p<0.01 versus culture medium-treated cells)
(Figure 2C). Similar results were also observed in OTD-treated
metastatic MDA-MB-231 cells where treatment with 500 μM
OTD for 24, 48, and 72 h induced 55.9%, 64.7%, and 72.1%
of cell death, respectively (p<0.01 versus culture medium-
treated cells) (Figure 2D).  

OTD dose-dependently arrests TNBC cell proliferation. We
treated TNBC cells with different doses of OTD for 12 h to
examine the effect of OTD on TNBC cell proliferation using
the BrdU cell proliferation assay kit. As shown in Figure 3,
incubation of TNBC cells with increasing doses of OTD
from 100 μM to 2,000 μM for 12 h resulted in a dose-
dependent reduction in proliferating cells. In BT-20 cells,
OTD at the lowest dose of 100 μM induced 20.9% reduction
in cell proliferation (p<0.05 versus culture medium-treated
cells), whereas OTD at 200 μM arrested proliferation of
80.3% cells (p<0.01 versus culture medium-treated cells)

(Figure 3A). Of note, at a dose of 500 μM and above, OTD
almost completely abrogated proliferation of BT-20 cells
(p<0.01 versus culture medium-treated cells) (Figure 3A).
Similarly, in MDA-MB-231 cells, 100 and 200 μM OTD
caused 16.1% and 80.6% reduction in cell proliferation,
respectively, compared to culture medium-treated cells
(p<0.05, p<0.01) (Figure 3B). At 500 μM and above,
treatment with OTD for 12 h arrested proliferation of more
than 95% MDA-MB-231 cells (p<0.01 versus culture
medium-treated cells) (Figure 3B).

OTD induces both necrosis and apoptosis in TNBC cells.
Next, we examined whether treatment of TNBC cells with
OTD is capable of inducing cell necrosis and/or apoptosis.
TNBC cells were treated with various concentrations of OTD
for 18 h, and cell necrosis and apoptosis were assessed using
the Annexin V/FITC and PI assay kit. As shown in Figure 4,
incubation of the two TNBC cell types with increasing doses
of OTD resulted in a substantial reduction in the viable cell
proportion, and this reduction in cell viability was paralleled
by gradual increases in both necrotic and apoptotic cell
proportions as the concentrations of OTD were enhanced. In
BT-20 cells, treatment with 100 μM OTD for 18 h induced

ANTICANCER RESEARCH 41: 2247-2256 (2021)

2250

Figure 2. Treatment of triple negative breast cancer (TNBC) cells with OTD induces cell death in a dose- and time-dependent manner. Primary BT-
20 (A) and metastatic MDA-MB-231 (B) cells were incubated with culture medium as the control or treated with different doses of 1,4,5-Oxathiazine-
4,4-dioxide (OTD) for 24 h. BT-20 (C) and MDA-MB-231 (D) cells were also treated with 500 μM OTD for various time periods. Cell viability was
assessed using the MTT assay and expressed as the percentage (%) of the control. Data are expressed as the mean±SD from at least five independent
experiments in triplicate. *p<0.05, **p<0.001 versus BT-20 or MDA-MB-231 cells treated with culture medium (0 μM OTD).



about 10% of cell necrosis (Figure 4A). OTD-induced cell
necrosis was gradually increased, proportionally to the doses
of OTD used and at 1,000 μM approximately 34% of BT-20
cells underwent necrosis (Figure 4A). Treatment with 500 μM
to 1,000 μM OTD induced approximately 9.5% to 14% of
apoptosis in BT-20 cells after 18 h incubation (Figure 4A). In
MDA-MB-231 cells, a dose-dependent induction of both cell
necrosis and apoptosis was also observed after treatment with
increasing concentrations of OTD for 18 h (Figure 4B) where
250 μM OTD led to about 11% of cell necrosis and 4% of
cell apoptosis, while 1,000 μM OTD induced about 29% of
cell necrosis and 12% of cell apoptosis (Figure 4B).

To further ascertain whether OTD-induced TNBC cell
death is partly via induction of cell apoptosis, we used the
pan-caspase inhibitor Z-VAD-FMK to block caspase-
mediated activation of intracellular apoptotic pathways. The
addition of 5.0 μM Z-VAD-FMK effectively attenuated cell
death induced by 500, 750, and 1,000 μM OTD for 24 h in
both BT-20 (Figure 4C) and MDA-MB-231 (Figure 4D) cells
(p<0.05, p<0.01 versus cells treated with OTD alone),
suggesting that OTD-induced cell apoptosis is one of the
underlying mechanisms responsible for OTD-mediated
killing of TNBC cells.

OTD induces cell death in TNBC cells via a ROS-dependent
mechanism. NAC is a key component in the biosynthesis of the
potent reducing agent glutathione that converts ROS to
physiological substances in the body (26). As shown in Figure
5A and B, co-treatment of TNBC cells with OTD plus 5.0 mM
NAC led to substantial attenuation in OTD-induced cell death.
At the concentrations of 500 and 1,000 μM of OTD, the
addition of 5.0 mM NAC in BT-20 cells reduced OTD-induced
cell death by approximately 78% and 84%, respectively

(p<0.01 versus cells treated with OTD alone) (Figure 5A),
whereas similar reduction in cell death by NAC was also
observed in MDA-MB-231 cells treated with 500 μM or 1,000
μM OTD (p<0.01 versus cells treated with OTD alone) (Figure
5B). On the other hand, co-treatment with OTD and BSO
resulted in an increase in OTD-induced cell death in TNBC
cells (Figure 5C and D). BSO is an irreversible inhibitor of the
γ-glutamylcysteine synthase, an enzyme required in the
biosynthetic step of glutathione synthesis; therefore, BSO
administration reduces the amount of available glutathione in
the body (26). Of note, the addition of 1.0 mM BSO resulted in
significant increases in both 750 μM and 1,000 μM OTD-
induced death of BT-20 (Figure 5C) and MDA-MB-231 (Figure
5D) cells (p<0.05, p<0.01 versus cells treated with OTD alone).
These results indicate that OTD-induced cell death in TNBC
cells is predominantly dependent on ROS generation.

OTD fails to induce necroptosis or autophagy in TNBC cells.
Nec-1 is a specific inhibitor of the receptor-interacting
protein kinase 1 (RIPK3), a primary kinase responsible for
cell necroptosis (27); therefore, we used Nec-1 to examine
whether the killing of TNBC cells by OTD is associated with
OTD-induced cell necroptosis. The addition of 1.0 μM Nec-
1 did not have any significant influence on cell death
induced by 100, 250, 500, 750, and 1,000 μM OTD for 24 h
in both BT-20 (Figure 6A) and MDA-MB-231 (Figure 6B)
cells, indicating that OTD is unable to initiate necroptosis in
these cells.

We further assessed whether OTD induces autophagy in
TNBC cells using the Cyto-ID autophagy detection kit.
Treatment of BT-20 (Figure 6C) and MDA-MB-231 (Figure
6D) cells with various concentrations of OTD for 18 h did not
cause autophagy formation in these cells. 3-MA is an inhibitor
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Figure 3. Treatment of triple negative breast cancer (TNBC) cells with 1,4,5-Oxathiazine-4,4-dioxide (OTD) inhibits cell proliferation. Primary BT-
20 (A) and metastatic MDA-MB-231 (B) cells were incubated with culture medium as the control or treated with different doses of OTD for 12 h.
Cell proliferation was analysed using the BrdU labelling and detection kit, and expressed as the percentage (%) of the control. Data are expressed
as the mean±SD from four to five independent experiments in triplicate. *p<0.05, **p<0.001 versus BT-20 or MDA-MB-231 cells treated with
culture medium (0 μM OTD).



of autophagy that suppresses class III phosphatidylinositol 3-
kinase (PI3K) activation, thereby preventing the formation of
autophagosomes, the characteristic of autophagy (15). The
addition of 5.0 mM 3-MA to both BT-20 and MDA-MB-231
cells did not show any significant alterations in OTD-mediated
cell killing (data not shown), suggesting that OTD fails to
induce autophagy in TNBC cells.

Discussion

Clinical outcomes of patients with TNBC have not improved
significantly over the last decade partly because of the
intrinsically aggressive behaviour of this type of tumour and the
lack of available targeted therapies (2, 4, 5). In the present study,
we used both TNBC primary BT-20 and metastatic MDA-MB-
231 cell lines and demonstrated that ex vivo treatment with
OTD is effectively cytotoxic in both BT-20 and MDA-MB-231
cells by not only inducing cell death but also arresting cell
proliferation. The cytotoxic effect of OTD on TNBC cells as

well as the inhibition in cell proliferation as shown in the
present study, support the findings by Buchholz et al. who
found that OTD exerts strong antineoplastic effects in pancreatic
cancer cells (21). In the first part of our study, we assessed cell
viability using the MTT assay. This revealed that OTD induced
a dose- and time-dependent cell death in TNBC cells. OTD at
the low dose of 200 μM for example, induced more than 25%
and 50% of cell death in BT-20 and MDA-MB-231 cells,
respectively, after incubation for 24 h. With regards to cell
proliferation, incubation of TNBC cells with OTD resulted in
significant reduction in proliferating cells in a dose-dependent
manner. For instance, incubation with 200 μM OTD resulted in
cell cycle arrest in approximately 80% of both BT-20 and
MDA-MB-231 cells. The patterns of OTD-induced cell death
and arrest shown in the present study appear to be comparable
to taurolidine, based on previous studies (28-30). This may be
explained by the metabolism of both OTD and taurolidine,
whereby both agents form the common metabolite taurultam,
which is an effective antineoplastic agent (31, 32). 
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Figure 4. Treatment of triple negative breast cancer (TNBC) cells with 1,4,5-Oxathiazine-4,4-dioxide (OTD) causes both necrosis and apoptosis.
Primary BT-20 (A) and metastatic MDA-MB-231 (B) cells were incubated with culture medium as the control or treated with 100, 250, 500, 750,
and 1,000 μM OTD for 18 h. The proportion of viable cells, necrotic cells, and apoptotic cells was assessed by FACScan analysis using the annexin
V/FITC and PI assay kit, and expressed as percentage (%). Data are expressed as the mean±SD from at least five independent experiments. BT-20
(C) and MDA-MB-231 (D) cells were also pre-incubated with 5.0 μM Z-VAD-FMK for 30 min before they were treated with different doses of OTD
for 24 h. Cell viability was assessed using the MTT assay and expressed as the percentage (%) of cell death. Data are expressed as the mean±SD
from three to four independent experiments in triplicate. *p<0.05, **p<0.001 versus BT-20 or MDA-MB-231 cells treated with OTD alone.



We further revealed that treatment with OTD led to a
dose-dependent increase in the proportions of necrotic and
apoptotic BT-20 and MDA-MB-231 cells by FACS analysis
using the Annexin V/FITC and PI assay kit. Cell necrosis
was observed even following treatment with100 μM for 18
h, which is the lowest dose of OTD and appeared to increase
relative to the increasing concentrations of OTD, whereas
cell apoptosis was observed only at the higher doses of OTD
at 500 and 1,000 μM, and was absent at low doses. This is
somewhat in contrast to the previous studies involving the
use of taurolidine, where cell apoptosis was induced by
taurolidine even at low doses, between 50 and 100 μM,
depending on cancer cell types (11, 12, 33). 

We next determined the contribution of ROS in OTD-
mediated killing of TNBC cells. Our results showed that
NAC abrogated OTD-induced cell death while BSO,
consistent with its induction of ROS, enhanced OTD-
induced cell death. In line with this, both primary BT-20 and
metastatic MDA-MB-231 cells responded to NAC co-
incubation with an attenuated cell death; however, the extent
of protection offered by NAC was only partial in both
TNBC cell lines. Previous studies with taurolidine
demonstrated that ROS induced apoptosis via both caspase-

dependent and caspase-independent pathways (7, 11, 12,
34). Results from the present study showed an increasing
number of late-apoptotic/necrotic cells as revealed by
FACScan analysis. The classical apoptosis is strongly
related to caspase activation and ROS generation (26). In
the present study, although co-treatment with the radical
scavenger NAC resulted in an abrogation of OTD-induced
killing of TNBC cells, the addition of the pan-caspase
inhibitor Z-VAD-FMK only partially attenuated OTD-
induced cell killing. These observations are similar to the
findings by Stendel et al. on glioblastoma cells (15) and do
not fully support the classical apoptosis as the primary
mechanism of action for OTD. It is therefore most likely
that caspase-independent apoptotic pathways may play a
predominant role in the mechanism of action of OTD in
TNBC cells. Additionally, Stendel et al. showed that
taurolidine induces autophagy and necroptosis in
glioblastoma cells, other forms of programmed cell death.
However, these two cell death types were not observed in
the present study and did not account for the OTD-induced
cell death in TNBC cells.  

Although the cytotoxic effect of OTD on both BT-20 and
MDA-MB-231 cells was well demonstrated in the present
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Figure 5. 1,4,5-Oxathiazine-4,4-dioxide (OTD)-induced triple negative breast cancer (TNBC) cell death is dependent on ROS generation. Primary
BT-20 (A, C) and metastatic MDA-MB-231 (B, D) cells were pre-incubated with either 5.0 mM NAC (A, B) or 1.0 mM BSO (C, D) for 30 min and
further treated with different doses of OTD for 24 h.  Cell viability was assessed using the MTT assay and expressed as the percentage (%) of cell
death. Data are expressed as the mean±SD from three to five independent experiments in triplicate. *p<0.05, **p<0.001 versus BT-20 or MDA-
MB-231 cells treated with OTD alone.



study, the molecular and genetic pathways involved are still
poorly understood. TNBC is associated with several
alterations in the molecular pathways that may explain its
aggressive behaviour. For instance, TNBC is associated with
increased angiogenesis characterised by up-regulated
expression of VEGFR (3, 35). Previous work demonstrated
that taurolidine not only reduces the synthesis of VEGF, but
also potently inhibits VEGF-induced angiogenesis from
human endothelial cells in vitro (7, 36). TNBC is also
associated with PI3KCA mutations (35), and inhibitors of the
PI3K/Akt/mTOR pathway have been shown to be effective
in killing breast cancer cells (37, 38). Previous work
involving mesothelioma cells showed that taurolidine
inactivates Akt and its downstream p70 S6 kinase (p70S6K)
effector in a dose- and time-dependent manner (29). These
antineoplastic properties of taurolidine, a compound of OTD,
may partly explain why OTD is a potent antineoplastic agent
in TNBC cells.

Taken together, treatment with OTD in vitro induces
significant cell death in both primary and metastatic TNBC

cells. Our data demonstrate that OTD works through the
induction of multiple cell death pathways, and primarily via
inducing necrosis and apoptosis. OTD-associated ROS
generation in TNBC cells may play a fundamental role in its
mode of action. These encouraging ex vivo results of OTD-
induced killing of TNBC cells merit further investigation in
vivo and in patients with TNBC in the perioperative
neoadjuvant and adjuvant setting.
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Figure 6. 1,4,5-Oxathiazine-4,4-dioxide (OTD) does not induce necroptosis or autophagy in triple negative breast cancer (TNBC) cells. Primary
BT-20 (A) and metastatic MDA-MB-231 (B) cells were pre-incubated with 1.0 μM Nec-1 for 30 min and further treated with different doses of OTD
for 24 h. Cell viability was assessed using the MTT assay and expressed as percentage (%) of cell death. BT-20 cells (C) and MDA-MB-231 (D)
cells were incubated with culture medium (CM) as the control or treated with 100, 250, 500, 750, and 1,000 μM OTD for 18 h. Induction of
autophagy was assessed using the Cyto-ID autophagy detection kit and expressed as mean fluorescence intensity (MFI). Data are mean±SD from
four to five independent experiments in duplicate or in triplicate.
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