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Role of reactive oxygen species in the synergistic
cytotoxicity of safingol-based combination regimens
with conventional chemotherapeutics
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Abstract. Exploiting the sensitivity of cancer cells to reac-
tive oxygen species (ROS) has been suggested as a strategy
for the selective elimination of cancer cells. In this study, the
ROS-generating sphingolipid safingol was combined with
various conventional chemotherapeutics, and the potential
synergism of the safingol-based combination regimen was
assessed using a panel of cancer cell lines. The ICs, values of
safingol using as a single agent were 1.4-6.3 uM, which are
concentrations that are clinically achievable. While synergism
was dependent on the drug molar ratios, a 4:1 molar ratio
of safingol to conventional chemotherapeutics exhibited a
moderate to strong synergism in MDA-MB-231, JIMT-1,
SKOV-3,U937 and KB cells, with combination indices ranging
from 0.07 to 0.77. Furthermore, the addition of safingol may
reduce the concentrations of conventional chemotherapeu-
tics required to achieve 90% cell-kill by 1 to >3 log-folds.
A significant reduction in the cytotoxicity of safingol-based
drug combinations was observed in the presence of N-acetyl-
L-cysteine, suggesting that ROS is an important factor in
mediating the observed synergism. Taken together, our results
suggest that the use of safingol-based drug combinations
is promising as an effective strategy for cancer therapy and
should be investigated.

Introduction

Increased oxidative stress has been observed in cancer cells
as compared to normal cells (1,2). Lines of evidence include
oxidized DNA found in clinical solid tumor specimens (3,4)
and the overexpression of anti-oxidant enzymes in cancer cells
(5,6). This higher intrinsic oxidative stress is a result of the
overproduction of reactive oxygen species (ROS), potentially
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through a number of mechanisms. These mechanisms include
oncogenes such as c-myc and ras, which signal to produce
ROS through NADPH oxidase, stimulating cell prolifera-
tion (7,8) as well as mutations in mitochondrial DNA, which
have been shown to increase ROS in primary leukemia cells
(9). The intrinsic oxidative stress of cancer cells renders the
cells particularly vulnerable to ROS insults (1,2). Therefore,
manipulating ROS levels may facilitate the selective killing of
cancer cells, and various strategies used to achieve this killing
have been described in the review by Pelicano et al, including
direct ROS generation, glutathione depletion and anti-oxidant
enzyme inhibition (10).

Safingol is an inducer of autophagy currently under
investigation as part of a combination regimen with cisplatin
in a Phase I clinical trial for advanced solid tumors (11).
Structurally, safingol is the L-threo isomer of dihydrosphin-
gosine (12,13) and is a synthetic and saturated sphingoid base
with 18 carbons. The mechanisms of safingol-induced cancer
cell death are complex and safingol has often been described
as an inhibitor of protein kinase C (PKC) and sphingosine
kinase (SK) (14,15). Previously, our group and other authors
demonstrated that the cytotoxic effect of safingol, when used
at physiologically relevant concentrations (5-10 M), may not
be mediated through PKC inhibition (16,17). Notably, previous
studies demonstrated that safingol acts as a ROS-generating
agent in fungi and plant cells (18,19).

Combination therapies have been the cornerstone of cancer
therapy in clinical practice and safingol has been investigated
as part of combination drug regimens. Several in vitro and
in vivo studies demonstrated the ability of safingol to enhance
the anti-cancer efficacy of other chemotherapeutic agents,
including N-(4-hydroxy-phenyl)retinamide (fenretinide), mito-
mycin-C, cisplatin, 1-f-D-arabinofuranosylcytosine (ara-C)
and vinblastine in a variety of tumor cell lines (13,17,20-24).
Safingol could potentiate apoptosis induced by conventional
chemotherapeutics via the inhibition of PKC and/or modula-
tion of other signaling pathways such as MAPK and JNK/
SAPK (21,22). However, the underlying mechanism for the
enhancement effect of safingol remains unknown.

In light of the above findings, the hypothesis of the current
study is that safingol exhibits synergistic cytotoxicity with
conventional chemotherapeutics via the modulation of ROS
in cancer cells. The conventional chemotherapeutics to be
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combined with safingol, i.e., carboplatin, doxorubicin,
gemcitabine and vincristine, were selected based on their
ability to generate ROS (25-30). Examination of the treatment
outcomes of various safingol-based combination regimens was
performed based on the application of the combination index
(CI) developed by Chou and Talalay, which allows quantita-
tive representation of the potential synergism between safingol
and the conventional chemotherapeutic agents (31). Future
developments in the field of safingol-based therapeutics may
aid scientists and clinicians in the tailoring of various therapies
to trigger different modes of cell death in tumor cells.

Materials and methods

Reagents. Safingol was purchased from Sigma (St. Louis,
MO, USA) and dissolved in ethanol. Stock solutions of
2 mg/ml were stored at -20°C and were freshly diluted with
medium to the appropriate concentrations prior to use in the
experiments. Carboplatin 10 mg/ml (Pharmachemie BV, The
Netherlands), doxorubicin hydrochloride 2 mg/ml (Pfizer,
Bentley WA, Australia), gemcitabine 40 mg/ml (Lilly France
SAS, France) and vincristine 1 mg/ml (Sigma) were obtained
from the National University Hospital, Singapore. All other
chemicals used in the study were purchased from Sigma
Chemical Company unless otherwise stated.

Cell cultures. The human breast cancer cell line (MDA-MB-
231), ovarian cancer cell line (SKOV-3), leukemic cell lines
(U937) and nasopharynx cell line (KB) were purchased from
the American Type Culture Collection (Manassas, VA, USA).
JIMT-1 cells were obtained from DSMZ - Deutsche Sammlung
von Mikroorganismen und Zellkulturen GmbH (Braunschweig,
Germany). Stock cultures of all cancer cell lines were main-
tained as monolayer in 75-cm? tissue culture flasks (Iwaki,
Japan). MDA-MB-231, U937 and KB cells were cultured in
Roswell Park Memorial Institute 1640 (RPMI-1640) medium;
JIMT-1 in Dulbecco's modified Eagle's medium F12 (DMEM
F12) and SKOV-3 in McCoy 5A medium. All media were
supplemented with 10% v/v fetal bovine serum (FBS; HyClone
Laboratories, Logan, UT, USA), 0.3 g/l L-glutamine, 100 U/ml
penicillin and 100 pg/ml streptomycin. The cell lines were
maintained in a humidified, 5% CO, incubator at 37°C and sub-
cultured twice weekly using 0.25% v/v trypsin/EDTA (Gibco,
Grand Island, NY, USA). Experiments were performed using
cells in exponential growth phase from passage 5 to 20 after
thawing from frozen stock.

Cellviability assay. Viability of the cancer cells following drug
treatment was determined using the colorimetric 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
assay. Briefly, cells were plated at 5,000/well in 96-well plates
and allowed to adhere overnight before exposure to safingol,
carboplatin, doxorubicin, gemcitabine or vincristine alone
or as fixed molar ratio combinations of safingol:drugs at 1:4
and 4:1. In some of the experiments, 5-10 mM of N-acetyl-L-
cysteine (NAC) was added with the drugs. The plates were then
incubated for 48 or 72 h at 37°C. At the end of the incubation,
50 ul MTT (1 mg/ml in media) was added to cells and incu-
bated for 4 h. The MTT-containing medium was then removed
and the purple formazan precipitate was solubilized in DMSO.
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Absorbance (A =570 nm) was measured in a microtiter plate
reader (Tecan, Infinite M2000 model). Assays were performed
in triplicate unless otherwise stated.

Cancer cell viability was calculated based on the absorbance
readings using the equation: viability = [(Abs, - AbS,)/
(ADSyehicte control = AbSpian)1X100%, where Abs,.g, AbSyjyn
ADS,ehicte coniror A€ the absorbance readings from the drug-treated
wells, the medium-only wells and the vehicle control wells,
respectively. Using the median effect principle described by
Chou and Talalay (31), the potency of the drugs was reflected
by the median dose (D,,) values, which were estimated using
CalcuSyn 3.0 software (Biosoft, Cambridge, UK). For drug
combination experiments, results obtained from the MTT
assay were used to compute the CI values using the equation
below, with the assumption that the drug combinations were
mutually exclusive: CI = [(D),/(D,),] + [(D),/(Dx),], where
(D), and (D), are the concentrations of drugs 1 and 2, respec-
tively, which inhibit x% in the actual experiment when used in
combination. (D,), and (D,), are the concentrations of drugs 1
and 2, respectively, which inhibit X% in the actual experiment
when used as single agents. A CI of <1, ~1 or >1 is indicative
of a synergistic, additive or antagonistic interaction for a drug
combination, respectively.

Statistical analysis. Data values are reported as the mean +
standard error (SEM). Statistical differences were determined
using the one-way analysis of variance (ANOVA) with the
Newman-Keuls test used for post-hoc multiple comparisons.
P<0.05 were considered to be statistically significant.

Results

Effect of safingol as a single agent in human cancer cell lines.
The biological effect of safingol on various human cancer cell
lines was examined. Cell viability was determined using MTT
assay. After 72-h safingol exposure, the viability of cancer
cells was reduced in a concentration-dependent manner (Fig.
1). As shown in Table I, safingol was most potent in SKOV-3,
an ovarian cancer cell line, with an ICy, of 1.4+0.18 yM.
The IC, values of safingol in breast, ovarian, leukemic and
nasopharynx cancer cell lines are within the same order of
magnitude, ranging from 1.4-6.3 yM. Notably, these ICy,
values may be achieved in the bloodstream according to a pilot
Phase I study (24). Compared to doxorubicin, gemcitabine
or vincristine, safingol was less potent in the respective cell
lines tested (Table I). However, safingol was more potent by
~7.9-fold than carboplatin in KB cells (Table I).

Effect of fixed ratio combinations of safingol and conventional
chemotherapeutic agents. Fixed molar ratio combinations
(1:4 and 4:1) of safingol and chemotherapeutic agents were
examined with at least six serially diluted drug concentrations
in the respective cell lines. The measure of synergy between
safingol and the cytotoxic drugs was determined by the CI
values (31). The CI values and the magnitude of dose reduc-
tions were estimated at an effect level of 90% cell-kill for the
various ratios, as shown in Table II and Fig. 2, respectively.
Three observations were made. First, a ratio-dependent CI
profile was observed (Table II). Notably, a 4:1 molar ratio
of safingol with carboplatin, doxorubicin, gemcitabine and
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Table I. IC, values of safingol and conventional anti-cancer drugs in respective cancer cell lines.

Cell lines Safingol (M) Doxorubicin (zM) Gemcitabine (#M) Carboplatin (#M) Vincristine (M)
MDA-MB-231 44+10 0.7120.15* 0.22+0.08" - -
JIMT-1 2.8+0.45 0.43+0.07* 0.07+0.03* - -
SKOV-3 1.4+0.18 0.60+0.14 0.20+0.12* - -
KB 6.3+1.3 - - 50+£7.1¢ -
U937 2.4+0.1 - - - 0.0011+0.00027*

Cell viability was determined by MTT assay and subsequently analyzed by CalcuSyn 3.0 software to estimate ICy, values. Each reported value
is the mean + SEM from three independent experiments. r-values were =0.9. *p<0.05, significantly different from the safingol-treated group.
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Figure 1. Effects of safingol treatment on the viability of different cancer cell lines. Cells were treated with safingol for 72 h. Viability was assessed using
MTT assay. Results shown are the means = SEM from three independent experiments.

vincristine consistently provided synergy in the respective cell
lines (Table IT). Among these safingol-based combinations, the
safingol/gemcitabine (4:1) combination showed the strongest
synergism, with a CI value of 0.07 in SKOV-3 cells (Table II).
On the other hand, safingol/gemcitabine at 1:4 molar ratio
showed antagonism in MDA-MB-231 and JIMT-1, as shown
by the CI values >1 (Table II). These results supported the
hypothesis that the treatment outcome of drug combinations
were highly dependent on the molar ratios of the individual
agents (32). Second, substantial dose reduction of safingol and
chemotherapeutic agents was achieved when used in combina-
tion as compared to the administration of individual agents
(Fig. 2). In particular, when safingol and gemcitabine were
used at a 4:1 molar ratio, the concentration of gemcitabine
required to achieve 90% cell-kill in SKOV-3 cells was reduced

by more than 3 log-folds (Fig. 2). Third, safingol was able to
act synergistically with different classes of chemotherapeutic
agents in various cell lines (Table II).

Role of ROS in safingol-based combination drug regimens. To
examine whether ROS generation was responsible for the syner-
gism observed in safingol-based drug combinations, 4:1 molar
ratios of safingol/carboplatin, safingol/doxorubicin, safingol/
gemcitabine and safingol/vincristine were further evaluated
in KB, MDA-MB-231, SKOV-3 and U937 cells, respectively,
with or without the presence of the ROS scavenger NAC.
These drug combinations were selected as they demonstrated
the most promising results based on their CI values in their
respective classes of anti-cancer drugs (Table II). As expected,
the percentage of viable cells was increased when ROS was
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Table II. Combination indices of safingol with different classes of anti-cancer drugs in respective cancer cell lines.

Safingol+ Cell line Molar ratio of safingol/drug Cly, r Interaction
Alkylating agent
Carboplatin KB 1:4 0.96 0.96 Additive
4:1 0.77 0.98 Synergistic
Anthracycline
Doxorubicin MDA-MB-231 1:4 0.56 0.90 Synergistic
4:1 0.28 0.84 Synergistic
JIMT-1 1:4 0.46 0.96 Synergistic
4:1 042 0.84 Synergistic
SKOV-3 1:4 0.44 0.98 Synergistic
4:1 0.61 0.92 Synergistic
Antimetabolite
Gemcitabine MDA-MB-231 1:4 2.10 0.99 Antagonistic
4:1 0.55 0.97 Synergistic
JIMT-1 1:4 1.40 0.93 Antagonistic
4:1 0.49 0.95 Synergistic
SKOV-3 1:4 1.00 0.90 Additive
4:1 0.07 0.95 Synergistic
Vinca alkaloids
Vincristine U937 1 0.39 0.90 Synergistic
4 0.24 0.94 Synergistic

Viability of cancer cells was probed with MTT assay after exposure to various combination regimens. At least six concentrations of drugs were
used for the analysis of the pharmacological interactions for each molar drug ratio in the respective cell lines. MTT viability data were pooled
from three independent studies and used to compute the CI values using CalcuSyn 3.0 software. The reported CI values were based on the drug
concentration required to achieve 90% cell-kill. CI <1, ~1 and >1 denote synergistic, additive and antagonistic interaction, respectively. r, the

linear correlation coefficient of the median-effect plot.

removed by NAC in all of the cancer cell lines (Fig. 3). These
results suggest that ROS plays a critical role in the observed
synergism of safingol-based combination drug regimens.

Discussion

At present, the mainstay of cancer therapy is the use of
combination drug regimens. Combinations of safingol with
a wide range of conventional chemotherapeutic agents have
been examined at specific concentrations. Many of these
studies have demonstrated the ability of safingol to enhance
the cytotoxic effect of the other agent. However, this approach
does not take into consideration the fact that the potential
synergistic effect of a combination regimen is highly depen-
dent upon the concentrations and ratios of the combined drugs
(32). A formal investigation of the treatment outcomes of
various safingol-based combination regimens was performed
in this study with the aim of providing information regarding
safingol-based combination drug regimens. The approach
undertaken was the use of CI, a parameter derived from the
Chou and Talalay median effect principle (31). This approach
allowed us to determine drug synergism based on a range of
drug concentrations and to give quantitative representation
of the pharmacological interaction between safingol and the
conventional chemotherapeutic agents. In combination with
carboplatin, doxorubicin, gemcitabine and vincristine, safingol
acts synergistically in killing a variety of cancer cells at

specific drug molar ratios. This is therapeutically beneficial
since safingol-based combination drug regimens provide an
alternative treatment approach in a wide range of malignancies.
Furthermore, such synergistic interaction may be mediated by
ROS.

Increased ROS levels have been observed in cancer cells
(1,2). However, previous studies suggested that this charac-
teristic can be exploited for therapeutic benefits as cancer
cells are more dependent on anti-oxidant systems to manage
oxidative stress in comparison to normal cells. Thus, additional
exogenous ROS, either caused by ROS-generating agents or
anti-oxidant inhibitors, are likely to trigger more ROS damage
in cancer cells (10,33). The conventional chemotherapeutic
drugs used in the present study have been shown to increase
ROS production in cancer cells (25-30). Additionally, safingol
has been demonstrated to generate ROS in fungi and plant
cells (18,19). Our current findings suggest that combining
ROS-generating conventional chemotherapeutics with other
novel ROS-generating agents, as exemplified by the bioac-
tive sphingolipid safingol, causes a synergistic killing effect
in cancer cells. Other sphingolipids, such as short-chained
ceramides (C, and Cy), have been shown to cause an increase
in mitochondrial peroxide production, leading to growth arrest
in U937 and apoptosis in Jurkat cells (34). Findings of studies
designed to understand the involvement of these bioactive lipids
in the signaling of ROS have shown a number of opportuni-
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ties for exploiting sphingolipids such as safingol in achieving
specific therapeutic objectives.

Notably, cell death induced by safingol-based combination
drug regimens was not completely reversed in the presence
of NAC, although our results suggested that ROS is a crucial

mediator in the observed synergism. These data suggest the
involvement of other mediators that may contribute to the
observed synergistic cytotoxic effect. Our previous findings
showed that PKC inhibition was a possible mechanism for
synergistic interaction between safingol and irinotecan (16).
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Since ROS and PKC are important mediators in cellular
signaling events that regulate proliferation and death, there may
be significant interaction between ROS- and PKC-mediated
signaling responses. PKC activation has been shown to
up-regulate the anti-oxidant enzyme superoxide dismutase to
prevent the accumulation of ROS (35). Notably, ROS genera-
tion may in turn activate PKC (36). It is possible that the PKC
pathway and ROS act in parallel in the amplification of cell
death, and investigation is required to provide further insights
into the underlying mechanism for the synergism in safingol-
based combination regimens.
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