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Thymoquinone induces apoptosis in malignant T-cells via generation of ROS
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1. ABSTRACT

We show that HTLV-1 negative leukemia cells are
more sensitive to TQ due to higher levels of drug-induced
reactive oxygen species (ROS). PreG1 population in HTLV-1
negative Jurkat and CEM was higher than HTLV-1
transformed HuT-102 and MT-2 cells. Peripheral blood
mononuclear cells were more resistant. Hoechst staining
indicated more features of apoptosis, namely nuclear blebs and
shrunken nuclei in HuT-102 than Jurkat. A greater depletion of
the antioxidant enzyme glutathione occurred in Jurkat, which
consequently led to an increase in ROS, loss of mitochondrial
membrane potential, cytochrome c release, activation of
caspases 3 and 9, and cleavage of PARP. Treatment with z-
VAD-fmk partially reversed TQ-induced apoptosis, suggesting
a caspase-dependent mechanism. N-acetyl cysteine prevented
apoptosis providing evidence that cell death is ROS-
dependent. Catalase prevented apoptosis to a lesser extent than
NAC. In summary, TQ induces apoptosis in adult T cell
leukemia/lymphoma by decreasing glutathione and increasing
ROS, and levels of ROS underlie the differential cellular
response to TQ. Our data suggest a potential therapeutic role
for TQ in sensitizing HTLV-I-negative T-cell lymphomas.

2. INTRODUCTION

Regulation of cellular reactive oxygen species
(ROS) is instrumental for maintaining redox homeostasis
and any disruption in this regulation results in oxidative
stress (1). The generation of ROS at a rate faster than their
removal causes cell death through acute high levels of ROS
or promotes carcinogenesis through chronic low levels of
ROS (1). To maintain redox homeostasis, cells have ROS
scavenging enzymes such as superoxide dismutase,
glutathione peroxidase (GPX), glutathione reductase (GR),
thioredoxin (TRX), and catalase. The O2

- free radicals
generated by the mitochondrial electron transport chain and
NADPH oxidase complex are reduced to the less reactive
H2O2 via endogenous supplies of superoxide dismutase
(SOD). H2O2 can in turn be reduced to H2O and O2 by
catalase (CAT) or in the presence of transition metals, such
as Fe2+ and Cu+, be converted to the extremely reactive,
indiscriminate, and toxic HO· (2). Glutathione (GSH) is the
most abundant free thiol in eukaryotic cells which functions
as a co-factor for GPX in which it provides two electrons
for the reduction of H2O2 to water. Thus, catalyzed by
GPX, GSH in the presence of H2O2 is converted to
glutathione disulfide (GSSG) plus H2O (3,4). In this
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manner, GPX functions in removing significant amounts of
H2O2. Glutathione reductase (GR) is the antagonist of GPX,
reducing GSSG back to GSH, thus ultimately replenishing
anti-oxidant levels (4).

Cancer cells have increased levels of ROS that
are known to promote cell proliferation, cell survival, and
drug resistance (3). Targeting tumorigenic cells with redox
altering strategies has recently gained interest as a possible
approach for cancer therapy (5). Two different ROS-
mediated therapeutic approaches have been proposed, one
involves the use of anti-oxidants to abrogate ROS mediated
signaling in cancer cells, and the other includes treating
cancer cells with drugs that increase the generation of ROS
and/or abrogate their antioxidant system. A
pharmacological agent that generates ROS and inhibits
ROS elimination functions as a double-edged sword. The
therapeutic activity and selectivity of drugs is a major
concern in anticancer drug discovery. Ideal drugs are those
that are selectively toxic to malignant cells while not
affecting normal cells and tissues. At present, there is only
a limited number of selective drugs available for clinical
use; therefore the development and design of novel
compounds continues to be of interest to cancer
researchers.

Thymoquinone (TQ) is the major bioactive
component in black seed (Nigella sativa), an annual herb
that grows in the Middle East, Western Asia, and Eastern
Africa (6). There is growing interest in the therapeutic
potential of TQ in different research fields, particularly in
cancer therapy (7). TQ has been shown to decrease the
proliferation of several neoplastic cells, including human
breast and ovarian adenocarcinoma, myeloblastic
leukaemia, HL-60, squamous carcinoma, SCC VII,
fibrosarcoma, FSSaR, laryngeal neoplastic cells-Hep-2, and
prostate and pancreatic cell lines (reviewed in 6). Although
the exact mechanisms of TQ action are not fully elucidated,
recent reports have shown that TQ induces apoptosis by the
generation of ROS. This has been documented in primary
effusion lymphoma (8), HL-60 leukemia (9), colon cancer
cells (10), prostate cancer cells (11), and lymphoblastic
leukemia cell line (12). Interestingly, several normal cells
were found to be resistant to TQ. These include human
pancreatic ductal epithelial cells, prostate epithelial (BPH-
1) cells, and normal human intestinal (FHs74Int) cells
(10,13,14).

Adult T cell leukemia/lymphoma (ATL) is a
malignancy of mature activated CD4+ T cells associated
with the human T-cell lymphotropic virus type I (HTLV-1
infection). HTLV-1 transactivator protein Tax activates
several major cellular transcription factor pathways which
mediate viral transformation (reviewed in 15). The median
survival of ATL patients is less than one year mainly
because of resistance to conventional and high dose
chemotherapy (16). Since TQ effects on ATL are not
known, here, we investigated the antitumor activity of TQ
against four adult T cell leukemia/lymphoma cell lines, two
of which are HTLV-1 negative (CEM and Jurkat) and two
are constitutively expressing the virus (MT-2 and HuT-
102). Our data provide evidence that TQ induces apoptosis

in malignant T cells via a mechanism involving the
depletion of GSH and subsequent generation of ROS.
HTLV-1 negative cells were more sensitive to TQ-induced
apoptosis. Cell death by TQ was associated with
mitochondrial membrane disruption, cytochrome c release,
and caspase activation. Considering the higher resistance of
HTLV-positive cells to TQ-induced apoptosis, the present
study suggests a potential therapeutic role for this
promising molecule in sensitizing HTLV-I-negative T-cell
lymphomas.

3. METHODS

3.1. Cell culture and treatment
HTLV-I positive (HuT-102 and MT-2) and

HTLV-I negative (CEM and Jurkat) CD4+ malignant T-cell
lines were cultured in RPMI 1640 medium (Invitrogen
Molecular Probes, Eugene, OR, USA) containing 10% heat
inactivated fetal bovine serum (FBS) and 1% penicillin-
streptomycin (Invitrogen Molecular Probes, Eugene, OR,
USA) in a humidified incubator (95% air, 5% CO2).
Peripheral blood mononuclear cells (PBMC) were isolated,
after obtaining informed consent approved by the
Institutional Review Board, from blood of four healthy
HTLV-I-negative donors, using Ficoll-Hypaque
(Lymphoprep, Nyegaard, Norway). Activated PBMC were
grown in Ham’s F10 medium (Sigma, St. Louis, MO,
USA) supplemented with IL-2 (1microg/10ml) (Roche,
Mannheim, Germany). Unless otherwise mentioned, cells
were seeded (2x105 cells/ml) and treated at 50% confluency
with TQ (MP Biomedicals, France) dissolved in methanol.
The final methanol concentration did not exceed 0.1%. For
determining ROS involvement, cells were pre-treated with
5 mM N-acetyl cysteine (NAC) (Sigma, St. Louis, MO,
USA), 500 U/ml catalase (Sigma, St. Louis, MO, USA), or
100 microM buthionine sulfoximine (BSO) (Sigma, St.
Louis, MO, USA) prior to TQ. CAT was dissolved in 50
mM potassium phosphate buffer, pH 7.0. To examine
caspase involvement in TQ-induced apoptosis, the general
caspase inhibitor (zVAD-fmk) (Calbiochem, Darmstadt,
Germany) was added at 30 microM for 2 hours before TQ.

3.2. Viability assays
Cells were seeded (1 x 105 cells/ml) in 96-well

plates and treated the next day with vehicle (0.1%
methanol) or with TQ (1, 5, 10, 40 or 100 microM). Cell
viability was assessed by the CellTiter 96non-radioactive
cell proliferation assay kit according to the manufacturer’s
instructions (Promega Corp, Madison, WI, USA). In this
assay the ability of metabolically active cells to convert 3-
(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) into a blue formazan product is measured
and its absorbance is recorded at 595 nm using an enzyme-
linked immuno-sorbent assay (ELISA) microplate reader.
Results are expressed as % viability relative to control. Cell
viability was also confirmed by trypan blue dye exclusion
(data not shown).

3.3. Cell cycle analysis
Cells were seeded in 6-well plates, treated with

TQ, washed twice with cold PBS, fixed in ice cold 70%
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ethanol, and stored for 24 hours at -20˚C. Subsequently,
they were rinsed with PBS, incubated for 30 min at 37˚C
with PBS, 1 % RNAse A (Roche, Mannheim, Germany),
and PI (100 microg/ml final concentration) (Invitrogen
Molecular Probes, Eugene, OR, USA). Supernatants were
then transferred to flow tubes and read at the FL-2 channel.
Cell cycle analysis was performed using FACS scan flow
cytometer (Becton Dickinson, Franklin Lakes, NJ, USA).
10,000 events were collected per sample and the analysis of
corresponding cell cycle distribution was performed  using
CellQuest software (Becton-Dickinson, Franklin Lakes, NJ,
USA).

3.4. Hoechst staining
Cells were seeded in 6-well plates, treated and

spun down at 500 g for 5 min, then washed with 1x
PBS. This was followed by fixing in 75% ice-cold
ethanol and overnight incubation at -20˚C. Cells were
then washed with 1x PBS and re-suspended in PBS and
cytospun with single cytology funnels (Fisherbrand,
Houston, TX, USA). Approximately 180,000 cells/
condition were cytospun at 1500 rpm for 5 min. Once
cells attached to slides, Hoechst stain (0.5microl stock
solution in 10ml 1x PBS) (Invitrogen Molecular Probes,
Eugene, OR, USA) was added for 5 min in the dark.
Cells were then washed twice with PBS in the dark and
a drop of fluorosave (Calbiochem, Darmstadt, Germany)
was added. Slides were kept at -20˚C overnight, after
which images were captured using a confocal
microscope at 60X magnification. The Hoechst stain is
excited by UV light at 305nm and emits blue fluorescing
light at an emission of 461 nm.

3.5. Evaluation of mitochondrial transmembrane
potential

Rhodamine-123 (Sigma, St. Louis, MO, USA)
was used to monitor the integrity of mitochondria following
drug treatment as described previously (17). Cells were
cultured in 60-mm2 dishes (105 cells/ml), treated with TQ
for 48 hours, and then harvested by centrifugation. After
washing with rhodamine buffer, pelleted cells were
resuspended in 500 microl buffer containing 5 microM of
rhodamine dye 123 (Sigma, St. Louis, MO, USA) and
incubated for 30 min at 37°C. Fluorescence emission at
525nm after excitation at 488nm was quantified by
FACScan flow cytometry using the CellQuest software.

3.6. Cytochrome c
A cytochrome c enzyme-linked immuno-

sorbent assay (ELISA) kit (Invitrogen Molecular Probes,
Eugene, OR, USA) was used to determine if TQ treatment
resulted in the translocation of cytochrome c from the
mitochondria to the cytosol. The assay was performed
according to the manufacturer’s instructions. Briefly, cells
were plated in six-well plates and allowed to adhere for 24
hours, after which the cells were treated with increasing
concentrations of TQ for an additional 24 hours for Jurkat
cells and 48 hours for HuT-102 cells. The cells were spun
and the supernatant collected as the cytosolic fraction.
Optical density of each well was determined using a
microplate reader set to 450 nm. Results are expressed
as picograms of cytochrome c per milligram of protein.

3.7. Caspase activity
Activity of caspases 3 and 9, which have an

important role in the intrinsic apoptotic pathway, was
measured using the caspase sampler kit (Biosource,
Camarillo, CA). Each sample contained 3-5 x 106 cells and
was assayed in duplicates according to manufacturer’s
instructions.

3.8. Measurement of intracellular Glutathione levels
GSH levels were determined after 2 hours of TQ

treatment with or without pre-treatment with the
glutathione inhibitor BSO (100 microM, 24 hours). Free
Glutathione levels were measured using the Glutathione
Colorimetric Detection Kit (Arbor Assays, MI, USA)
according to the manufacturer’s instructions. Briefly, 5 x
106 cells/condition were cultured in T75 flasks, then treated
and washed with 1x PBS at 600g for 5 min, after which 1%
5-sulfosalicylic acid dehydrate (SSA) (Sigma, St. Louis,
MO, USA) was added. The pellets were lysed by vortexing
in 5% SSA and incubated on ice for 10 min. Samples were
then centrifuged at 1400 rpm for 10 min and 4 ml of Assay
Buffer was added to the supernatant. 50microl of the
supernatant containing acid-soluble thiols was added to
single wells of a 96-well microtiter plate and treated with 2-
vinylpyridine (2VP) (Sigma, St. Louis, MO, USA), which
allows the quantification of oxidized glutathione (GSSG).
Following 2VP treatment, 50 microl supernatant was
transferred into 96-well plate. Optical density (OD) was
measured at 405 nm using an ELISA microplate reader.
The concentrations of GSH and GSSG were calculated
from a titration curve established using known
concentrations of purified GSH and GSSG.

3.9. Measurement of ROS
Generation of intracellular H2O2 was measured

using 5-(and-6)-chloromethyl-2',7'-
dichlorodihydrofluorescein diacetate, acetyl ester (CM-
H2DCFDA) kit (Invitrogen Molecular Probes, Eugene, OR,
USA), a derivative of the DCFDA but with an additional
thiol reactive chloromethyl group that enhances the ability
of the compound to bind to intracellular components. CM-
H2DCFDA is non-fluorescent until removal of the acetate
groups by intracellular esterases and oxidation by H2O2 to
form the highly fluorescent derivative 2'-7'-
dichlorofluorescin (DCF). Cells were cultured in 6-well
plates, spun down, washed with 1x PBS, and pellets were
re-suspended in 500 microl RPMI containing 2% FBS and
10 microM CM-H2DCFDA for 20 min at 37˚C in the dark
in 1.5 ml eppendorf tubes. Subsequently, cells were pre-
treated with H2O2 (150 microM) for 40 min, with NAC
(5mM) for 2 hours, or CAT (500 U/ml) for 5 min followed
by 1 hour TQ treatment, then washed once with 1x PBS
and analyzed with FACS scan flow cytometer on the FL-1
channel with excitation set at 488 nm and emission at 530
nm.

3.10. Protein extraction and immunoblot analysis
For total cellular protein extraction, the buffer

contained 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1%
Nonidet P40, 0.5% sodium deoxycholate, 4% protease
inhibitors and 1% phosphatase inhibitors. Protein
concentration was determined using DC BioRad protein
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assay kit (BioRad Laboratories, Hercules, CA, USA) with
bovine serum albumin as standard. Cellular proteins were then
loaded onto SDS-polyacrylamide gel and the supernatant
protein bands were then transferred by blotting using
nitrocellulose membranes. The blots were blocked at room
temperature in 5% skimmed milk in TBS (50mM Tris-HCl
and 150mM NaCl) and probed overnight with primary
antibody at 4°C. The primary antibodies used were all from
Cell Signaling (Beverly, MA, USA) (caspase 3, #9662s;
caspase 9, #9502; PARP, #9532s; Bax, #5023s; Bcl-2,
#2870s). In order to ensure equal protein loading the GAPDH
antibody was used. The detection of the protein bands was
done with enhanced chemiluminescence system (ECL).

3.11. Annexin V staining
Apoptosis was determined by Annexin V

staining according to manufacturer’s instructions (Roche,
Mannheim, Germany). Briefly, cells were seeded in 6-well
plates, treated with TQ, and then centrifuged at 1500 rpm
for 10 min, 4°C and washed with 1X PBS. The pellet was
resuspended in 100 microl Annexin-V-Fluos labeling
solution (20 microl annexin reagent and 20 microl PI (50
microg/ml) (in 1000 microl incubation buffer pH 7.4 (10
mM Hepes/NaOH, 140 mM NaCl, 5 mM CaCl2). The
samples were incubated for 15 min at room temperature
and 0.45 ml incubation buffer was added. The cellular
fluorescence was then measured by flow cytometry using a
Fluorescence Activated Cell Sorter (FACS) flow
cytometer. 10,000 events were collected and the analysis of
corresponding cell cycle distribution was determined using
CellQuest software.

3.12. Statistical analysis
Statistical analysis was performed on raw data

using SPSS v16.0. One way analysis of variance (ANOVA)
followed by Tukey’s test was used to compare multiple
treated samples versus a single control while a one tailed t-
test was used to compare any significant difference
between any two samples. Statistical significance was
assumed when the p-value was less than 0.05.

4. RESULTS

4.1. TQ reduces viability and increases sub-G1

population and apoptosis in malignant T cells, while
PBMC are more resistant

HTLV-1 transformed (MT-2 and HuT-102) and
HTLV-1 negative (CEM and Jurkat) malignant T-cell lines
were treated with different concentrations of TQ (1-
100microM) for 24, 48, or 72 hours to determine possible
dose- and time- dependent inhibitory effects on cell viability.
As shown in Figure 1, 100 microM TQ for 72 hours inhibited
cell viability by 100% in all T-malignant cell lines. The
HTLV-1 negative cell lines were more sensitive to TQ than the
HTLV-transformed cells (Figure 1). IC50 values at 48 hours
were 8 microM in CEM, 28 microM in Jurkat, 35 microM in
MT-2 and 85 microM in HuT-102. Interestingly, normal
Peripheral Blood Mononuclear Cells (PBMC) were more
resistant to TQ (Figure 1). Treatment with 40 or 100microM
TQ for 48 hours reduced the viability of PBMC by only 27%
in comparison to 60% and 50% reduction in Jurkat and HuT-
102 cells, respectively.

To determine the mode of cell death induced by
TQ, we exposed HTLV-1 negative and positive cell lines to
10, 40 or 100 microM TQ for 48 hours and analyzed cells by
PI staining of DNA with flow cytometry (Figure 2) and by
Hoechst staining (Figure 3A). The results revealed that TQ
caused an accumulation of cells in the sub-G1 phase in all four
cell lines, effects that were more pronounced in the HTLV-1
negative cell lines (Figure 2). At 40 microM TQ after 48 hours,
80% of CEM cells and 75% of Jurkat cells accumulated in the
sub-G1 phase in comparison to only 26% in MT-2 and 11% in
HuT-102. In CEM and Jurkat cells, the increase in sub-G1 by
TQ was accompanied with a significant decrease in the G0/G1,
S and G2/M populations; however, in Hut-102 and MT-2 cells,
TQ treatment only reduced the G0/G1 population but did not
affect the percentage of cells in the S and G2/M phases (Figure
2). Fluorescent microscopy images of Hoechst stained cells
indicated features of apoptosis such as nuclear blebs and
shrunken nuclei in TQ-treated malignant T cells (Figure 3A).
The higher sensitivity of HTLV-1 negative Jurkat cells was
also confirmed by the Hoechst assay.

4.2. TQ disrupts mitochondrial potential and releases
cytochrome c in malignant T cells

During apoptosis, the process of mitochondrial
membrane disruption represents a point of no return as it
commits the cell to death. To investigate if TQ causes loss
of mitochondrial membrane potential, cells were treated
with 10, 40 or 100 microM TQ for 48 hours and
mitochondrial membrane potential (delta psim) was
assessed by the rhodamine assay with flow cytometry. As
shown in Figure 3B, TQ induced a significant dose-
dependent decrease in mitochondrial transmembrane
potential, particularly in Jurkat cells. The percentages of
Jurkat cells with reduced rhodamine123 fluorescence after
10 and 40 microM TQ was 65% and 83%, respectively, in
comparison to only 4% and 31% in HuT-102. We further
examined whether this disruption in mitochondrial
membrane correlates with an increase in cytochrome c
release. Treatment of Jurkat (24 hours) and HuT-102 (48
hours) cells with 10, 40 or 100 microM TQ significantly
increased the release of cytochrome c into the cytosol as
revealed by ELISA (Figure 3C). In Jurkat cells, TQ
increased the levels of cytosolic cytochrome c by 8-10 fold
in comparison to only 2-4 fold increase in HuT-102.

The role of mitochondria in TQ-induced
apoptosis was further studied by examining the effects of a
24 hour treatment with TQ (10, 30 and 50 microM) on the
levels of the Bcl-2 family members: Bax and Bcl-2 (Figure
4A), which are important players in the intrinsic apoptotic
pathway. Western blot revealed a significant decrease in
Bcl-2 protein and an increase in Bax in Jurkat cells treated
with 30 and 50 microM TQ, further confirming the direct
role of mitochondria in TQ-induced apoptosis. Conversely,
the levels of both proteins were not changed in HuT-102
cells in response to TQ.

4.3. TQ induces caspase-dependent apoptosis
Caspase activation is one mechanism through

which many anticancer drugs induce apoptosis. We and
others have shown that TQ-mediated apoptosis in leukemia,
colon cancer and osteosarcoma cell lines is caspase
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Figure 1. TQ reduces the viability of malignant T cells while peripheral blood mononuclear cells (PBMC) are more resistant.
HTLV-1 negative (CEM and Jurkat) and HTLV-1 positive (MT-2 and HuT-102) malignant T-cell lines and PBMC were treated
with TQ for up to 72 hours. PBMC were obtained from four healthy donors. Cell viability (expressed as percentage of control)
was determined using the Cell Titer 96 non-radioactive cell proliferation kit as described in “Materials and Methods”. Each value
is the mean ± SD of four separate experiments each done in triplicates. *significantly different (p<0.05) from control for each
time point using one-way ANOVA followed by Tukey’s test.

dependent (18,19,20), while apoptosis by TQ in prostate
cancer cells has been shown to be independent of caspases
(11). To investigate whether TQ causes activation of
caspases in malignant T-cells, we assayed for caspases 3
and 9 by western blot analysis (Figure 4A) and by ELISA
(Figure 4B) in Jurkat and HuT-102 cells treated with 10, 30
or 50 microM TQ for 24 hours. The antibodies used
recognize both the procaspases and the cleaved activated
forms of these enzymes. TQ treatment resulted in the
cleavage of caspase 3 to its 17 kDa active form and
enhanced caspase 3 activity by 7 fold at 50 microM in
Jurkat (Figures 4A,B). TQ also induced the activation and
cleavage of caspase 9 in Jurkat more than HuT-102 cells.

The nuclear enzyme PARP is a 116 kDa that is a caspase
substrate, and cleavage of PARP from the 116 kDa to 85
kDa form can be detected in caspase-dependent apoptosis.
As shown in Figure 4A, TQ induced the cleavage of PARP
in both cell lines.

To investigate whether caspases participate in
TQ-induced apoptosis, we pre-treated Jurkat and HuT-102
with the general caspase inhibitor z-VAD-fmk (30 microM
for 2 hours) followed by TQ and performed FITC-Annexin
V/PI staining after 48 hours. During apoptosis, the
asymmetry in the phospholipid membrane is disrupted,
leading to the exposure of phosphatidylserine on the outer
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Figure 2. TQ increases the sub-G1 population in CEM and Jurkat more significantly than MT-2 and HuT-102 cells. Cells were
treated with 10, 40 or 100 microM of TQ for 48 hours after which they were stained with PI for flow cytometric analysis of DNA
content with FACScan flow cytometry as described in “Materials and Methods”. The percentage of cells in the various stages of
the cell cycle was calculated using Cell Quest. Each value is the mean of two separate experiments each done in duplicates.

leaflet of the plasma membrane which binds to Annexin V.
The results presented in Figure 4B show that in the
presence of z-VAD-fmk, Annexin positive cells (early and
late apoptotic) decreased from 60% to 20% in Jurkat and
18% to 10% in HuT-102, respectively, in the presence of z-
VAD-fmk, suggesting that apoptosis by TQ is caspase-
dependent.

4.4. TQ depletes GSH levels and increases ROS
generation in malignant T cells

It has been recently shown that, in prostate
cancer cells, TQ inhibits levels of Glutathione (GSH), the
most abundant non-protein thiol in mammalian cells known
to play a key role in protecting cells against oxidation (11).
Therefore, we investigated the role of TQ in depleting
intracellular levels of GSH in malignant T cells (Figure
5A). Jurkat and HuT-102 cells were treated with TQ (5-100
microM) and the levels of GSH were measured
colorimetrically 2 hours later (Figure 5A). Treatment with
TQ clearly resulted in a dose-dependent decrease in GSH
levels in both Jurkat and HuT-102 cells, and the decrease

was more pronounced in Jurkat cells. Interestingly the
extent of GSH depletion in Jurkat cells by 40 microM TQ
was similar to pre-treatment with the strong GSH inhibitor
BSO (Figure 5A). It is known that GSH depletion results in
high levels of ROS that are involved as intermediates in the
signal transduction pathways of apoptosis (21). Moreover,
it has been shown by our group and by others that TQ
induces apoptosis via the generation of ROS (8,10,11).
Therefore, we determined the effect of TQ on ROS
production in malignant T cells and normal PBMC. Cells
were treated with 10 or 40 microM TQ for 1 hour and ROS
levels were measured using the CM-H2DCFDA molecule
(Figure 5B). In both HuT-102 and Jurkat cells, treatment
with 40 microM TQ elicited a significant increase in ROS
production comparable to the addition of 150 microM H2O2

(Figure 5B). A dose-dependent increase in ROS generation
was clearly evident in both cell lines and the oxidant shift
was greater in Jurkat than HuT-102 (64% in Jurkat vs. 25%
in HuT-102). In contrast, treatment of the resistant normal
PBMC with 10 or 40 microM TQ did not cause any
increase in ROS levels (Figure 5B). These results suggest
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Figure 3. TQ causes more DNA fragmentation and mitochondrial membrane disruption in Jurkat than HuT-102 malignant T
cells. (A) Fluorescent microscopy images of Hoechst stained Jurkat and HuT-102 cells at 48 hours after treatment with 10, 40 or
100 microM TQ. White arrows indicate features of apoptosis such as nuclear blebs and shrunken nuclei. (B) Cells were treated
with TQ for 48 hours and loss of mitochondrial membrane potential was determined by rhodamine-123 retention as described in
“Materials and Methods”. Panels represent overlay of rhodamine-123 fluorescence of TQ-treated cells (solid graphs) over control
cells (open graphs) with the corresponding percentage of rhodamine leakage in 10,000 gated cells. Results are representative of
two independent experiments. (C) Cytochrome c was measured by ELISA in Jurkat (24 hours) and HuT-102 (48 hours) in
response to treatment with TQ, and the results shown are mean optical density values ± SD of two independent experiments each
in duplicate. *significantly different (p<0.05) from Jurkat at each TQ concentration using one-way ANOVA followed by Tukey’s
test.

that the depletion of GSH levels and increase in ROS
generation appear to play a role in TQ-induced inhibition in
cell viability and apoptosis in malignant T cells.

4.5. Pretreatment with NAC and CAT protected
malignant T cells against TQ-induced ROS generation
and apoptosis

To confirm the role of ROS in TQ-mediated
inhibition in cell viability and apoptosis, ROS levels were
monitored in Jurkat and HuT-102 cells pretreated with
NAC (5mM for 2 hours) or CAT (500U/ml for 5 min)
followed by 40 microM TQ and CM-H2DCFDA staining
(Figure 6A). NAC is a widely used thiol containing
antioxidant that scavenges ROS and functions as a
precursor of GSH, while CAT breaks down H2O2 into H2O
and O2. We observed that NAC and CAT pretreatment
significantly inhibited TQ-induced ROS generation in both

Jurkat and HuT-102 cells. The increase in ROS generation
by TQ was inhibited more by pretreatment with NAC than
by CAT (Figure 6A).

In order to study the effects of NAC and CAT on
TQ-induced inhibition in cell viability and apoptosis, cells
were pretreated with 5 mM NAC for 2 hours or 500U/ml
CAT for 5 min and then exposed to 40 microM TQ and 48
hours later cell viability was measured by trypan blue
(Figure 6B), while apoptosis was determined by Annexin
staining (Figure 6C). The NAC and CAT control groups
did not show any inhibition in cell viability or apoptosis
compared with untreated controls. Pretreatment with NAC
significantly protected both Jurkat and HuT-102 cells
against the growth inhibitory and apoptotic effects of TQ
(Figure 6B, C). In Jurkat cells, the viability increased from
12 % (-NAC) to 80% (+NAC) at 40 microM TQ, while
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Figure 4. TQ-induced apoptosis is caspase-dependent. (A) Cells were treated with TQ for 24 hours and whole cell lysates were
immunoblotted with Bax, Bcl-2, caspase 3, caspase 9 and PARP. All blots were re-probed with GAPDH to ensure equal protein
loading. (B) Activity of caspases 3 and 9 was measured in duplicates in samples containing 3-5 x 106 cells using the caspase
sampler kit. Results are expressed as % of control cells from two independent experiments. (C) Cells were pre-treated with 30
microM of the caspase inhibitor zVAD-fmk for 2 hours followed by 10 microM TQ (Jurkat) or 40 microM TQ (HuT-102) for 48
hours, after which cells were stained with fluorescein-conjugated annexin V and PI. Apoptotic cells were analyzed by flow
cytometry. The graphs display the means ± SD of two separate experiments each in duplicate. *significantly different (p<0.05)
from TQ alone using one-way ANOVA followed by Tukey’s test.

HuT-102 displayed a less significant increase in
viability from 60% (-NAC) to 78% (+NAC) (Figure 6B). In
accordance with the ROS data, NAC pretreatment
significantly protected malignant T cells against TQ-
induced apoptosis more than CAT, which may be due to
the fact that NAC acts not only as a ROS scavenger but
also replenishes the intracellular GSH enzyme that is
depleted by TQ. Taken together, these results suggest that
the depletion of GSH and increased ROS generation are
responsible for TQ-mediated cell death.

5. DISCUSSION

Adult T cell leukemia is an aggressive
malignancy caused by HTLV-1 which remains of poor

prognosis despite recent progress in ATL therapy because
of intrinsic chemoresistance and severe
immunosuppression (15). The viral Tax oncoprotein plays
an important role in initiating the disease and in activating
major cellular transcription factor pathways leading to
resistance to therapy (reviewed in 15). Therefore, the
search for new effective drugs is warranted to reduce
chemotherapy resistance and the poor treatment outcome
encountered in ATL patients.

Although several studies have shown that the
plant-derived compound Thymoquinone (TQ) possesses
anti-neoplastic activities in several tumor models, the effect
of TQ on HTLV-1 negative and positive leukemia cell lines
has not been determined before. Here, we show that
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Figure 5. TQ causes depletion of intracellular GSH levels and increase in ROS generation more significantly in Jurkat than
HuT-102 cells, while PBMC are resistant to TQ-induced oxidative stress. (A) Cells were pre-treated or not with 100 microM
BSO for 3 hours, followed by TQ treatment for 2 hours. Immediately after TQ, colorimetric detection of GSH was done in a 96-
well plate reader at 405 nm as described in “Materials and Methods”. Each value is the mean ± SD of two separate experiments.
*significant difference (p<0.05) by one-tailed t-test between TQ treated and untreated samples. (B) Cells were treated with 10
microM CM-H2DCFDA dye for 20 mins, and then with TQ or H2O2 for 1 hour. Immediately after, cells were harvested and the
amount of DCF fluorescence was analyzed by flow cytometry.

HTLV-1 negative leukemia cells are more sensitive to TQ
due to the higher levels of ROS produced in these cells in
response to TQ treatment. TQ induced a concentration and
time-dependent cytotoxicity in a panel of adult T cell
leukemia/lymphoma cell lines while normal PBMC were
resistant. The IC50 values of 28 microM (Jurkat) and 85
microM (HuT-102) after 48 hours of TQ treatment indicate
that TQ is about 3 times more toxic to HTLV-1 negative
Jurkat than the HTLV-1 positive HuT-102 cells. TQ
toxicity in malignant T-lymphocytes is attributed to
apoptosis as evidenced by caspase 3 and 9 activation, flow
cytometry analysis showing an increase in sub-G1 DNA
content, and the characteristic morphological features
observed in Hoechst stained DNA. A significant number of
cells show apoptotic crescent-shaped nuclei, and nuclear
blebs thereby confirming an apoptotic mode of cell death.
Treatment with the general caspase inhibitor z-VAD
confirmed caspase-dependent apoptosis. These results are
in accordance with previous work from our lab and others
which point to TQ’s pro-apoptotic ability in several cancer

cell lines including human colon cancer (22), osteosarcoma
(19), neoplastic keratinocytes (23), human breast cancer
(24), pancreatic cancer (25), prostate cancer (14), human
glioblastoma (26), multiple myeloma (27), primary effusion
leukemia (8), acute lymphoblastic leukemia (28), and
myeloblastic leukemia (18).

Most cancer cells have higher levels of ROS that
help in proliferation and cell growth. Typically, low doses
of ROS are mitogenic and promote cell proliferation, while
intermediate doses result in either temporary or permanent
growth arrest, such as replicative senescence. Severe
oxidative stress ultimately causes cell death via either
apoptotic or necrotic mechanisms. Thus, a further increase
of ROS in cancer cells using exogenous ROS-modulating
agents is likely to cause elevation of ROS above the
threshold level, ultimately leading to cell death (29). TQ is
known to be redox active and to undergo one-electron and
two-electron reduction processes by cellular reductases,
leading to the corresponding semiquinone or hydroquinone,
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Figure 6. Pretreatment with NAC and CAT protects malignant T cells, especially Jurkat cells, against TQ-induced ROS
generation and apoptosis. (A) Cells were pretreated with 5 mM NAC for 2 hours or with CAT (500 U/ml) for 5 min, after which
10 microM CM- H2DCFDA dye was added for 20 min. Cells were then treated with TQ for 1 hour, harvested and the amount of
DCF fluorescence was analyzed immediately by flow cytometry. M2 indicates the increase in DCF fluorescence which indirectly
measures ROS. Representative results are depicted which show 10,000 counts under each treatment condition. Each percentage is
the mean ± SD of three separate experiments. (B) Cells were treated with the antioxidant NAC (5 mM for 2 hours) followed by
addition of TQ for 48 hours. Viability was determined by the MTT assay as described in “Materials and Methods”. Each value is
the mean ± SD of three separate experiments done in duplicates. *significant difference (p<0.05) by one-tailed t-test between
NAC pretreated and untreated samples. (C) Jurkat and HuT-102 were pretreated with 5 mM NAC for 2 hours or with CAT (500
U/ml) for 5 min, and then exposed to TQ for 48 hours. Cells were subsequently stained with fluorescein-conjugated annexin V
and PI. Apoptotic cells were analyzed by flow cytometry. The graphs display the means ± SD of two separate experiments each
in duplicates. †*significant difference (p<0.05) by one-tailed t-test between NAC or CAT pretreated and untreated HuT-102 (*)
or Jurkat (†).

respectively (30). These semiquinones (SQ•−) react with
molecular oxygen to produce superoxide (O2•−) and H2O2,
the latter being the main source of generated ROS.

In this study, we present several lines of
evidence indicating that ROS generation by TQ is
responsible for its anticancer properties in malignant T-
cells. First, high levels of intracellular ROS were generated
in response to TQ as shown by the CM-H2DCFDA assay.
Second, the greater depletion of intracellular GSH as well
as the higher levels of ROS generated by TQ treatment of
Jurkat cells in comparison to HuT-102 cells correlated with
a larger apoptotic response in the former cell line. Third,

the strong antioxidant and GSH precursor, NAC, which
restored ROS to basal levels, also significantly inhibited
TQ’s apoptotic effects, particularly in Jurkat cells.  Fourth,
exogenous CAT caused a lower inhibition of TQ-induced
apoptosis than NAC; since NAC is a general ROS
scavenger and glutathinone precursor (31). Fifth, TQ
treatment of normal PBMC did not generate ROS which
may have a direct bearing on the lack of toxicity of TQ to
these cells. The latter property makes TQ an interesting
molecule as it enhances its selectivity to malignant T-cells.
Reasons that could explain the minimal toxicity of TQ to
normal lymphocytes is its well-documented dual oxidant
properties depending on the physiological conditions and
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Figure 7. Schematic representation of the mechanism of TQ-induced apoptosis in malignant T-cells. TQ causes oxidative stress
by increasing the generation of H2O2 and depleting the antioxidant enzyme glutathione (GSH), thus leading to loss of
mitochondrial membrane potential, the release of cytochrome c, activation of caspases 3 and 9, DNA fragmentation, and cleavage
of the caspase-3 substrate poly(ADP-ribose) polymerase-1 apoptosis. The general caspase inhibitor z-VAD-fmk partially
reversed TQ-induced apoptosis. N-acetyl cysteine (NAC) inhibited TQ-induced apoptosis more than catalase (CAT) (thicker
arrow) because of its general ROS scavenging effects and ability to replenish cellular GSH that is depleted by TQ.

genetic profiles of cells. In several reports, TQ was shown
to be an antioxidant by inhibiting iron-dependent
microsomal lipid peroxidation, cardiotoxicity induced by
doxorubicin in rats, and ifosfamide-induced damage in
kidney (32). Therefore, although TQ has not been
documented as an antioxidant in normal lymphocytes, it
has shown antioxidant and prooxidant properties depending
on the cell system (10). An increase in ROS generation by
TQ in tumor cells is in accordance with other recent
studies, including ours that have demonstrated ROS
involvement in TQ-induced apoptosis (8,10,11,22).

Because the ROS produced by TQ may alter the
cellular redox state through the oxidation of GSH, we
analyzed the intracellular GSH content in malignant T-
lymphocytes after treatment with TQ. GSH is a chief
intracellular antioxidant responsible for maintaining redox
balance. It is oxidized to form GSSG by the enzyme
glutathione reductase and high concentrations of GSSG can
oxidatively damage many critical enzymes (4). After 2
hours of 10 microM and 40 microM TQ, the GSH levels
decreased to about 50% and 75% in Jurkat, while in HuT-
102 a dose of 40 microM TQ was required to decrease
GSH levels by 40% in comparison to control levels. A 10
fold higher concentration of TQ was required to deplete
GSH content in HuT-102 to reach similar levels of Jurkat.
This depletion of GSH could explain the greater sensitivity
of Jurkat cells to TQ’s apoptotic effects. Our results also
corroborate the studies which show a decrease in the
GSH/GSSG ratio with TQ treatment in prostate cancer cells
(11). Alteration in the intracellular GSH content governs
cell death pathways by inducing the mitochondrial
permeability transition pore opening, leading to

mitochondrial membrane disruption and the release of pro-
apoptotic factors. This is mainly due to the protection that
GSH confers to the nearby thiol groups located in the
mitochondrial permeability transition pore (33,34,35).
Indeed, in accordance with GSH role in mitochondrial
function, we observed a decrease in the mitochondrial
membrane potential in TQ-treated malignant T cells, and
the effect was more pronounced in Jurkat than HuT-102
cells. Since the mitochondrial function is regulated by Bcl-
2 family proteins (36), we investigated the expression of
the key proteins, Bax and Bcl-2, after TQ treatment. A
significant increase in Bax expression and a decrease in
Bcl-2 were observed after 24 hour of treatment with TQ.
The increase in Bax/Bcl-2 ratio favors apoptosis induction,
because Bcl-2 is known to inhibit apoptosis by negatively
regulating the apoptotic activity of Bax. As a consequence
of mitochondrial membrane damage, cytochrome c was
released into the cytosol and was elevated by 8-fold in
Jurkat cells (24 hours after 40 microM TQ) and only by 3-
fold in HuT-102 (48 hours after 40 microM TQ).
Furthermore, the caspase 9 activation in TQ-induced
apoptosis supports the involvement of the intrinsic
mitochnodra-dependent apoptotic pathway.

Our data clearly indicate that the HTLV-1
negative cells are significantly more sensitive to TQ than
HTLV-1 positive cells. The percentage of cells in the sub-
G1 region was more than 7 fold higher in Jurkat than in
HuT-102 cells treated with 40 microM TQ for 48 hours.
The greater nuclear fragmentation and higher percentage of
Annexin positive cells after TQ treatment in Jurkat cells
also provides evidence for the higher cytotoxicity of TQ to
this cell line compared to HuT-102 cells. The greater
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resistance of HTLV-1 positive cells is in accordance with
studies that show how Tax-induced constitutive activation of
the NF-KB pathway may confer higher protection against
anticancer drugs in these cells (37). Furthermore, HTLV-1
positive cells are known to over express levels of antiapoptotic
factors such as Bcl-2, Bcl-xL and I-309 (38), survivin (39) and
cellular proliferation markers such as Ki-67, and to over
express MDR proteins involved in multidrug resistance (40).

Our work broadly describes the effects of TQ in
four different leukemic cancer cell lines (Jurkat, CEM, HuT-
102, and MT-2) and provides evidence for the involvement of
ROS and the depletion of GSH levels in TQ-induced apoptosis
in these cells. It is noteworthy to mention that several ROS
modulating agents such as Elesclomol, Trisnex, and AS2O3 are
currently being used for the treatment of metastatic melanoma
and acute promyelocytic leukemia, respectively. While both
Elesclomol and Trisnex selectively kill cancer cells by
increasing ROS generation, AS2O3 kills cancer cells through
the down regulation of endogenous antioxidant systems;
namely glutathione peroxidase (GPx) and thioredoxine
reductase (TrxR) (41,42). In contrast, TQ not only increases
intracellular ROS but also decreases the levels of the
antioxidant GSH ultimately playing a dual potentiating role in
triggering oxidative stress-induced cell death making it very
attractive for anticancer therapy.
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