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A B S T R A C T

Aims: Adult T-cell leukemia (ATL) is a mature T-cell neoplasm associated with human T-cell lymphotropic virus
(HTLV-1) infection. Major limitations in Doxorubicin (Dox) chemotherapy are tumor resistance and severe drug
complications. Here, we combined Thymoquinone (TQ) with low concentrations of Dox and determined an-
ticancer effects against ATL in cell culture and animal model.
Main methods: HTLV-1 positive (HuT-102) and HTLV-1 negative (Jurkat) CD4+ malignant T-cell lines were
treated with TQ, Dox and combinations. Viability and cell cycle effects were determined by MTT assay and flow
cytometry analysis, respectively. Combination effects on mitochondrial membrane potential and generation of
reactive oxygen species (ROS) were assessed. Expression levels of key cell death proteins were investigated by
western blotting. A mouse xenograft model of ATL in NOD/SCID was used for testing drug effects and tumor
tissues were stained for Ki67 and TUNEL.
Key findings: TQ and Dox caused greater inhibition of cell viability and increased sub-G1 cells in both cell lines
compared to Dox or TQ alone. The combination induced apoptosis by increasing ROS and causing disruption of
mitochondrial membrane potential. Pretreatment with N-acetyl cysteine (NAC) or pan caspase inhibitor sig-
nificantly inhibited the apoptotic response suggesting that cell death is ROS- and caspase-dependent. TQ and Dox
combination reduced tumor volume in NOD/SCID mice more significantly than single treatments through en-
hanced apoptosis without affecting the survival of mice.
Significance: Our combination model offers the possibility to use up to twofold lower doses of Dox against ATL
while exhibiting the same cancer inhibitory effects.

1. Introduction

Adult T-cell leukemia (ATL) is an aggressive malignancy linked to
the transformation of CD4+ helper T-cells by human T-cell lympho-
tropic virus 1 (HTLV-1) [1]. Only 3–5% of patients develop ATL post
infection after a long latent period [2]. HTLV-1 is a retrovirus with
single stranded RNA coding for oncogenic proteins [3]. Tax, a pleio-
tropic viral protein, is a transcriptional transactivator essential for im-
mortalization of T-cells [4,5] through creating genetic instabilities,
amplifying centrosomes, inducing clastogenic DNA damages, abro-
gating p53 tumor-suppressor protein, and constitutively activating the
nuclear factor κB (NFκΒ) signaling pathway [6,7]. Cumulatively, these
modulations repress infected cells to undergo apoptosis. Over the last 2
decades, immense therapeutic approaches have been tested against ATL

but more efforts are needed to find selective anticancer drugs with less
adverse side effects.

Thymoquinone (TQ), the active ingredient of Nigella sativa black
seed, exhibits promising therapeutic potential against a wide range of
biological conditions particularly cancer [8–10]. TQ was shown to be
effective in inhibiting the growth and proliferation of many chemo-
resistant cancer cell lines, arresting cancer cells at different phases of
the cell cycle, and interrupting their invasion and metastasis [9]. Recent
attempts in our laboratory showed that TQ induces a time- and dose-
dependent caspase activated apoptosis against both HTLV-1 positive
and HTLV-1 negative CD4+ malignant T-cells [11]. Our findings re-
vealed that TQ enhanced the generation of reactive oxygen species
(ROS) and downregulated glutathione (GSH) levels [11].

Doxorubicin (Dox), an antibiotic isolated from Streptomyces
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peucetius, is used in clinic to treat solid and hematological tumors in-
cluding acute leukemia, but reports of early onset of tumor resistance is
a major limitation in Dox chemotherapy [12]. Combination therapies
are the new trend in cancer treatment, particularly due to tumor re-
sistance and drug-induced severe side effects [13]. Evidence indicates
that combining TQ with clinical drugs enhances their therapeutic index
and/or lessens their cytotoxicity against non-tumor tissues [10,14].
Studies have also shown that TQ improves the anticancer potential of
Dox in HL-60 myeloblastic leukemia and multi-drug-resistant MCF-7/
TOPO breast cancer cells by ROS production and mitochondria asso-
ciated apoptosis [15]. In another study, TQ enhanced apoptosis in Dox-
resistant human breast cancer cells MCF-7/Dox by PTEN up-regulation
and Akt phosphorylation inhibition [16]. At least three animal studies
have presented evidence for a protective role of TQ against Dox-in-
duced cytotoxicity, mainly against nephrotoxicity and cardiotoxicity
[17–19]. In light of the promising potential of TQ in combination stu-
dies, we sought to combine Dox with TQ and investigate their antic-
ancer potential against ATL in vitro and in vivo. The cytotoxicity and
anticancer potential of single treatments or TQ and Dox combinations
was investigated in HTLV-1 positive HuT-102 and HTLV-1 negative
Jurkat cells. We also investigated drug-induced mechanisms of cell
death and effects on ROS generation, mitochondrial membrane poten-
tial and the expression of target proteins involved in cell cycle mod-
ulation and cell death. Finally, we developed an ATL xenograft model
and assessed the in vivo anticancer potential of TQ and Dox on tumor
volume and on markers of proliferation and apoptosis.

2. Materials and methods

2.1. Materials

RPMI 1640 with 25mm HEPES and L-glutamine, fetal bovine serum
(FBS), trypsin, penicillin-streptomycin (P/S), N-acetyl cysteine (NAC),
Z-VAD-fmk, Dulbecco's phosphate buffered saline (PBS), bovine serum
albumin (BSA), and trypan blue were purchased from Sigma (St. Louis,
Missouri, USA). Propidium iodide (PI), and 1,2 dimethylsulfoxide
(DMSO) were obtained from Molecular Probes (Eugene, Oregon, USA).
RNAse A and protease inhibitor were ordered from Roche (Mannheim,
Germany). Rhodamine 123 and CM-H2DFCDA were purchased from
Invitrogen. PVDF membranes were obtained from Amersham
Pharmacia Biotech (Amersham, England).

2.2. Cell culture and treatment

Human HTLV-1 positive (HuT-102) and HTLV-1 negative (Jurkat)
CD4+ malignant T-cell lines were cultured in RPMI 1640 medium
(Invitrogen Molecular Probes, Eugene, OR, USA) supplemented with
10% heat inactivated fetal bovine serum (FBS) and 1% penicillin
streptomycin. Cells were grown in a humidified incubator (95% air, 5%
CO2) and media was replenished every two days. At 70% confluency,
cells were passaged as follows: cells and media were aspirated from the
flask, placed in a conical tube then centrifuged at 1200 rpm for 5min.
The supernatant was discarded and the cells were resuspended in fresh
RPMI 1640 medium. Finally, the cells were either re-plated in T75 or
T175 flasks for expansion of cells, seeded for experimentation, or frozen
and stored at −196 °C in liquid nitrogen. TQ and Dox were dissolved in
methanol and DMSO, respectively. TQ concentrations of 10 and 40 μM
and Dox concentrations of 50 and 100 nM were prepared by serial di-
lutions in the cell culture media. The final DMSO concentration on cells
to cells was< 0.1%. Unless otherwise mentioned, cells were seeded
(2× 105 cells/ml) and treated at 50% confluency with Thymoquinone
(MP Biomedicals, France) and Doxorubicin with the desired con-
centration for 24 or 48 h. For most studies, Jurkat cells were treated
with 10 μM TQ, 50 nM Dox or their combination for 24 h while 40 μM
TQ, 100 nM and their combination were used for the treatment of HuT-
102 cells for 48 h.

2.3. MTT assay

HuT-102 and Jurkat cells were seeded (1×105 cells/ml) in 96-well
plates and treated with Dox at different concentrations for 24 or 48 h.
Proliferation was assessed by the Cell Titer 96-non-radioactive cell
proliferation assay kit according to manufacturer's instructions
(Promega Corp, Madison, WI, USA). In this assay, the ability of meta-
bolically active cells to convert 3-(4,5-dimethyl thiazol-2-yl)-2,5-di-
phenyl tetrazolium bromide (MTT) into a blue formazan product was
measured and its absorbance was recorded at 595 nm using an enzyme
linked immuno-sorbent assay (ELISA) microplate reader. Results are
expressed as % of viable cells relative to control. The following formula
was used to calculate the % of viable cells.

% viability= [mean O.D. treatment/mean O.D. control] × 100.

2.4. Trypan blue assay

Trypan blue dye exclusion assay was used to evaluate the efficacy of
separate or combined TQ and Dox treatments in comparison to control
untreated cells. Cells were seeded in 12-well plates at a density of 105

cells/ml. At 50% confluency, cells were treated in triplicate with the
different TQ and Dox concentrations as well as their combinations.
Then, cells were mixed with equal volumes of dye and mounted on a
hemocytometer for counting under the microscope. Results are ex-
pressed as % of viable cells relative to control. The following formula
was used to calculate the % of viable cells.

% viability= [number of viable cells (treatment)/number of viable
cells (control)] × 100.

2.5. Cell cycle analysis

Jurkat and HuT-102 cells were seeded in 6-well plates at a density of
2× 105/ml and incubated overnight. After treatment with the corre-
sponding time points, the cells were collected and washed twice with
1× PBS, fixed in 70% ice-cold ethanol, and stored at −20 °C overnight.
Subsequently, cells were washed twice with PBS, incubated for 30min
at 37 °C with 300 μl PBS, 125 μl RNase, and 25 μl PI (1 mg/ml).
Supernatants were then transferred to flow tubes, the samples were
excited at 535 nm and the fluorescence recorded at 635 nm. A FACS
scan flow cytometer from Becton Dickinson was used to record 10,000
ungated events. Analysis of the events was performed using the Cell
Quest software (Becton Dickinson).

2.6. TUNEL assay

For TUNEL assay, 2× 105 cells were seeded in 6-well plates and
incubated overnight before treatment. Fragmented DNA was quantified
by the terminal deoxytransferase-mediated dUTP nick-end labeling
assay (TUNEL). Jurkat and HuT-102 cells were collected post-treat-
ment, washed twice with PBS, resuspended in 4% formaldehyde and
incubated at room temperature for 30min. Cells were then pelleted,
washed with PBS, resuspended in 100 μl solution containing PBS, 0.1%
sodium citrate, and 0.1% Triton X-100 and incubated for 2min on ice.
After a second wash step, the cells were incubated for 1 h in 50 μl
TUNEL reaction mixture consisting of 45 μl of the labeling solution and
5 μl of the enzyme solution. After incubation in the dark in a humidified
atmosphere (37 °C), the mixture was washed and the cells were sus-
pended in 450 μl PBS for flow cytometry analysis. The cells were ex-
cited using the 494 nm wavelength and the results recorded at the
521 nm wavelength.

2.7. Mitochondrial membrane potential by rhodamine staining

The mitochondrial membrane potential was measured using rho-
damine 123; a green fluorescent dye which accumulates in active mi-
tochondria with high membrane potential. Jurkat and HuT-102 cells
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were treated with TQ, Dox, and combinations with or without pre-
treatment with 5mM NAC (2 h) or with 10 μM of the general caspase
inhibitor pan caspase. After treatment, the cells were collected and the
pellets were washed twice in rhodamine buffer. The cells were then
stained at 37 °C in the dark for 30min using a rhodamine 123 dye so-
lution (5 μM). Finally, the cells were washed and resuspended in rho-
damine buffer before analysis by flow cytometry. The cells were excited
at 488 nm and the emission recorded at 525 nm.

2.8. Measurement of ROS

Generation of intracellular H2O2 was measured using 5-(and-6)-
chloromethyl 2′,7′-dichlorodihydrofluorescein diacetate acetyl ester
(CM-H2DCFDA) kit. At 50% confluency, cells were collected and wa-
shed with PBS then resuspended in 500 μl RPMI medium containing 2%
FBS and 10 μM CM-H2DCFDA. The incubation was performed at 37 °C,
in the dark for 20min. Subsequently, Jurkat and HuT-102 cells were
treated for 1 h with TQ, Dox, the combination (with or without pre-
treatment with 5mM NAC for 2 h) or with H2O2 (150 μM). The medium
was then removed and the cells were washed twice and resuspended in
500 μl of PBS prior to analysis with a FACS scan flow cytometer. The
cells were excited using the 494 nm wavelength and the results re-
corded at the 521 nm wavelength.

2.9. Protein extraction and Western blotting

For Western blot analysis, cells were seeded in T75 flasks, treated
with the corresponding concentrations and collected at different time
intervals after treatment. The cell pellets were washed with 1× PBS
then lysed in ice-cold radio immunoprecipitation buffer (RIPA (TNE) -
10 mM Tris-HCl-pH 7.8, 1% NP40, 0.15M NaCl, 1 mM EDTA) after the
addition of phosphatase II arrest, phosphatase III arrest and protease
inhibitors. Protein concentration in the cell lysate was determined using
Lowry Assay. BSA was used as a standard for protein quantification. On
the basis of equal protein loading, 40 μg of protein extracts was sepa-
rated by SDS-PAGE on a 12% and 15% denaturing polyacrylamide gel,
transferred to a nitrocellulose membrane (Bio-Rad) and blocked with
blocking buffer (i.e. TBS-Tween 20 containing 5% non-fat milk or BSA)
for 1 h at room temperature. The membranes were then incubated
overnight with the appropriate primary antibodies at 5 °C. The bound
antibody was detected using peroxidase-conjugated anti-rabbit anti-
body (1:10000) or anti-mouse antibody (1:10,000) purchased from
Santa Cruz Biotechnology Inc., California, USA followed by chemilu-
minescence (ECL System) and exposed to autoradiography.

2.10. Mouse xenografts

NOD/SCID mice (6–8weeks, ~20 g) were divided into four groups
(6 mice each) and maintained in Maxi-miser hepafiltered facility.
7.5× 106 HuT-102 tumor cells in 100 μl Media:Matrigel (1:1 ratio)
were inoculated subcutaneously in the right flank. Prior to manipula-
tions, mice were anesthetized with isoflurane (Forane®, Abbott) by in-
halation. TQ and Dox were dissolved in methanol first and then diluted
in lipofundin® MCT/LCT 20% such that the final concentration of me-
thanol did not exceed 0.1% to avoid toxicity to mice. On day 9 post cell
inoculation, mice received intraperitoneal (i.p.) injections of either li-
pofundin® (control), 20 mg/kg of TQ (three times a week), 0.5 mg/kg of
Dox (once a week) or TQ and Dox combinations for 23 days. Tumor
measurements were performed 3 times per week using a sterile Vernier
caliper. Tumor volume was calculated by the formula: Volume= π/
6*(length × width × height). All mice appeared healthy and tolerated
the drug treatment well. The use of laboratory animals was in ac-
cordance with the guidelines of the Institutional Animal Care and Use
Committee (IACUC) at the American University of Beirut.

2.11. Immunohistochemistry of mouse tissues

At the end of the animal studies, all mice were euthanized by iso-
flurane overdose and tumor tissues were collected for further histolo-
gical and immunohistochemical analysis. Tissue sections (4 μm) were
stained with anti-Ki-67 antibody (Santa Cruz, USA) for 60min followed
by secondary and tertiary antibodies and incubated with chromogen
(Zymed, USA) before counter staining with Hematoxylin. To assess the
extent of total cell death, tissue sections were stained using the terminal
deoxyribonucleotidyl transferase-mediated dUTP-nick-end labeling
(TUNEL) assay according to manufacturer's instructions (in situ cell
death detection kit fluorescein; Roche). Cells were counter-stained with
DAPI and slides were analyzed under Leica Fluorescent microscope. Ki-
67 and TUNEL staining was quantified by Image J. Tissue section
images were inverted to black and white by the thresholding method
and positively stained cells were analyzed and counted. The following
formula was used to calculate the % of positive cells: % positive
cells= [positively stained cells/total cells] × 100.

2.12. Statistical analysis

To determine the statistical significance between two samples, two-
tailed student t-test was used (Microsoft Office Excel). One-way analysis
of variance (ANOVA) was used to test for statistical significance be-
tween multiple samples. Statistically significant results compared to the
untreated control were assigned as *p < 0.05 and **p < 0.01.

3. Results

3.1. TQ and Dox combination reduce the viability of Jurkat and HuT-102
cells to a greater extent than Dox alone

First, we tested the effect of Dox alone on HTLV-1 positive (HuT-
102) and HTLV-1 negative (Jurkat) malignant CD4+ T-cells. HuT-102
and Jurkat cells were treated with Dox at concentrations ranging be-
tween 50 and 750 nM for 24 or 48 h after which cell viability was de-
termined by MTT assay. The results in Fig. 1a show a time- and dose-
dependent response to Dox treatment in both Jurkat and HuT-102 cells.
The HTLV-1 negative cells were more sensitive than the HTLV-1 posi-
tive cells to Dox treatment at 48 h. The IC50 value for Jurkat was around
50 nM at 48 h as compared to 100 nM for the HuT-102 cells at the same
time point.

Next, we tested whether the combination of Dox and TQ causes
enhanced anticancer effects against Jurkat and HuT-102 cells. Briefly,
several concentrations of Dox ranging between 50 and 100 nM were
combined with several concentrations of TQ ranging between 5 and
40 μM and their effects on the viability of both cell lines were tested at
24 and 48 h post-treatment. As shown in Fig. 1b and c, TQ and Dox
combinations reduced the viability of Jurkat and HuT-102 cells more
effectively compared to each drug alone in a time-dependent manner.
Trypan exclusion assay confirmed the MTT results. (Sup. Fig. 1).

For upcoming experiments, we investigated only two combination
mixtures of TQ and Dox that significantly inhibited cell viability while
circumventing the need to use high doses of Dox to achieve the same
effect. These combinations included 10 μM of TQ with 50 nM Dox
against Jurkat cells, and 40 μM of TQ with 100 nM Dox against HuT-
102 cells. Both combinations caused 70 to 80% inhibition in cell via-
bility at 48 h post-treatment in both Jurkat and HuT-102 cells (Fig. 1b
and b).

3.2. TQ and Dox combination increases the sub-G1 population in Jurkat
and HuT-102 cells

To determine whether the inhibition of viability by TQ and Dox
combination was due to cell cycle arrest and/or apoptosis, cell cycle
analysis was performed using propidium iodide (PI) staining of DNA
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followed by flow cytometry. The data in Fig. 2 reveal that, compared to
untreated controls or separate treatments, there was a noticeable time-
dependent difference in cell cycle progression in both cell lines. The
percentage of Jurkat cells in the Sub-G1 population increased from 6%
to 28% upon treatment with 10 μM TQ at 24 h (Fig. 2a and Sup. Fig. 2).
Similarly, the Sub-G1 population of HuT-102 cells at 48 h post-treat-
ment with 40 μM TQ increased from 6% to 38% (Fig. 2b and Sup.
Fig. 2).

As expected, treatment with Dox at 24 h significantly increased the
G2/M cell population in both Jurkat and Hut-102 cells, suggesting G2/
M arrest. Interestingly, treatment of both cell lines with TQ and Dox
combinations synergized to significantly increase the percentage of
cells in the Sub-G1 population in comparison to separate treatments.

3.3. TQ and Dox combination induces apoptosis via the mitochondrial
pathway

We then confirmed if cell death triggered by the combination of TQ
and Dox in both HTLV-1 positive and negative cell lines was due to
apoptosis using TUNEL assay. As Fig. 3a demonstrates, treatment with
Dox alone had insignificant apoptotic effects on both cell lines even
after 48 h of exposure. The percentage of TUNEL positive cells did not
exceed the 25% limit. On the other hand, treatment of Jurkat cells for
48 h with TQ (10 μM) or the combination led to 55% and 70% TUNEL
positive cells, respectively. Similarly, treatment of HuT-102 cells for
48 h with TQ (40 μM) or the combination led to 65% and 90% TUNEL

positive cells, respectively. The apoptotic effect of TQ alone was sig-
nificant (p < 0.05) but when combined with Dox, this response was
enhanced (p < 0.01). An early hallmark of apoptotic cell death is in-
creased mitochondrial permeability, manifested by an increase in the
mitochondrial membrane potential. To assess the integrity of the mi-
tochondrial membrane, cells were treated with TQ, Dox or their com-
bination. After treatment, staining with rhodamine 123 dye was per-
formed and the mitochondrial membrane potential was measured as
percentage of accumulated fluorescent dye. After 24 h, there was 31%
and 56% of cells with disrupted mitochondrial membrane potential in
Jurkat cells in response to TQ or the combination treatment, respec-
tively (Fig. 3a). Similarly, treatment of HuT-102 cells for 48 h with TQ
alone or the combination caused a major increase in the number of cells
having decreased mitochondrial membrane potential (Fig. 3b). Similar
to TUNEL results, TQ alone caused a significant disruption of the mi-
tochondrial membrane potential, but the combination was more potent.
In contrast, treatment of both cell lines with Dox alone did not appear
to have a significant effect on the mitochondria.

3.4. The combination of TQ and Dox toxicity is associated with ROS
generation, an effect reversed by pretreatment with the antioxidant NAC or
pan caspase inhibitor

To investigate mechanisms involved in TQ and Dox cell death, we
tested the involvement of ROS, since we have previously shown that TQ
treatment caused apoptosis in Jurkat and HuT-102 cells by triggering

Fig. 1. The combination of TQ and Dox synergizes to reduce cell viability in Jurkat and HuT-102. a) HTLV-1 negative Jurkat cells and HTLV-1 positive HuT-102 cells
were treated with Dox (50–750 nM). b) Jurkat cells and c) HuT-102 were treated with several combinations of TQ (0–10 μM) and Dox (0–100 μM). At 24 and 48 h
post-treatment, cell viability was assessed by MTT assay and the values are expressed as % control. Each value represents the mean ± SD of three independent
experiments. **(p < 0.01) are significantly different from untreated control for each time point using two-tailed Student's t-test.
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the production of ROS [11]. To quantify ROS production, Jurkat and
HuT-102 cells were treated with TQ, Dox or combinations for 1 h before
treatment with the CM-H2DCFDA dye followed by flow cytometry
analysis. Jurkat cells were treated with 10 μM TQ, 50 nM Dox or com-
binations and HuT-102 cells were treated with 40 μM TQ, 100 nM Dox
or their combination. Quantification of ROS levels showed that both TQ
and the combination treatment triggered ROS production in Jurkat cells
while no significant ROS levels were noted upon treatment with Dox
alone. As seen in Fig. 4a, both TQ and the combination treatment
triggered around 40% increase in ROS production. In comparison,
treatment with the positive control H2O2 triggered around 60% oxi-
dative stress. Pretreatment of Jurkat cells with the strong antioxidant
NAC was shown to completely abrogate ROS production by TQ and Dox
combination. Similarly, ROS production increased in response to
treatment of HuT-102 cells with TQ or the combination by around 30%.

To investigate whether caspases along with ROS participate in drug-
induced apoptosis, we incubated the cells with either the general cas-
pase inhibitor z-VAD-fmk (10 μM) or the antioxidant NAC (5mM) for
2 h prior to treatment followed by viability assay, TUNEL assay and
rhodamine staining. Pretreatment of cells with the antioxidant NAC or
pan caspase inhibitor z-VAD-fmk partially protected both cell lines
against combination treatment-induced cytotoxicity: in Jurkat cells, the
viability increased from 26% to almost 65% whereas in HuT-102 cell
viability increased from 27% to almost 60% at 48 h post-treatment
(Sup. Fig. 3).

Western blotting of lysates of Jurkat and HuT-102 cells treated for
24 or 48 h was done to examine drug effects on the expression of pro-
teins involved in apoptosis and multidrug resistance. As seen in Fig. 4b,
treatment with TQ or the combination downregulated the expression of
NFκΒ protein thus directing the cells towards apoptosis; an effect that
was reversed upon pre-treatment with the antioxidant NAC. On the
other hand, these treatments did not affect the expression levels of the

oncogene p53 but increased its phosphorylation (phospho-p53) further
carrying the cells towards programmed cell death. Neither Dox nor TQ
treatment increased the expression of the multidrug resistance-asso-
ciated protein (MRP1) in Jurkat or Hut-102 cells (Fig. 4b). Moreover,
the combination treatment did not alter the expression of this protein.

Upon inhibiting caspases or scavenging ROS, the percentage of
TUNEL positive cells at 48 h post-treatment decreased from 64% to 46%
and 36% in Jurkat, and from 88% to 35% and 25% in HuT-102, re-
spectively (Fig. 4c). A similar pattern was observed in the mitochon-
drial membrane potential assessment. In Jurkat, the population of cells
with disrupted mitochondrial membrane potential decreased from 55%
to 22% and 26% at 24 h posttreatment preceded with z-VAD-fmk and
NAC pretreatment, respectively. On the other hand, the extent of re-
versal in the disruption of mitochondrial membrane potential upon z-
VAD-fmk and NAC pretreatment was less pronounced in HuT-102 cells
and ranged from 10 to 20% (Fig. 4d). These results suggest that
apoptosis by TQ and Dox combination is ROS- and caspase-dependent.

3.5. TQ and Dox combination inhibit tumor volume in a xenograft ATL
model more than single treatments

The ability of TQ and Dox combination to kill the aggressive HTLV-1
positive cells while avoiding the use of toxic doses of Dox is an at-
tractive approach to study its in vivo antitumor potential and add some
clinical relevance to our study. We developed an ATL xenograft model
whereby HuT-102 cells (7.5× 106) in Media:Matrigel (1:1 ratio) were
subcutaneously inoculated into the right flank of NOD/SCID mice and
showed efficient engraftment. Malignant palpable tumors were visua-
lized within 7–9 days post-inoculation. To test the therapeutic efficacy
of TQ and Dox combination in comparison to TQ or Dox alone, mice
were divided into 4 groups of 6 mice each and injected in-
traperitoneally (i.p.) starting at day 9 post-inoculation with the

Fig. 2. The combination of TQ and Dox increases the sub-G1 population in Jurkat cells at 24 h and in HuT-102 cells at 48 h. a) Jurkat cells were treated with 10 μM
TQ, 50 nM Dox or their combination. b) HuT-102 cells were treated with 40 μM TQ, 100 nM Dox or the corresponding combination for 24 or 48 h after which cells
were stained with PI for flow cytometric analysis of DNA content with FACScan flow cytometry. The percentage of cells in the various stages of the cell cycle was
calculated using Cell Quest. Each value is the mean ± SD of three independent experiments each done in duplicate.
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different treatments for 23 days. Tumor size and mice weight were
monitored in all groups and measured every other day. As shown in
Fig. 5a, Dox (0.5 mg/kg) alone had insignificant effects on tumor vo-
lume. The tumor remained relatively large and the final volume of the
tumor was around 0.66 cm 3 compared to 1 cm3 in the control group.
On the other hand, TQ (20mg/kg) injections decreased tumor volume
by half compared to the control group (0.55 cm3). Interestingly, com-
bination treatment decreased the volume of tumors more significantly
than either TQ or Dox alone starting from day 20. At the end of the
experiment (day 28), the average volume of the tumors was around
0.3 cm3. It is worth noting that TQ, Dox and combination were well
tolerated as the mice weight did not decrease nor did they show signs of
distress during the treatment period (Fig. 5b).

Histological H&E staining of tumor sections from the control mice
showed malignant cell infiltration in the tissue. The high-grade tumor
had irregular cell arrangements and intact tissue structure. A similar
pattern was visualized in the tumors of the Dox treated group where the
cells were highly dense with undamaged nuclei. In contrast, tumors
from TQ and combination treated groups were considerably tightly
packed in terms of structure. The tissue had decreased stroma with
increased apoptotic dysregulated cells (impaired nuclei) suggesting
tumor destruction, a result consistent with the tumor growth profile
(Fig. 5c). Consistently, the expression of the nuclear proliferation
marker Ki-67 was the highest in the control group followed by the Dox
treated group. However, in TQ and combination treated groups, the
expression of Ki-67 was significantly lower as depicted by im-
munostaining. Furthermore, in vivo TQ and TQ and Dox combination
induced apoptosis in the tumor tissues as conveyed by TUNEL staining.
Collectively, these data confirm that combining TQ with low doses of
Dox is effective in inhibiting ATL xenografts compared to Dox alone, a
tactic that could hijack Dox undesirable toxic effects (Fig. 5c and d).

4. Discussion

Adult T-cell leukemia is an aggressive liquid malignancy caused by
HTLV-1 viral infection [1]. Due to intrinsic chemo-resistance and im-
munosuppression, ATL patients have poor prognosis. Despite the cur-
rent progress in ATL therapeutics, the treatment options are extremely
limited, and there are no clear treatment recipes that work well in the
long term including the orthodox antineoplastic agents used in the
clinic [20]. In addition, the use of higher doses of drugs in ATL patients
has not significantly improved the overall survival rate but instead has
caused resistance and undesirable toxic effects [21].

In an attempt to find a safe and an effective treatment option, we
investigated the use of TQ, a plant derived compound, in combination
with Dox, a commonly used chemotherapeutic agent for the treatment
of advanced solid tumors and acute leukemia [22]. The central finding
of the present investigation is that low doses of Dox in combination
with TQ significantly inhibit the viability of HTLV-1 negative and
HTLV-1 positive cells and enhance their cell death, in a caspase- and
ROS-dependent manner, in comparison to treatment with Dox alone.
The significance of this finding is attributed to the fact that Dox is a
well-known cancer therapeutic agent but causes harmful effects on
patients' health. The latter include cardiomyopathy, immunosuppres-
sion and the development of primary and secondary drug resistance in
tumor cells, all of which limit Dox clinical success in cancer che-
motherapy [23].

Overall, we observed that the anticancer effects of Dox are achieved
at half its concentration or even less when combined with 10 μM
(Jurkat) or 40 μM of TQ (HuT-102). The results of our study show an
increased therapeutic effect of Dox in combination with TQ and
strongly support our hypothesis that combination of natural compounds
like TQ, along with reducing the dosage of a conventional

Fig. 3. The combination of TQ and Dox induces apoptosis via the mitochondrial pathway. Jurkat cells were treated with 10 μM TQ, 50 nM Dox or their combination.
HuT-102 cells were treated with 40 μM TQ, 100 nM Dox or their combination for 24 h or 48 h. a) TUNEL assay measuring apoptotic cells in control and treated cells.
b) Rhodamine assay measuring loss of mitochondrial membrane potential post-treatment. Each value is the mean ± SD of three independent experiments. TQ
(p < 0.05) and combination (p < 0.01) were significantly different from the untreated control for each time point using two-tailed Student's t-test. **(p < 0.01).
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chemotherapeutic agent, may retain the benefits of minimizing the
undesirable toxicity against normal cells. Higher concentrations and
longer incubation times of Dox and TQ combination were required to
reduce the viability of the resistant HuT-102 cells. The differences in
treatment responses of the two cell lines could be attributed to their
genomic differences including the expression of the viral oncoprotein
Tax whose role in conferring resistance to apoptosis for HTLV-1 positive
cells is well established [4,24].

Unlike treatment with Dox which caused G2/M arrest, treatment
with TQ or the combination mediated cell death by apoptosis in both
cell lines. This is consistent with literature showing that Dox induces
G2/M arrest in leukemia cells [25]. TQ and the combination treatment
but not Dox were able to induce ROS production. Most cancer cells have
high ROS levels which promote and maintain their high cell prolifera-
tion level [26]. An increase in the ROS levels beyond a threshold,
however, can result in growth arrest, senescence or even cell death by
apoptosis. Both TQ and Dox cytotoxic effects are known to be partially
mediated by pro-oxidation [9,27]. However, in the described combi-
nation treatments, Dox used at low concentrations did not trigger ROS
production. This could be due to the fact that, in both cell lines, Dox
was applied at concentrations below the IC50 value. TQ's ability to in-
teract with glutathione and other thiol-bearing enzymes, and deplete
the intracellular thiols could thus account for the oxidative stress

induced after treatment with TQ or the combination.
In addition to ROS production, the combination treatment was able

to disturb the mitochondrial membrane potential of both cell lines, an
early sign of intrinsic apoptosis or apoptosis through the mitochondrial
route. The increase in the mitochondrial membrane potential after
using an inhibitor of caspases confirms the association between cell
death through caspases activation and the mitochondria, and suggest
that the drug combination could be mediating cell death by apoptosis
through the intrinsic pathway. Western blot analysis further confirmed
the implication of the apoptotic pathway in response to the treatment
with the combination. Interestingly, TQ and the combination inhibited
the transcription factor NF-κB expression and triggered the stabilization
of p53 through its phosphorylation, thereby directing the cells towards
apoptosis. Similarly, treatment with Dox alone abrogated the expres-
sion of the proliferation marker NFκΒ, probably due to its ability to
induce cell cycle arrest at G2/M. This finding is in accordance with the
observed Dox effects on NF-κB expression in MCF-7 breast cancer cells
[28] and HT-28 colon cancer cells [29]. In our cell system, it appears
that the MRP1 protein is not involved in the effects of either drug or the
combination treatment.

In vivo, when combined with Dox, TQ suppressed tumor growth in
the ATL xenograft mouse model more significantly than separate
treatments. The mechanism of inhibition of tumor volume by

Fig. 4. Pretreatment with NAC and z-VAD-fmk protect malignant T-cells against TQ and Dox induced ROS generation and toxicity. a) Jurkat cells were treated with
10 μM CM-H2DCFDA dye for 20min, and then treated for 1 h with 10 μM TQ, 50 nM Dox, the combination treatment (with or without pre-treatment with NAC) or
with H2O2 (150 μM). HuT-102 cells were treated with 10 μM CMH2DCFDA dye for 20min, and then with 40 μM TQ, 100 nM Dox, their combination (referred to as
Comb) or H2O2 (150 μM) for 1 h. After treatment, the cells were collected and analyzed by flow cytometry. b) Jurkat cells were treated with 10 μM TQ, 50 nM Dox or
their combination for 24 h. HuT-102 cells were treated with 40 μM TQ, 100 nM Dox or their combination for 48 h. After treatment, the cells were lysed and proteins
were extracted for analysis. Western blot analysis was conducted with the corresponding primary antibodies to study the expression of p53, p-p53 and NF-kB. GAPDH
was used as a reference loading control. c) TUNEL assay and d) Rhodamine assay in cells pretreated with the antioxidant NAC (5mM) or z-VAD-fmk pan caspases
inhibitor (10 μM). Each value in plots a, c and d are the mean ± SD of three independent experiments. *(p < 0.05) and **(p < 0.01) are significantly different from
untreated control for each time point using two-tailed Student's t-test.
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combination of TQ and Dox was mainly through the inhibition of
proliferation in tumors and increased apoptotic response as evidenced
by the decrease in Ki67 expression and increase in TUNEL positive cells
in tumor sections. Extensive evidence from animal studies shows that
TQ improves the therapeutic efficacy of many chemotherapeutic agents
including Dox by enhancing their antitumor activity and/or decreasing
their toxicity to normal cells [21,30,31]. Interestingly, our findings
confirm the synergy between TQ and Dox that could be attributed to
TQ's adjuvant potential and ability to augment the therapeutic effects of
Dox.

5. Conclusion

To sum up, the combination of TQ with the anthracyclin Dox offers
the possibility to use up to twofold lower doses of Dox while exhibiting
the same cancer inhibitory effect against ATL both in vitro and in vivo.
Although cell death is higher upon treatment with TQ and Dox com-
bination as compared to separate drugs, most of the mechanisms im-
plicated in response to combination treatment, namely apoptosis, dis-
ruption of the mitochondrial membrane potential, ROS, and regulation
of the expression of key molecular targets, seem to be similar to those
observed upon treatment with TQ alone. The effect of treatment with
the twofold higher doses of Dox on these mechanisms is the subject of
future studies in order to better understand the implications of using

higher doses of Dox in combination with TQ.
Supplementary data to this article can be found online at https://

doi.org/10.1016/j.lfs.2019.116628.
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