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Chemotherapy resistance is one of the major challenges in cancer treatment, including
leukemia. A massive array of research is evaluating combinations of drugs directed against
different intracellular signaling molecules to overcome cancer resistance, increase therapy
effectiveness, and decrease its adverse effects. Combining chemicals with proven safety
profiles, such as drugs already used in therapy and active substances isolated from natural
sources, could potentially have superior effects compared to monotherapies. In this study,
we evaluated the effects of metformin and thymoquinone (TQ) as monotherapy and
combinatorial treatments in chronic myeloid leukemia (CML) cell lines sensitive and
resistant to imatinib therapy. The effects were also evaluated in primary monocytic
acute myeloid leukemia (AML) and chronic lymphocytic leukemia (CLL) cells. Both
compounds induced a dose- and time-dependent decrease of viability and
proliferation in tested cells. Metformin had similar IC50 values in imatinib-sensitive and
imatinib-resistant cell lines. IC50 values of TQ were significantly higher in imatinib-resistant
cells, but with a limited resistance index (2.4). Synergistic effects of combinatorial
treatments were observed in all tested cell lines, as well as in primary cells. The
strongest synergistic effects were observed in the inhibition of imatinib-resistant cell
line proliferation. Metformin and TQ inhibited the nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB) signaling and induced apoptosis in tested cell
lines and primary cells. The enhanced effects of combinatorial treatments on the induction
of apoptosis were more dominant in imatinib-resistant compared to imatinib-sensitive
CML cells. Primary cells were more sensitive to combinatorial treatments compared to cell
lines. A combination of 1.25 mM metformin and 0.625 µM TQ increased the levels of
cleaved poly (ADP-ribose) polymerase (PARP), decreased the levels of proliferation
regulatory proteins, and inhibited protein kinase B (Akt) and NF-κB signaling in primary
CLL cells. This study demonstrates that combinatorial treatments of imatinib-resistant
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malignant clones with metformin and TQ by complementary intracellular multi-targeting
represents a promising approach in future studies.

Keywords: metformin, thymoquinone, leukemia, therapy resistance, combinatorial therapy

INTRODUCTION

Chemotherapy resistance is a well-known phenomenon resulting
in cancer cell insensitivity to the available treatments (Minassian
et al., 2019). Several factors can cause cancer resistance. Among
others, the most common are 1) metabolic changes of tumors
under pressure of chemotherapeutics and development of
phenotype overcoming the toxic effects of therapy; 2) tumor
microenvironment, especially oxygen level and interaction with
adjacent cells (Gatenby and Brown, 2018; Al-Akra et al., 2019;
Minassian et al., 2019); 3) tumor heterogeneity and clonal
evolution together with mutations and immunological system
interactions (Kubuschok and Trepel, 2017); 4) numerous
adaptive responses and alternative pathways activated under
pressure with specific chemotherapeutics (Gatenby and Brown,
2018); and 5) epigenetic effects (Lue et al., 2015). Several tumors
develop multi-drug resistance (MDR) characterized by
irresponsiveness to distinct drugs (Gatenby and Brown, 2018)
that limits the treatment options of leukemia patients. In chronic
myeloid leukemia (CML), the therapeutic efficacy of first-line
tyrosine kinase inhibitors (TKIs) such as imatinib, dasatinib, and
nilotinib is significantly reduced by resistance mechanisms
(Cortes and Deininger, 2006). One of the main causes of
imatinib resistance is mutation in the breakpoint cluster
region- Abelson murine leukemia viral oncogene homolog 1
fusion gene (BCR-ABL1) kinase (Siegfried and Karni, 2018).
Some of the pathways that can be targeted to overcome this
resistance are Ras-Raf-MAPK (mitogen-activated protein kinase)
and PI3K/Akt/mTOR activated by BCR-ABL1. In respect to this,
multi-targeted combinatorial therapy should include inhibitors of
heat-shock protein 90 (HSP90), MEK 1/2, phosphorylated
protein kinase B (p-Akt), and mTOR (Cortes and Deininger,
2006; Jabbour et al., 2011).

Tumor aggressiveness and resistance development often
depend on cancer stem cells (CSCs) and tumor-initiating
cells (TICs) (Neuzil et al., 2007; Clarke, 2019). They were
first identified in leukemia patients and represent a small
subpopulation (0.05–1% of total cancer mass) existing in
almost all cancers (Neuzil et al., 2007; Clarke, 2019). In
CML, CSCs are resistant to TKIs. It is estimated that they
cause relapse in almost 50% of all patients who discontinue the
therapy (Chereda and Melo, 2016). While current therapies
mainly destroy non-dormant cells (Kangwan et al., 2014),
targeting CSCs would be an important approach to
overcome tumor resistance and metastasis (Skoda et al.,
2019). This could be accomplished through mitochondria
targeting because CSCs have very high demands on energy
and highly depend on mitochondrial activity (Skoda et al.,
2019; García-Heredia and Carnero, 2020). With this aim, anti-
diabetic drug metformin (inhibitor of mitochondrial
respiratory chain I) could be utilized. It has inhibitory

effects in CSCs originating from different cancers (Bednar
and Simeone, 2012; Bao et al., 2013). Metformin is the most
prescribed anti-diabetic drug in the world used for more than
40 years, thus having a proven safety profile. Numerous studies
have shown that metformin decreases cancer risk (Saraei et al.,
2019; Leng et al., 2021). Metformin exerts anti-cancerous
effects by two distinct mechanisms, including an indirect,
insulin-dependent mechanism (Dowling et al., 2011), where
metformin sensitizes the cells to insulin, leading to a decrease
in glucose and insulin levels in circulation, indirectly
diminishing pro-survival activity through insulin receptors.
This inhibits commonly activated downstream pathways in
cancers, including PI3K/Akt/mTOR and MAPK pathways
(Taniguchi et al., 2006). However, many previous studies
proposed controversial results regarding metformin effects
on p-Akt levels in different cell lines— indicating no effects
(Vakana et al., 2011; Shi et al., 2012; Scotland et al., 2013),
inhibition (Grimaldi et al., 2012; Rosilio et al., 2013), or even
stimulation of Akt (Janjetovic et al., 2011; Grimaldi et al., 2012;
Leclerc et al., 2013; Scotland et al., 2013). The second
mechanism is insulin independent, through the inhibition
of the mitochondrial respiratory chain complex I (Fontaine,
2018) that leads to the activation of AMP-activated protein
kinase (AMPK) and inhibition of the mTOR pathway (Rosilio
et al., 2014). Metformin interferes with cancer cells’
metabolism and mimics glucose deprivation causing an
accumulation of inadequately folded proteins and
endoplasmic reticulum stress (Leclerc et al., 2013). This
leads to decreased survival of leukemia cells (Rosilio et al.,
2013). Despite the various pathways targeted by metformin,
certain cancer cells develop resistance to this drug and
combinatorial therapy could be a key approach to overcome
this resistance (Scotland et al., 2013).

Combinatorial therapy utilizes compounds targeting different
signaling pathways with the aim of overcoming cancer resistance
and increasing the effectiveness of therapy while decreasing its
adverse effects. This approach is already used in CML treatment
(Bhaskar et al., 2014;Mu et al., 2021). Combinatorial therapy with
metformin and dasatinib in chronic lymphocytic leukemia (CLL)
is one of the promising approaches (Marignac et al., 2013).
Chemicals with proven safety profiles, such as drugs already
used in therapy and active substances isolated from natural
sources, could find their applications in combinatorial cancer
therapy (Rosilio et al., 2014). Drug repurposing is crucial in the
development of combinatorial therapies. With well-known safety
profiles supported by data from completed clinical studies and
data from clinical practice, approved drugs offer an opportunity
for fast development of new combinations. Combining
metformin with specific Akt (Scotland et al., 2013; Jang et al.,
2021) and nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-κB) inhibitors (Mauro et al., 2011) could help
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decrease the drug concentrations used in therapy and overcome
resistance.

Phytochemicals with a known safety profile can be used in
combinatorial treatments. For instance, thymoquinone has an
inhibitory activity against Akt (Koka et al., 2008; Yi et al., 2008;
Arafa et al., 2011; Hussain et al., 2011; Rajput et al., 2013; Khan
et al., 2019) and NF-κB (Sethi et al., 2008), representing a good
candidate for combinatorial treatment with metformin. TQ
transcriptionally up-regulates PTEN in doxorubicin-resistant
MCF-7/DOX breast cancer cells leading to a decrease of
phosphorylated Akt (Arafa et al., 2011). TQ suppresses NF-κB
activation in a time- and dose- dependent manner resulting in a
down-regulation of NF-κB–regulated gene products (Zhang et al.,
2016). TQ inhibits NF-κB through direct interaction with the p65
subunit and suppression of TNF-induced IKK activation (Sethi
et al., 2008). Inhibitory effects of TQ on the fitness of leukemic
cells were previously shown in various in vitro (El-Mahdy et al.,
2005; Alhosin et al., 2010; Dergarabetian et al., 2013; Salim et al.,
2013; Khalife et al., 2014; Soltani et al., 2017) and in vivo models
(Salim et al., 2014; Pang et al., 2017).

However, the mechanism by which metformin and/or TQ
interfere with intercellular signaling is not elucidated in the
context of leukemic cell resistance.

Metformin and TQ combinatorial targeting of complementary
pathways in tumor cells represents a novel approach for
increasing effectiveness and overcoming resistance to current
leukemia therapies (Figure 1).

Considering promising therapeutic potential of metformin and
TQ by targeting crucial players in leukemia tumorigenesis, we aimed
to evaluate whether metformin and TQ, as monotherapies or in
combination will have inhibitory effects on the fitness of primary
leukemia cells and CML cell lines sensitive and resistant to imatinib.

MATERIALS AND METHODS

Cell Culture
Cell lines LAMA-84s (CML, a kind gift from Dr. Aleksandar
Radujković, University of Heidelberg, Germany), LAMA-84r
((LAMA-84s cell line resistant to 1 µM imatinib (Radujkovic
et al., 2005), a kind gift from Dr. Aleksandar Radujković,
University of Heidelberg, Germany), and K562 (CML, a kind
gift from Dr. Dimitar Efremov, ICGEB, Italy) were cultured in
Roswell Park Memorial Institute (RPMI)-1640 basal medium
(Sigma-Aldrich, United States), supplemented with 10% Fetal
Bovine Serum (FBS), 100 U/ml penicillin, 100 μl/ml
streptomycin, 10 mM HEPES, 1 mM sodium pyruvate, and 1%
of non-essential amino acid α-Glutamine (Sigma-Aldrich,
United States). Additionally, the LAMA-84r growing medium
contained 1 µM imatinib. Cell cultures were grown in suspension
and maintained at optimal conditions in a humidified
atmosphere (95%), 5% CO2 at 37°C. Cells were tested for
Mycoplasma contamination by using the LookOut
Mycoplasma qPCR Detection Kit (Sigma-Aldrich, United States).

All experiments with primary cells were performed according to
the Declaration of Helsinki. The protocol was approved by the
Ethical Committee of the University Clinical Hospital of Mostar
(Approval number 426/19). Two peripheral blood samples were
obtained from newly diagnosed patients not receiving leukemia
therapy. One sample was from a monocytic acute myeloid
leukemia (AML) patient and the other from a CLL patient. AML
samples were isolated from the bone marrow by density gradient
centrifugation on Lymphoprep (1,077 g/ml) (STEMCELL
Technologies, Canada). CLL samples were isolated from whole
blood by using an EasySep™ Direct Human B-CLL Cell Isolation
Kit (STEMCELL Technologies, Canada). The purity of samples was

FIGURE 1 | Signaling pathways targeted by metformin and thymoquinone. Created in BioRender.com.
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confirmed by flow cytometry, and it was higher than 80 and 90% in
AML and CLL samples, respectively. Cells were maintained in a
RPMI-1640 complete medium at 37°C and 5% CO2 for one day
before using them for experiments or freezing.

Substance Preparation
Metformin (Sigma-Aldrich, United States) was dissolved in 1x
phosphate-buffered saline (PBS) (Fisher Bioreagents,
United States) as a stock solution of 1 M and filtered
through 0.22 µm PTFE filter (Macherey Nagel, Germany)
before the usage. TQ (Sigma-Aldrich, United States) was
dissolved in DMSO (Sigma-Aldrich, United States) as
100 mM stock solution and was diluted to 1 mM
concentration in 1× PBS prior to use. For each experiment,
fresh TQ stock solution and appropriate dilutions were
prepared. Doxorubicin (Hemofarm, Serbia) was prepared as
100 mM solution in 100% DMSO (Molecular Probes, Life
Technologies, United States) and for each experiment, fresh
appropriate working concentrations were prepared with the
RPMI-1640 complete medium.

Cell Viability and the Half Maximal Inhibitory
Concentration (IC50) Determination
LAMA-84s, LAMA-84r, and K562 cells were plated in a 96-well
plate in concentration 5 × 103/100 µl of RPMI-1640 complete
medium. Cells were treated with a range of metformin
(2.5–80 mM) and TQ (2.5–80 µM) concentrations while cells
incubated with an appropriate concentration of DMSO or PBS
were used as a negative control. After incubation for 48 h, cellular
viability was determined by theWST-8 assay using the CCK8 Cell
Proliferation Assay Kit (Biotool, United States). 10 µl of WST-8
reagent was added into each well and the absorbance values were
measured at 450 nm with the 620 nm reference wavelength on a
Multiscan FC microplate reader (Thermo Fisher Scientific,
United States). Primary AML and CLL cells were seeded in
triplicates in 96-well plates (4 × 105 cells/100 µl), treated with
metformin, TQ, and their combinations for 48 h. After the
treatment, the WST-8 experiment was performed.

IC50 values were calculated by using Calcusyn software
(Biosoft, United Kingdom).

Evaluation of the Effects of Metformin and
Thymoquinone on Cell Proliferation
The proliferation of cells was evaluated by the BrdU
incorporation assay. LAMA-84s, LAMA-84r, and K562 cells
were seeded in triplicates in a 96-well plate with a seeding
density of 5 × 103 cells/100 µl and treated with metformin and
TQ for 48 h. The quantity of a reaction product was measured by
an absorbance at dual wavelengths of 370 and 492 nm using the
MultiscanTM GO Microplate Spectrophotometer (Thermo
Scientific, United States). The absorbance values were directly
proportional to the amount of newly synthesized DNA and a
number of proliferating cells.

Combination Index Calculation
Combination index (CI) calculation by Calcusyn software was
used to determine whether two drugs have synergistic, additive or
antagonistic effects. The software calculates CI values based on
the median-drug effect analysis described by Chou and Talalay
(Chou and Talalay, 1984). CI values lower than 0.800 indicate
that the compounds have synergistic effects, meaning that the
activity of combination has better effects compared to the simple
addition of effects of each compound in the combination
(Bijnsdorp et al., 2011).

Apoptosis Evaluation
An assessment of the percentage of cells in early apoptosis,
apoptosis, and necrosis was performed by the flow cytometry
Annexin V/PI assay. FITC Annexin V Apoptosis Detection Kit
I (BD Biosciences, United States) was used according to the
manufacturer’s instructions. Briefly, cells were seeded in 6-well
plates (seeding density 1 × 106 cells/well). After one hour, the
compounds were added into adequate wells. Cells were
incubated in a humidified incubator with 5% CO2 at 37°C
for 48 h prior to the flow cytometry analysis. The cells were
washed twice with PBS 1x and then re-suspended in a binding
buffer 1x at a concentration 1 × 106 cells/ml. This solution was
transferred to a round bottom 5 ml tube. FITC Annexin V and
PI were added and incubated 15 min in the dark at room
temperature. Binding buffer 1x was added and the flow
cytometry analysis on FACSCanto II (BD Biosciences,
United States) was performed within 1 hour.

Western Blot Analysis
Cells were seeded in 6-well plates (seeding density 1 × 106 cells/
well) and incubated with compounds for 48 h. Cell lysates were
prepared by the RIPA buffer (Sigma-Aldrich, Germany) and
the total protein concentrations were determined by the
Bradford assay prior to western blot. The signal proteins on
the membrane were detected using ECLTM Prime Western
Blotting Detection Reagent (GE Healthcare Life
Sciences, United Kingdom) representing a horseradish
peroxidase substrate for enhanced chemiluminescence
(ECL) and signal detection. Protein bands were visualized
by Molecular Imager ChemiDocTM XRS + Imaging System
(Bio-Rad, United States) and normalized using the Image Lab
software (v.6.0). Antibodies were purchased from Cell
Signaling Technology, Netherlands. Primary antibodies used
were PARP Antibody #9542, Phospho-PKC (pan) (zeta
Thr410) (190D10) Rabbit mAb #2060, Phospho-p70 S6
Kinase (Thr421/Ser424) Antibody #9204, Phospho-NF-κB
p65 (Ser536) (93H1) Rabbit mAb #3033, Phospho-Akt
(Ser473) (D9E) XP® Rabbit mAb #4060, PTEN (D4.3) XP®
Rabbit mAb #9188, Mcl-1 Antibody #4572, and Cyclin D1
Antibody #2922. For loading control, β-Actin (8H10D10)
Mouse mAb #3700 primary antibody was used.
Secondary antibodies anti-rabbit IgG, HRP-linked Antibody
#7074, and anti-mouse IgG and HRP-linked Antibody #7076
were used.
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Statistical Analysis
IBM SPSS statistics version 23 (IBMCorporation, United States) was
used for statistical analysis. The experiments were repeated at least
three times. The Shapiro–Wilk test was used for testing the
normality of data. Levene’s test was used for testing homogeneity
of variances. In all cases, assumptions were met for one-way
ANOVA analysis. Tukey’s post-hoc test was used in cases where
Levene’s test indicated homogeneity of variances; otherwise, Games-
Howell post-hoc test was used. p< 0.05 was considered as the level of
statistical significance with the next levels presented through the text:
*p < 0.05; **p < 0.01; and ***p < 0.001.

RESULTS

Metformin and ThymoquinoneDecrease the
Viability of Leukemia Cell Lines and Primary
Cells
Metformin andTQmonotherapies caused a concentration-dependent
decrease of cell viability in treated cell lines and primary cells. Effects of
metformin and TQ shown were at mM and µM levels, respectively
(Table 1). No statistically significant difference was seen between IC50

values of metformin for LAMA-84s and LAMA-84r cell lines. The
K562 cell line had significantly higher IC50 values compared to
LAMA-84 cell lines (p < 0.001). LAMA-84r cells (resistant to
1 µM imatinib) were significantly less sensitive to TQ treatment
than LAMA-84s (p < 0.001). Significantly higher TQ IC50 in K562
cell lines compared to LAMA-84 cell lines was observed (p < 0.001).

Metformin and ThymoquinoneDecrease the
Proliferation of Leukemia Cell Lines
In LAMA-84s and LAMA-84r cells, significant anti-proliferative
effects were observed after treatment with metformin
monotherapy and higher concentration of applied
combination (Figures 2A,B). TQ in a low concentration
slightly induced the proliferation of LAMA-84s cells, while a
higher TQ concentration decreased cell proliferative rate
(Figure 2A). In K562 cell line both metformin and TQ mono
and combinatorial treatments incubated for 48 h caused a
significant inhibition of cell proliferation (Figure 2C).

Metformin and Thymoquinone Have
Synergistic Effects in Leukemia Cell Lines
and Primary Cells
Whenmetformin and TQwere applied in combinatorial treatments,
concentrations and protocols of application influenced the obtained
CI values (Table 2). Low concentrations of TQ, with stimulatory
effects as monotherapy, caused antagonistic effects in combination
with metformin. Generally, sequential application of compounds
(first TQ for 12 h and then metformin in addition to TQ for 48 h)
provided a better synergistic outcome, when compared to the
simultaneous application of drugs. The strongest synergistic effect
was observed on LAMA-84r cells’ proliferation. When 2mM
metformin and 2 µM TQ were applied simultaneously for 48 h in
primaryAML andCLL cells, synergistic effects on viability inhibition
were observed (Table 2).

TABLE 1 | IC50 values of metformin and thymoquinone (TQ) after 48 h treatment in leukemia cells, as determined by the WST-8 assay.

Cells Metformin IC50 (mean ± SD) mM TQ IC50 (mean ± SD) µM

LAMA-84s 30.3 ± 1.5 11.8 ± 0.9
LAMA-84r 23.7 ± 5.3 28.6 ± 2.1
K562 61.4 ± 10.2 53.5 ± 3.3
Primary cells, acute monocytic leukemia 13.9 27.1
Primary cells, chronic lymphocytic leukemia 27.7 9.1

FIGURE 2 | Metformin (M), thymoquinone (TQ), and their combinatorial treatments applied for 48 h caused changes in proliferation as determined by the BrdU
assay in (A) LAMA-84s, (B) LAMA-84r, and (C) K562 cell lines. Milimolar (mM) concentrations of metformin and micromolar (µM) concentrations of TQ were applied
depending on the cell line as indicated at the X-axis of each graph. Data are presented as mean ± standard deviation. *p < 0.05.
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Metformin and Thymoquinone Induce
Apoptosis in Leukemia Cell Lines
n imatinib-sensitive LAMA-84s cells, metformin and TQ have shown
mild pro-apoptotic effects (Figure 3A), while induction of apoptosis
was observed in imatinib-resistant LAMA-84r cells treated with
monotherapies and combinations of metformin and TQ
(Figure 3B). LAMA-84s cells treated with a combination of
2.5mM metformin and 5 µM TQ had 6.5% of apoptotic cells
compared to 3.7% apoptotic cells in control. On the other hand,
LAMA-84r cells treatedwith the same combination ofmetformin and
TQ had 24.3% of apoptotic cells compared to 15.0% apoptotic cells in
control.

In the K562 cell line, apoptosis was also induced by metformin
and TQ monotherapies and combinatorial treatments
(Figure 3C).

Metformin and Thymoquinone Inhibit NF-kB
Signaling and Induce Apoptosis in
Leukemia Cell Lines and Primary Cells
LAMA-84r, resistant to 1 µM imatinib, had increased basal levels
of p-Akt and p-NF-κB p65, while the basal levels of both kinases
were low in LAMA-84s cells. In both cell lines, PTEN levels were
low. Metformin treatment decreased the levels of p-Akt and
p-NF-κB p65 and slightly increased the level of PTEN in

TABLE 2 | Combination index (CI) values on leukemia cell lines as determined by WST-8 and BrdU incorporation assays.

Cell line Treatment CI values (WST-8),
48 h treatment

CI values (BrdU),
48 h treatment

CI values (BrdU),
72 h treatment

LAMA-84s Simultaneous 1.272 ± 0.322 0.622 ± 0.240 0.262 ± 0.024
Sequential 0.443 ± 0.031 — —

LAMA-84r Simultaneous 1,860 ± 1,039 0.314 ± 0.100 0.151 ± 0.075
Sequential 0.515 ± 0.131 — —

K562 Simultaneous 0.636 ± 0.038 0.457 ± 0.198 0.384 ± 0.002
Sequential 0.494 ± 0.066 — —

AML primary cells Simultaneous 0.770 — —

CLL primary cells Simultaneous 0.630 — —

AML, acute monocytic leukemia; CLL, chronic lymphocytic leukemia.

FIGURE 3 | Flow cytometry Annexin V/PI analysis was used to determine the percentage of cells in apoptosis after metformin and thymoquinone (TQ)
monotherapies and combinatorial treatments for 48 h in (A) LAMA-84s, (B) LAMA-84r, and (C) K562 cell lines.
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LAMA-84r cells. When low concentration combinatorial
treatments were applied, increased p-Akt levels were observed
in both LAMA-84r and LAMA-84s cell lines. However, both cell
lines had a slightly induced PTEN production (Figures 4A,B). In
both cell lines, low concentration combinatorial treatments
decreased p-NF-κB p65 levels (Figure 4A).

Results obtained by the BrdU assay showing that low
combinatorial concentrations of metformin and TQ had
synergistic effects in the inhibition of LAMA-84r cells
proliferation were confirmed by western blot. Levels of
proteins involved in proliferation, including cyclin D1,
phospho-p85 S6 kinase (p-P85 S6k), and phospho-p70 S6
kinase (p-P70 S6k), were decreased when the low
concentration combinatorial treatment was applied.
However, the opposite effects were seen in LAMA-84s cells
(Figure 4A).

Induction of apoptosis in LAMA-84r and mild pro-apoptotic
effects in LAMA-84s cells by the combinatorial treatment with
metformin and TQ observed in flow cytometry experiments were
confirmed by Mcl-1 levels detected in western blot (Figure 4B).

With the aim of Akt phosphorylation induction, LAMA-84s
and LAMA-84r cells were pre-treated with 1 µM doxorubicin for
48 h and after that, metformin and TQ were added. However, in
LAMA-84s cells, p-Akt and p-NF-κB levels remained low. In
LAMA-84r cells pre-treated with doxorubicin, mono and
combinatorial treatments with metformin and TQ caused an
inhibition of Akt and NF-κB phosphorylation (Figure 4C).

Primary CLL cells were more sensitive, compared to cell lines,
to the effects of metformin and TQ in both, mono and
combinatorial treatments. A very low combinatorial
concentration (1.25 mM metformin + 0.625 µM TQ) increased
the levels of cleaved poly (ADP-ribose) polymerase (PARP),
decreased levels of proteins involved in proliferation, and
caused the inhibition of Akt and NF-κB phosphorylation
(Figure 4D).

DISCUSSION

In this study, mono and combinatorial treatments with
metformin and TQ caused a concentration-dependent decrease
of viability and proliferation and induction of apoptosis in
leukemia cells. Stronger synergistic effects on proliferation of
imatinib-resistant compared to imatinib-sensitive CML cells were
observed. Also, stronger effects of combination on the induction
of apoptosis were seen in resistant compared to sensitive CML
cells. Primary cells were more sensitive to combinatorial
treatments compared to cell lines.

Metformin and TQ monotherapies had dose-dependent
effects on leukemia cells. Similar to previous studies,
metformin had millimolar (mM) IC50 values (Table 3) while
TQ had micromolar (µM) IC50 values (Table 4). Results obtained
in cell lines were confirmed in primary cells from one AML and
one CLL patient. AML and CLL represent two of the most

FIGURE 4 |Western blot of cell lysates from (A) LAMA-84s and (B) LAMA-84r cells treated for 48 h with metformin(M), thymoquinone (TQ), and their combinations,
(C) LAMA-84s and LAMA-84r cells treated for 48 h with metformin, TQ, and their combinations with 1 µM doxorubicin pretreatment for 48 h, and (D) primary CLL cells
treated for 48 h with metformin, TQ and their combinations. Numbers represent fold change compared to control. Abbreviations: myeloid cell leukemia-1 (Mcl-1);
phosphorylated Akt (p-Akt); Poly (ADP-ribose) polymerase (PARP); phosphorylated NF-κB (p-NF-κB); Phosphatase and tensin homolog (PTEN); phospho-p85 S6
kinase (p-P85 S6k); phospho-p70 S6 kinase (p-P70 S6k); phosphorylated protein kinase C (p-PKC).
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common leukemia types in adults (Salim et al., 2014) and it was of
particular interest to evaluate the effects of metformin, TQ, and
their combination in primary patient samples. The IC50 value for
metformin in primary CLL cells and leukemia cell lines was
between 13.9 and 30.3 mM (Table 1). The exception was
observed with K562 cell lines which was less sensitive to
metformin. Voltan et al., 2016 have found that metformin
treatment for 48 h had similar effects in leukemic cell lines
(EHEB and JVM-2) and primary CLL cells with IC50 values
11.6 and 10.2 mM, respectively (Voltan et al., 2016). Primary
AML cells were more sensitive to metformin treatment with IC50

13.9 mM. Energy metabolism plays an important role in the
therapy response of AML cells (Scotland et al., 2013). AMPK
is functional in AML and can be activated by metformin, leading
to mTOR inhibition and a significant decrease of proliferation
(Green et al., 2010). The inhibitory activity of metformin in
leukemia primary cells was confirmed by different authors. Shi
et al., 2015 have found that primary Ph + ALL blasts are more
sensitive to metformin treatment than K562 cell lines (Shi et al.,
2015). Vakana et al. have found that metformin caused the

inhibition of colony formation of primary CML cells. The
effects were already seen at 1 mM concentration while 10 mM
concentration had similar effects to imatinib (Vakana et al.,
2011). TQ IC50 in primary AML cells (27.1 µM) is in
accordance with results previously obtained on U937 AML cell
line (21.4 µM) (Khalife et al., 2014). This is the first study to show
TQ effects in CLL primary cells, where we have observed a
complete loss of viability at 10 µM concentration.

Similar effects of metformin in 1 µM imatinib-sensitive and
imatinib-resistant CML cell lines (LAMA-84s and LAMA-84r)
indicate that metformin could be used in overcoming resistance
to current CML therapies. Vakana et al., 2011 were first to show that
metformin have an inhibitory activity against Ph + cell lines and
primary cells, including those carrying T315I-BCR-ABL mutation
rendering them resistant to imatinib therapy (Vakana et al., 2011).
Shi et al., 2015 have found that K562 cells resistant to 1 µM imatinib
were more sensitive to metformin treatment when compared to
imatinib-sensitive K562 cells. Metformin had synergistic effects with
imatinib in Ph + cells (Ph + ALL SUP-B15 cell line, Ph + ALL
primary blasts, K562 cells resistant, and K562 sensitive to 1 µM

TABLE 3 | Half maximal inhibitory concentration (IC50) values from the literature for metformin in leukemia cell lines.

Cell line Cell line
description

Incubation period Method used Metformin IC50

(mM)
Reference

K562 CML 5 days MTT assay 5.0 Vakana et al. (2011)
K562 CML 72 h MTT assay 7.5 Shi et al. (2015)
K562R CML resistant to 1 µM imatinib 72 h MTT assay 1.1 Shi et al. (2015)
SUP-B15 Ph + ALL 72 h MTT assay 26.1 Shi et al. (2015)
Primary Ph + ALL Primary Ph + ALL blasts 72 h MTT assay 6.9 Shi et al. (2015)
Jurkat T-ALL 48 h MTT assay 5.6 Grimaldi et al. (2012)
Jurkat T-ALL 72 h MTT assay 20.8 Shi et al. (2012)
HL-60 AML 24 h/48 h/72 h CCK8 (WST-8) assay 33.1/15.2/10.4 Yuan et al. (2020)
THP-1 AML 24 h/48 h/72 h CCK8 (WST-8) assay 78.8/12.0/6.4 Yuan et al. (2020)
KG-1 AML 48 h CCK8 (WST-8) assay 11.9 Zhou et al. (2021)
Kasumi-1 AML 48 h CCK8 (WST-8) assay 10.5 Zhou et al. (2021)
THP-1 AML 48 h CCK8 (WST-8) assay 11.2 Zhou et al. (2021)
KG-1 AML 24 h/72 h XTT assay 40.0/7.7 Valiulienė et al. (2021)
KG-1A AML resistant to 24 h/72 h XTT assay 46.3/6.6 Valiulienė et al. (2021)
NB-4 AML 24 h/72 h XTT assay 43.0/3.6 Valiulienė et al. (2021)

ALL, acute lymphoblastic leukemia; CML, chronic myeloid leukemia; Ph +, Philadelphia chromosome positive.

TABLE 4 | Half maximal inhibitory concentration (IC50) values found in the literature for thymoquinone (TQ) in leukemia cell lines.

Cell line Cell line
description

Incubation period Method used TQ IC50

(µM)
Reference

Jurkat T-ALL 24 h MTS assay 24.3 Alhosin et al. (2010)
Jurkat T-ALL 24 h MTS assay 19.5 Soltani et al. (2017)
Jurkat T-ALL 48 h MTS assay 17.3 Soltani et al. (2017)
Jurkat T-ALL 72 h MTS assay 14.1 Soltani et al. (2017)
Jurkat T-ALL 48 h MTT assay 28.0 Dergarabetian et al. (2013)
U937 AML 24 h WST-1 assay 31.3 Khalife et al. (2014)
U937 AML 48 h WST-1 assay 21.4 Khalife et al. (2014)
CEM T-ALL 48 h MTT assay 8.0 Dergarabetian et al. (2013)
CEMss T-ALL 24 h MTT assay 6.1 Salim et al. (2013)
MT-2 T-ALL HTLV-1 positive 48 h MTT assay 35.0 Dergarabetian et al. (2013)
HuT-102 T-ALL HTLV-1 positive 48 h MTT assay 85.0 Dergarabetian et al. (2013)
HL-60 Myeloblastic leukemia 24 h MTT assay 23.0 El-Mahdy et al. (2005)

AML, acute monocytic leukemia; ALL, acute lymphoblastic leukemia; HTLV-1, human T-lymphotropic virus 1.
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imatinib) (Shi et al., 2015). Metformin had similar effects in KU812
CML cells sensitive and resistant to imatinib therapy (Reddy et al.,
2013) while in K562-Lucena multi-drug resistant cells, metformin
decreased the levels of P-glycoprotein (P-gp) and had synergistic
effects with imatinib (Curvello et al., 2013). P-gp is a surface
glycoprotein which plays an important role in the development
of multi-drug resistance (Dewanjee et al., 2017). LAMA-84r cell line
used in this study is characterized by an over-expression of BCR-
ABL and increased the activity of P-gp (Radujkovic et al., 2014), so
metformin could decrease P-gp levels and have a cytotoxic activity in
this cell line. Effects of metformin against resistant Ph + cells need to
be further investigated with a focus on leukemia initiating cells. The
obtained data so far, including results of this study, are supportive for
the potential application of metformin in abolishing leukemia
resistance and inhibiting leukemia initiating cells. LAMA-84r cells
were less sensitive to TQ than LAMA-84s cells with IC50 values
28.6 ± 2.1 μM and 11.8 ± 0.9 μM, respectively. However, the TQ
resistance index in LAMA-84r cells is only 2.4. Resistance index is a
value obtained by the division of IC50 of resistant cells and IC50 of
same cells sensitive to certain agents (Scappini et al., 2004). Usually,
cells designated to be resistant to certain therapies have much higher
resistance index such as 744.0 for bosutinib, 692.0 for nilotinib, or
360.0 for dasatinib in CML cells harboring T315I mutation (Sang
et al., 2016), 9.1 for imatinib in resistant K562 cells (Sang et al., 2016),
13.3 and >20 for imatinib in 1 µM resistant KBM7 and KBM5 CML
cell lines, respectively (Scappini et al., 2004), and 9.6 for doxorubicin
in certain lymphoma subpopulations (Zhang et al., 2018).
Previously, it has been shown that TQ has a potential to
overcome resistance in different cancer cells, especially when
combined with other therapeutics (Arafa et al., 2011; Siveen
et al., 2014). Our results demonstrated that TQ and metformin
have synergistic effects in the inhibition of metabolic activity and
proliferation of LAMA-84r cells.

K562 was significantly less sensitive to treatment with metformin
and TQ. Although LAMA-84 andK562 cell lines are both Ph+CML
cells, their phenotypes are different. LAMA-84 has elevated proteins
associated with an invasive behavior, while K562 has elevated
proteins connected to the development of resistance. Some of the
expressed proteins found in K562 but not in LAMA-84 cells are
Annexin A1 involved in exocytosis, glutathione S-transferases
involved in detoxification, and heat-shock proteins (HSP27 and
HSP70) with cytoprotective effects (Fontana et al., 2007). Those
proteins could contribute to a more resistant phenotype against
metformin and TQ treatment. HSP70 is recognized as a protein
involved in imatinib resistance, and indeed, in preliminary
experiments we have found that in LAMA-84s cells viability
decreased dramatically after2 days in 1 µM imatinib, while K562
cells were less sensitive and about 20% could survive 40 days in 1 µM
imatinib (data not shown).

Strong inhibitory effects of metformin on AML cell lines’
proliferation have previously been shown (Scotland et al., 2013;
Gopalakrishnapillai et al., 2014). Grønningsæter et al. found that
metformin inhibited proliferation in each of the 17 patients’ primary
AML cells in vitro (Grønningsæter et al., 2020). In our experiments,
metformin caused a significant inhibition of proliferation on both
imatinib-sensitive and imatinib-resistant cell lines, as shown by the
BrdU assay (Figure 2). On the other side, TQ effects were depending

on dose and time of incubation. A mild induction of LAMA-84s
cells’ proliferation by a low dose of TQ was probably due to
compensatory mechanisms that were overcome when higher
concentrations of TQ were applied. Opposite effects of lower and
higher concentrations (hormetic effects) are known for various
compounds (Calabrese and Mattson, 2017). Thymol, a
compound that is transformed to TQ by catalytic oxidation of
essential oils (Jukić and Miloš, 2005), was found to be protective
or cytotoxic depending on the cell line used and applied
concentration (Günes-Bayir et al., 2020). Previous studies have
demonstrated anti-proliferative effects of TQ in the T-ALL Jurkat
cell line, starting from a 10 µM concentration (Alhosin et al., 2010)
and malignant T-lymphocytes (Diab-Assaf et al., 2018).
Combinatorial treatment with metformin and TQ significantly
inhibited proliferation of LAMA-84r cells as shown by the BrdU
assay (Figure 2B) and decreased levels of cyclin D1, phospho-p85 S6
kinase (p-P85 S6k), and phospho-p70 S6 kinase (p-P70 S6k)
(Figure 4A). In LAMA-84s cells, lower combinatorial
concentrations increased levels of proliferation proteins
(Figure 4A), while a higher combinatorial concentration
inhibited proliferation (Figure 2A). The observed hormetic effects
of TQ applied in CML cell lines as monotherapy or in combination
with metformin need to be further evaluated. Those effects were not
observed in primary cells.

CI values obtained in combinatorial studies depended on the cell
line, concentrations of used compounds, as well as the procedure for
their application. Synergistic effects were observed in all cell lines
regarding a decrease of viability and inhibition of proliferation. The
strongest synergistic effects were observed when cells were pre-
treated with TQ for 12 h, and then co-treated with metformin for an
additional 48 h (Table 2). Previous studies have found the strongest
synergism when TQ was applied before topotecan (Khalife et al.,
2014) and gemcitabine (Mu et al., 2015). In the U937 AML cell line,
TQ in combination with topotecan showed synergistic anti-
proliferative and pro-apoptotic effects with pre-exposure to TQ
more effective than simultaneous application (Khalife et al.,
2014). Also, in the same AML cell line, pretreatment with Akt
inhibitor resulted in strong synergistic effects with metformin
(Scotland et al., 2013). What we found particularly interesting is
the fact that sequential treatment had strong synergistic effects (CI
value 0.515 ± 0.131) in LAMA-84r cells, resistant to 1 µM imatinib.
The strongest synergistic effects were observed in LAMA-84r cell
line proliferation where CI values for 48 and 72 h’ treatments were
0.314 ± 0.100 and 0.151 ± 0.075, respectively. Less intensive
synergistic effects were also observed in proliferation decrease of
imatinib-sensitive cell lines (Table 2). It is important to note that
LAMA-84r cells were grown in a medium containing imatinib and
stronger synergistic effects could potentially be due to this additional
compound. This result needs to be further explored.

Metformin and TQ mono and combinatorial therapies
induced an apoptosis in tested cell lines. It was previously
shown that TQ had pro-apoptotic effects in CML (Sethi et al.,
2008), ALL (Alhosin et al., 2010; Dergarabetian et al., 2013; Salim
et al., 2013; Soltani et al., 2017), myeloblastic leukemia (El-Mahdy
et al., 2005), and AML (Khalife et al., 2014) cells. The metformin
pro-apoptotic effect depends on the dominant energy production
pathway and compensatory capacity of treated cells (Scotland
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et al., 2013). In LAMA-84s cells, a slight increase in the percentage
of apoptotic cells was observed with combinatorial therapies, and
this was confirmed by decreased levels of Mcl-1 protein in
western blot experiments. In LAMA-84r cells, similar effects
were seen, but were more pronounced when compared to
LAMA-84s cells. The relatively high level of apoptosis (15.0%)
in controls of LAMA-84r cells was probably due to 1 µM imatinib
present in the growth medium for this cell line. Stronger effects of
combination on induction of apoptosis were seen in resistant
(2.5 mM metformin + 5 µM TQ vs. control, 15.0% vs. 24.3%)
compared to sensitive CML cells (2.5 mMmetformin + 5 µM TQ
vs. control, 3.7% vs. 6.5%). In LAMA cells resistant to imatinib
therapy, 25 mM metformin monotherapy or a ten times
decreased concentration (2.5 mM) of metformin in
combination with 5 µM TQ reduced levels of Mcl-1 to 0.53
and 0.60 compared to control, respectively (Figure 4B).
Inhibition of Mcl-1 by metformin was previously shown in
AML cells (Zhou et al., 2021) and other tumors (Park et al.,
2018; Ye et al., 2020; Chen et al., 2021).

Our results show that metformin and TQ treatments for 48 h
decrease levels of p-NF-κB p65 in LAMA-84 cells sensitive and
resistant to imatinib, as well as in primary CLL cells (Figures
4A,C). In contrast to this effect, TQ in a low concentration
slightly increased the levels of p-NF-κB p65 in LAMA-84r cells
(Figure 4A). Sethi et al., 2008 have found that TQ inhibited NF-
κB in CML cells in experiments with incubation times up to 6 h
(Sethi et al., 2008). Metformin have shown an NF-κB inhibitory
activity in various cancer cells (Nguyen et al., 2019; Sultuybek
et al., 2019; Yenmis et al., 2021). However, there are controversial
results regarding metformin activity against phosphorylation of
Akt in leukemia cells and this activity might depend on the
mitochondrial energetic status and basal levels of Akt in each cell
line tested (Scotland et al., 2013). In our study, metformin
decreased levels of p-Akt in LAMA-84r cell lines while in
LAMA-84s cell lines, this effect could not be observed because
of very low or undetectable basal levels of p-Akt. Specifically, TQ
in lower concentrations induced phosphorylation of Akt while
higher concentrations inhibited p-Akt. TQ stimulatory effects on
p-Akt were previously observed in MDA-MB-231 breast cancer
cells (Yu and Kim, 2012) while the inhibition of p-Akt by TQ was
previously confirmed in various cancer models (Koka et al., 2008;
Yi et al., 2008; Arafa et al., 2011; Hussain et al., 2011; Rajput et al.,
2013; Khan et al., 2019). The observed TQ hormetic effects where
low concentration increased levels of p-NF-κB p65 in LAMA-84r
cells and p-Akt in both LAMA-84 cell lines were probably due to
compensatory mechanisms activated by cells. Increased Akt
phosphorylation is recognized as a compensatory mechanism
in cancer cell lines (Bergholz and Zhao, 2021). In some western
blot experiments, we have added doxorubicin, which induces
p-Akt in several cancer cell lines such as T-lymphoblastic
leukemia (Maraldi et al., 2011), breast cancer (Wallin et al.,
2010), gastric cancer (Zhou et al., 2013), and osteosarcoma
(Wang et al., 2015). We have introduced this specific
experimental design since it was previously seen that TQ
increases anti-tumor effects of doxorubicin (Effenberger-
Neidnicht and Schobert, 2011). In LAMA-84s cell lines,
doxorubicin did not induce the phosphorylation of Akt.

Primary CLL cells were more sensitive to metformin and TQ
treatment compared to cell lines, and no hormetic effects were
observed. Proteins involved in proliferation, p-Akt, and p-NF-κB
p65 were decreased while cleaved PARP was increased when
treated with very low concentrations of metformin and TQ,
especially in combination. Compensatory response is not often
seen in primary cells and it is more characteristic for cancer cell
lines due to various changes during adaptation to in vitro growth
conditions (Goodspeed et al., 2016).

In conclusion, this study has shown that metformin and TQ
monotherapies possess a significant anti-leukemic effect that is
more pronounced when combinatorial therapies are applied.
Synergistic effects on the inhibition of proliferative capacity,
particularly seen in imatinib-resistant leukemic cells, represent
an encouraging direction for prospective in vivo studies.
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