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Abstract

Background In the present experiment, we evaluated the impact of thymoquinone (TQ) and paclitaxel (PTX) treatment on
MDA-MB-231 cell line growth inhibition via controlling apoptosis/autophagy.

Materials and results MDA-MB-231cells were exposed to PTX (0, 25, 50, 75, and 100 nM), TQ (0, 25, 50, 75, and 100 uM),
and combinations for 48 h. After the MTT assessment, dose-response curves and IC50 values were calculated, and the com-
bination synergism was evaluated using the Compusyn software. Following the treatment with PTX, TQ, and combinations
at IC50 doses, the expression of apoptosis and autophagy genes was assessed in cells. The GraphPad Prism program was
used to analyze the data, and Tukey’s test at p <0.05 was then run. PTX, TQ, and their combinations inhibited MDA-MB-
23]1cell proliferation and viability dose-dependently. TQ reduced the effective concentration (IC50) of PTX in co-treatment
groups. PTX and TQ showed antagonistic effects when cell proliferation declined above 70%. Antagonistic effects shifted
into additive and synergistic effects upon increasing PTX concentration, indicated by diminished cell proliferation below
70%. PTX-TQ co-treatment significantly enhanced P53 and BAX expression while reducing Bcl-2 expression. Also, their
combination increased Beclin-1, ATG-5, and ATG-7 expression in treated cells.

Conclusion Effective concentrations of TQ and PTX had synergic effects and inhibited breast cancer cells via prompting
apoptosis and autophagy in vitro.
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Introduction in the East, Southeast, and South Center regions of Asia

[2]. BC is a genetically multifaceted disease with complex

Breast cancer (BC) is the most frequent malignancy diag-
nosed among females and both sex populations, which
replaced lung cancer in 2020 with an anticipated 2.3 mil-
lion global cases and approximately 685,000 deaths [1].
Close to 25% of all the globe-diagnosed BC cases were
observed in Eastern Asia; 50% of all deaths were reported

P4 Azam Bozorgi
abozorgil 991 @gmail.com

' Fertility and Infertility Research Center, Health Technology
Institute, Kermanshah University of Medical Sciences,
Kermanshah, Iran

Student Research Committee, Kermanshah University of
Medical Sciences, Kermanshah, Iran

Department of Tissue Engineering, School of Medicine,
Kermanshah University of Medical Sciences, Kermanshah,
Iran

heterogeneity classified into distinct molecular subtypes
expressing either estrogen receptor (ER+), progesterone
receptor (PR+), and human epidermal growth factor recep-
tor 2 (HER2+). Subtypes lacking the hormone receptor
expression are triple-negative BC (TNBC) [3]. Screening
disease at early stages, high-resolution imaging technology,
and highly effective chemo-, radio-, and immunotherapies
have improved patients’ quality of life and life expectancy
[3, 4]. However, metastatic BC, including TNBC that
dynamically undergoes genetic variations and biological
heterogeneity, remains incurable, with tumor recurrence
in one-third of patients who received chemotherapy within
three years post-diagnosis [3]. Paclitaxel (PTX) is an FDA-
approved chemotherapy drug from the taxane family, widely
used as a first-line treatment in different kinds of cancers,
including advanced metastatic BC, ovarian and hormone-
refractory prostate malignancies, and non-small cell lung
cancer [5]. PTX interferes with microtubule dynamics by
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binding and stabilizing them in the polymerized form dur-
ing cell division. PTX-stabilized microtubules fail to seg-
regate chromosomes during mitosis, leading to cell cycle
arrest and apoptosis induction [5, 6]. Due to poor water
solubility, the clinically administered PTX contains addi-
tive compounds raising side effects like hypersensitivity,
nephrotoxicity, neurotoxicity, and hypersensitive reactions
[7]. In addition, PTX resistance observed in BC patients is
generally attributed to B-tubulin gene mutation, the over-
expression of tubulin-associated protein Tau, ER, HER2,
BRCAL, and P-glycoprotein [8]. It has been suggested that
combining chemotherapeutic agents with phytochemicals
enhances tumor sensitization, reduces tumor drug resistance
and recurrence, and declines organ toxicities and unfavor-
able outcomes following chemotherapy [9]. A well-known
phytochemical with various pharmacological and biological
benefits is thymoquinone (TQ). TQ is a biologically active
component derived from black seeds (Nigella sativa) with
potent anti-inflammatory, antioxidant, analgesic, anticancer,
hepato-, and neuroprotective properties [10]. TQ inhibits
BC cell proliferation, motility, and invasion by targeting
signaling pathways like NF- K and PI3K/ Akt and stim-
ulating cell cycle arrest and apoptosis [11]. Clinical trials
in advanced and metastatic BC patients approved that the
co-administration of curcumin with PTX was safe and effi-
cacious in improving the objective response rate and physi-
cal function over 12 weeks post-treatment [12]. However,
most studies indicate the beneficial synergistic of drug
combinations, but the precise combination effect is not well
investigated. In the present experiment, we explored binary
combinations of PTX with TQ and their impact on inhib-
iting MDA-MB-231 cells through regulating apoptosis/
autophagy.

Materials and methods

Materials thymoquinone (TQ, Cat# 274,666), paclitaxel
(PTX, Cat# T7191), and dimethyl sulfoxide (DMSO, Cat#
D8418) were purchased from Sigma (Sigma-Aldrich Che-
mie GmbH, Taufkirchen, Germany). DMEM-F12 medium
(Cat# 10,565,018), fetal bovine serum (FBS, Cat# 16-000-
044), and MTT reagent (Cat# M6494) were obtained from
Gibco (Gibco Invitrogen, Massachusetts, USA).

Cell line provision and culture

The MDA-MB-231 cell line (human breast adenocarci-
noma, NCBI Code: C578) was purchased (Pasteur Institute
of Iran, Tehran, Iran) and grew in the DMEM-F12 media
supplemented with 10% FBS, and 1% antibiotics (100 U/
ml penicillin and 100 pg/ml streptomycin). Cells were
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incubated at 37 °C and 5% CO, in a humidified incubator,
and the culture medium was replaced twice weekly til cells
reached 80% confluent.

Drug treatment and experimental group design

MDA-MB-231 cells were detached from culture flasks using
the trypsin/EDTA solution, centrifuged, and resuspended in
DMEM-F12 medium containing 10% FBS, and 1% antibi-
otics. Suspended cells were cultivated in 96-well plates at
10* cells/well density and left in the incubator for 24 h. Cells
were then exposed to a range of PTX (25, 50, 75, 100 nM),
TQ (25, 50, 75, 100 uM), and four combination groups (a
constant concentration of TQ (25, 50, 75, 100 uM) + differ-
ent concentrations of PTX (25, 50, 75, 100 nM)) for 48 h.
Cells treated neither with PTX nor TQ were considered as
the control sample.

Cell proliferation and IC50 calculation

The MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltet-
razolium bromide) test method was used to examine cell
proliferation after drug treatment. Accordingly, after the cell
treatment, the culture medium from plate wells was replaced
with 200 pL MTT solution (0.5 mg/mL) per well, and the
plate was incubated at 37 °C for 3 h. Then, the MTT reagent
was pulled out, and formazan crystals were dissolved by
adding 200 pL of dimethyl sulfoxide (DMSO). The opti-
cal density (OD) for samples was read using the ELISA
reader instrument (Biorad, Hercules, CA, USA) at 570 nm.
Accordingly, cell proliferation was computed as follows:

ODry
OD¢

Cellproliferation (%) = x 100

In the equation, ODy is the OD for cells that received treat-
ments, and OD is the OD for untreated cells.

IC50 value, described as a concentration in which 50% of
cell proliferation is inhibited, was computed for each group
by plotting the dose-response curves in GraphPad Prism
software.

Cell viability

The impact of drug treatments on cell viability was mea-
sured using the LDH (lactate dehydrogenase) test. As men-
tioned, MDA-MB-231 cells were exposed to PTX, TQ, and
their combinations for 48 h. A group of untreated cells were
regarded for measuring Total LDH content. LDH contents
were measured using the LDH assay kit (Kiazist, Iran) and
followed the manufacturer’s recommendation. Total LDH
was analyzed by adding 20 uL Permisolution to each well
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in the Total LDH group and then leaving the plate at 25 °C
for an hour. For analyzing the LDH content, 50 puL of super-
natants from each well were aspirated and transferred to a
96-well plate, followed by adding 50 uL working buffer and
incubating the plate at 37 °C for 30 min. The sample OD
was read in the ELISA reader instrument at 545 nm and the
cell viability was calculated accordingly:

Celhlablhty =1 (ODTeSt — ODC()ntr()l % 100)

ODTotal - ODControl

ODr,, is the OD of cells that received treatments, OD¢ 01
is the OD of cells that received no treatments, and OD-,,; is
the OD of the Total LDH group.

Analysis of drug combination

PTX and TQ interactions and their impact on cell prolifera-
tion were evaluated using the Compusyn software version
1.0 (Biosoft, Ferguson, MO, USA) by calculating quantita-
tive data of combination index (CI), dose reduction index
(DRI), and isobologram graph according to Chou descrip-
tion [13]. The median effect analysis was used to determine
the CI values, classified as CI< 1 for synergism, C1=1 for
additive effects, and CI> 1 for antagonism.

Apoptosis and autophagy measurement

A quantitative Real-time polymerase chain reaction (PCR)
method was utilized for assessing the expression of apoptosis
(P53, BAX, Bcl-2) and autophagy (Beclin-1, ATG-5, ATG-
7) genes. MDA-MB-231 cells were exposed to IC50 doses
of PTX, TQ, and their combinations for 48 h under standard
culture conditions. Cells without treatments were regarded
as the control group. After treatments, cells were collected
by detaching using EDTA/trypsin and centrifuging; then, the

Total RNA extraction was carried out using the Trizol agent
(Life Biolab, Heidelberg, Germany), followed by measur-
ing RNA concentrations using the NanoDrop 2000 Spec-
trophotometer (Thermo Scientific, Germany, Deutschland).
1 pg of RNA samples and the RevertAid First Strand cDNA
Synthesis Kit (ThermoFisher Scientific Inc., Porto Salvo,
Portugal) were applied for synthesizing cDNA, according
to the manufacturer’s instructions. Real-time PCR was per-
formed using the cDNA, high-ROX SYBR green PCR Mas-
ter Mix (RealQ Plus 2x Master Mix, Ampliqon, Denmark),
and specific forward and reverse primers listed in Table 1, in
the Step One Real-time PCR machine (Applied Biosystems,
USA). The quantitative values of the comparative thresh-
old cycle (CT) were obtained for each sample and normal-
ized against the glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) as the internal control. Relative gene expression
data were computed using the 2 “*A¢D formula and reported
as the fold change.

Statistic evaluation

Three triplicates (n=3) of the quantitative data were
obtained and presented as Mean+SD. GraphPad Prism
program (Version 7, GraphPad Software, San Diego, CA,
USA) was used to analyze the data using one-way analysis
of variance (ANOVA) and a Tukey’s test at the significant
level of P-value < 0.05.

Results
Cell proliferation and IC50 calculation
The MTT data of MDA-MB-231 cells exposed to PTX,

TQ, and their combinations is shown in Fig. 1. PTX and TQ
reduced cell proliferation dose-dependently (*** P-value <

Table 1 The list of Forward and

Gene Accession no. Sequence (5°—3) Length  Anneal-
Reverse primers (bp) ing tem-

perature
()

Human  NM_001126118.2 F: 5- TAACAGTTCTGCATGGGCGGC -3’ 21 60

P53 R: 5'- AGGACAGGCACAAACACGCACC -3’ 22

Human  NM_001291430.2 F:5- CCTGTGCACCAAGGTGCCGGAACT -3’ 24 60

BAX R: 5'- CCACCCTGGTCTTGGATCCAGCCC -3 24

Human  NM_000657.3 F: 5- TTGTGGCCTTCTTTGAGTTCGGTG -3’ 24 60

Bcl-2 R: 5'- GGTGCCGGTTCAGGTACTCAGTCA —3' 24

Human  XM_017025264.3 F:5- CTGGACACTCAGCTCAACGTCA -3’ 22 60

Beclinl R: 5'- CTCTAGTGCCAGCTCCTTTAGC-3' 22

Human  XM_054356851.1 F:5'- GCAGATGGACAGTTGCACACAC -3’ 22 60

ATGS R: 5- GAGGTGTTTCCAACATTGGCTCA -3’ 22

Human = XM_054344959.1 F:5'- CGTTGCCCACAGCATCATCTTC —3' 22 60

ATG7 R: 5'- CACTGAGGTTCACCATCCTTGG -3’ 22

Human  NM_001289745.3 F:5-AAGGTCGGAGTCAACGGATTTG-3’ 22 60

GAPDH R: 5'-GCCATGGGTGGAATCAtATTGG-3' 22
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Fig. 1 The MTT data of MDA-MB-231cells treated with PTX, TQ,

and their combinations for 48 h. PTX and TQ reduced cell prolifera-
tion dose-dependently. Co-treatment with TQ and PTX decreased cell
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o
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Fig. 2 IC50 values of PTX alone and in combination with TQ25 puM,
TQS50 uM, TQ75 uM, and TQ100 pM, respectively. IC50 values
of PTX lowered when combined with TQ, especially at 50, 75, and
100 uM concentrations (*** P-value < 0.001, ** P-value < 0.01, ns:
non-significant)
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PTX concentration (nM)

PTX concentration (nM)

proliferation correlated with PTX concentration (*** P-value <0.001,
** P-value < 0.01, * P-value < 0.05, ns: non-significant)

0.001, ** P-value < 0.01, * P-value < 0.05). Also, co-treat-
ment with TQ and PTX resulted in a remarkable reduction
in cell proliferation, which was correlated with PTX con-
centration at constant TQ doses (*** P-value < 0.001, **
P-value < 0.01, * P-value < 0.05, ns: non-significant).

IC50 values obtained from dose-response curves are
shown in Fig. 2. Accordingly, IC50 values were 77 +2.9
uM for TQ (data are not shown), and 92.45+3.5 nM,
100.2+13.9nM,36.7+0.4nM,9.6+0.2nM, and 5.75+ 1.1
nM for PTX at single (uncombined) state, and combina-
tion with TQ25 pM, TQ50 uM, TQ75 uM, and TQ100 uM
respectively. These data indicated that IC50 values of PTX
were reduced when combined with TQ at 50, 75, and 100
UM concentrations (*** P-value < 0.001, ** P-value <0.01,
ns: non-significant).

Cell viability

The viability results for MDA-MB-231cells exposed to
PTX, TQ, and their combinations are shown in Fig. 3. Cell
viability decreased in groups treated with PTX and TQ
dose-dependent (*** P-value < 0.001, ** P-value < 0.01).
Meanwhile, cell viability prominently declined in co-treat-
ment groups compared to single-treated groups. At co-treat-
ment groups with constant TQ concentration, cell viability
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diminished with increasing PTX dose (*** P-value < 0.001,
** P-value < 0.01, * P-value < 0.05).

Drug combination analysis

Interactions between PTX and TQ in co-treatments were
computationally analyzed to evaluate if synergistic effects
were observed. Combination index (CI), isobologram, and
dose-reduction index (DRI) graphs are depicted in Fig. 4 (a,
b, ¢) and Fig. 5 (a, b). As seen in Fig. 4a, the antagonism
effect was observed when the proliferation (Fa) of MDA-
MB-231 cells co-treated with PTX and TQ declined but
was above 70% (CI>1). At the same time, the synergistic
effect resulted in cell proliferation dropping below 70%.
The detailed evaluation of CI in treatment groups (Fig. 4b)
revealed that co-treatment with low doses of PTX (25 and
50 nM) appeared as antagonism (CI> 1) and additive effects
(CI=1). Upon co-treatment with high amounts of PTX (75
and 100 nM), antagonism effects became attenuated and
shifted towards synergistic outcomes (CI < 1). The isobolo-
gram graph (Fig. 4c) also confirmed the synergistic effect of
co-treatments at IC50 values.

After determining PTX-TQ interaction effects, DRI val-
ues were computed for effective doses (ED) at 95%, 75%,
50%, and 25% cell proliferation (Fig. 5a, b). DRI refers to
how many folds of dose reduction are permitted in a syner-
gistic combination at a designated response level compared

to single drugs. DRI> 1 suggests the positive interaction
between drugs, giving rise to reducing effective doses [14].
As seen in Fig. 5b, DRI values at ED25, ED50, ED75, and
ED95 are 5.31,2.97, 1.66, and 0.63 for PTX and 2.38, 2.52,
2.67, and 2.93 for TQ. These data pointed out that PTX sig-
nificantly reduced the effective dose of TQ at all cell pro-
liferation states (Fa). At the same time, TQ had the same
effect on PTX at 75%, 50%, and 25% cell proliferation (***
P-value < 0.001, ** P-value < 0.01, * P-value < 0.05).

Apoptosis and autophagy measurement

After MDA-MB-231 cells were treated with IC50 concen-
trations of PTX, TQ, and their combination for 48 h, the
expression of apoptotic (P53, BAX, Bcl-2) and autopha-
gic (Beclin-1, ATG-5, ATG-7) genes were evaluated
(Figs. 6 and 7). The P53 level was prominently higher in
treated groups than in untreated (control) cells. P53 val-
ues were 2.25, 2.16, 3.15, 3.27, 4.1, and 4.7 in PTX, TQ,
PTX+TQ 25 uM, PTX+TQ 50 uM, PTX+TQ 75 uM,
and PTX+TQ 100 uM groups. Statistically different P53
expression was observed between the control, PTX +TQ 75
pM and PTX+TQ 100 pM with all experimental groups
(*** P-value < 0.001, ns: non-significant). BAX expression
increased in treatment samples with remarkedly differences
in all groups (*** P-value < 0.001). BAX values expanded
t05.76, 3.9, 8.02, 10.14, 10.54, and 11.35 folds in PTX, TQ,
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Fig.3 The LDH data of MDA-MB-231cells treated with PTX, TQ, and
their combinations for 48 h. PTX and TQ reduced cell survival dose-
dependently. Co-treatment with TQ and PTX decreased cell viability
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Fig. 6 The expression of P53, BAX, and Bcl-2 apoptotic genes in
MDA-MB-231cells co-treated with IC50 concentrations of PTX, TQ,
and their combinations for 48 h. The combination of TQ and PTX
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Fig. 7 The expression of Beclin-1, ATG-5, and ATG-7 autophagic genes in MDA-MB-231cells co-treated with IC50 concentrations of PTX, TQ,
and their combinations for 48 h. The combination of TQ and PTX increased the expression of autophagic genes (*** P-value, ns: non-significant)

PTX+TQ 25 uM, PTX +TQ 50 uM, PTX+TQ 75 uM, and
PTX+TQ 100 uM groups. Bcl-2 expression diminished
significantly in treatment groups compared with the control
sample. Bcl-2 values were 0.3, 0.4, 0.36, 0.28, 0.22, and
0.21 folds in PTX, TQ, PTX+TQ 25 uM, PTX+TQ 50
uM, PTX+TQ 75 pM, and PTX +TQ 100 uM groups (***
P-value < 0.001, ** P-value < 0.01, * P-value < 0.05, ns:
non-significant).

Beclin-1 expression grew significantly in treated cells
than the control ones, and remarkable differences were
evident between nearly most treatment groups. Beclin-1
expression was 13.3, 10.5, 13.4, 16.15, 18.1, and 25.05 in
PTX, TQ, PTX+TQ 25 pM, PTX+TQ 50 uM, PTX +TQ
75 uM, and PTX+TQ 100 uM groups (*¥** P-value <
0.001, ns: non-significant). ATG-5 overexpressed in all
experimental groups with nearly the most significant differ-
ences, where ATG-5 increment was 2.33, 2.17, 3.03, 4.57,
7.67, and 12.9 in PTX, TQ, PTX+TQ 25 uM, PTX+TQ
50 uM, PTX+TQ 75 uM, and PTX+TQ 100 uM groups
(*** P-value < 0.001, ns: non-significant). ATG-7 overex-
pression was evident in all experimental groups with promi-
nent differences. ATG-7 expression values were 3.5, 4.43,

6.45,7.66,15.82, and 19.41 in PTX, TQ, PTX +TQ 25 uM,
PTX+TQ 50 uM, PTX+TQ 75 pM, and PTX+TQ 100
uM groups (*** P-value < 0.001).

Discussion

In the present experiment, we explored the impact of PTX
and TQ combinations on inhibiting invasive BC by regu-
lating intracellular death pathways. BC is a high-incidence
cancer and the main reason for cancer-associated deaths
among women throughout the world [15]. Multimodal strat-
egies comprising surgery, chemotherapy, radiotherapy, and
endocrine therapy have been developed to suppress various
types of BC at early stages to advanced states. In metastatic
BC, however, surgical interventions would be a palliatory
option for the patient rather than a survival-beneficial point
[16]. Over several decades, systemic cytotoxic chemother-
apy has been the critical therapeutic option for invasive BC
in the clinic, focusing on hormone receptor-positive (HR+),
HER-2+, and triple-negative tumors [17]. However, no
chemotherapeutic protocol is ultimately acceptable as the
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first-line treatment for invasive BC [18]. PTX resistance
occurs due to B-tubulin mutations and the upregulation of
tubulin binding protein tau, ER, HER2, BRCA1, and multi-
drug resistance protein (MDR1) [8].

The drug combination has a long history that returns to
traditional Chinese medicine, where combining multiple
herbal formulations was being applied for treating diseases
relevant to the skin (atopic dermatitis), respiratory (bron-
chial asthma), and gastro-intestinal (irritable bowel syn-
drome) systems [19]. One of the first attempts to administer
drug combination for BC was prolonged cyclic treatment
with cyclophosphamide, methotrexate, and fluorouracil as
adjuvant treatment in metastatic BC. Long-term chemother-
apy yielded an appealing toxicity, allowing a high percent-
age of drug dosage administration. However, the influence
of combination therapy on patients’ long-term survival and
possible adverse effects remains unclear [20].

Combining chemotherapeutics with natural phytochemi-
cals has been attractive for developing improved strategies
with enhanced efficacy and reduced systemic toxicities [21].
Our results showed that single PTX and TQ could inhibit
MDA-MB-231 cell proliferation dose-dependently. Previ-
ous studies have documented that PTX hindered MCF-7
cell growth and invasiveness and triggered apoptosis by
downregulating the PI3K/AKT signaling pathway [22]. TQ
targeted cyclin D1/E and P27 by which, preventing cell divi-
sion progression at the G1/S phase [23]. It also suppressed
BC cell proliferation in a mouse xenograft model through
ROS production, P38 phosphorylation, and the inhibition of
pro-apoptotic proteins [24].

Our results revealed that combined treatments could
yield antagonism effects at low PTX concentrations, which
shifted into additive and synergistic effects at higher PTX
concentrations, followed by reduced IC50 values. This
finding agreed with what Alkhatib et al. reported, where
docetaxel (DTX) and TQ had antagonist effects against
MCF-7 and MDA-MB-231 cells. They formulated DTX
and TQ in borage oil-based nano-emulsion to increase drug
interactions and cellular uptake [25].

Increasing PTX concentrations could provide posi-
tive interactions with TQ, leading to enhanced anticancer
effects. MTT data indicated that drug combinations had a
synergistic impact where adding TQ at 75 and 100 uM con-
centrations reduced PTX IC50 values to 9.6 and 16 folds,
respectively. At the same time, the required dose of TQ for
reaching 50% of cell proliferation was reduced to 2.5 folds.
PTX induced apoptosis in cancer cells by Bcl-2 hyperphos-
phorylation and inactivation, depleting calcium ions from
mitochondria and releasing cytochrome C [26, 27].

PTX alone or combined with carboplatin and gallic acid
blocked cell cycle progress at the G2/M phase, leading to
late-stage apoptotic death [28]. TQ significantly augmented
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PTX potential in triggering apoptosis by overexpress-
ing pro-apoptotic genes P53 and BAX and decreasing the
expression of anti-apoptotic gene Bcl-2. TQ-mediated ROS
production seems effective in P53 and BAX increment,
Bcl-2 reduction, and apoptosis stimulation in MCF-7 cells
[29]. Also, PTX/TQ combinations suppressed BC cells
through the upregulation of tumor suppressors (P21, P53,
Brcal, and Hicl) and apoptosis pathway components (Cas-
pases 3, 7, and 12) [30, 31].

Autophagy is a highly conserved catabolic pathway and
a cell survival mechanism ensuring cellular homeostasis by
removing intracellular damaged components and recycling
organelles and proteins [32]. Autophagy has a controversial
role in cancer progression and suppression; on the one hand,
it is vital for cancer cell transformation and supports cancer
cell viability under hypoxic conditions at later stages of in
vivo tumor formation [33, 34]. On the other hand, autoph-
agy seems to have a tumor suppressor function in fully
transformed cancer cells, as impaired autophagy is linked to
malignant transformation and carcinogenesis, and autoph-
agy induction in some cancer cells leads to cell death [34].

Our data showed that PTX, TQ, and their combinations
induced autophagy in treated cells with high Beclin-1,
ATG-5, and ATG-7 expression levels. Previous experiments
reported paradoxical findings of the role of PTX and TQ in
apoptosis/autophagy regulation. In one study, PTX induced
autophagy in MDA-MB-231 cells by activating forkhead
box transcription factor O1 (FOXO1). And that inhibit-
ing autophagy stimulated apoptotic cell death in cells [35].
In another study, PTX-mediated apoptosis induction was
associated with increased LC3-1I/LC3-I ratio and autoph-
agy stimulation in non-small cell lung cancer cells [36].
Besides, TQ inhibited Beclin-1 and LC3 in MDA-MB-231
cells, interrupting cancer cell proliferation, invasion, and
angiogenesis [37]. However, the TQ and DXT combination
enhanced the autophagic vesicle formation, followed by cell
death in MDA-MB-231 and MCF-7 cell lines [25]. Further-
more, TQ prevented ACHN and 786-O renal cancer cells
from migrating and invading by activating AMPK/mTOR
signaling and inducing autophagy [38].

Conclusion

Our in vitro findings suggest that adding phytochemicals
into chemotherapy regimens could reduce the effective drug
doses and the possible systemic toxicities while enhancing
anticancer effects and tumor suppressive functions. Never-
theless, the precise interaction of co-treatment compounds
and antagonistic impact should be explored in future inves-
tigations, in vitro and in vivo.
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