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Abstract

Background: Thymoquinone (TQ), an active part of Nigella sativa, has been
reported as an anticancer agent. This study aimed to evaluate different anticancer
effects of TQ on oxidative stress markers and Peroxiredoxin 4 (P4) in lung cancer
A549 cell line.

Method: In this experimental study, we used TQ concentrations to treat lung A549
cells and determined cell viability by the 3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyl-
tetrazolium bromide (MTT) assay at 12, 24, and 48 h times. The IC,, concentration
of TQ was found with MTT assay. We studied the total antioxidant capacity (TAC)
and total oxidant status (TOS) using the manual assay, and analyzed catalase (CAT),
superoxide dismutases (SOD), and glutathione peroxidase (GPx) activity using the
enzyme-linked immunoassay (ELISA) kits. Moreover, the concentration of
peroxiredoxin-4 (PRXD4) was measured with the ELISA Kit.

Results: The IC, of TQ for A549 cells was calculated to be 40 uM concentration
for 24 h of incubation. TAC index significantly decreased in the treated cells compared
with the controls (P = 0.05), whereas TOS and PRXD4 levels showed a significant
increase (P = 0.05). Additionally, the results showed that the CAT, SOD, and GPX
activity enzymes significantly decreased in 20, 40, and 60 uM TQ in comparison
with the control cells (P = 0.05).

Conclusion: TQ has significant inhibitory effects on A549 cells and could be
utilized in novel therapy not only for lung cancer, but also for other tumors.
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Introduction

According to the World Health
Organization in 2018, lung cancer is
the most prevalent type of cancer
worldwide and has the highest

mortality rate (1.76 million deaths)
compared with other malignant
tumors. Lung adenocarcinoma is
more common in people over the age
of 50, and smoking is the most
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effective risk factor for this disease.! Lung cancer
is classified into two main groups: small cell lung
cancer (SCLC) and non-small cell lung cancer
(NSCLC); the latter accounts for 85% of cases.
A549 Lung cancer cell line is commonly used as
an NSCLC cell line in drug discovery and basic
research.? These cancerous epithelial cells were
obtained from a 58-year-old Caucasian male
patient.? Oxidative stress is a major feature
of tissue and cell damage. Several studies
have shown the importance of antioxidant
and pro-oxidant markers in various cancers.*
Furthermore, the beneficial role of antioxidant
rich diets in the risk of carcinoma diseases has
been proven. Oxidative stress occurs when there
is an imbalance between the antioxidant /oxidant
systems and the cell is unable to neutralize
pro-oxidants and free radicals.! Reactive oxygen
species (ROS) are the main class of radicals
produced in cells, which include the hydroxyl,
perhydroxyl, peroxyl, and superoxide radicals
along with non-free radical species, such as singlet
oxygen and hydrogen peroxide.’ Recent studies
have shown conflicting results regarding the role
of ROS in cancers. On one hand, increase in ROS
induces apoptosis® 7 by activating caspases and
suppressing cancer by inactivating the STAT3 /
JAK?2 pathway in several types of cancer.””!° On
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the other hand numerous research findings have
indicated that elevated ROS levels may lead to
mutagenesis through DNA damage, especially if
the accumulation of DNA damage is combined
with an incomplete repair system or a deficient
apoptotic pathway.!! The pro-oxidants are
constantly produced in living cells; accordingly,
certain antioxidant defense systems are needed
to counteract them and prevent oxidative stress.
These defense systems contain antioxidants, such
as vitamin E, vitamin C, and glutathione (GSH)
(reduction form) in addition to (antioxidant)
enzymes, such as catalase (CAT), glutathione
peroxidase (GPx), superoxide dismutase (SOD),
and peroxiredoxin 4 (PRXD4).!% 13 SOD enzyme
modulates cellular oxidative stress by scavenging
superoxide radicals and converting them to
hydrogen peroxide. Afterwards, GPx and CAT
eliminate the hydrogen peroxide through oxidation
of GSH and producing water, respectively.!4 In
addition to CAT and GPx, the Prxs protein family
converts H,O, to water and harmless metabolites;
among these PRXDs, PRXD4 plays an important
role in tumor metastasis and progression in lung
adenocarcinoma.!?

Thymoquinone (TQ), the bioactive compound
of Nigella sativa (black seed oil), was first
extracted by El-Dakhakhany and is mostly
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Figure 1. The effect of thymoquinone on A549 cell viability. Exposure of A549 cells to different concentrations of thymoquinone for 24
and 48 h decreased cell viability in a dose-dependent manner. The incubation of the cells with thymoquinone for 24 h exhibited a greater
decline in the cell viability compared with longer incubation times.
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known as an antioxidant, antineoplastic, and
antiinflammatory agent in both vitro and vivo
xenograft models.!> The antitumor effects of TQ
on decreasing cell viability, inducing apoptosis,
inhibiting cell proliferation, and generation of
ROS have been proven by numerous papers, yet
its central mechanism of action has not been fully
understood.'®!8 In addition, there are contradictory
reports about the dual effect of TQ on oxidative
stress in different cancers. This led us to design a
(novel) study to investigate a group of oxidative
stress markers in order to attain insights into the
effect of TQ on oxidative stress on lung cancer
cells and possibly elucidate the antitumor
mechanism of TQ. We assessed oxidative stress
by measuring the total oxidative status (TOS),
total antioxidant capacity (TAC), PRXD4 levels,
CAT, GPx, and SOD enzymes activities.

Material and Methods
Cell culture

This work was designed as an experimental
study. We purchased human A549 lung epithelial
(human non-small lung cancer cell line) cancer
cells from Pasteur Institute cell culture collection
(Tehran, Iran). A549 cells have a high proliferation
rate and long lifespan and maintain their phenotype
in culture. RPM11640 culture media, FBS, 0.25%
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Trypsin-EDTA solution, and phosphate-buffered
saline (PBS) tablets were obtained from Life
Technologies (Life Technologies Ltd., Paisley-
UK) and Sigma-Aldrich Company (Sigma-Aldrich
Co., Steinheim, Germany) supplied DMSO,
penicillin, streptomycin, and TQ. A549 cells were
cultured in 25-cm? flasks in RPMI1640 medium
containing 10% fetal bovine serum and 1%
penicillin-streptomycin (100 units/ml penicillin
and 100 pg/ml streptomycin). The cultured cells
were grown at 37°C in 5% CO, humidified air.
MTT assay

The cell viability was evaluated with MTT (3-
[4, 5-dimethylthiazol-2-yl]-2,5-diphenyltetra
zolium bromide) assay. Briefly, the cells were
seeded at a 1x10%well density in 96 well plates
and incubated at 37°C with 5% CO,. We carried
out the treatment with different concentrations of
TQ (0, 20, 40, 60, 80, 100 uM) and incubated
the cells for 24 and 48h. Subsequently, 10ul MTT
(5mg/ml) was added to each well and the plate
was incubated for 4h at 37°C in the dark so that
formazan could be formed by mitochondrial
succinate dehydrogenase. The content of wells
was replaced with 100pL DMSO and the
absorbance was measured at 570 nm employing
ELISA plate reader (Sunrise Tecan, Switzerland).
The inhibitory rates were calculated via the
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Figure 2. The effects of thymoquinone on the Prx4 concentration in A549 cells. The cells were treated with 0, 20, 40, and 60 mM of
thymoquinone; the lowest level of Prx4 concentration was observed in the cells treated with 40 uM thymoquinone. * is a significant sign
with the control. # is a significant sign with the 20 uM thymoquinone. Mean + SD is considered in all the diagrams. P < 0.05 was

considered as the level of significance.
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following formula:

Inhibitory rates (IR) = (1-(OD /OD__...) %100

treatmen
The IC,, was calculated using the following

formula according to the inhibitory rate:

ICy, = (50%-Low;, %)/ High, ;, %o-Low,, %) x (High_, -Low,

conc conc

)+ Low,

conc

Low,, . and High . were the lowest and
highest concentrations of TQ, respectively, and
Low,; and High,;, were respectively defined as
the lowest and highest inhibitory rates.

Lysate preparation
The cells were trypsinized and after

centrifugation, the cells were washed with cold
PBS twice. A PBS-containing protease inhibitor
cocktail was used to prepare cell suspension. The
cell lysates were then obtained by repeated freeze-
thaw in triplicate. The suspension was centrifuged
at 12000 rpm for 15 minutes and the supernatant
was collected in the tubes that were stored at -
20°C until further analysis.
PRXD4

PRXD4 was measured with the ZellBio-GmbH
ELISA Kit (Cat. ZB-12927C-H9648, Ulm
Germany) according to the manufacturer's
protocol. It was based on colorimetric method
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Figure 3. The effects of thymoquinone on the TAC and TOS concentrations in A549 cells. The cells were treated with 0, 20, 40, and 60
mM of thymoquinone; in TAC (A) and TOS (B) levels, there was a significant difference in the cells treated with 20, 40, and 60 uM
thymoquinone compared to the controls. * is a significant sign with the control group. # is a significant sign with the 60 uM thymoquinone.
Mean + SD is considered in all the diagrams. P < 0.05 was considered as the level of significance.

TAC: Total antioxidant capacity; TOS: Total oxidant status
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and the basis of the measurement was a non-
competitive sandwich assay. The standard range
for Prx4 concentration was 1.25-20 ng/ml.
TAC

TAC measurement was performed utilizing
FRAP manual method. It assessed the ability of
antioxidant compounds of sample to reduce Fe3*-
TPTZ complex to Fe?"-TPTZ. The reaction
mixture comprised 300uL. FARP reagent (acetate
buffer 300 mM, pH3.6, TPTZ 10mM and ferric
chloride 20 mM) and 10ul of the samples was
pipetted into 96 well plates and incubated for 10
min in the dark at 37°C. The concentrations of
standards (1M FeSO4) and the samples were
measured with Spectrophotometer (Bell-Italy) at
a wavelength of 593 nm. The concentration of
each sample was then determined according to
the standard curve.!®
TO0S

TOS was evaluated with ferric-xylenol orange
(FOX) assay based on the oxidation of ferrous
ions to ferric ions, which results in a colored
ferric-xylenol orange complex. The reaction
mixture included 10ul of the sample and 190ul
of the FOX reagent (250 uM ferrous ion, 150
uM xylenol orange, 100 mM sorbitol and 25 mM
H,SO,, pH was 1.8), which was inserted into 96
well plates. H,O, and PBS were applied as
standards and blank, respectively. The absorbance
at 560 nm was read after 10 min of incubation in
the room temperature.?? Finally, the oxidative
stress index (OSI) was defined as the percentage
ratio of TOS to TAC.
GPx enzyme activity

GPx activity was determined with a ready-to-
use kiazist kit (Tehran, Iran) based on the reduction
in H,O, by glutathione oxidation, which acts as
an electron donor. GSH enzyme was converted
to GSSG, and the remaining GSH in the reaction
medium could regenerate DTNB and produce a
yellow color absorbed at 412 nanometers. Color
production was inversely related to enzyme
activity. Finally, the GPx activity was reported
as U/mg protein.
SOD enzyme activity

SOD activity was assayed with a ready-to-use
kiazist kit (Tehran, Iran). In this method,
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superoxide anion was utilized to convert resazurin
to resorufin and to produce chromogen.
Ultimately, the chromogen was measured in terms
of calorific value at 420 nm and the results were
reported as U/mg protein.
CAT enzyme activity

Catalase activity was measured using the
previously described spectrophotometric method
by Hadwan and Abed.?! Briefly, 100 ul of the
samples was added and incubated with 1ml
reagent (20 mM H,0, in 50 mM sodium
phosphate buffer, pH 7.4) at 37°C for 3 min.
Afterwards, 4uL. of ammonium molybdate (32.4
mM) was added to stop the reaction. The
absorbance of the obtained yellowish mixture
could be measured at 374 nm. Catalase activity
was calculated via the following formula:
Catalase Activity kU = 2.303/t * [logSY/S-M] * V/V
Data analysis

Data was analyzed employing the statistical
software SPSS 16 (SPSS Inc. Chicago, USA)
and t-test was performed to compare the
differences between the groups. One-way
ANOVA, followed by Tukey-Kramer multiple
comparisons test, was utilized to analyze the
differences between the groups. The values are
given as mean = SD. The significance level of
all the statistical tests was considered to be at
0.05.

Results
TQ inhibited viability and changed the
morphology of A549 lung cancer cells

As shown in figure 1, A549 lung cancer cell
viability decreased significantly after 24 h of
incubation with TQ in a dose-dependent manner
(P <0.05). ICy, of TQ for A549 cells was
calculated as 40 uM concentration; 20 and 60
UM concentrations were also used in further
experiments as low and high doses, respectively.
TQ treatment changed the morphology of the
cells. The morphology of A549 adherent epithelial
cells changed. They became round in shape and
were suspended in their media dose-dependently.
PRXD4

Figure 2 represents a significant dose-
dependent decrease in A549 lung cancer cells in
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PRXD4 concentration after exposure of the cells
to 20, 40, and 60 mM. The most PRXD4 decrease
was observed in 40 uM TQ dose (P < 0.05).
Moreover, the cells treated by 40 and 60 uM TQ
showed a significant difference with those treated

via a 20-uM dose (P < 0.05).
TAC and TOS

The findings showed a significant change in
TAC index in the cells treated with 20, 40, and
60 mM TQ compared with that of the controls
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Figure 4. The effects of thymoquinone on the CAT, SOD, and GPx activities in A549 cells. The cells were treated with 0, 20, 40, and 60
mM of thymoquinone; in CAT (A), SOD (B), and GPx (C) activities, there was a significant difference between the cells treated with 20,
40, and 60 uM thymoquinone compared with the controls. * is a significant sign with the control. # is a significant sign with the 60 M
thymoquinone. * is a significant sign with the 20 and 40 uM thymoquinone. Mean + SD is considered in all the diagrams. P < 0.05 was

considered as the level of significance.
CAT: Catalase; SOD: Superoxide dismutase; GPx: Glutathione peroxidase
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(P =0.05), as shown in figure 3A. Additionally,
the cells treated with 20 and 40 uM TQ had a
significant difference with those treated with a
60-uM dose (P < 0.05). The result concerning
TOS levels indicated a difference between 20,
40, and 60 uM concentrations of TQ with the
controls (P = 0.05), as demonstrated in figure
3B. The cells treated with 20 and 40 uM TQ had
a significant difference with those treated with a
60-uM dose (P < 0.05).
CAT, SOD, and GPx

The results of the study of CAT enzyme activity
implied that the activity of this enzyme
significantly decreased dose-dependently in 20,
40, and 60 uM TQ compared with that of the
controls (P = 0.05) (Figure 4A). The results
regarding SOD enzyme activity revealed that the
activity decreased dose-dependently in 20, 40,
and 60 uM TQ compared with that of the controls
(P =0.05) (Figure 4B). As shown in figure 4C,
there was a significant reduction in the amount
of GPx enzyme activity in the treated cells
compared with the controls. Moreover, there was
a significant difference in the cells treated with
20 and 40 uM compared with those treated with
60 uM TQ concentration (P < 0.05).

Discussion

Even though there are a number of reports on
oxidant/antioxidant properties of TQ on lung
cancer, this is the first study to investigate the
potential effects of TQ on oxidative stress
parameters in A549 adenocarcinoma lung cancer
cell line. Our findings demonstrated that TQ
exposure induced oxidative stress by increasing
TOS and decreasing PRDX4, the activity of GPx,
SOD, CAT, and TAC in A549 cells. We revealed
that the most pro-oxidant effects of TQ were seen
in low concentrations. The imbalance between
oxidants and antioxidant systems leads to oxidative
stress. TOS and TAC are two reliable and precise
indicators, which are mostly used to determine
oxidative status.?> 23 Our results indicated that
TQ induced oxidative stress by elevating TOS
and declining TAC significantly in A549 cells.
Yih-Farng Liou et al. suggested the antiproliferative
and anticancer properties of TQ due to reactive oxygen
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species/superoxide generation. Their results
showed the production of ROS in 786-0-SI3
renal cancer cells and BFTC-909 transitional
cancer cells.?4 In addition, Ji Eun Park et al.
conducted a study to provide a mechanism for
inducing apoptosis by TQ in A431 epidermoid
carcinoma cells. They indicated that exposure to
the TQ prompts cells into the oxidative status
and induces the generation of ROS.? Furthermore,
the role of TQ in ROS induction in MDA-MB-
231 and MCF-7 breast cancer cell lines and
xenograft mouse model has been reported.?> EM
Dergarabetian et al. showed that TQ induced
apoptosis in malignant T-cells through ROS
generation.?® Despite the presented data and
mentioned studies, there are reports considering
TQ as an antioxidant agent. The antioxidant
property of TQ is supported by the decrease in
TOS and increase in TAC in Ehrlich acid mouse
solid tumor models and mouse mesenchymal
stem cells, respectively.2% 27 SOD, GPX, and CAT
are the main antioxidant enzymes that play a
crucial role in reducing oxygen radicals and cell
oxidative status. SOD converts superoxide and
single-chain radicals to an oxygen molecule and
hydrogen peroxide. Finally, GPx and CAT remove
the produced H,O, to avoid converting it to
harmful substances, such as hydroxyl radicals by
Fenton reaction.?? Our findings showed that SOD,
GPx, and CAT activities significantly reduced in
the treated cells compared with those in the
untreated ones. Certain investigations have
reported that TQ results in an increase in
superoxide anion.?* 28 Increased superoxide anion
in those studies is a result of the reduction in
SOD activity, which leads to a decrease in H,0,
production. Therefore, the lack of enough H,O,as
the substrate of GPx and CAT possibly decreases
their activity. It has been also suggested that
reduction in SOD activity and H,O, for the reason
behind increased superoxide anion. It is predicted
that CAT and GPx activity decrease in response
to H,O, reduction. In contrast with our
observations, it has been demonstrated that TQ
can attenuate oxidative stress by increasing SOD,
GPx, and CAT after partial hepatectomy on
Ischemic reperfusion liver of rats. TQ antioxidant
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effects were explained by its ability to upregulate
antioxidant genes and scavenge free radicals.?’

PRXD4 is a member of peroxiredoxin family
proteins, which converts alkyl hydroperoxides
and H,0, to alcohol and water through the use
of thiol-containing donor molecules, such as GSH
and thioredoxine (Trx).3? Our observations
revealed a decrease in PRDX4 after 24 h of TQ
exposure. It has been reported that TQ
consumption results in GSH depletion in mice
tissues, like the liver, kidneys, and heart.3! In
addition, it has been shown that GSH declines in
HEp-2 and rat C6 glioma cells following TQ
treatment.?® 32 According to these findings, it
could be predicted that decreased PRDX4 might
be associated with GSH level.

The obtained data herein revealed that the pro-
oxidant effects of TQ declined in a dose-dependent
manner. Recently, published papers have provided
some evidence indicating that TQ induces
oxidative stress and ROS generation, specifically
at low doses (20-50 uM).28 They have also
reported that 40 uM TQ can increase ROS in
various cell lines.?3 The ROS production has been
attenuated in the high concentration of TQ.3
According to these pieces of evidence, it could
be suggested that the oxidant/antioxidant effects
of TQ depend on its concentration. It seems as
though the conflicting effect of TQ on oxidative
status possibly depends on its concentration.
Contradictory reports concerning pro-
oxidant/antioxidant ability of TQ are attributed
to its reduction or oxidation (reduction-oxidation)
form. Quinones have been known as a redox-
cycling compound that can undergo one- or
two-electron reductions by cellular reductases.
One-electron reduction yields semiquinone that
can act as a pro-oxidant and react with molecular
oxygen (O,) to form hydrogen peroxide and
superoxide.?® 33 This reaction catalyzes NADH-
cytochrome b5 reductase, NADPH-cytochrome
P450 reductase, NADH: wubiquinone
oxidoreductase. Two-electron reduction yields
hydroquinone which is catalyzed by NADH-
Quinone oxidoreductase 1 (NQO1) and acts as
an antioxidant.?® 34 According to the induced
oxidative stress by TQ in our study, it seems as

if in A549 cell lines, the predominant form of
quinones is semiquinone. However, further
research is recommended to confirm this result.
Investigating cellular reductases, such as NQO1
and NADPH-cytochrome P450 reductase involved
in TQ reduction, may be conducive to finding
the mechanism of TQ in inducing oxidative stress
in A549 cells. In addition, using PCR to investigate
the related genes (GPx, CAT, SOD) and signaling
pathways (STAT3 / JAK2) could provide valuable
information about the effects of TQ on oxidative
stress.

Conclusion

In conclusion, our study shed light on the fact
that TQ induced oxidative stress in A549 lung
cancer cells. TQ treatment increased TOS and
decreased TAC, PRDX4, SOD, GPx, and CAT
activity and the most pro-oxidant effects belonged
to low concentrations. These results suggested
that the mechanism of TQ as a potential anticancer
agent may be owing to its pro-oxidant ability in
A549 lung cancer cells. Furthermore, using the
PCR array method was shown to provide valuable
information about the effects of TQ on oxidative
stress and other signaling pathways involved in
lung cancer.

Acknowledgments
The authors wish to acknowledge the financial

support of Hamadan University of Medical
Sciences (Project NO: 990216748).

Conflict of Interest
None declared.

References

1. Aybastyer O, Dawbaa S, Demir C, Akgiin O, Ulukaya
E, Ary F. Quantification of DNA damage products
by gas chromatography tandem mass spectrometry in
lung cell lines and prevention effect of thyme
antioxidants on oxidative induced DNA damage. Mutat
Res. 2018;808:1-9. doi: 10.1016/j.mrfmmm.
2018.01.004.

2. Chan DC, Earle KA, Zhao TL, Helfrich B, Zeng C,
Baron A, et al. Exisulind in combination with docetaxel
inhibits growth and metastasis of human lung cancer
and prolongs survival in athymic nude rats with
orthotopic lung tumors. Clin Cancer Res.

238

Middle East J Cancer 2023; 14(2): 231-240



10.

11.

12.

13.

14.

2002;8(3):904-12.

Samarghandian S, Azimi-Nezhad M, Farkhondeh T.
Thymoquinone-induced antitumor and apoptosis in
human lung adenocarcinoma cells. J Cell Physiol.
2019;234(7):10421-31. doi: 10.1002/jcp. 27710.
Jrah-Harzallah H, Ben-Hadj-Khalifa S, Almawi WY,
Maaloul A, Houas Z, Mahjoub T. Effect of
thymoquinone on 1,2-dimethyl-hydrazine-induced
oxidative stress during initiation and promotion of
colon carcinogenesis. Eur J Cancer: 2013;49(5): 1127-
35. doi: 10.1016/j.ejca.2012.10.007.
Quinonez-Flores CM, Gonzalez-Chavez SA, Del Rio
Néjera D, Pacheco-Tena C. Oxidative stress relevance
in the pathogenesis of the rheumatoid arthritis: A
systematic review. Biomed Res Int. 2016;2016:
6097417. doi: 10.1155/2016/6097417.

Cockfield JA, Schafer ZT. Antioxidant defenses: A
context-specific vulnerability of cancer cells. Cancers.
2019;11(8):1208. doi.org/10.3390/cancers11081208.
Sun Q, Lu NN, Feng L. Apigetrin inhibits gastric
cancer progression through inducing apoptosis and
regulating ROS-modulated STAT3/JAK2 pathway.
Biochem Biophys Res Commun. 2018;498(1):164-70.
doi: 10.1016/j.bbrc.2018.02.0009.

He H, Zhuo R, Dai J, Wang X, Huang X, Wang H, et
al. Chelerythrine induces apoptosis via ROS-mediated
endoplasmic reticulum stress and STAT3 pathways in
human renal cell carcinoma. J Cell Mol Med.
2020;24(1):50-60. doi: 10.1111/jcmm.14295.

Chae IG, Kim DH, Kundu J, Jeong CH, Kundu JK,
Chun KS. Generation of ROS by CAY 10598 leads to
inactivation of STAT3 signaling and induction of
apoptosis in human colon cancer HCT116 cells. Free
Radic  Res. 2014;48(11):1311-21.  doi:
10.3109/10715762.2014.951838.

Miao Z, Yu F, Ren Y, Yang J. d,1-Sulforaphane induces
ROS-dependent apoptosis in human gliomablastoma
cells by inactivating STAT3 signaling pathway. Int J
Mol Sci. 2017;18(1):72. doi: 10.3390/ijms18010072.
Prasad S, Gupta SC, Tyagi AK. Reactive oxygen
species (ROS) and cancer: Role of antioxidative
nutraceuticals. Cancer Lett. 2017;387:95-105. doi:
10.1016/j.canlet.2016.03.042.

Backos DS, Franklin CC, Reigan P. The role of
glutathione in brain tumor drug resistance. Biochem
Pharmacol. 2012;83(8):1005-12. doi:
10.1016/j.bcp.2011.11.016.

Mishra M, Jiang H, Wu L, Chawsheen HA, Wei Q.
The sulfiredoxin-peroxiredoxin (Srx-Prx) axis in cell
signal transduction and cancer development. Cancer
Lett. 2015;366(2):150-9. doi: 10.1016/j.canlet. 2015.07.
002.

Arab Sadeghabadi Z, Abbasalipourkabir R, Mohseni
R, Ziamajidi N. Investigation of oxidative stress
markers and antioxidant enzymes activity in newly
diagnosed type 2 diabetes patients and healthy subjects,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Thymoquinone Effects on Oxidative Stress in Lung Cancer

association with IL-6 level. J Diabetes Metab Disord.
2019;18(2):437-43. doi: 10.1007/s40200-019-00437-
8.

Gali-Muhtasib H, Roessner A, Schneider-Stock R.
Thymoquinone: a promising anti-cancer drug from
natural sources. Int J Biochem Cell Biol.
2006;38(8):1249-53. doi: 10.1016/j.biocel.2005.10.009.
Ulasli SS, Celik S, Gunay E, Ozdemir M, Hazman
O, Ozyurek A, et al. Anticancer effects of
thymoquinone, caffeic acid phenethyl ester and
resveratrol on A549 non-small cell lung cancer cells
exposed to benzo(a)pyrene. Asian Pac J Cancer Prev.
2013;14(10):6159-64. doi: 10.7314/apjcp.2013.
14.10.6159.

Shafiee G, Saidijam M, Tayebinia H, Khodadadi I.
Beneficial effects of genistein in suppression of
proliferation, inhibition of metastasis, and induction
of apoptosis in PC3 prostate cancer cells. Arch Physiol
Biochem. 2020:1-9. doi: 10.1080/13813455.2020.
1717541.

Shafiee G, Saidijam M, Tavilani H, Ghasemkhani N,
Khodadadi I. Genistein induces apoptosis and inhibits
proliferation of HT29 colon cancer cells. Int J Mol
Cell Med. 2016;5(3):178-91.

Benzie IF, Szeto YT. Total antioxidant capacity of
teas by the ferric reducing/antioxidant power assay. J
Agric Food Chem. 1999;47(2):633-6. doi:
10.1021/j9807768.

Erel O. A new automated colorimetric method for
measuring total oxidant status. Clin Biochem.
2005;38(12):1103-11. doi: 10.1016/j.clinbiochem.
2005.08.008.

Hadwan MH, Abed HN. Data supporting the spec-
trophotometric method for the estimation of catalase
activity. Data Brief. 2015;6:194-9. doi:
10.1016/j.dib.2015.12.012.

Bahmani M, Ziamajidi N, Hashemnia M,
Abbasalipourkabir R, Salehzadeh A. Human umbilical
cord blood mesenchymal stem cell conditioned medium
(hMSC-CM) improves antioxidant status in carbon
tetrachloride-induced oxidative damage in rat. Iran J
Sci  Technol Trans Sci. 2020;44(5):1327-
35.d0i:10.1007/s40995-020-00944-x.

Sen V, Bozkurt M, Soker S, Ece A, Giines A, Uluca
U, et al. The effects of pomegranate and carvacrol
on methotrexate-induced bone marrow toxicity in rats.
Clin Invest Med. 2014;37(2):E93-E101. doi:
10.25011/cim.v37i2.21091.

Liou YF, Chen PN, Chu SC, Kao SH, Chang YZ,
Hsieh YS, et al. Thymoquinone suppresses the
proliferation of renal cell carcinoma cells via reactive
oxygen species-induced apoptosis and reduces cell
stemness. Environ Toxicol. 2019;34(11):1208-20. doi:
10.1002/tox.22822.

Park JE, Kim DH, Ha E, Choi SM, Choi JS, Chun
KS, et al. Thymoquinone induces apoptosis of human

Middle East J Cancer 2023; 14(2): 231-240

239



Reza Farsiabi et al.

26.

27.

28.

29.

30.

31.

32.

33.

34.

240

epidermoid carcinoma A431 cells through ROS-
mediated suppression of STAT3. Chem Biol Interact.
2019;312:108799. doi: 10.1016/j.cbi.2019.108799.
Meral I, Pala M, Akbas F, Ustunova S, Yildiz C,
Demirel MH. Effects of thymoquinone on liver
miRNAs and oxidative stress in Ehrlich acid mouse
solid tumor model. Biotech Histochem. 2018;93(4):
301-8. doi: 10.1080/10520295.2018.1437472.
Rezaei N, Sardarzadeh T, Sisakhtnezhad S.
Thymoquinone promotes mouse mesenchymal stem
cells migration in vitro and induces their
immunogenicity in vivo. Toxicol Appl Pharmacol.
2020;387:114851. doi: 10.1016/j.taap.2019.114851.
Krylova NG, Drobysh MS, Semenkova GN, Kulahava
TA, Pinchuk SV, Shadyro OI. Cytotoxic and antipro-
liferative effects of thymoquinone on rat C6 glioma
cells depend on oxidative stress. Mol Cell Biochem.
2019;462(1-2):195-206. doi: 10.1007/s11010-019-
03622-8.

Bouhlel A, Bejaoui M, Ben Mosbah I, Hadj Abdallah
N, Ribault C, Viel R, eta al. Thymoquinone protects
rat liver after partial hepatectomy under
ischaemia/reperfusion through oxidative stress and
endoplasmic reticulum stress prevention. Clin Exp
Pharmacol Physiol. 2018. doi: 10.1111/1440-
1681.12961.

Fujii J, Ikeda Y. Advances in our understanding of
peroxiredoxin, a multifunctional, mammalian redox
protein. Redox Rep. 2002;7(3):123-30. doi:
10.1179/135100002125000352.

Badary OA, AlShabanah OA, Nagi MN, Al-Bekairi
AM, Elmazar M. Acute and subchronic toxicity of
thymoquinone in mice. Drug Development Research.
1998;44(2-3):56-61. doi.org/10.1002/(SICI)1098-
2299(199806/07)44:2/3<56::AID-DDR2>3.0.CO;2-9.
Rooney S, Ryan MF. Modes of action of alpha-hederin
and thymoquinone, active constituents of Nigella
sativa, against HEp-2 cancer cells. Anticancer Res.
2005;25(6B):4255-9.

El-Najjar N, Chatila M, Moukadem H, Vuorela H,
Ocker M, Gandesiri M, et al. Reactive oxygen species
mediate thymoquinone-induced apoptosis and activate
ERK and JNK signaling. Apoptosis. 2010;15(2):183-
95. doi: 10.1007/510495-009-0421-z.

Ashour AE, Abd-Allah AR, Korashy HM, Attia SM,
Alzahrani AZ, Saquib Q, et al. Thymoquinone
suppression of the human hepatocellular carcinoma
cell growth involves inhibition of IL-8 expression,
elevated levels of TRAIL receptors, oxidative stress
and apoptosis. Mol Cell Biochem. 2014;389(1-2):85-
98. doi: 10.1007/s11010-013-1930-1.

Middle East J Cancer 2023; 14(2): 231-240





