
ORIGINAL ARTICLE

Molecular Biology Reports          (2024) 51:485 
https://doi.org/10.1007/s11033-024-09422-8

Abbreviations
ALA  Alpha Lipoic acid
OVCAR-3  ovarian cancer
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RT-PCR  Real-time polymerase chain reaction
RICTOR  rapamycin-insensitive companion of mTOR
MMP  Matrix metalloproteinase
MAPK  Mitogen-activated protein kinase
PI3K  Phosphatidylinositol 3-kinase
ROS  reactive oxygen species
AMPK  AMP-activated protein kinase
PBS	 	Dulbecco’s	Phosphate	buffered	saline
FBS  Fetal Bovine Serum
ELISA  Enzyme-Linked Immunosorbent Assay
cDNA  Complementary DNA
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Abstract
Background Ovarian cancer is the leading cause of gynecological cancer deaths. One of the major challenges in treating 
ovarian cancer with chemotherapy is managing the resistance developed by cancer cells to drugs, while also minimizing the 
side	effects	caused	by	these	agents	In	the	present	study,	we	aimed	to	examine	the	effects	of	a	combination	of	alpha	lipoic	acid	
(ALA), with cisplatin and paclitaxel in ovarian cancer(OVCAR-3).
Methods The	cytotoxic	effects	of	ALA,	cisplatin	and	paclitaxel	on	OVCAR-3	cells	were	determined.	Four	groups	were	
formed: Control, ALA, Cisplatin + Paclitaxel, ALA + Cisplatin +	Paclitaxel.	The	effects	of	single	and	combined	therapy	on	
cell migration, invasion and colony formation were analyzed. Changes in the expression of genes related to apoptosis, cell 
adhesion and cell cycle were analyzed with Real-time polymerase chain reaction(RT-PCR). The oxidative stress index and 
The Annexin V test were performed.
Results The reduction in rapamycin-insensitive companion of mTOR(RICTOR) expression in the ALA + Cisplatin + Pacli-
taxel	group	was	found	statistically	significant(p < 0.05). The decrease in MMP-9 and − 11 expressions the ALA + Cispla-
tin +	Paclitaxel	group	was	statistically	significant(p < 0.05). The lowest values for mitogen-activated protein kinase(MAPK) 
proteins were found in the ALA + Cisplatin + Paclitaxel group. No colony formation was observed in the Cisplatin + Pacli-
taxel and ALA + Cisplatin + Paclitaxel groups. The lowest wound healing at 24 h was seen in the ALA + Cisplatin + Pacli-
taxel group.
Conclusions This	study	is	the	first	one	to	investigate	the	combined	treatment	of	ALA,	Cisplatin,	Paclitaxel	on	OVCAR-3.	
While	ALA	alone	was	not	effective,	combined	therapy	with	ALA,	has	been	found	to	reduce	cell	invasion,	especially	wound	
healing	in	the	first	24	h,	along	with	tumor	cell	adhesion.
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RT  Reverse Transcriptase enzyme
Fox O1  Forkhead box O1
OD  Optical density
TAS  Total antioxidant status
TOS  Total oxidant status
OSI  Oxidative stress index
FITC  Fluorescein isothiocyanate
PI  Potassium iodide
RAPTOR  Regulatory-associated protein of mTOR
TNFα	 	Tumor	necrosis	factorα
TRPA1  Transient receptor potential-TRP ankyrin 1

Introduction

Although it is the third most prevalent gynecological cancer 
globally, ovarian cancer stands out for presenting the high-
est death rate among such cancers. This high mortality is 
associated with its tendency to progress without symptoms, 
leading to late detection and a higher chance of recurrence 
[1–3]. Although there has been less than 1% decrease in 
ovarian cancer incidence over the past two decades, the mor-
tality rate has not changed drastically [4]. In ovarian cancer, 
there is a pathogenetic process that begins with genotoxic 
DNA damage, followed by a p53 mutation and loss of pro-
gressive cell cycle control, resulting in the development of 
carcinoma [5]. The PI3K/AKT/mTOR signaling pathway 
acts as a crucial regulator in cell survival, growth and prolif-
eration, angiogenesis, transcription, translation and regula-
tion of metabolism. Irregularities in the main components of 
this signaling pathway are common in cancer pathogenesis 
[6]. The phosphatidylinositol 3-kinase/protein kinase-B/
mammalian target of rapamycin (PI3K/AKT/mTOR) path-
way has been shown to be a frequently changing signaling 
pathway in ovarian cancer, making it one of the most impor-
tant signaling pathways for therapeutic targets [6, 7].

The current standard treatment for ovarian cancer 
involves a combination of optimal cytoreductive surgery, 
along with chemotherapy using paclitaxel and platinum-
based drugs [8].	Cisplatin	was	one	of	the	first	metal-based	
chemotherapeutics and is still used as the main treatment for 
ovarian	cancer,	despite	serious	side	effects	and	the	develop-
ment of resistance [9, 10]. Cisplatin inhibits the unrestricted 
replication of cancer cells by forming cross-links with 
nucleotides of nuclear and mitochondrial DNA [11–13]. In 
addition, cisplatin causes oxidative stress through the pro-
duction of superoxide anions and hydroxyl radicals [13]. 
This involves the formation of DNA lesions by interacting 
with purine bases on DNA and subsequent activation of 
several signalling pathways leading to apoptosis [10]. Pacli-
taxel blocks cell division and leads to apoptotic cell death 
[14]. Paclitaxel treatment promotes tubulin polymerisation 

and inhibits mitotic progression [15]. However, with the 
development of chemotherapy-resistant diseases, the sensi-
tivity of these treatment regimens has decreased. For this 
reason, the development of resistance to chemotherapy for 
ovarian cancer has reduced the long-term survival rate and 
increased the recurrence rate [16]. One approach in studies 
is to evaluate the changes in expression patterns at the gene 
and protein level that are associated with the phenomenon 
of drug resistance in ovarian cancer. In a study, patients with 
stage I-IV ovarian cancer were compared to controls. The 
analysis showed that the strongest association with drug 
resistance was found for the mRNAs and the miRNAs [17]. 
Another important approach is the search for new drugs that 
are non-toxic and work in an alternative way to these drugs. 
These new therapies could provide alternative approaches 
for treating ovarian cancer. Alpha Lipoic acid (ALA) is a 
natural antioxidant [18]. It is an essential cofactor for mito-
chondrial enzymes involved in the tricarboxylic acid cycle. 
The reduced form of ALA, known as Dihydrolipoic acid, 
is the dominant form that interacts with reactive oxygen 
species (ROS) [18, 19]. It has been used to treat many dis-
ease conditions such as diabetes mellitus, hypertension, 
Alzheimer’s, Down syndrome, cognitive dysfunction, and 
certain types of cancer, especially breast cancer [20, 21]. 
ALA	acts	on	three	different	levels;	the	first	one	inhibits	the	
AKT pathway, causing an increase of pro-apoptotic pro-
teins and suppression of anti-apoptotic proteins. The latter 
induces the transcription of pro-apoptotic proteins by ROS 
production. The third activates the AMP-activated protein 
kinase (AMPK) protein, which negatively regulates the 
AKT pathway [22]. Thanks to its ability to clear ROS and 
replenish endogenous antioxidants, it plays an important 
role in cellular growth. ALA has also been suggested to lead 
to apoptosis and inhibition of cell proliferation to reduce the 
high oxidative stress accumulated by cancerous cells [20]. 
The	aim	of	our	study	was	to	investigate	the	effects	of	ALA	
alone and in combination with cisplatin and paclitaxel on 
migration, invasion, colony formation, apoptosis and PI3K/
AKT/mTOR signalling pathway in OVCAR-3 cells.

Materials and methods

Reagents

RPMI 1640 with L-glutamine, with 25mM HEPES (Cap-
ricorn	Scientific,	Germany,	Cat	No:RPMI-HA),	Penicillin-
streptomycin	(Capricorn	Scientific,	Germany,	Cat	No:PS-B)	
and	Dulbecco’s	Phosphate	buffered	saline	(PBS)	were	pur-
chased	from	CAPRICORN	(Capricorn	Scientific,	Germany,	
Cat No:PBS-1 A), Fetal Bovine Serum (FBS) was obtained 
from GIBCO (GIBCO, New Zealand. Ref No:26170-043), 
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Trypsin-EDTA was obtained from Biological Industries 
(Sartorius, Biological Industries, Israel, Ref No:03-079-IB), 
TRIzol Reagent was obtained from Invitrogen (Invitro-
gen™, USA, Ref No:15,596,018, Ethanol (Honeywell, Ger-
many, Cat No:32,221) and Methanol (Honeywell, Germany, 
Cat No: 34,966) were from Honeywell, the primary antibod-
ies were purchased from Sentebiolab (Sentebiolab,Turkey), 
Dimethyl sulfoxide was from Roche, Cisplatin and Pacli-
taxel were purchased from Cayman Chemical Company 
(Item: 10,461), isopropanol (Sigma, Germany, Cat No:67-
63-0 and ALA (Sigma, China, Cat No:107728-7) were from 
Sigma. All other chemical substances used in the study 
were obtained from commercial sources in an analytical and 
high-purity degree.

Cell lines and culture

OVCAR-3 cells (ATCC) have been cultured in RPMI 1640, 
which contains 10% FBS, 1% L-glutamine, penicillin (100 
U/ml) + streptomycin (100 µg/ml). The cells were followed 
at 37 °C, with 95% humidity and 5% CO2 in the incubator. 
Every 5–6 days, the cells were subcultured.

XTT assay

ALA, cisplatin and paclitaxel, at varying doses, were admin-
istered to OVCAR-3 cells and XTT cell proliferation testing 
was used to determine time and dose-dependent cell viabil-
ity and to determine the dose (IC50) at which 50% (50%) of 
the cells were alive. OVCAR-3 cells were cultured in 100 µl 
RPMI to be 1 × 104 cells/wells into 96-well plates. The cells 
were kept in the incubator with 5% CO2 at 37 °C for 24 h to 
adhere to the surface. At the end of 24 h, the medium was 
aspirated. For ALA, 25 µM, 50 µM, 100 µM, 125 µM, 250 
µM, 500 µM, 750 µM, 1 mM [23]for Cisplatin, 0.0625 µM, 
0.125 µM, 0.25 µM, 0.5 µM, 1 µM, 2 µM, 4 µM, 8 µM, 16 
µM, 32 µM, 64 µM, 128 µM [24];	for	Paclitaxel,	1	nM,	5	
nM, 10 nM, 25 nM, 50 nM, 100 nM [25] study concentra-
tions prepared in RPMI (containings 10% FBS). Each dose 
was studied in triplicates. Also, the dose was given at 24, 48, 
and	72	h	to	investigate	the	time-dependent	effect.	Untreated	
cells were used as control. Cell viability was determined 
using a commercial XTT kit (BI Cell Proliferation Kit XTT 
based Colourimetric Assay, LOT: 2,046,899) in accordance 
with the manufacturer’s protocol. At 24-, 48- and 72-hours 
post-incubation, the absorbance values of the groups were 
read on the Enzyme linked immunosorbent assay (ELISA) 
instrument at a wavelength of 450 nm and within the refer-
ence range of 630 nm. The percentage of cell viability was 
calculated by dividing the optical density value measured 
in each well by the control optical density value and mul-
tiplying it by one hundred to determine the IC50 ratio. The 

XTT assays for combined doses over IC50 doses were then 
applied 96-well plates for 24, 48, 72 h by culturing 1 × 104 
cells per well. The assay groups were as follows: Control, 
ALA, Cisplatin + Paclitaxel, ALA + Cisplatin + Paclitaxel.

RNA isolation, cDNA synthesis, and real-time PCR 
(RT-PCR)

In the control and dose groups of OVCAR-3 cancer cells, the 
RNA isolation by TRIzol Reagent was carried out accord-
ing to the manufacturer’s instructions. The cells were resus-
pended with 500 µl of TRIzol and total RNA was extracted. 
Complementary DNA (cDNA) synthesis was conducted 
using the cDNA synthesis Kit with RNAse inhibitor (High-
Capacity) and oligo (dT) primer and the Reverse Transcrip-
tase enzyme in accordance with the manufacturer’s protocol. 
After	 cDNA	 synthesis,	 differences	 in	 expression	 levels	 in	
mRNA levels were determined using the RT-PCR method 
and using SYBR green assay. Real-time PCR tests were per-
formed according to the A. B.T™ Universal SYBR® Green 
Mastermix	 (Atlas;Q03-01–05)	 protocol.	 Threshold	 cycle	
values were normalised to beta- actin values for each gene 
and	the	2	-	ΔΔCT	method	was	used	for	quantitative	analysis	
(Table 1).

Enzyme-linked immunosorbent assay (ELISA)

Six-well plaques were cultured with 3 × 105 cell/well with 
three wells for each group. The next day, when the cells 
became	confluent	and	adhered	to	the	plates,	the	drug	doses	
were administered. When the IC50 period of 48 h expired, 
the cell medium was removed and 350 µl of RIPA solution 
was put in each well. Cells were removed. In our study, the 
p-mTOR, p-AKT, MAPK, p- Forkhead box O1 (p-FOXO1) 
protein amounts of OVCAR-3 cells were evaluated with the 
ELISA	kit	 (Bioassay	Technology	Laboratory).	 In	 the	final	
phase of the assay, the optical density (OD) of each well was 
measured using a microplate reader tuned to 450 nm.

Colony formation assay

Six-well plates were cultured with 103 cells per well for 
control and dose groups. For 14 days, the cells were incu-
bated at 37oC, 5% CO2, with a change of culture medium 
every	 3	 days.	 Fourteen	 days	 later,	 they	were	 fixated	with	
cold methanol for 10 min at -20oC. The cells were stained 
with crystal violet and a colony count was performed.

The wound healing assay

OVCAR-3 cells were cultured into 6-well plates with 100% 
confluence.	After	the	cells	were	observed	to	have	adhered	to	
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(%) = the number of cells in the matrigel matrix basement 
membrane/the number of cells in control membrane X 100.

Total antioxidant status (TAS) – total oxidant 
status (TOS) and oxidative stress index (OSI) 
measurements

The TAS and TOS of all groups were determined using 
the Rel Assay commercial kits (Rel Assay Kit Diagnostics, 
Gaziantep, Turkey). TAS and TOS values were measured 
using a microplate reader. The OSI value was calculated 
using the formula “OSI = TOS (µmol H2O2 Eq/l)/TAS 
(mmol Trolox Eq/l) X 100”. For all dose groups TAS and 
TOS assays were studied in triplicates.

Cell apoptosis assay

ALA, Cisplatin + Paclitaxel and ALA + Cisplatin + Pacli-
taxel doses were administered to OVCAR-3 cells and the 
cells were collected after an incubation of 48 h. The washed 
cells were re-centrifuged, the supernatant was discarded, 
and the cells were resuspended in the annexin binding buf-
fer. For every 100 µL cell suspension, 5 µL of Fluorescein 
isothiocyanate (FITC) annexin V and 1 ~ 2 µL of potassium 

the surface of the plaque, the medium was removed. It was 
washed 3 times with PBS. With the help of a 200 µl pipette 
tip, a drawing in the form of “+” was made on the plate 
bottom. After that, they were washed again with PBS and 
dosed groups were administered in the medium. At 0, 16, 24 
and	48	h,	images	were	recorded	as	magnified	by	10X	on	the	
invert microscope and analyzed to assess the migration of 
cells to the drawn area.

Matrigel-invasion assay

In the OVCAR-3 cell line, the invasion capacity of experi-
mental groups was examined using a matrigel matrix coated 
upper and lower transwell chamber with pores with a diam-
eter	of	8	μm.	Cells	with	a	serum-free	RPMI	1640	(500	µL)	
medium were cultured in upper compartments with a den-
sity of 25 × 103 cell/well, and an RPMI 1640 with 10% FBS 
(750 µL) was added to the lower compartments. After the 
materials were administered to the dosing groups, they were 
kept in the incubator with 5% CO2 at 37 °C for 48 h. After 
the	 invasive	 cells	 in	 the	 matrigel	 matrix	 were	 fixed	 with	
methanol, they were stained with crystal violet and counted 
as	 magnified	 by	 40X	 under	 the	 microscope.	 Invasion	

Table 1 Real-Time PCR forward and reverse primer sequences
Gene 
symbol

Full Name Primer sequence Temperature 
mealting

Product 
size

Accession 
Numbers

Beta Actin Beta Actin F: C A C C A T T G G C A A T G A G C G G T T C
R: A G G T C T T T G C G G A T G T C C A C G T

68.9 C 
− 67.3 C

214 bp NM_001101

Bcl-2 B-cell lymphoma 2 F: A T C G C C C T G T G G A T G A C T G A G T
R:  G C C A G G A G A A A T C A A A C A G A G G C

65.4 − 65.5 C 216 bp NM_000633

BAX BCL-2 Associated X F: T C A G G A T G C G T C C A C C A A G A G R: T G T G T C C A C G G C 
G G C A A T C A T C

66.8 − 72.6 C 467 bp NM_004324

p53 F:  A T C T A C A A G C A G T C A C A G C A C A T R:  G T G G T A C A G 
T C A G A G C C A A C C

59.0 -59.6 C 858 bp NM_000546

TNF 
alpha

Tumor necrosis factor 
alpha

F:  C T C T T C T G C C T G C T G C A C T T T G
R:  A T G G G C T A C A G G C T T G T C A C T C

64.7 C 
− 62.8 C

928 bp NM_000594

PI3K Phosphatidylinositol 
3-kinase

F:  G A A G C A C C T G A A T A G G C A A G T C G
R:  G A G C A T C C A T G A A A T C T G G T C G C

64.4 − 67.2 C 3069 bp NM_006218

AKT1 F: T T C T G C A G C T A T G C G C A A T G T G
R:  T G G C C A G C A T A C C A T A G T G A G G T T

66.7 C 
− 65.9 C

181 bp NM_001382430

RAPTOR 
(MTOR1)

Regulatory associated 
protein of mTOR

F: G A T C G T C A A C A G C T A T C A C A C G
R: C G A G T C G A A G T T C T G C C A G A C

64.1 C 
− 63.6 C

444 bp NM_020761

RICTOR 
(MTOR2)

Rapamycin insensi-
tive comp anion of 
mammalian target of 
rapamycin

F: G C C A A A C A G C T C A C G G T T G T G
R:  C C A G A T G A A G C A T T G A G C C A C T G

64.2 − 66.3 C 544 bp NM_152756

MMP 2 Matrix 
Metallopeptidase-2

F:  A G C G A G T G G A T G C C G C C T T T A A
R:  C A T T C C A G G C A T C T G C G A T G A G

59.0 C 
– 57.3 C

285 bp NM_004530

MMP 3 Matrix 
Metallopeptidase-3

F: C A C T C A C A G A C C T G A C T C G G T T
R:  A A G C A G G A T C A C A G T T G G C T G G

61.7 − 65.9 C 332 bp NM_002422

MMP 9 Matrix 
Metallopeptidase-9

F:  G C C A C T A C T G T G C C T T T G A G T C
R:  C C C T C A G A G A A T C G C C A G T A C T

61.2 – 62.0 C 247 bp NM_004994

MMP 11 Matrix 
Metallopeptidase-11

F:  G A G A A G A C G G A C C T C A C C T A C A
R:  C T C A G T A A A G G T G A G T G G C G T C

60.7 − 61.2 C 1068 bp NM_005940
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of the 24-hour cell viability test, the dosing rate at 48 h was 
considered IC50 as cell proliferation did not fall below 50%. 
At 48 h, IC50 doses of Cisplatin and Paclitaxel were found 
10.6 µM and 19 µM, respectively (Fig. 1B and C). Then 
a combined XTT assay was conducted with these doses. 
Selected combined doses included Cisplatin IC50 + Pacli-
taxel IC50 and ALA IC50 + Cisplatin IC50 + Paclitaxel IC50;	
and	the	effective	time	in	combined	doses	was	also	found	to	
be 48 h (Fig. 1D).

Real-time PCR

The expression of the p53 and Bcl-2 genes increased in 
the Cisplatin + Paclitaxel group and decreased in the ALA 
and ALA + Cisplatin + Paclitaxel groups. Bax expression 
increased in the ALA and Cisplatin + Paclitaxel groups and 
decreased in the ALA + Cisplatin + Paclitaxel group. The 
expression of TNF-α, was reduced in the Cisplatin + Pacli-
taxel and ALA + Cisplatin + Paclitaxel groups. But the 
changes	in	this	group	of	genes	were	not	statistically	signifi-
cant. In the ALA group, PI3K, AKT regulatory-associated 
protein of mTOR (RAPTOR), RICTOR gene expressions 
were reduced, while an increase in AKT gene expression 
was particularly observed in the Cisplatin + Paclitaxel 
group.	However,	 it	was	not	significant.	Decreased	expres-
sions of PI3K, RAPTOR, RICTOR were found in the 
ALA + Cisplatin + Paclitaxel group. The reduction in RIC-
TOR gene expression in the ALA + Cisplatin + Paclitaxel 
group	was	 found	statistically	significant	 (p < 0.05). Of the 

iodide (PI) were added. The cells were incubated for 15 min 
in the dark at room temperature. After incubation, 400 µL 
1X was slightly mixed with the addition of annexin bind-
ing	buffer	(specimens	are	kept	on	ice).	Once	the	cells	were	
loaded	 onto	 the	 slides,	 PI	 fluorescence	 and	 Annexin	 V	
were simultaneously measured in the Arthur Image-Based 
Cytometer	using	appropriate	filters	and	analyzed	using	the	
instrument’s operating software.

Statistical analysis

The	analysis	of	 the	data	was	quantified	by	computer	pro-
gram	using	the	2-ΔΔCT	method.	The	groups	were	compared	
using	the	Volcano	Plot	analysis	featured	in	the	“RT²	Profiler;	
PCR Array Data Analysis” program. The groups were sta-
tistically evaluated by the “Student t-test” analysis. In addi-
tion, parametric and non-parametric analyses of all groups 
were evaluated with SPSS 17.0 statistical analysis program. 
In the analysis of the data in the study, the Shapro-Wilk test 
was used to determine whether the group distributions were 
normal (p <	0.05	indicates	statistical	significance).

Results

XTT assay

According to the XTT result, the IC50 dose of ALA was 
determined	to	be	83.1	μm	at	48	h	(Fig.	1A). In the results 

Fig. 1 (A)	The	 effect	 of	 alpha	 lipoic	 acid	 (ALA)	on	 the	viability	of	
ovarian cancer (OVCAR-3) cells. The cells were treated with ALA 
at	different	concentrations	and	 time	 intervals,	 and	 their	proliferation	
was assessed by 2,3-bis (2-methoxy- 4 nitro-5-sulfophenyl)–2 H-tet-
razolium-5-carboxanilide ( XTT) assay. The data represent the aver-
age results of three independent experiments. IC50 dose of ALA in 

OVCAR-3 cells was detected as 83.1 µM/ml at 48 h. (B)	Effect	 of	
Cisplatin on the viability of OVCAR-3 cells. IC50 dose of Cisplatin in 
OVCAR-3 cells was detected as 10.6 µM/ml at 48 h. (C)	The	effect	of	
Paclitaxel on the viability of OVCAR-3 cells. IC50 dose of Paclitaxel 
in OVCAR-3 cells was detected as 19 nM/ml at 48 h. (D)	The	effect	of	
groups on the viability of OVCAR-3 cells at 48 h
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that the colony formation increased in the ALA group rela-
tive to the control group (p < 0.05) (Fig. 3A). No colony 
formation was observed in the Cisplatin + Paclitaxel and 
ALA + Cisplatin + Paclitaxel groups.

Wound healing assay results

At	16,	24	and	48	h,	a	significant	increase	was	observed	in	the	
wound healing experiment in the control group. (p < 0.005). 
A comparison of the treatment groups among themselves 
at16	 hours	 showed	 that	 the	ALA	 group	 had	 significantly	
higher levels of wound healing than the Cisplatin + Pacli-
taxel and ALA + Cisplatin + Paclitaxel groups (p < 0.0001, 
respectively 50.7%, 13.5%, 18.1%). At 24 and 48 h, the ALA 
group	alone	presented	a	significant	level	of	wound	healing	
than all the others, including the control group. The lowest 
wound healing at 24 h was in the ALA + Cisplatin + Pacli-
taxel group, while in the ALA group, wound healing was 
found	to	increase	significantly	at	48	h	(p < 0.005) (Fig. 4).

genes associated with tumor cell adhesion, MMP-3 expres-
sion was decreased and MMP-9 expression was increased in 
the ALA group and Cisplatin + Paclitaxel group (p <	0.05);	
MMP-2, MMP-3, MMP-9, MMP-11 expressions were 
decreased in the ALA + Cisplatin + Paclitaxel group, and 
the reduction in MMP-9 and MMP-11 gene expressions in 
this	group	were	found	to	be	significant	(p < 0.05) (Table 2).

ELISA assay results

P-AKT	significantly	decreased	in	the	Cisplatin	+ Paclitaxel 
group	compared	to	others,	and	there	was	a	significant	reduc-
tion in P-FOXO1 expression in all treatment groups com-
pared to the control group (p < 0.05). The lowest levels for 
MAPK proteins were found in the ALA + Cisplatin + Pacli-
taxel	 triple	dosage	group	and	were	 statistically	 significant	
(p < 0.05) (Fig. 2).

Colony formation assay

At the end of day 14, the average number of colonies 
counted in the control group was 192 ±	11.7;	the	number	of	
colonies in the ALA group was 370 ± 29.1. It was notable 

Table 2 The mRNA expression changes of genes in OVCAR-3 ovarian cancer cells, treated groups compared with the control group cells. Data 
were	obtained	by	RT-PCR	assay	via	2-ΔΔCT	method	in	RT2	Profiles	PCR	Array	Data	Analysis	online	program
Gene names ALA Cisplatin + Paclitaxel ALA+

Cisplatin + Paclitaxel
Fold Regulation p value Fold Regulation p value Fold Regulation p value

Beta Actin 1.00 1.00 1.00
p53 -15.00 0.37 25.46 0.37 -18.17 0.37
Bax 1.85 0.90 7.78 0.37 -10.68 0.25
Bcl-2 -21.21 0.32 1.55 0.41 -12.38 0.32
TNF-α 1.77 0.87 -3.18 0.78 -7.85 0.26
PI3K -1.50 0.28 1.53 0.99 -5.75 0.15
AKT -2.69 0.36 23.53 0.37 1.90 0.41
RAPTOR -163.90 0.10 4.39 0.28 -11.66 0.25
RICTOR -1.94 0.20 1.41 0.35 -5.05 0.03*
MMP-2 1.91 0.54 2.55 0.86 -8.96 0.35
MMP-3 -2.66 0.37 -8.24 0.37 -4.17 0.37
MMP-9 5.66 0.05* 19.16 0.005* -5.30 0.003*
MMP-11 1.72 0.24 -1.54 0.54 -4.21 0.04*
*p <	0.05	statistically	significant

Fig. 2	 The	effects	of	groups	on	P-AKT	(A), P-FOXO1 (B) and mito-
gen-activated protein kinase (MAPK) (C) levels in ovarian cancer 
(OVCAR-3) cells. * p < 0.05 vs. control (untreated cell) in OVCAR-3 

cells. The experiments were performed in triplicates. Bar graphs repre-
sent mean ± SD (standard deviation)
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group and Cisplatin + Paclitaxel group compared to the con-
trol group but increased in the ALA + Cisplatin + Paclitaxel 
group. The highest OSI was found in the ALA + Cispla-
tin + Paclitaxel group. However, the comparisons between 
the	groups	were	not	significant	(p > 0.05) (Fig. 5I).

Apoptosis detection with Annexin V

In the Annexin V apoptosis detection assay, the number of 
living	 cells	 in	 the	Control	 group	was	 significantly	 higher	
than in H2O2 and treatment groups. Although treatment 
groups	significantly	increased	apoptosis	compared	to	Con-
trol	group,	no	significant	difference	was	found	between	the	
treatment groups (p > 0.05) (Fig. 5II).

Matrigel invasion test results

As a result of counting in the matrix basal membrane set-
ting, it was determined that an average of 1199 ± 10.2 cells 
in the control group, an average of 1256 ± 17.9 cells in the 
ALA group, 8 ± 0.8 cells in the Cisplatin + Paclitaxel group 
and 36 ± 1.6 cells in the ALA + Cisplatin + Paclitaxel group 
were invasive and passed to the other side of the control 
chamber (Fig. 3B).

Determination of oxidative stress level

TAS level increased in the ALA + Cisplatin + Paclitaxel 
group compared to the control. TOS was reduced in the ALA 

Fig. 4 (I) The wounded area was calculated and plotted in the graph. 
The values are presented as mean ± S.D. (n = 3) with the p-values being 
calculated using Student’s t-test. A p value of < 0.05 was considered 
statistically	significant.	*	p < 0.005, ** p < 0.0001. (II) Wound healing 

images of Control (A), alpha lipoic acid (ALA) (B), Cisplatin + Pacli-
taxel (C) and ALA + Cisplatin + Paclitaxel (D) treated groups at 0, 16, 
24, 48 h

 

Fig. 3 (A) Representative images 
for colony formation after 14 
days in which colonies were 
stained with crystal violet. The 
comparison of colony formation 
rates of OVCAR-3 cells cultured 
with control and alpha lipoic acid 
(ALA) (83.1 µM) groups. The 
data are expressed as mean ± SD, 
n = 3, *p < 0.05 versus control. 
(B) Invading cells in Control, 
ALA, Cisplatin + Paclitaxel, 
ALA + Cisplatin + Paclitaxel 
treated groups
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factor	α	(TNFα)-mediated	inflammatory	signaling	pathways	
and p27 stabilization [26]. According to our study, only 
ALA	treatment	had	no	effect	on	TNFα	in	OVCAR-3	cells,	
while	TNFα	expression,	which	is	effective	in	tumour	forma-
tion, decreased in Cisplatin + Paclitaxel and ALA + Cispla-
tin + Paclitaxel groups.

Previous studies have shown that pre-treatment with ALA 
before radiotherapy makes MCF7 breast cancer cells sensi-
tive	to	radiotherapy	and	strengthens	the	effect	of	irradiation	
on the inhibition of proliferation [27, 28]. Deveci et al. [29] 
showed that increased apoptosis, mitochondrial membrane 
depolarization, and ROS levels decreased with ALA ther-
apy through activation of transient receptor potential-TRP 
ankyrin 1 (TRPA1) channels by hypoxia induction in glio-
blastoma cells [29]. That is, ALA inhibited mitochondrial 
ROS	production,	causing	antioxidant	and	anti-inflammatory	
effects,	while	also	causing	anti-apoptotic	effect	by	inhibition	
of TRPA1 channel [29]. Another study showed that after 
18 days of oral administration of ALA in xenograft mice, 

Discussion

Relying on just one anticancer agent to treat recurrent ovar-
ian	 cancer	 is	 generally	 ineffective	 due	 to	 two	main	 chal-
lenges: resistance developed by the cancer cells to the agent, 
and	 the	 limitations	on	dosage	 imposed	by	 the	 side	effects	
the agent causes. Therefore, it is crucial to discover new 
drugs	that	elevate	the	therapeutic	effectiveness	of	cisplatin	
and paclitaxel, enabling the use of lower doses and thereby 
reducing	 their	 toxic	 side	 effects.	 That	 is	 why	 we	 exam-
ined	 the	 effect	 of	 the	 combined	 treatment	 of	ALA	on	 the	
OVCAR-3 cell line in this study. While ALA therapy alone 
was	not	effective,	combined	therapy	with	ALA	reduced	cell	
invasion,	especially	wound	healing	in	the	first	24	h,	along	
with tumor cell adhesion.

ALA has been shown to inhibit the growth of tumorigenic 
ovarian epithelial cells, while not inhibiting normal ovarian 
surface epithelial cells. The potential mechanism is the inhi-
bition of cell growth through inhibition of Tumor necrosis 

Fig. 5 I. Total oxidant status (TOS) (A), The total antioxidant status 
(TAS) (B) and Oxidative stress index (OSI) (C) values in study groups. 
II. Percentage of live and apoptotic OVCAR-3 cells of groups after 

48 h. The data are represent three independent experiments. H2O2 
(200	µM)	was	used	as	a	positive	control.	*Significantly	different	from	
the control: *p < 0.05
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invasion	of	metastatic	breast	cancer	cells	by	influencing	the	
ERK1/2 and AKT signaling pathway [33]. It is well known 
that tumor proliferation is caused by the over-expression 
of	 different	 tyrosine	 kinase	 receptors	 such	 as	 EGFR	 and	
leads to the activation of PI3K/AKT, ERK and mTOR [22]. 
ALA activates AMPK. It has been shown to inhibit tumor 
progression	by	 inhibiting	 the	ACT	effector	mTOR protein 
complex [22]. PI3K signaling has been shown to play an 
important role in ovarian tumorigenesis, the emergence of 
aggressive phenotypes, and chemo-radiotherapy resistance 
[6, 7]. Our PCR results indicated decreased in AKT and 
RAPTOR expressions in the group where ALA was admin-
istered alone and decreased PI3K, RAPTOR and RICTOR 
expressions in the ALA + Cisplatin + Paclitaxel group. The 
reduction in RICTOR gene expression in the ALA + Cis-
platin +	Paclitaxel	group	was	found	statistically	significant	
(p value < 0.05). Interestingly, in the Cisplatin + Paclitaxel 
group, there was an increase in AKT, RAPTOR expressions. 
On the other hand, p-FOXO1 and MAPK protein levels 
were	 significantly	 reduced	 in	 the	ALA	+ Cisplatin + Pacli-
taxel group.

ALA is known to contribute to the conversion of oxi-
dized glutathione (GSSG) back into its reduced form 
(GSH), which plays an important role in ROS regulation, 
in order to protect cells from oxidative stress [11]. ALA has 
been shown to play a central role in protecting cells from 
ROS-induced	apoptotic	cell	death	through	efficient	regula-
tion of GPX [11]. Although the TAS, TOS and OSI results 
in	 our	 study	 were	 not	 statistically	 significant	 (p > 0.05), 
the highest OSI level in the ALA + Cisplatin + Paclitaxel 
group showed that this treatment was superior to other treat-
ments. After irradiation in MCF7 breast cancer cells, ALA 
pretreatment	 significantly	 inhibited	 the	 colony	 formation	
ability of these cells [27]. In OVCAR-3 cells, ALA alone 
significantly	 increased	 the	 formation	 of	 colonies.	 How-
ever, no colony formation was observed in the ALA + Cis-
platin + Paclitaxel group. In MCF7 breast cancer, migration 
of	breast	cancer	cells	has	been	effectively	prevented	at	all	
doses with ALA pre-treatment [27]. In our study, we mor-
phologically observed that ALA alone increased the migra-
tion of OVCAR-3 cells after 24 and 48 h compared to the 
controls	 in	 the	wound	healing	assay.	There	was	no	differ-
ence in wound healing between Cisplatin + Paclitaxel and 
ALA + Cisplatin + Paclitaxel groups, and both groups inhib-
ited	cell	migration	to	a	significantly	higher	extent	than	the	
control and ALA groups.

ALA	has	been	shown	to	significantly	inhibit	the	activity	
of radiation-induced MMPs in breast cancer cells [27, 28]. 
In particular, they suggested that reducing the expression 
of MMP-2 and MMP-9 by ALA could reduce the migra-
tion and invasion of breast cancer cells to distant areas after 
radiation [23, 27]. In our PCR study, of the genes associated 

compared with control mice treated with normal saline, 
ALA	significantly	reduced	tumor	nodule	counts	and	tumor	
burden in the lungs of mice and reduced cell viability in 
lung cancer A549 cell line [30]. Bax/Bcl-2 ratio increased 
in A549 cells treated with ALA, suggesting that the cells 
may undergo apoptosis after ALA treatment [30]. Previous 
studies have shown that ALA induces apoptosis by acti-
vating mitochondrial O2 production, Akt inhibition, and 
p27Kip-induced cell cycle stoppage in human colon cancer, 
hepatoma and squamous cell carcinoma cells [31, 32]. In 
contrast to these observations, A study of A549 cells treated 
with ALA reported increased expression of Akt and Akt acti-
vation in cell cycle-related proteins (c-Myc and Cyclin D1) 
[30]. It has also been suggested that ALA induces caspase-3 
activity, causing cell cycle stoppage, and plays a vital role 
in increasing p21, p27, and p53 protein expressions medi-
ating apoptosis [20].	The	 anti-tumor	 effects	 of	ALA	have	
been noticed with the stoppage of the cell cycle in the G1 
phase through the increase of protein p53 [18, 20]. p53 has 
been associated with ROS production and ROS-induced 
oxidative stress. Because tumor cells are generally known 
to	be	deficient	in	p53,	ALA	has	been	shown	to	selectively	
increase p53 gene expression in tumor cells compared to 
neighboring normal cells [20]. In our study, by contrast, 
both groups given ALA presented decreased p53 expres-
sion. The expression of p53 in the Cisplatin + Paclitaxel 
group was very high. In leukemia and breast cancer, the Bax/
Bcl2	ratio	increased	significantly	with	increased	caspase-3	
activity after ALA treatment [22]. It has been shown that 
in hepatoma cancer cells ALA triggers the intrinsic apop-
totic pathway by activation of caspase-3 and caspase-9 [22]. 
Kafara et al. [18] showed that in two human ovarian can-
cer cell lines, ALA reduced Mcl-1 and Bcl-xL expression, 
suppressing proliferation and inducing cell death. However, 
they did not investigate Bcl-2, which is not expressed in 
the cells [18]. Those studies explained the mechanism of 
reduced Bcl-xL expression by causing the inhibition of Akt 
and NF-κB [18, 22]. In our study, Bax expression from the 
pro-apoptotic gene group in OVCAR-3 cells also increased 
in the Cisplatin + Paclitaxel group in parallel with p53 and 
decreased in the ALA + Cisplatin + Paclitaxel group. In the 
ALA and ALA + Cisplatin + Paclitaxel groups, a decrease 
was observed in Bcl-2 gene expression. This result suggests 
that ALA performs apoptosis through a mechanism of reduc-
tion in Bcl-2 gene expression. In the Annexin V apoptosis 
assay,	 apoptosis	 significantly	 increased	 compared	 to	 the	
control group in administration with Cisplatin + Paclitaxel 
and ALA + Cisplatin +	Paclitaxel	groups,	but	no	significant	
difference	was	found	between	these	treatment	groups.

ALA has been found to suppress thyroid cancer cell 
proliferation and growth through inhibition of the mTOR-
S6 signaling pathway. ALA also inhibited migration and 
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