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Effects of α-Lipoic Acid on the Antioxidant System in 
Prostate Cancer Cells
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Purpose: Overproduction of lipid peroxidation byproducts and disturbances 
in the antioxidant defense system have been implicated in the pathogenesis 
of several diseases, including prostate cancer. Although several studies 
have investigated the level of lipid peroxidation and antioxidants in prostate 
cancer, there are no reports on α-lipoic acid (ALA) in prostate cancer. 
Here we assessed the effects of ALA on the antioxidant system in prostate 
cancer cells.
Materials and Methods: PC-3, LNCaP, and RWPE-2 cell lines were used 
in this study. Redox factor (Ref)-1 protein was measured by Western blot 
analysis after treatment with ALA. Real-time polymerase chain reaction 
(RT-PCR) was performed to detect superoxide dismutase (SOD)-1 and -2, 
catalase, and glutathione peroxidase (GSH-Px) mRNA expression.
Results: Ref-1 was expressed in the PC-3, LNCaP, and RWPE-2 cell lines. 
The expression of Ref-1 protein was increased after treatment with 125, 
250, and 500μM ALA in the PC-3 (p＜0.05) and LNCaP (p＞0.05) cells 
compared with the RWPE-2 cells at 48 hours. In PC-3 cells, the mRNA 
expression of SOD-1, SOD-2, catalase, and GSH-Px decreased at 24 and 
48 hours dose-dependently compared with that in RWPE-2 cells (p＜0.05). 
The mRNA expression of SOD-2, catalase, and GSH-Px in LNCaP cell 
decreased at 48 hours dose-dependently (p＜0.05). 
Conclusions: The expression of Ref-1 protein and antioxidant enzymes 
changed after ALA exposure in prostate cancer cells. Our findings suggest 
that ALA affects the antioxidant system in prostate cancer cells and may 
be related to compensatory changes in the antioxidant defense system of 
the cells. (Korean J Urol 2009;50:72-80)
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INTRODUCTION

　Prostate cancer is not well-known in Korea. However, the 

incidence of prostate cancer is rapidly increasing compared to 

other malignancies.1 This has prompted several research efforts 

into the treatment and prevention of prostate cancer.2,3 Recently, 

oxidative stress has been considered an important factor in the 

development and progression of prostate cancer. In the α

-tocopherol and β-carotene study (ATBC study), the incidence 

and mortality of prostate cancer decreased for 6 years during 

the follow-up, and men who received selenium supplements had 

a low incidence of prostate cancer.2,3 Also, in an experimental 

study, multiple mitochondrial DNA mutations found in human 

prostate tumors suggested the involvement of cellular oxidative 

stress.4 Carcinogenesis is a multistep process that includes DNA 

damage and abnormal cell proliferation. Antioxidant enzymes 

are endogenous proteins that work together to protect cells from 

damage by reactive oxygen species (ROS), which are physio-

logical by-products that result partly from an imbalance of 

antioxidant enzymes and free radicals and are capable of directly 

injuring cells. Oxidative damage is decreased by antioxidant 

vitamins, non-provitamins, catenoids, and trace elements such 

as selenium.3,5 α-lipoic acid (ALA) is a naturally-occurring co-
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factor for vital metabolic multienzyme complexes, including 

pyruvate dehydrogenase and glycine decarboxylase. ALA is 

easily absorbed from the diet, and in mammalian cells it is 

readily converted to its reduced form, dihydrolipoic acid. ALA 

acts as a redox regulator of thiol-containing proteins and is 

effective in the treatment of several pathologic conditions in-

cluding diabetes, neurodegeneration, radiation injury, and mal-

ignacy.6-8

　Overproduction of lipid peroxidation byproducts and dis-

turbance in the antioxidant defense system have been implicated 

in the pathogenesis of prostate cancer. Although several studies 

have investigated the level of lipid peroxidation and antioxidant 

enzymes in prostate cancer, to our knowledge, no study has 

explored the potential antioxidant effect of ALA in prostate 

cancer.9,10

　The objective of this study was to determine whether ALA 

can affect the expressions of antioxidant enzymes in prostate 

cancer cell lines compared to a normal human prostate cell line. 

MATERIALS AND METHODS

　PC-3, LNCaP, and RWPE-2 cell lines were used in this 

study. As an index of antioxidative stress, redox factor (Ref)-1 

and endogenous antioxidant enzymes, including superoxide 

dismutase (SOD)-1 and -2, catalase, and glutathione peroxidase

(GSH-Px), were measured. 

1. Cell culture 

　The human prostate carcinoma cell lines PC-3 and LNCaP 

and human prostate epithelial cell line (RWPE-2) were obtained 

from the American Type Culture Collection (Manassas, USA). 

LNCaP cells were maintained in RPMI 1,640 with 10% fetal 

bovine serum (FBS). PC-3 cells were maintained in Dulbecco’s 

modified Eagle medium (DMEM) with 10% FBS, and RWPE-2 

cells were maintained in keratinocyte growth medium supple-

mented with 5 ng/ml human recombinant EGF and 0.05 mg/ml 

bovine pituitary extract under standard culture conditions (37oC, 

95% humidified air, and 5% CO2). 

2. Cell viability analysis 

　To identify an adequate concentration of ALA (Sigma, USA), 

a dimethylthiazol-2-yl-2,5-diphenyl-tetraxolium bromide (MTT) 

cell viability assay was performed. LNCaP cells were seeded 

in 96-well plates (1x104 cells/well) in DMEM containing 10% 

FBS, cultured overnight, and then treated with different con-

centrations (0-2 mM) of ALA with untreated cells serving as 

a control. At the end of the incubation, the medium in the wells 

was removed and replaced with 150μl of fresh medium con-

taining a 50μl MTT solution and incubated at 37oC for 4 

hours. The medium containing MTT was removed, and 150μl 

of DMSO were added to solubilize the formazan crystals 

formed in the viable cells. Absorbance was recorded in an 

ELISA reader at 570 nm. 

3. Protein extraction and Western blot analysis 

　The Ref-1 protein level was detected in cells cultured in the 

6-well plates. Briefly, after treatment (control, 125, 250, 500μM 

ALA for 48 hours), cells of two wells were lysed in 100μl 

of lysis buffer. The lysate was incubated on ice for 20 min and 

centrifuged at 13,000 rpm for 2 min at 4oC. The supernatant 

was collected. The protein concentration was determined according 

to the method of Bradford (Bio-Rad Laboratories, USA). The 

lysate was mixed with 5x SDS gel loading buffer and boiled 

for 5 min at 100oC. Proteins (20μg) were then separated by 

SDS-PAGE and transferred from the gel to a polyvinyli-

dene-difluoride (PVDF) membrane. The membranes were blocked 

with 5% nonfat milk in TBS-T for 1 hour at room temperature. 

The membranes were washed three times in TBS-T for 10 min 

each and then incubated overnight at 4oC with primary antibody 

in TBS-T at a dilution of 1:1,000. The primary antibody used 

was goat polyclonal anti-Ref-1 antibody (SC-9919, Santa Cruz 

Biotechnology, USA). The membranes were washed three times 

in TBS-T for 10 min each and then incubated with HRP-

conjugated secondary antibody (1:500) in 5% nonfat milk in 

TBS-T at room temperature for 1 hour. The membranes were 

then washed three times in TBS-T for 10 min each. The target 

protein was visualized with an electrochemiluminescence lighting 

system (Amersham International PLC, USA) and the protein 

band intensity was quantified with a densitometer.

4. RNA extraction and cDNA synthesis 

　At the end of treatment (control, 125, 250, 500μM for 24 

and 48 hours), total RNA was extracted from cells cultured in 

the six-well plates using TRIzol reagent (Invitrogen, Carlsbad, 

USA), and RNA was isolated according to the manufacturer's 

instructions. Extracted total RNA was further treated with RNasin 

(Promega). The yield and purity were determined by Nanodrop. 

First-strand cDNA was synthesized from 2μg of total RNA 
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Fig. 1. The growth rate of the LNCaP cell line. *: inhibitory con-

centration (IC)50.

Table 1. PCR primer

Sense primer Anti-sense promer Product

SOD 1 5'-GTG TGG GGA AGC ATT AAA GG-3' 5'-ACA TTG CCC AAG TCT CCA AC-3' 170-bp

SOD 2 5'-GTT GGC CAA GGG AGA TGT TA-3' 5'-AGT CAC GTT TGA TGG CTT CC-3' 158-bp

Catalase 5'-TCT GGA GAA GTG CGG AGA TT-3' 5'-AGT CAG GGT GGA CCT CAG TG-3' 190-bp

GSH-Px 5'-AGC CCA ACT TCA TGC TCT TC-3' 5'-CCC ACC AGG AAC TTC TCA AA-3' 193-bp

GAPDH 5'-CGT CTA GAA AAA CCT GCC AA-3 5'-TGA AGT CAG AGG AGA CCA CC-3' 118-bp

PCR: polymerase chain reaction, SOD: superoxide dismutase, GSH-Px: glutathione peroxidase, GAPDH: glyceraldehyde 3-phosphate 

dehydrogenase

using AccuPower RT Premix (Bioneer, Korea) with 19-mer oligo 

dT (Bioneer, Korea) according to the manufacturer's instructions. 

Synthesized cDNA was stored at 20oC before use.

5. Design of PCR primers

　Primer selection was based on previously published human 

SOD-1 (CuZn SOD), SOD-2 (MnSOD), catalase, GSH-Px, and 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) sequences 

found through a GenBank database search. GAPDH was used 

as a control. The primers used are shown in Table 1.

6. Real-time quantitative PCR

　Real-time quantitative PCR was carried out in an IQ5 Real-

Time PCR Detection System (Bio-Rad Laboratories, USA) using 

SYBR Green I. The PCR reactions were performed in micro-

capillary tubes (Bio-Rad Laboratories, USA) with a final volume 

of 20μl. The reaction mixture consisted of 1μl of each sense 

and anti-sense 10μmol/l primer, 10μl of SYBR Green I

(Bio-Rad Laboratories, USA), 7μl H2O, and 1μl of the cDNA 

template. The mRNA levels were quantified using a standard 

curve method. Standard curves were constructed using a serially 

diluted standard template. The mRNA levels were normalized 

to GAPDH to account for differences in reverse transcription 

efficiencies and the amount of cDNA in the reaction mixtures. 

7. Statistical analysis

　The statistical analysis of the obtained data was performed 

by SPSS (version 11.5) software for windows. Data were sta-

tistically analyzed using one-way ANOVA and Turkey’s multiple 

comparison tests. The results are presented as the means±standard 

error (SE) from at least three experiments. A p-value of ＜0.05 

was considered statistically significant.

RESULTS

1. Cell viability assay for IC50 in LNCaP cells

　Treatment of LNCaP cells with increasing concentrations of 

ALA (0, 0.125, 0.5, 1, 10, 125, 250, 500μM, 1 mM, and 2 

mM) resulted in a dose-dependent decrease in cell viability 

compared to the control (Fig. 1). In particular, a significant 

induction of cell loss was observed after treatment with ALA 

at 250μM. 

2. Effects of ALA on the expression of Ref-1 protein 

in PC-3 and LNCaP and RWPE-2 cells

　Ref-1 was expressed in all cell lines. The expression of Ref-1 

protein was increased with 125, 250, and 500μM of ALA in 

PC-3 (p＜0.05) compared to RWPE-2 cells at 48 hours (Fig. 2). 

The expression of Ref-1 protein in LNCaP tended to increase 

dose-dependently but showed no statistical significance (p＞

0.05).
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Fig. 2. Effects of α-lipoic acid on the expression of redox factor (Ref)-1 protein in PC-3 and LNCaP prostatic cancer cells and RWPE-2 

cells. (A) Ref-1 protein was isolated and Western blot analysis was performed. The bar diagrams (B) show means±SE of Ref-1 expression. 

*p＜0.05, versus untreated control as analyzed by one-way ANOVA and Turkey’s multiple-comparison tests.

Fig. 3. Effects of α-lipoic acid on the expression of superoxide 

dismutase (SOD)-1 mRNA in PC-3 (A) and LNCaP (B) prostatic 

cancer cells and RWPE-2 cells (C). The bar diagrams show 

means±SE of mRNA expression. *p＜0.05, versus untreated 

control as analyzed by one-way ANOVA and Turkey’s mul-

tiple-comparison tests.
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Fig. 4. Effects of α-lipoic acid on the expression of superoxide 

dismutase (SOD)-2 mRNA in PC-3 (A) and LNCaP (B) prostatic 

cancer cells and RWPE-2 cells (C). The bar diagrams show 

means±SE of mRNA expression. *p＜0.05, versus untreated 

control as analyzed by one-way ANOVA and Turkey’s mul-

tiple-comparison tests.

3. The effects of ALA on the expression of SOD-1, 

SOD-2 mRNA in PC-3, LNCaP, and RWPE-2 cells 

　mRNA expressions of SOD-1, SOD-2 were gradually decreased 

dose-dependently of ALA in the PC-3 and LNCaP human 

prostate carcinoma cell lines at 24 hours and 48 hours (Fig. 3, 

4). In the expression of SOD-1, PC-3 cells were more affected 

by ALA at 24 hours and 48 hours, but LNCaP cells had the 

minimal changes compared to RWPE-2 (p＞0.05). Both PC-3 

and LNCaP cells, mRNA expressions of SOD-2 decreased at 

24 and 48 hours dose-dependently compared to RWPE-2 cells. 

4. The effects of ALA on the expression of catalase, 

and GSH-Px mRNA in PC-3, LNCaP and RWPE-2 

cells

　mRNA expression of catalase and GSH-Px was gradually 

decreased in proportion to the dose of ALA in the PC-3 and 

LNCaP human prostate carcinoma cell lines (Fig. 5, 6). In both 

PC-3 and LNCaP cells, the expressions of catalase were markedly 

decreased at 250 and 500μM ALA compared to untreated cells 

at 24 and 48 hours while there were no statistical change in 

RWPE-2 cells (Fig. 5).

DISCUSSION

　The important finding of this study is that ALA affected the 

expression of Ref-1 protein and antioxidant enzyme mRNA in 

prostate cancer cells. PC-3, LNCaP, and RWPE-2 cells responded 

to ALA. 

　ALA has antioxidative effects and since it was synthesized 

by Reed,11 has been widely used as a therapeutic agent in the 

treatment of several conditions such as diabetic neuropathy and 

hypertension.12,13 Because of its potent antioxidant and redox-

regulating properties, ALA was originally proposed for the 
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Fig. 5. Effects of α-lipoic acid on the expression of catalase 

mRNA in PC-3 (A) and LNCaP (B) prostatic cancer cells and 

RWPE-2 cells (C). The bar diagrams show means±SE of mRNA 

expression. *p＜0.05, versus untreated control as analyzed by 

one-way ANOVA and Turkey’s multiple-comparison tests.

treatment of diseases mediated by free radicals such as heavy 

metal poisoning, liver disease, radiation poisoning, diabetes, 

and lung, liver, and skin tumors.7,8,12-14

　Over the last decade, oxidative stress has increasingly been 

considered an important factor in the development and pro-

gression of prostate cancer.2,15 Advanced prostate cancer is 

associated with increased oxidative stress. An increment of 

malonyldialdehyde, the end product of lipid metabolism, has 

been observed in hormone-resistant prostate cancer.16 p53 is a 

tumor suppressor that has been considered to be the oxidative 

stress response transcription factor. p53 is mutated in advanced 

stages of prostate cancer as well as in metastatic disease. ALA 

induces apoptosis and p-53 activation in hepatoma cells.7 

Therefore, ALA is suggested to affect the antioxidant system 

in prostate cancer.

　To identify an adequate experimental concentration of ALA, 

an MTT cell viability assay was performed in LNCaP cells. A 

significant reduction in cell viability was observed after treatment 

with ALA at 250μM. Various test dosages (0, 125, 250, and 

500μM) were used. 

　Ref-1 is a ubiquitously expressed multifunctional protein that 

plays an important role in the transcriptional response to oxidative 

stress and in DNA base excision repair. Ref-1 also facilitates 

the DNA binding activity of transcription factors p53, NF-kB, 

and AP-1.17,18 An increase in Ref-1 nuclear and cytoplasmic 

staining is seen in prostate cancer compared to benign prostatic 

hypertrophy.19 In this study, Ref-1 protein was expressed in all 

prostate cell lines, PC-3, LNCaP, and RWPE-2, and the ex-

pression of Ref-1 protein increased in the prostate cancer cells 

compared to the RWPE-2 cells. With ALA treatment, the ex-

pression of Ref-1 showed a dose-dependent response in prostate 

cancer cells but not in RWPE-2 cells. The Ref-1 gene is 

activated at sublethal levels of ROS.20 Elevation of the expression 

of Ref-1 means a reduction of DNA damage.21 ALA promotes 
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Fig. 6. Effects of α-lipoic acid on the expression of glutathione 

peroxidase mRNA in PC-3 (A) and LNCaP (B) prostatic 

cancer cells and RWPE-2 cells (C). The bar diagrams show 

means±SE of mRNA expression. *p＜0.05, versus untreated 

control as analyzed by one-way ANOVA and Turkey’s 

multiple-comparison tests.

the expression of Ref-1 protein in prostate cancer cells compared 

with RWPE-2, suggesting that ALA may increase DNA damage 

of cancer cells under pathologic condition. 

　Cells continuously produce free radicals and ROS as part of 

metabolic processes. These free radicals are neutralized by an 

elaborate antioxidant defense system. Cellular antioxidants are 

composed of enzymatic and nonenzymatic antioxidants. Enzy-

matic antioxidants include SOD, catalase, and GSH-Px, while 

nonenzymatic antioxidants include vitamin E, glutathione, vitamin 

C, and catechins. Under normal conditions, cells are capable of 

balancing the production of oxidative stress with antioxidants.22 

SOD functions in the cell as one of the primary enzymatic 

antioxidant defenses against superoxide radicals. SOD exists in 

three types, cytosolic (CuZnSOD, SOD-1), mitochondrial (Mn-

SOD, SOD-2), and extracellular SOD. SOD-2 is considered to 

be the most important antioxidant enzyme that has antitumor 

effects. In this study,?mRNA expressions of SOD-1, SOD-2 

gradually tend to decrease dose-dependently of ALA in the 

PC-3 and LNCaP human prostate carcinoma cell lines. Catalase 

is one of the most potent catalysts known. Catalase catalyses 

the conversion of hydrogen peroxide, a powerful and potentially 

harmful oxidizing agent, to water and molecular oxygen. GSH-Px 

is another antioxidant enzyme with a much greater affinity for 

hydrogen peroxide than catalase. Elevated expression of catalase 

and GSH-Px mRNA in PC-3 compared to LNCaP and RWPE-2 

cells was observed. In prostate cancer cells, ALA treatment 

reduced the mRNA expression of catalase and GSH-Px. Several 

studies show decrease of antioxidant enzyme activity or anti-

oxidant enzyme mRNA expression by potent antioxidant.23-25 

Further experiments are needed to attested the mechanism for 

potent antioxidant-induced changes in expression of antioxidant 

enzymes.

　The oxidative stress was high in the prostate cancer cells. 

The expression of antioxidant enzymes is elevated in prostate 
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cancer cell lines compared to normal prostate cells.26 ALA acts 

as a free radical scavenger in the prostate cell lines. The level 

of oxidative stress was lower in the prostate cancer cells that 

were treated with ALA than in the untreated cancer cells. In 

this study, SOD-1, SOD-2, catalase, and GSH-Px levels were 

decreased in the prostate cancer cells after ALA treatment. 

Also, PC-3 responded well to ALA compared to LNCaP. The 

changes of expression of antioxidant enzymes by ALA differed 

according to cell type and were more active in PC-3 than 

LNCaP cells.

CONCLUSIONS

　Ref-1 protein, which has multifunctional roles involved in 

oxidative DNA damage repair, was increased after ALA exposure 

in prostate cancer cells. The mRNA expressions of SOD-1, 

SOD-2, catalase, and GSH-Px were decreased by ALA compared 

to RWPE-2 in PC-3 and LNCaP cells. ALA affects the anti-

oxidant system of prostate cancer cells and may be related to 

the compensatory changes in their antioxidant defense system. 
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