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Abstract
Prostate cancer is themain cause of cancer-relatedmortality inmen around theworld and an important health problem. DU-145 human
prostate cancer cells provide an opportunity to investigate prostate cancer. Betaine has a number of anticancer effects, such as
inactivation of carcinogens, inhibition of cancer cell proliferation, angiogenesis, and metastasis. However, there is no study investigat-
ing the effects of betaine on DU-145 cells. The aim of this study was to evaluate the effects of different concentrations of betaine on the
oxidative stress, apoptosis, and inflammation on DU-145 cells. Firstly, we proved the cytotoxic activity of betaine (0 to 150mg/ml) on
DU-145 cells by using 3-(4, 5-dimethylthiazol, 2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) and defined the optimal concentration
of betaine. Then, by employing the doses found inMTT, the levels of antioxidant (GSH, SOD, CAT, and TAS) and oxidant (MDA and
TOS) molecules, pro-inflammatory cytokines (TNF-a and IL-6), apoptotic proteins (CYCS and CASP3), and DNA fragmentation
were measured. Morphological changes and apoptosis were evaluated using H&E technique, Bax and Bcl-2 immunohistochemistry.
Results suggested that betaine caused oxidative stress, inflammation, inhibition of cell growth, apoptosis, andmorphological alterations
in DU-145 cells dose-dependently. Furthermore, treatments with increasing betaine concentrations decreased the antioxidant levels in
cells.We actually revealed that betaine, known as an antioxidant, may prevent cell proliferation by acting as an oxidant in certain doses.
In conclusion, betaine may act as a biological response modifier in prostate cancer treatment in a dose-dependent manner.
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Introduction

Cancer is an important health problem of the world and a
disease characterized by complex pathology and uncon-
trolled cell growth, and its incidence has been increasing
every year (Clark et al. 2005). Prostate cancer (PCa) is one
of the most common malignancies in the world (Ferlay et al.
2012). Although various treatment strategies such as sur-
gery, chemotherapy, radiation, and hormone therapy are
used to treat PCa, the negative side effects of current treat-
ments are very high (Ghagane et al. 2017). Researchers
developed second-generation hormone therapy drugs such
as abiraterone and enzalutamide for PCa treatment (Fizazi
et al. 2012; Schrader et al. 2014). However, due to the
negative effects of synthetic chemotherapeutics, more nat-
ural anticancer drugs with low toxic effects are being used
(Hacioglu et al. 2019). For this reason, 25% of patients with
PCa use at least one alternative drug treatment method.
Many agents still expect validation for PCa (Wang and
Martins-Green 2014; Philippou et al. 2013).
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Betaine is a constant and non-toxic natural substance with
three additional methyl groups (Yu et al. 2004). Studies on
several human diseases such as metabolic syndrome,
Alzheimer’s disease, and cancer showed that betaine has ben-
eficial and positive effects (Schartumhansen et al. 2013; Chen
et al. 2014;Madsen et al. 2015; Ying et al. 2013). In addition, in
in vitro cancer studies, betaine can inhibit the growth of cancer
cells (Duong et al. 2006; Gerile et al. 2012). According to our
hypothesis, betaine may be associated with PCa cancer, due to
its role in modulating oxidative stress, apoptosis, and inflam-
mation in single-carbon metabolism. Abnormal changes in
DNA methylation take place in the development and progres-
sion of cancer and cause activation of certain proto-oncogenes
such as c-Myc and inactivation of certain tumor suppressors
such as p16. Betaine is a methyl group donor that is vital for a
trans-methylation process catalyzed by betaine-homocysteine
methyltransferase (BHMT) (Du et al. 2009). The presence of
methyl group donors was shown to affect the methylation
levels (Zeisel 2017). The methyl group donors are also impli-
cated in the trans-sulfuration pathway that converts homocys-
teine to cystathionine. In these pathways, glutathione (GSH)
levels are one of the important markers indicating in oxidant-
antioxidant status (Mosharov et al. 2000). These metabolite
level changes in trans-methylation and trans-sulfuration path-
ways were suggested to induce oxidative stress and apoptosis
(Almashhadany et al. 2015; Baggott and Tamura 2015).
Different concentrations of betaine changed methionine cycle
metabolites and oxidant-antioxidant molecule levels (Pastor
et al. 1996; Cavallaro et al. 2010). Administration of low-
dose betaine decreased homocysteine levels and increased S-
adenosyl methionine (SAM) and GSH levels (Ueland et al.
2005; Day and Kempson 2016). Nuclear factor-κB (NF-κB),
an important transcription factor, controls many genes related
to inflammation caused by oxidative damage. These genes in-
clude pro-inflammatory cytokines such as tumor necrosis
factor-alpha (TNF-α) and interleukin 6 (IL-6) (Zhao et al.
2018). Betaine can alter these cytokine levels in various cancer
diseases (Yi and Kim 2012; Kim et al. 2014). Uncontrolled cell
proliferation and the inability of cells to undergo apoptotic cell
death cause cancer (Salseven and Dixit 1999; Huerta et al.
2007). As a result, compounds capable of inducing cancer cell
apoptosis may produce promising drugs for cancer treatment.
Betaine affects caspase proteins that are mainly involved in
apoptosis mechanism.

In the previous studies, betaine revealed variable results in
dose-dependent manner. There are also inconsistencies in the
cohort and prospective meta analyzes between betaine con-
sumption and PCa risk (Sun et al. 2016). According to the
authors’ knowledge, this is the first study investigating the
effects of betaine on DU-145 human prostate cancer cells. In
the current study, we aimed to evaluate the oxidative, apoptotic,
inflammatory, and anti-proliferative effects of varying betaine
concentrations on DU-145 prostate cancer cell line.

Materials and methods

Cell culture

DU-145 cells were gained from the American Type Culture
Collection (ATCC, Rockville, MD, USA) and cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) appended
with 10% (v/v) FBS and 1% (v/v) penicillin-streptomycin
(100 U/ml–100 μg/ml, respectively) at 37 °C in a humidified
atmosphere of 95% air and 5% CO2. The cells were harvested
in 75 cm2 cell culture flasks. The cells were grown to conflu-
ence of 80–90% and detached by 0.25% trypsin 1 mM EDTA
solution.

MTT cytotoxicity assay

The cells were grown in 96-well plates at a density of 5 × 103

cells per well for MTT assay. Firstly, cells were allowed to
adhere to flasks for 24 h before betaine treatment. The stock
solution of betaine was prepared in double-distilled water and
filtered with 0.21-μm filters. Aworking solution was prepared
with cell medium just before the treatment. The concentration
range for betaine was selected by preliminary experiments
conducted in our laboratory. Betaine concentrations from 0
to 150 mg/ml were applied to the adhered cells in a 96-well
plate for 24 h. The viability of the betaine-untreated cells was
accepted as 100% and the viability of the experimental cells
was calculated accordingly. The viability percentage of DU-
145 cells was calculated by following formula:

OD of the betaine� treated cells� OD of blankð Þ
= OD of the untreated cells� OD of the blankð Þ � 100

OD is the optical density.
IC25, IC50, and IC75 were calculated with the respective

plot from MTT results. Betaine concentrations of 25, 40, and
50 mg/ml were used for inverted microscopy and
hematoxylin-eosin staining.

Cell lysate preparation

Cell lysates for malondialdehyde (MDA), glutathione (GSH),
catalase (CAT), superoxide dismutase (SOD), total antioxi-
dant status (TAS), total oxidant status (TOS), DNA fragmen-
tation, caspase 3 (CASP3) and cytochrome C somatic
(CYCS), tumor necrosis factor-alpha (TNF-α), and
interleukin-6 (IL-6) assays were prepared according to the
following method. After betaine treatment (25, 40, and 50
mg/ml), adherent cells were washed by ice-cold phosphate-
buffered saline (PBS; pH 7.0) gently, and then dislodged with
trypsin, and collected by centrifugation at 1000×g for 5 min at
4 °C. The cells were washed three times in ice-cold PBS.
Resuspended cells were incubated in fresh lysis buffer
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(10 mMTris–HCl at pH 8.0, 20 mMEDTA, 1 mM dithiothre-
itol, 50 mM HEPES at pH 7.0, 1 mg/ml proteinase K) for 2 h
at 4 °C. Thereafter, the cells were centrifuged at 16000×g for
10 min at 4 °C to remove cellular debris. Protein levels were
measured by the Lowry method (Lowry et al. 1951). The
prepared cell lysates were used immediately for the assays.

Biochemical measurement

TAS and TOS levels (Rel Assay Diagnostics, Gaziantep,
Turkey,) in cell lysates, were measured by ELISA
(PerkinElmer2030Multilabel reader, VictorX3). The results were
expressed as mmol trolox eq/l and μmol H2O2 eq/l, respectively.
MDA, GSH levels, and CAT activities were measured using the
method reported by his instruction (Tangjitjaroenkun et al. 2012).
The MDA results were expressed as nmol/mg protein. CAT en-
zyme activity wasmeasured on the absorbance values decreasing
in proportion to the minute and was expressed as U/mg protein
by being proportional to protein levels. SOD activities weremea-
sured with the method of Winterbourn et al. (1975). SOD activ-
ities are calculated based on the absorbance values which are
changed as a result of the decrease in nitroblue tetrazolium used
as substrate.Manualmeasurementmethodswere performedwith
Shimadzu UV-1201 spectrophotometer (Shimadzu Corporation,
Kyoto, Japan). All samples were conducted independently in
triplicate. All chemicals for the biochemical measurement were
obtained from Sigma.

DNA fragmentation was evaluated according to the meth-
od applied by Wyllie. DNA fragmentation in cell lysates was
expressed as a percentage of total DNA in the supernatant
fraction (Wyllie 1980). CYCS levels and CASP3 activities
were measured using a commercial kit (Cloud-Clone Corp.,
USA, cat no. SEA594Ra and SEA626Ra, respectively). The
concentrations of CASP3 and CYCS in cell lysates were
shown as ng/ml in comparison with the optical density of
the standard curve.

TNF-α and IL-6 levels were measured using a commercial
kit (Cloud-Clone Corp., USA, cat no. SEA133Ra and
SEA079Ra). The concentrations of TNF-α and IL-6 in cell
lysates were shown as pg/ml in comparison with the optical
density of the standard curve.

Inverted microscopy

Cells were incubated on the coverslips in 6-well plates and
treated with different betaine concentrations (25, 40, and 50
mg/ml) determined byMTT. Then, the plates were scrutinized
under an inverted microscope for morphological alterations.

Hematoxylin-eosin staining

The hematoxylin-eosin staining is a widespread method used for
examining cellular changes (Fischer et al. 2008). The

morphological alterations of DU-145 cells were observed under
a BX51 light microscope (Olympus Corporation, Tokyo, Japan)
attached with a DP70 digital camera (Olympus Corporation,
Tokyo, Japan). In this respect, DU-145 cells were seeded into
6-well plates until they adhered on the bottom of the flasks. After
that, the cell mediumwas removed and the cells were rinsed with
PBS. The cells were incubated with different betaine concentra-
tions (25, 40, and 50mg/ml) determined byMTT for 24 h. Later,
the cells were fixed with 100% ice-cold methanol and rewashed
with PBS. Next, hematoxylin stain was applied for 4 min and the
cells were immersed into 1% ammonia solution. Subsequently,
the eosin stain was applied for 5 min. Eventually, the cells were
washedwith distilledwater, dried, andmountedwith the aqueous
mounting medium.

Immunocytochemistry

Cells were incubated on the coverslips in 6-well plates and treat-
ed with different betaine concentrations (40 and 50 mg/ml) de-
termined by MTT beforehand. Twenty-four hours later, the cells
were washed with PBS and fixed with 100% ice-cold methanol
for 10 min. Once the cells were rinsed with PBS three times,
samples were immersed in 0.2% Triton X for 5 min, and then
incubated in blocking solution for 10 min. Thereafter, the anti-
Bax and anti-Bcl2 antibodies were added over the fixed cells and
the samples were incubated overnight at 4 °C. The moisture was
maintained to keep antibodies from drying, followed the 10-min
incubation with biotinylated goat anti-polyvalent reagent and in
turn with streptavidin peroxidase. Next, the samples were stained
with 3-amino-9-ethylcarbazole (AEC) and hematoxylin as a
counterstaining, consecutively. Finally, the samples were
mounted with the aqueous mounting medium.

Statistical analysis

All experiments were done in three replicates. Results were
expressed as themean ± SD (standard deviation). Statistical anal-
yses were performed by using SPSS 21 (SPSS Inc., Chicago, IL)
and Graph-Pad Prism 7 (San Diego, CA, USA) statistical soft-
ware. Firstly, the Kolmogorov-Smirnov and Shapiro-Wilk nor-
mality tests were used to determine whether the data conformed
to normal distribution or not. In case the data were distributed
normally, the analysis of variance (ANOVA) followed by post
hoc Tukey test was performed for multiple comparisons. The
statistical significance was considered as p < 0.05.

Results

Inhibitory effect of betaine on DU-145 cell viability

Change of DU-145 cell viabilities according to different beta-
ine concentrations are shown in Fig. 1. The treatments with
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low doses of betaine concentrations (0.78, 1.56, 3.13, 6.25
mg/ml) caused a statistically insignificant increase in cell via-
bility when compared with the control (118.4, 118.5, 103.8,
and 100.2%, respectively). The betaine concentration of 50
mg/ml was the first concentration indicating a significant de-
crease from untreated cells, in which the cell viability was
61.7% (p < 0.001). At the betaine concentration of 75 mg/ml,
the cell viability was reduced to 19.1% (p < 0.001). IC25,
IC50, and IC75 concentrations of betaine in DU-145 cells
for 24 h were found as 30.88, 61.77, and 92.65 mg/ml. We
used the betaine concentrations (25, 40, and 50 mg/ml) lower
than IC50 concentrations to show its effect on viable cells.

Betaine triggered oxidative stress, apoptosis,
and inflammation in DU-145 cells

Change of antioxidant and oxidant molecule levels according
to different betaine concentrations in DU-145 cell are shown
in Fig. 2. As shown in Fig. 2a and e, the treatments with 40
and 50mg/ml of betaine caused a significant increase inMDA
and TOS levels on DU-145 cells exposed to increasing con-
centrations of betaine compared with the control (all p <
0.001) while 25 mg/ml betaine concentration caused insignif-
icant increases in MDA and TOS levels compared with the
control (all p > 0.05). Moreover, 50 mg/ml concentration led
to the greatest increase in MDA and TOS levels (139.22 ±
3.12 nmol/mg protein and 13.74 ± 0.42 μmol H2O2 eq/l,
respectively).

On the contrary, statistically significant decreases in anti-
oxidant defense system were observed in DU-145 cells after
40- and 50-mg/ml betaine treatments. The betaine led to a
considerable reduction in SOD, CAT, GSH, and TAS levels
in DU-145 cells. The activity of SOD in cells treated with
increasing concentrations of betaine was shown in Fig. 2c.
Unlike the 25-mg/ml concentration, 40- and 50-mg/ml betaine
concentrations produced significant reductions in SOD

activity (28.35 ± 0.89 and 20.42 ± 2.24 U/mg protein respec-
tively, both p < 0.001).

It can be seen from Fig. 2b and d that GSH level and CAT
activity showed significant decreases in higher concentrations
of betaine (all p < 0.001). Betaine concentration at 50 mg/ml
caused a 59% decrease in GSH and 33% decrease in CAT
activity compared with the control. On the other hand, the
lowest betaine concentration (25 mg/ml) did not cause signif-
icant alterations in GSH level and CATactivity compared with
the control.

Higher betaine concentrations exerted significant decreases
in the TAS levels compared with the control cells (Fig. 2f,
both p < 0.001). The highest decrease (42%) in TAS level
was detected in 50-mg/ml betaine concentration (1.01 ±
0.02 mmol trolox eq/l). However, 25 mg/ml betaine did not
significantly affect the TAS level in cells.

We found that the 24-h betaine treatment (40 and 50 mg/ml)
significantly increased the DNA fragmentation %, CYCS level,
and CASP3 activity, by inducing apoptotic pathways in DU-145
cells (Fig. 3a–c, all p< 0.001). The levels of DNA fragmentation,
CYCS, and CASP3 in control were 8.1%, 6.16 ± 0.04, and 3.35
± 0.15 ng/ml, respectively. However, the levels of DNA frag-
mentation, CYCS, and CASP3 increased approximately twofold
due to exposure to betaine concentrations compared with the
control. Furthermore, the increases in DNA fragmentation,
CYCS, and CASP3 were the highest in 50-mg/ml betaine–
treated group.

Changes of TNF-α and IL-6 levels according to different
betaine concentrations in DU-145 cell are shown in Fig. 4.
TNF-α and IL-6 levels were significantly higher in the 40 and
50-mg/ml betaine–treated groups than the control (Fig. 4a and b,
all p < 0.001). However, 25 mg/ml betaine did not affect signif-
icantly the TNF-α and IL-6 levels (all p > 0.05) in DU-145 cells.
The highest TNF-α (220.9 ± 0.72) and IL-6 (316.30 ± 1.30)
levels were detected in the 50-mg/ml–treated group.

However, when TNF-α in the 50-mg/ml betaine–treated
group significantly differs from 40-mg/ml betaine–treated
group (p < 0.05), IL-6 did not differ significantly between
both betaine-treated groups.

Betaine-induced morphological observations
in DU-145 Cells

Inverted microscope images of DU-145 cells are shown in
Fig. 5. Betaine diminished the density of DU-145 cells and
caused a number of abnormalities, such as cell shrinkage and
rounded cell shape in a concentration-dependent manner.

Light microscope images of hematoxylin-eosin stained
DU-145 cells are shown in Fig. 6. Untreated cells possessed
typical morphology with their standard nuclei and cytoplasm
(Fig. 6a and b). However, in betaine-treated cells, numerous
morphological alterations were observed concentration-

Fig. 1 Inhibition of DU-145 cell proliferation treated with betaine. DU-
145 cells were treated with various concentrations of betaine (0.78, 1.56,
3.13, 6.25, 12.5, 25, 50, 75, 100, and 150 mg/ml) according to the MTT
assay results. Asterisk denotes significant difference of p < 0.001 when
compared with the control. The results are displayed as mean ± SD of
three individual 96-well plates (n = 3)
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dependently as shrunken cells and condensed and crescent-
shaped nuclei as well as decrease in cell number (Fig. 6c–f).

Light microscope images of Bax (apoptotic protein) and
Bcl-2 (anti-apoptotic protein) immunostained DU-145 cells
are shown in Fig. 7. Untreated DU-145 cells were positively
immunostained with bcl-2 whereas both of betaine-treated (40
and 50 mg/ml) cells showed gradually negative staining (Fig.
7a–c). As for Bax, untreated cells were negatively immuno-
stained with Bax whereas both of betaine-treated (40 and 50
mg/ml) cells showed gradually positive staining (Fig. 7d–f).

Discussion

In recent years, there has been a growing interest in revealing the
protective and therapeutic effects of natural compounds,

especially for the treatment of diseases with high mortality, such
as cancer. Although some scientific studies indicated that betaine
has protective effects on liver and cervical carcinoma cells, its
effects on prostate cancer have not been investigated sufficiently.
Several in vitro and in vivo studies confirmed that betaine has a
number of anticancer effects, such as inhibition of carcinogen
activation, cancer cell proliferation, angiogenesis, and metastasis
(Guo et al. 2015). In addition to the positive effects on metabolic
diseases, there are also human studies reporting that betaine is
also associated with various cancer, including breast, lung, liver,
colorectal, and nasopharyngeal (Ying et al. 2013; Zeng et al.
2014; Xu et al. 2009; Zhou et al. 2017). High-dose intake of
betaine reduced the risks of many cancers. In one clinical study,
100 mg of betaine and choline consumption per day reduced
cancer incidence by 11% (Sun et al. 2016). However, some stud-
ies found conflicting results (Cho et al. 2007). For example, no

Fig. 2 Antioxidant and oxidant
molecule levels in DU-145 hu-
man prostate cancer cell treated
with betaine. a Malondialdehyde
(MDA) levels. b Glutathione
(GSH) levels. c Superoxide dis-
mutase (SOD) activity. d Catalase
(CAT) activity. e Total oxidant
status (TOS). f Total antioxidant
status (TAS). **P < 0.0001 when
compared with the control and *P
< 0.05 when compared with the
group between 40 and 50 mg/ml.
The results are displayed as mean
± SD of three individual 96-well
plates (n = 3)
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correlation was found between colorectal cancer and betaine in-
take (Lee et al. 2010). In our current study, for the first time, we
examined the effects of different doses of betaine on prostate
cancer cell line DU-145.

Betaine plays a crucial role in the betaine-homocysteine and
DNAmethylation mechanisms. The disruption of DNAmethyl-
ation mechanism, such as excessive methylation of tumor sup-
pressor genes, low methylation of oncogene, and pro-metastatic
genes, is considered to be associated with almost all types of
cancers (Shao et al. 2011). The betaine is well-known to present

a carbon unit in single-carbonmetabolism. Thus, a breakdown in
single-carbonmetabolism can affect the level of gene expression,
leading to disruption of the DNA repair process and formation of
carcinogenesis. There is such a mechanism in cancer prevention
studies (Iorio et al. 2010; Katz-Brull et al. 2002). Since DNA
fragmentation is one of the important parameters pointing to this
process, we aimed to investigate the effect of different doses of
betaine on DNA degradation in DU-145 cells. There are studies
showing that betaine intake from outside produces significant
effects on some sulfur-containing amino acids (Craig 2004).

Fig. 3 DNA fragmentation,
cytochrome C somatic (CYCS)
levels, and caspase 3 (CASP3)
activities in DU-145 prostate
cancer cell treated with betaine. a
DNA fragmentation level. b
CYCS level. c CASP3 level. *P <
0.05, **P < 0.0001, and ***P <
0.01 when compared with the
control. The results are displayed
as mean ± SD of three individual
96-well plates (n = 3)

Fig. 4 Tumor necrosis factor-
alpha (TNF-α) and interleukin-6
(IL-6) levels in DU-145 prostate
cancer cells treated with different
betaine concentrations. a TNF-α
level. b IL-6 level. *p < 0.05 and
**p < 0.001. The results are
displayed as mean ± SD of three
individual 96-well plates (n = 3)
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For example, such a reinforcement effectively increases methio-
nine and its metabolites (Cholewa et al. 2014). Betaine may alter
GSH metabolism. Betaine could significantly increase the
SAM:SAH ratio, GSH levels, and the activity of methionine
adenosyl transferases (MAT), which are implicated in single-
carbon metabolism (Kwon et al. 2009). All these studies encour-
aged us to measure GSH levels.

In the current study, according to our results, high-dose
betaine decreased cell viability and caused morphological
changes in DU-145 cells. Application of different concentra-
tions of betaine (1–4% w/v) to Hepa 1-6 and C34 liver cancer
cell lines for 2 and 4 days resulted in no statistical difference in
total cell viability (Oliva et al. 2012). Betaine at concentrations
˂ 10 mM did not cause any detectable cytotoxicity in N9

Fig. 6 Hematoxylin-eosin-
stained DU-145 cells. a, b
Typical-shaped DU-145 cells
(arrows) with their nuclei in the
control group. c, d There are
morphological changes in 40
mg/ml of the betaine-treated
group including cellular rounding
(arrow) and condensed nucleus
and eosinophilic cytoplasm (lined
arrow). e, f Same degenerations
persist more severely in 50 mg/ml
of the betaine-treated group. e
Membrane blebbings (arrow), a
bunch of shrunken cells (star). f
Cells with condensed nuclei and
eosinophilic cytoplasm (arrows).
Bars in a, c, and e denote 50 μm
and bars in b, d, and f indicate 20
μm

Fig. 5 Inverted microscope
images of the DU-145 cells. a
Control. b 25 mg/ml betaine. c 40
mg/ml betaine. d 50-mg/ml
betaine–treated groups. Note that
the cell density decreases and the
number of rounded and shrunken
cells are increased in betaine-
treated cells in a concentration-
dependent manner. Objective
magnification is × 10
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microglial cell. However, higher doses of betaine (10–100
mM) decreased cell viability (Shi et al. 2019). In in vitro stud-
ies, exogenous betaine administration increased cell growth
and decreased necrosis in HeLa cervical carcinoma cells
(Guo et al. 2015) and primary lymphocyte cells (Ji et al.
2009) at low doses. The former study also showed that high
concentration of betaine (> 5.0 mg/ml) inhibited the prolifer-
ation and increased necrosis in the HeLa cells. As for our
study, while we did not detect any statistically significant
change in cell viability up to betaine concentrations of 25
mg/ml, we observed a significant reduction in DU-145 cell
viability at high-dose betaine concentrations when compared
with the control.

Epidemiology and clinical studies demonstrated that reac-
tive oxygen species (ROS) play a crucial role in carcinogene-
sis (Franco et al. 2008; Abrahim et al. 2012). The imbalance of
oxidant-antioxidant system and increased oxidative stress are
the features focused on mostly in cancer research. A study
related to betaine consumption found that betaine decreased
lipid peroxidation products and suppressed oxidative stress by
increasing the amount of the main antioxidant enzymes, in-
cluding GPx and SOD in rat liver (Alirezaei et al. 2014). SOD
activities diminish in many cancers depending on excess pro-
duction of ROS. In a study, betaine-treated HeLa cells showed
a dose-dependent decrease in Cu/Zn-SOD activities (Guo
et al. 2015). In a different cell line, the study of bovine mam-
mary epithelial cells (mammary alveolar cells, MAC-T), be-
taine (25 mM) pretreatment reversed the heat-induced

reduction in total antioxidant status by restoring SOD and
CAT activities and reducing MDA content (Li et al. 2019).
Our results show that betaine (40 and 50 mg/ml) lowered
GSH levels, SOD and CAT activities, and elevated MDA
levels in DU-145 cells. In total, we demonstrated the change
of these measurements with TAS and TOS levels.

The ratio between Bax and Bcl protein expression is often
used as apoptotic index (Tang et al. 2017). The genes encoding
Bcl-2 and Bax regulate cell apoptosis. That is, the Bcl-2 protein
encoded by BCL-2 gene resists cell apoptosis and Bax shows the
opposite effect. Low-dose betaine therapy increased cellular Bcl-
2/Bax ratio in HeLa cell, thereby inhibiting cell apoptosis and
promoting cell proliferation (Guo et al. 2015). However, high
concentration of betaine inhibited the growth of cervical cancer
cells and activated caspase 3 apoptosis signaling pathway, there-
by triggering apoptosis in the same study. Similarly, we observed
that high-dose betaine concentrations promoted cell apoptosis
and inhibited cell proliferation in DU-145 cells. Betaine dimin-
ished the ratio of Bax/Bcl-2 and caspase-3 activity inMAC-Tcell
(Li et al. 2019). Betaine added to hepatocytes showed an increase
in caspase 3 activity (Kharbanda et al. 2005). DNA fragmenta-
tion is an indicator of cellular apoptosis (Kerr and Winterfold
1994). Some plant extracts and their phenolic acids were applied
to DU-145 cells and no DNA fragmentation was detected
(Yumrutaş et al. 2018). In contrast, high-dose betaine, as a natural
compound, induced DNA fragmentation in our study.

Although NF-kB is generally considered an anti-apoptotic
and pro-inflammatory mediator, it has a complex role together

Fig. 7 Bcl-2 and Bax immunostaining of control and betaine-treated DU-
145 cells. a Bcl-2 staining of untreated cells. Note the positive staining. b
Bcl-2 staining of 40-mg/ml betaine-treated cells. The cells are barely
stained. c Bcl-2 staining of 50-mg/ml betaine–treated cells. No staining

is observable. d Bax staining of untreated cells. Note that the cells stained
barely. e Bax staining of 40-mg/ml betaine–treated cells. Note that the
cells stainedmoderately. fBax staining of 50-mg/ml betaine–treated cells.
Increase in Bax staining is apparent. All bars denote 50 μm
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with TNF-α in cell signaling (Lin et al. 1999). Four percent of
betaine effectively reduced A549 cell viability by augmenting
TNF-α levels (Bingula et al. 2016). In our study, 40- and 50-
mg/ml betaine doses applied to DU 145 cells increased pro-
inflamatory cytokines, TNF-α, and IL-6.

As for the limitation of our study, we could not examine
SAM:SAH ratio and homocysteine and methionine levels. In
our future studies, we plan to search the levels of these metab-
olites and gene expression in the pathway of single-carbon
metabolism.

Conclusions

In the present study, betaine inhibited the proliferation and
caused the deformities and apoptosis in DU-145 cancer cells
concentration-dependently. Furthermore, high-dose betaine
treatment triggered oxidative stress, apoptosis, and inflamma-
tion by increasing TOS levels decreasing GSH and TAS in
DU-145 prostate cancer cell line. Our results suggest that
dose-dependent betaine supplementation may be a new alter-
native source for traditional procedures in the treatment of
prostate cancer.
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