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In human tumor cells, experimental and clinical evidence indicates that some factors involved in signal transduc-
tion and cell growth can also modulate the response to chemotherapeutic treatment. The aim of the present
study was to investigate the role of folic acid (FA) as a modulator of carboplatin (CBDCA) activity.
Genotoxicity and cytotoxicity induced by CBDCA alone and in combination with FA were assessed in cultured
HeLa cells. We used comet assay, mitotic index analysis, MTT and NR assays, cytokinesis-block micronucleus
cytome assay and annexin V-IP as different cytotoxicity and genotoxicity approaches for human cervical carcino-
ma cell line studies.
The results showed that addition of 900 nM FA together with 40.4 mM CBDCA enhanced the activity of the plat-
inum compound, increasing its effect on cell death by nearly 20%, as evidenced by theMTT and NR assays. More-
over, not only higher levels of DNA and chromosomal damage were reached but also the number of necrotic and
apoptotic cells were significantly increased when cell cultures were treated with the combined procedure.
This situation opens the possibility to explore the use of FA in platinum-based chemotherapy protocols to reduce
the platinum doses for patient treatment and decrease the chance of developing the known side effects without
losing biological activity.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Platinum-based compounds are known since the 19th century.
In fact, cisplatin was first synthesized in 1845, but the discovery of
its antitumor properties was not made until 1969 (Rosenberg and
Vancamp, 1969). Today, platinating compounds are still front-line clin-
ical therapies and constitute part of the treatment regimen for patients
withmany types of cancers, including head andneck, testicular, ovarian,
cervical, lung, colorectal and relapsed lymphoma. Despite this success,
nephrotoxicity, neurotoxicity and the emetic properties of cisplatin
have limited its use (Basu and Krishnamurthy, 2010). Also, the reduced
water solubility, the relatively narrow range of treatable cancers and the
ability of carcinomas to develop chemotherapy resistance have pressed
researchers to develop a new generation of platinum-based molecules.
In this sense, carboplatin (CBDCA) is a second generation drug intro-
duced and approved by the FDA in the late 20th century. Since that
time, it has gained popularity in clinical treatment due to its reduced
side-effects, when compared with its related compound cisplatin.
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Particularly, although CBDCA has low nephrotoxicity effects, it shows
undesirables myelosuppressive characteristics (Wagstaff et al., 1989).

Even though platinum-based compounds have the ability to bind to
a wide spectrum of biomolecules, such as RNA, proteins or phospho-
lipids, DNA is their main biological target (Pascoe and Roberts, 1974;
Knox et al., 1986). Cisplatin and CBDCA can enter cells via passive diffu-
sion through a process known as aquation (Gately andHowell, 1993), or
via endocytosis using the copper transporter CTR1, which is a key influx
transporter and plays an important role inmediating the uptake of plat-
inum compounds (Shen et al., 2012). Once into the cells, platinum
compounds bind to the nitrogens of purine bases in DNA, inducing
intrastrand crosslinks. The presence of these adducts distorts the double
helix, blocking DNA replication and transcription (Jamieson and
Lippard, 1999). Specifically, CBDCA mostly forms the intrastrand
crosslink cis-Pt(NH3)2d(pGpG)(Pt-GG), requiring N200-fold CBDCA
than cisplatin to obtain equal levels of platination. On the other hand,
N20 times CBDCA is needed to obtain equal levels of cytotoxicity in
CHO cells, after 1 h of exposure (Blommaert et al., 1995). To treat locally
advanced cervical cancer, platinum-containing agents are used alone or
in combination. Some studies have shown that the use of cisplatin com-
bined with paclitaxel requires a prolonged infusion and is less conve-
nient and more toxic than the combination of CBDCA and paclitaxel,
thus leading to a more widespread use of CBDCA (Moore et al., 2007).
tic and genotoxic activity of carboplatin in HeLa cell line, Toxicology in
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Folate, or folic acid (FA), is a water-soluble B-vitamin also known as
vitamin B9 or folacin. In nature, folates exist in a wide range of chemical
forms and they can be found in food as well as in metabolically active
forms in the human body. FA is the major synthetic form found in forti-
fied foods and vitamin supplements; however, it has no biological activ-
ity unless converted into folate (National Academy Press, 1998). In
human physiology, the only function of folate coenzymes appears to
be linked to the transfer of one-carbon units, playing a major role in S-
adenosylmethionine formation, the universal methyl donor, as well as
in the construction of purine and thymidine in a variety of reactions crit-
ical to the metabolism of nucleic acids and amino acids (Bailey and
Gregory, 1999; Choi and Mason, 2000).

Epidemiologic data have revealed that a reduced folate status is as-
sociated with cervical, colorectum, lung, esophagus, brain, pancreas,
and breast cancer. Intervention trials using supraphysiologic doses of fo-
late,mainlywith individuals at increased risk of cervical and colorectum
cancer, showed inconsistent results (Choi andMason, 2000). Neverthe-
less, folates appear to be essential for cell growth and cell cycle, key pro-
cesses in cell transformation. On the other hand, folate deficiency
induces lower proliferation rates by increased apoptosis and cell cycle
arrest (Courtemanche, 2003). It has been widely demonstrated that fo-
late receptor is overexpressed in several human epithelial cancer cells,
but is absent or negligibly expressed in most normal cells, highlighting
the need for folates by transformed cells. In general, aggressive cancer
types express the highest amounts of folate receptor alfa or FRα
(Hansen et al., 2015).

In human tumor cells, experimental and clinical evidence indicates
that some factors involved in signal transduction and cell growth can
also modulate the response to chemotherapeutic treatment (Toffoli et
al., 1998). For example, the cellular transformation by different onco-
genes can stimulate the proliferation of ovarian cancer cells and confer
cellular resistance to cisplatin (Basu and Cline, 1995). In this way, an in-
creased folate internalizationmay have a role in the constitutive control
of cell proliferation (Sun et al., 1995), therebymodifying the response to
chemotherapeutic agents.

Human cervical carcinoma HeLa cells strongly express the folate re-
ceptor, as demonstrated in several works (Zhang et al., 2006). In this
context, the use of folate as a cell response modulator against a chemo-
therapeutic agent is fully grounded, thus allowing the use of these cells
as a model for studying the cellular response to a chemotherapeutic
agent modulated by FA.

In this paper, we investigate the genotoxicity and cytotoxicity in-
duced by CBDCA alone and in combination with FA. We used alkaline
single cell gel electrophoresis assay (SCGE), mitotic index analysis
(MI), 3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay and cytokinesis-block micronucleus cytome (CBMN Cyt)
assay as different cytotoxicity and genotoxicity approaches for human
cervical carcinoma cell line studies.

2. Materials and methods

2.1. Cells

HeLa cells were obtained from the American Type Culture Collection
(Manassas, VA, USA). They were cultured in Falcon T-25 flasks (Nunc,
Denmark) using MEM medium (Gibco BRL, Grand Island, NY, USA) and
supplemented with 10% fetal bovine serum (Notocor Laboratories,
Cordoba, Argentina), 50 IU penicillin and 50 μg/ml streptomycin (Bagó
Laboratories, Buenos Aires, Argentina) in a humidified atmosphere with
5% CO2. In our laboratory, all cell lines are routinely tested for contamina-
tion by mycoplasma. Hela cells were shown to be mycoplasma-free.

2.2. Experimental design

Preliminary experiments were conducted to define the adequate
concentration of CBDCA and FA to perform all the analyses. With this
Please cite this article as: Nikoloff, N., et al., Folic acid enhances the apopto
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aim, MTT assays were done with cells cultured in duplicate in 96-well
plates for 24 h.

FA (Sigma, St. Louis, MO, USA) was tested at concentrations of 300,
600, 750 and 900 nM. FA concentration selectionwas based on previous
studies conducted by Beetstra et al. (2005). Also, cell cultures were
treated with increasing CBDCA concentration: 40.4, 80.8, 121.2, 161.6,
242.4 and 323.2 mM (Carboxtie® 150 mg, Bio Profarma, Buenos Aires,
Argentina). Finally, combined CBDCA-FA treatments were used to de-
termine changes in CBDCA activity modulated by FA, measuring chang-
es in the levels of cellular viability. Combined treatments, expressed
as mM CBDCA and nM FA, were as follows: CBDCA40.4/FA150;
CBDCA40.4/FA300; CBDCA40.4/FA600; CBDCA40.4/FA750; CBDCA40.4/
FA900; CBDCA80.8/FA300; CBDCA80.8/FA600; CBDCA80.8/FA900.

The final methodological design for all tests was as follows: cells
were cultured in monolayers for 24 h and then treated for another
24 h with CBDCA (40.4 mM), FA (900 nM), or the combined treatment
(40.4 mM CBDCA/900 nM FA). Analytical tests were performed at the
end of the treatments. Mannitol (part of Carboxtie® formulation) was
considered as a control of excipients, Bleomycin (1 μg/ml) was used as
a positive control for SCGE, MI and CBMN Cyt assays and cells grown
in MEM without any other component were used as negative control.
Ethanol 10% was used as a positive control for MTT assay. Bleomycin
(Gador Laboratories Nippon Kayaku Co., Japan) was dissolved in dis-
tilled water before treatment.

All the experiments were performed in triplicate to allow an accu-
rate estimate of the inter-experimental variation.

2.3. Comet assay

SCGE was performed using the alkaline version described by Singh
et al. (1988)with somemodifications (Tice and Strauss, 1995). This ver-
sion of the technique detects DNA migration caused by strand breaks,
alkaline labile sites and transient repair sites. Briefly, slides were cov-
ered with a first layer of 180 μl of 0.5% normal agarose (Carlsbad, Ca,
USA). An amount of 75 μl of 0.5% low melting point agarose (Carlsbad,
Ca, USA) was mixed with approximately 15,000 cells suspended in
15 μl and layered onto the slides, which were immediately covered
with coverslips. After agarose solidification at 4 °C for 10min, coverslips
were removed and slides were immersed overnight at 4 °C in fresh lysis
solution. The slides were equilibrated in alkaline solution (pH 13)
for 20 min. Electrophoresis was carried out for 30 min at 25 V and
300 mA (1.25 V/cm). Afterwards, slides were neutralized by washing
them three timeswith Tris buffer (pH 7.5) every 5min and subsequent-
ly washed in distilled water. Slides were stained with 1/1000 SYBR
Green I (Molecular Probes, Eugene, Oregon, USA) solution (Olive,
1999). Two hundred randomly selected comet images were analyzed
per treatment.

Scoring was performed at 400× magnification using a fluorescent
microscope (Olympus BX40 equippedwith a 515–560 nmexcitation fil-
ter) connected through a Sony 3 CCD-IRIS Color Video Camera. Based on
the extent of strand breakage, cells were classified according to their tail
length in five categories, ranging from 0 (no visible tail) to 4 (still a de-
tectable head of the comet butmost of the DNA in the tail) (Olive, 1999;
Collins, 2004). With this data an Index Damage (ID) was obtained ac-
cording to Collins (2004). The total score for the sample gel was be-
tween 0 and 400 “arbitrary units”. Visual scoring (arbitrary units) is
rapid as well as simple and there is very close agreement between this
method and computer image analysis (percentage of DNA in the tail)
(Collins, 2004).

2.4. MTT and neutral red (NR) assay

HeLa cells (2 × 105/ml) were cultured in MEM complete culture
medium on 96-well microplates. The procedure of the MTT assay
(Thiazolyl Blue Tetrazolium Bromide) was performed following the
techniques described by Kosmider et al. (2004). After exposure with
tic and genotoxic activity of carboplatin in HeLa cell line, Toxicology in
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tested compounds, the culture mediumwas removed and 20 μl MTT (5
mg/ml) was added for an additional 3 h period. Then the formazan
crystals were dissolved in 100 μl DMSO. The protocol described by
Borenfreund and Puerner (1985) was employed for the NR assay. Fol-
lowing exposurewith test compounds, cellswere incubated for an addi-
tional 3 h period in the presence of 100 μg/ml neutral red dye dissolved
in PBS. Then the cells were washed with PBS and the dye was extracted
in each well. Absorbance at 550 nm was measured with a microplate
spectrophotometer (Biotek Instruments Inc., Bedfordshire, United King-
dom). Results were expressed as themean percentage of mitochondrial
activity from three independent experiments performed in parallel.

2.5. Apoptosis detection by annexin V affinity assay

HeLa cells were incubated at 37 °C in a 5% CO2 atmosphere in a final
media volume of 1 ml and treated with test compounds during 24 h.
Negative and positive controls were run simultaneously with treated
cultures. At the end of the treatment period, cells were washed in PBS,
resuspended in 250 μl of 1× binding buffer (10 mm HEPES, 140 mm
NaCl, and 2.5 mm CaCl2) and exposed to annexin V-FITC (1 μl, 15 min
at room temperature). Then, cells were washed with binding buffer,
and 3 μl of propidium iodide (PI; stock solution, 10 μg/ml) was added
to each sample. Samples were analyzed under a fluorescentmicroscope
(Olympus BX40) equippedwith an appropriate filter combination. HeLa
cells were visually classified following the examination criteria reported
by Pläsier et al. (1999), and the proportions of alive (annexin V nega-
tive/PI negative), early apoptotic (annexin V positive/PI negative), late
apoptotic (annexin V positive/PI positive), and necrotic cells (annexin
V negative/PI positive) were determined. At least 400 cells were scored
per experimental point, and the results are expressed as the mean per-
centages of alive, total apoptotic and necrotic cells among all cells from
three independent experiments performed in parallel.

2.6. Mitotic index (MI)

MI was determined by counting the number of mitotic cells (all
stages) in 1000 cells analyzed per treatment. Two hours before fixation,
colchicine (Merck, Darmstadt, Germany) at 1mg/ml final concentration
was added to the cultures. Cells were then removed from each flask by
trypsinization and agitation. The cell suspension was centrifuged and
the pellet resuspended in 5 ml hypotonic solution (KCl 0.075 M) for
20–22 min at 37 °C. One milliliter of fixative (methanol:acetic acid
3:1) was added to the suspension before the cells were pelleted and re-
suspended in fixative. Cells were dropped onto clean slides and stained
with 4% Giemsa for 10 min. At least 1000 metaphases per experimental
point were scored under light microscopy.

2.7. Cytokinesis-block micronucleus cytome (CBMN cyt) assay

Cytostatic effects, cytotoxicity and chromosomal damage were
assessed by the CBMN cyt assay according to the method of Fenech
(2007) with slight modifications. Briefly, after 2 d in culture, cells
were resuspended in fresh culture medium in the presence of Cytocha-
lasin-B (3 μg/ml final concentration) (Sigma, St. Louis, MO, USA) for
26 h. Cells were harvested on day 3 and removed by trypsinization
and agitation. The cell suspensionwas centrifuged and the pelletwas re-
suspended in 5 ml of fixative 1 (sodium chloride:methanol:acetic
acid 6:5:1). The cells were washed two times with fresh fixative 2
(methanol:acetic acid 5:1); they were later resuspended, dropped
onto clean slides and finally stained with 5% Giemsa for 10 min. The
chromosome damage biomarkers scored were micronuclei (MNi), nu-
cleoplasmic bridges (NPBs) and nuclear buds (NBuds). One thousand
binucleated cells (BN)were analyzed per experimental point. Cytostatic
effects were analyzed through the nuclear division index (NDI), esti-
mated by the ratio of mono-, bi-, andmultinucleated cells. Five hundred
viable cells were scored per experimental point to determine the
Please cite this article as: Nikoloff, N., et al., Folic acid enhances the apopto
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frequency of cells with 1, 2, 3 or 4 nuclei and calculate the NDI using
the formula (M1 + 2 M2 + 3 M3 + 4 M4) / N, where M1–4 represent
the number of cells with 1–4 nuclei and N is the total number of viable
cells scored (Fenech, 2007). Cytotoxicity events were assessed by the
frequency of necrotic and apoptotic cells scoring in 500 cells. Fenech's
scoring criteria for MNi, NPBs, NBuds, necrotic and apoptotic cell deter-
minations were used (Fenech, 2007).

2.8. Statistical analysis

Data were statistically analyzed using simple ANOVA and Multiple
Ranges test for MI analysis, SCGE and CBMN cyt assays. Student's t-
test was used for MTT and NR assays. Chi square was used for annexin
V-FITC. Statgraphics® 5.1 software (Manugistics Inc., Rockville, MD)
was used for all the analyses. Data were expressed as mean ± standard
error and p b 0.05 was considered statistically significant.

3. Results

As shown in Fig. 1A, CBDCA alone displayed a concentration-depen-
dent reduction in cell viability, measured as the percentage of mito-
chondrial activity in the MTT assay. Such decrease stabilized over the
161.6 mM CBDCA, where the drug induced a marked reduction, at the
same level of 10% ethanol which was used as a positive control for cell
survival assays (p b 0.001). With these results, we adjusted the best
CBDCA concentration to 40.4 mM. At this level, CBDCA reduces HeLa
survival and viability by approximately 20%, leaving enough viable
cells to proceed with all of the cellular and genomic analyses.

Previouswork studying the radioprotective effects of FA supplemen-
tation on low doses of ionizing radiation showed that 300 nMFA had ra-
dioprotective effects and did not induce genomic damage. Following
these results, the levels of FA concentrations were increased up to
900 nM in order to determine the safety of this compound in cell cul-
ture. MTT analysis showed that increasing FA concentrations in the
range of 300 to 900 nM did not induce a significant reduction in cell vi-
ability or genomic damage (Fig. 1B).

Once the cell response to the different compounds was established
separately, a set of CBDCA-FA combinations was tested to determine
the role of FA on CBDCA activity in HeLa cells. In this sense, increasing
concentrations of FA were added to the 40.4 mM CBDCA. MTT analysis
demonstrated that FA had a little or directly no effect below 750 nM
(Fig. 1C). Using these data as a baseline for the experimental design,
the CBDCA-FA combination was finally adjusted to 900 nM FA and
40.4 mM CBDCA, and this concentration was used for all the genomic
and cellular analyses. Mannitol, a sugar compound used as an excipient
in carboplatinum formulations,was also evaluated in order to set anoth-
er control. As observed in Fig. 1D, exposure of cell cultures to 150 μg/ml
mannitol alone or in combination with FA, did not affect cell viability in
the MTT test. Fig. 1D also shows the results obtained with MTT assay
when HeLa cells were treated with 40.4 mM CBDCA and 900 nM FA.
The effect of CBDCA was enhanced, as demonstrated by the significant
drop in cell viability, as compared with that obtained when CBDCA
was used alone (p b 0.001). Fig. 2 shows the results for cell viability
using the NR assay, another test for cytotoxicity evaluation. As seen in
this figure, FA did not affect cell viability at all, meanwhile the combina-
tion of CBDCA-FA produced a significant drop in lysosomal activity
respected to the negative control and CBDCA alone.

The same trend was seen for the MI analysis. Table 1 shows that the
number of observed mitosis for the combined treatment was reduced
by half, when compared with the treatment with CBDCA alone. Al-
though this trend was clear, the reduction in MI was not significant,
due to the small number of mitosis observed in the assay after treatment.

The levels of platinum-induced DNA damage were also evaluated
using the alkaline SCGE. Following treatment of cells with 40.4 mM
CBDCA, an increment in the level of DNA damage was observed
(p b 0.001), indicating that the method has the sensitivity and accuracy
tic and genotoxic activity of carboplatin in HeLa cell line, Toxicology in
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Fig. 1.Cellularmetabolism inhibition evaluated byMTT assay. Results are expressed as themean percentage of cell growth inhibition from three independent experiment. Ethanol (ETOH)
10% was used as positive control. HeLa cells treated with (A) 40.4–323.2 mM carboplatin (CBDCA); (B) 150–900 nM folic acid (FA); (C) different combinations of CBDCA–FA (a =
CBDCA40.4, b = CBDCA40.4FA150, c = CBDCA40.4FA300, d = CBDCA40.4FA600, e = CBDCA40.4FA750, f = CBDCA40.4FA900, g = CBDCA80.8, h = CBDCA80.8FA300, i =
CBDCA80.8FA600, j = CBDCA80.8FA900); (D) CBDCA40.4 –FA900 and respective controls, mannitol (M). **, p b 0.01; ***, p b 0.001.
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to detect and quantify platinum-induced DNA damage (Table 2). The
levels of DNA damage analyzed with SCGE in cells treated with FA
alone and with the combined treatment (40.4 mM CBDCA with
900 nM FA) are also depicted in Table 2. Taking into account that
grade 3 and 4 damaged cells were negligibly found, statistical data anal-
ysis was restricted to grade 1 and grade 2 comets, considering these two
grades as one category named “slightly damaged cells”. Multiple range
test showed statistically significant differences between the combined
CBDCA-FA treatment with respect to CBDCA alone, FA alone and the
negative control. As shown in Fig. 2, the combination of 900 nM FA
with 40.4 mM CBDCA gave the highest levels of DNA damage. Results
of chromosomal damage and cytostatic and cytotoxic effects (CBMN
cyt assay) for cells treated with CBDCA alone, FA alone and CBDCA-FA
combination are shown in Table 3. A significant increment in the
Fig. 2. Lysosomal activity evaluated by NR assay. Results are expressed as the mean
percentage of cell growth inhibition from three independent experiment. Ethanol
(ETOH) 10% was used as positive control. HeLa cells were treated with 40.4 mM μg/ml
carboplatin (CBDCA); 900 nM folic acid (FA); combination CBDCA-FA; mannitol (M) and
FA-M. ***, p b 0.001.
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frequency of MNi was found when cells were treated with CBDCA
alone and in the combination of 900 nM FA and 40.4 mM CBDCA.
Again, the combined treatment gave the highest frequency of chromo-
somal damage, showing significant differences as compared with the
CBDCA treatment. There were no significant differences in the frequen-
cies of NPBs and NBUDs (data not shown) for cells treated with CBDCA
and the CBDCA-FA combination. As seen in Table 3, the number of ne-
crotic and apoptotic cells increased with CBDCA treatment, but the
highest number of these cells appeared when cultures were treated
with the CBDCA-FA combination (p b 0.001). Finally, Table 3 also
shows a trend in the reduction of NDI for CBDCA alone and the combi-
nation of CBDCA-FA, but these differences were no significant.

Annexin V-FITC assay was performed in order to confirm the data
obtained for cell death using CBMN. As seen in Table 4, the number of
necrotic and apoptotic cells increased significantly when cell cultures
were treated with CBDCA and CBDCA-FA. The increment in apoptotic
and necrotic cells when using CBDCA-FA respected CBDCA alone were
1.27 and 2.45 respectively. Moreover, the results obtained with the
annexin-FITC assay demonstrated again a synergistic effect between
CBDCA and FA.
Table 1
Mitotic index in HeLa cells treated with FA and CBDCA.

Treatment MI

Negative control 18 ± 1.2
FA (900 nM) 16 ± 0.9
CBDCA (40.4 mM) 6 ± 0.4
CBDCA-FA combination 2 ± 0.2
Bleomycin 1 μg/ml 3 ± 0.2

Values are expressed as standard error of the mean.

tic and genotoxic activity of carboplatin in HeLa cell line, Toxicology in
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Table 2
DNA damage measured with the comet assay in HeLa cells treated with FA and CBDCA.

Treatment 0 1 2 3 4 ID

Negative control 87 ± 0.2 12 ± 0.0 1 ± 0.0 0 0 14 ± 0.8a

FA 900 nM 93 ± 0.2 7 ± 0.0 0 0 0 7 ± 0.3b

CBDCA 40.4 mM 16 ± 0.2 16 ± 0.0 7 ± 0.0 6 ± 0.0 2 ± 0.0 56 ± 2.5c

CBDCA-FA 47 ± 0.1 37 ± 0.1 11 ± 0.3 4 ± 0.0 1 ± 0.0 75 ± 0.7d

Bleomycin 1 μg/ml 31 ± 0.2 25 ± 0.0 19 ± 0.2 14 ± 0.0 1 ± 0.0 129 ± 2.2e

0: grade 0 images (%); 1: grade 1 images (%); 2: grade 2 images (%); 3: grade 3 images (%); 4: grade 4 images (%).
a, b, c, d, eHomogeneous groups.
Values are expressed as standard error of the mean.

Table 4
Analysis of apoptosis as measured by annexin V-FITC in HeLa cells exposed 24 h to
carboplatin (CBDCA) alone, and in combination with folic acid (FA).

Compound Percentage of cells (%)a
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4. Discussion

Carboplatin is mainly used for the treatment of ovarian cancer but
also for other types of malignancies, including lung, head and neck,
esophageal, bladder, breast, endometrial and cervical, central nervous
system or germ cell tumors. Moreover, CBDCA is also used as prepara-
tion for stem cell or bone marrow transplantation. Kidney injury and
the myelosuppressive characteristics are common pathological effects
of CBDCA usage in a variety of solid tumor therapies. Considering that
these side effects are dose dependent, strategies to minimize CBDCA
toxicity through mechanisms that lower the doses of this compound
are of great clinical interest.

The aim of the present study was to investigate the role of FA as a
modulator of CBDCA activity in cultured HeLa cells. In order to examine
the drug sensitivity of HeLa cells to carboplatinum chemotherapy, alone
or in combination with folic acid, changes in cellular and genomic re-
sponses regarding cell survival, DNA and chromosomal damage, mitotic
activity and cytostatic and cytotoxic effect were analyzed.

The obtained results demonstrated that a concentration of 40.4 mM
CBDCA in HeLa cell cultures inhibited cell growth and survival, induced
DNA double-strand breaks, and promoted chromosomal damage and
apoptosis. But more interestingly, the results also showed that addition
of 900 nM FA together with 40.4 mM CBDCA enhanced the activity of
the platinum compound, increasing its effect on cell death by nearly
20%, as evidenced by the colorimetric assays. Moreover, not only higher
levels of DNA and chromosomal damage were reached but also the
number of necrotic and apoptotic cells was significantly increased
when cell cultures were treated with the combined CBDCA-FA protocol,
according to CBMN and annexin V-FITC results. The results observed
after CBDCA-FA treatment, and according to the definition of Warne
(2003), showed the synergistic effect of CBDCA-FA combination
respected to both compounds alone. This situation opens the possibility
to explore the use of FA in platinum-based chemotherapy protocols to
reduce the platinum doses for patient treatment and decrease the
chance of developing the known side effects without losing biological
activity.

One-carbon metabolism is composed of a biochemical network that
providesmethyl groups for a variety of essential biological processes. FA
Table 3
Cytostatic effects, cytotoxicity and chromosomal damage assessed by the CBMN cyt assay
in HeLa cells treated with FA and CBDCA.

Treatment NDI Necrotic Apoptotic MNi ‰ NPB ‰

Negative control 1.45 3 ± 0.4 2 ± 0.7 31 ± 2.6a 4 ± 0.9
FA 900 nM 1.50 1 ± 0.4 0 24 ± 2.1a 0
CBDCA 40 mM 1.33 11 ± 1.2 6 ± 0.9 43 ± 1.9b 5 ± 0.9
CBDCA-FA 1.22 20 ± 2.3 16 ± 1.5 71 ± 2.7c 2 ± 0.4
Bleomycin 1 μg/ml 1.17 NA NA 70 ± 1.5c 5 ± 0.9

Values are expressed as standard error of the mean.
NDI: nuclear division index; Necrotic: necrotic cells in 500 counted; Apoptotic: apoptotic
cells in 500 counted; MNi: micronuclei in 1000 cells counted; NPB: nucleoplasmic bridges
in 1000 cells counted.
a, b, cHomogeneous groups.
NA not analyzed data.
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is a water-soluble type of the B vitamin family, and its deficiency has
been extensively studied, mainly in relation to blood cells formation
and fetus development. Folate and other B vitamins are essential nutri-
ents which play important roles in DNA synthesis, repair, methylation
and regulation of gene expression. These functions also indicate the po-
tential association of this group of vitamins with cancer development
(Ma et al., 2009), suggesting an inverse association between folate in-
take and the risk for several types of cancer (Cancarini et al., 2015; Lin
et al., 2015; Liu et al., 2015). On the other hand, FA has displayed radio-
protective effects against low and high radiation doses (Pote et al., 2006;
Batra and Devasagayam, 2009; Jelveh et al., 2013; Padula et al., 2016)
and protective effects against oxidative damage (Acharyya et al., 2015;
Rathor et al., 2015; Vanzin et al., 2015).

More recently, FA has been used as a targeted delivery system in tu-
mors overexpressing the folate receptor, in a wide variety of cancer
types (Liang et al., 2011; Liu et al., 2011; Sadat et al., 2014). This scheme
of cancer treatment could be a potential delivery system with excellent
therapeutic efficacy for targeting the drugs directly to cancer cells. In-
creasing experience in the application of this technology has opened a
promising future in cancer treatment, with high efficacy and few side
effects.

In this sense, this is the first report using FA not as a transporter but
certainly as a modulator of CBDCA activity in vitro, being not quite dif-
ferent from the targeted delivery systems. The enhanced activity of
the combined FA-CBDCA treatment to induce apoptosis, genomic and
chromosomal damage in HeLa cells could be explained through the
spontaneous formation of FA-CBDCA complexes when they are applied
together, and entering to the cells via the overexpressed folate recep-
tors. Further studies will be necessary to confirm the hypothesis and
to elucidate the mechanisms involved in the cellular response to
CBDCA-mediated FA modulation.
Alive Total apoptoticf Necrotic

Control 93.8 ± 0.8 5.8 ± 0.9 0.3 ± 0.2
Mb 93.7 ± 0.4 6.3 ± 0.4 0.0 ± 0.0
FAc 88.5 ± 1.2 11.0 ± 1.2 0.0 ± 0.0
FA-M 91.4 ± 0.4⁎ 8.6 ± 0.4 0.0 ± 0.0
CBDCAd 42.5 ± 1.4⁎⁎⁎ 56.0 ± 1.7⁎⁎⁎ 1.5 ± 0.7⁎⁎

CBDCA-FA 25.0 ± 0.3⁎⁎⁎ 71.3 ± 1.0⁎⁎⁎ 3.7 ± 1.2⁎⁎⁎

ETOHe 49.2 ± 2.4⁎⁎⁎ 38.7 ± 2.9⁎⁎⁎ 12.2 ± 1.2⁎⁎⁎

a Results are presented as mean values of pooled data from three independent
experiments ± SE of the mean.

b Mannitol (M) was used as excipient control for CBDCA.
c FA: 900 nM.
d CBDCA: 40.4 mM.
e Ethanol (ETOH, 5%) was used as positive control.
f Total apoptotic = (Early apoptotic + Late apoptotic).
⁎ p b 0.05; values in regards to control values.
⁎⁎ p b 0.01; values in regards to control values.
⁎⁎⁎ p b 0.001; values in regards to control values.
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