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DNA damage in the elderly is associated with
5-MTHF levels: a pro-oxidant activity
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The aging phenomenon is associated with oxidative stress damage in biomolecules, especially DNA.

5-Methyltetrahydrofolate (5-MTHF), the active folate form, plays a pivotal role in maintaining genomic

integrity. However, recently it was associated with cancer development. In Brazil, there are folic acid

enriched foods, such as flour, making the general population chronically exposed to folates. Therefore,

the aim of this study was to investigate whether erythrocytes 5-MTHF levels were associated with age-

related DNA damage in two groups (elderly and young subjects). Additionally, a study in Caenorhabditis

elegans, an in vivo alternative model, was performed to verify if 5-MTHF presents a pro-oxidant effect. A

total of 50 elderly and 25 young subjects participated in this study, which analyzed whole blood DNA

damage, plasma carbonyl proteins (PCO), and erythrocytes 5-MTHF levels. In addition, ROS and RNS pro-

duction, survival rate, and lifespan were performed in C. elegans exposed to 5-MTHF. Blood 5-MTHF

levels and DNA damage were increased in the elderly compared to the young group. A positive associ-

ation was found between 5-MTHF levels and DNA damage, and between DNA damage and PCO levels,

suggesting an oxidative cause of damage associated with the active folate form. In an experimental study

it was observed that 5-MTHF increased ROS production in C. elegans, in a dose dependent manner, while

survival rate and life span were not affected at the test doses. These findings suggest that 5-MTHF, the

active folate form, may be involved in DNA damage in the elderly. This damage could be a result of oxi-

dative stress, as observed in the in vivo alternative model; however, more studies are necessary to prove

our present results.

Introduction

For millennia, the aging phenomenon has been extensively
studied but particular characteristics remain incompletely
understood to date. No single mechanism is able to explain
aging, however, it is known that oxidative stress has a relevant
involvement in this process.1 Reactive oxygen species (ROS)
trigger accumulating damage in aging cells, especially in bio-
molecules like DNA, thus causing loss of function or even cell
death.2 We have demonstrated the influence of both oxidative
stress and inflammation in aging.3 In fact, the elderly with
lower antioxidant status were found to be more vulnerable to
oxidative stress, which may have negative consequences on the
quality and duration of life.3

Some vitamins are important in preventing common dis-
eases in old age. It is now established that micronutrient
deficiencies are associated with impaired immune responses.4

Folate, a water-soluble B9 vitamin occurring naturally in food,
is essential for cell growth and reproduction.5 Folates occur
mainly as 5-methyltetrahydrofolate (5-MTHF) in red blood
cells, which present higher 5-MTHF levels than in serum.6

5-MTHF, the actual active folate form,7 is generally correlated
to folate nutritional status.6

Folate acts in the body as a one-carbon unit carrier,6 and
thus is essential for nucleotide biosynthesis and DNA replica-
tion, as well as being involved in many methylation reactions.
In brief, 5-MTHF is involved in the regulation of methionine
metabolism, which is the precursor of S-adenosylmethionine,
the primary methyl donor molecule, including for DNA.8 DNA
methylation is implicated in control of gene expression, cell
proliferation, and differentiation, among a variety of important
functions.9,10 Therefore, its deregulation is a contributing
factor to carcinogenesis.11

Although 5-MTHF plays a pivotal role in maintaining
genomic integrity11 and may have a protective role against
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cancer,12 recent evidence suggests that high levels of folates
intake may also have detrimental effects. In fact, some studies
reported neoplastic growth13 and particularly risk of colorectal
cancer.14 Besides aberrant DNA methylation, several mecha-
nisms may underlie cancer development, including DNA
strand breaks and impaired DNA repair.15,16

Moreover, depending on their concentration, some vita-
mins can exert pro-oxidant properties that can lead to DNA
damage. The quantification of ROS production in human
blood has some difficulties due to ROS instability. Because of
this, the use of an experimental model to explore ROS pro-
duction is an interesting tool. The use of Caenorhabditis
elegans as an alternative in vivo model has emerged as a main
tool to study the biology of aging, being widely used to evalu-
ate life span.17 Moreover, due to its simple genetic and its
short life cycle, it is suitable and able to simplify studies of tox-
icity,18 longevity,19 oxidative stress,20 age-related diseases,21

and micronutrients effects.22

In the present study, the initial aim was to investigate
whether 5-MTHF levels were associated with age-related DNA
damage in the elderly. Additionally, assays were performed in
an alternative experimental model to study the 5-MTHF pro-
oxidative effect.

Materials and methods
Study population

This study was approved by the ethics committee of the
Federal University of Rio Grande do Sul (No. 15146) and of the
Clinical Hospital of Porto Alegre (No. 110171). All volunteers
gave their written informed consent.

The study was performed with 50 elderly people (ages 76.06 ±
1.29 years) and 25 health young subjects (ages 26.48 ± 0.69 years)
from Porto Alegre, Brazil. The exclusion criteria adopted were
diagnoses of diseases such cancer, congenital, neurological,
or psychiatric pathologies, advanced neurological disease,
gastrectomy, vitamin B12 deficiency, and use of parenteral
nutrition. Moreover, all volunteers were non-smokers and not
taking any antioxidant supplementation (vitamins or minerals).

All subjects answered an investigator-administered ques-
tionnaire to assess general health, lifestyle, and demographic
data. Anthropometric measurements were determined. Body
mass index (BMI) was calculated as body weight (kg) divided
by the square of body height (m).

Sample collection

Venous blood samples were collected from all subjects under
fasting conditions into heparinized tubes and EDTA-contain-
ing tubes. The EDTA tube was immediately centrifuged at
1500g for 10 min at 4 °C, and the plasma obtained was used to
determine protein carbonyls (PCO) while the erythrocytes
(RBC) were used for quantification of 5-methyltetrahydrofolate
(5-MTHF). All samples were kept at −80 °C until analysis and
protected from light when necessary. The whole blood with
heparin was transferred to amber microtubes and protected

from light until comet assay, which was performed
immediately.

5-Methyltetrahydrofolate (5-MTHF)

Quantification of 5-MTHF levels in erythrocytes was performed
according to Leeming et al. (1990) with some modifications.23

In brief, an aliquot of 0.1 mL erythrocyte sample was mixed
with 0.5 mL 2% ascorbic acid and incubated at 37 °C for
120 min in the dark, then mixed with 0.1 mL 15% trichloro-
acetic acid for 1 min. After, that, the sample was centrifuged at
13 000g for 5.5 min, and the supernatant was mixed with
0.03 mL 7 M NaOH. Finally, the supernatant was analyzed by
high-performance liquid chromatography (HPLC) with fluo-
rescence detection by a RF-10 AXL Shimadzu® (Kyoto, Japan).
For HPLC, a Phenyl column (250 mm × 4.6 mm, 7 µm) pro-
tected by a guard column was used. The mobile phase was a
mixture of 0.07 M formic acid (pH 3.75) and methanol
(82.5 : 17.5, v/v). The flow rate was maintained isocratically at
1.0 mL min−1, and absorbance of the eluent was monitored at
295 nm and 365 nm, as excitation and emission wavelengths,
respectively. The Phenyl column used was thermostated at
40 °C. All sample preparation steps were conducted under dim
light. The seven-points calibration curve included 0.05, 0.1,
0.2, 0.3, 0.4, 0.5, and 1.0 µmol L−1 5-MTHF and the limits of
detection (LOD) and quantification (LOQ), determined by stan-
dard deviation of the response and the slope from the cali-
bration curve, were 0.01 and 0.04 µmol L−1, respectively.

Comet assay

The comet assay, or single cell gel electrophoresis, followed a
standard protocol for preparation and analysis.24,25 Slides were
prepared by mixing whole blood and low melting point
agarose (0.75%). The mixture was poured on a frosted micro-
scope slide coated with normal melting point agarose (1.5%).
After solidification, the slides were placed in lysis solution
(2.5 M NaCl, 100 mM EDTA, 10 mM Tris, 1% Triton X-100, 10%
DMSO) for a minimum of 1 h and a maximum of 4 weeks.
Subsequently, the slides were incubated in freshly made alka-
line solution (300 mM NaOH and 1 mM EDTA, pH > 13) for
20 min and alkaline horizontal electrophoresis was carried out
for 20 min at 25 V and 300 mA. After electrophoresis, the
slides were washed with neutralization buffer (0.4 M Tris, pH
7.5), stained with silver nitrate, and observed under an optical
microscope. Images of 100 randomly selected cells were ana-
lyzed from each sample. The damages were visually scored,
according to tail size, into five classes ranging from no tail (0)
to maximal (4) tail length. Therefore, a damage index (DI)
could range from 0 (all cells with no tail, 100 cells × 0) to 400
(all cells with maximally long tails, 100 cells × 4).

Protein carbonyls (PCO)

Protein carbonyls were measured by a sensitive ELISA method
according to Buss et al. (1997).26 Total protein concentration
in plasma was measured by the Bradford method using bovine
serum albumin as a standard. PCO levels were determined as
follows: plasma samples were diluted with PBS buffer to a nor-
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malized concentration of 4 mg protein per mL and then
samples were derivatized with 2,4-dinitro-phenylhydrazine
(DNPH) and incubated in Maxisorb multiwellplates (Nunc
Immuno 96 Microwell™ Maxisorp) overnight at 4 °C in the
dark. Protein carbonyls were detected using a dinitrophenyl
rabbit IgG-antiserum (Sigma, Deisenhofen, Germany) as the
primary antibody and a monoclonal anti-rabbit immuno-
globulin G peroxidase conjugate (Sigma) as the secondary anti-
body. Color development was performed with o-phenylene-
diamine and H2O2 and the reaction was stopped with H2SO4

after 15 min incubation at 37 °C. The absorbance was measured
using a microplate reader (SpectraMax M2, Molecular Devices,
LLC, Sunnyvale, CA, USA) with a detection wavelength of
492 nm. Each sample was analyzed in triplicate. Plasma protein
carbonyl concentration was expressed as nmol mg−1 protein.

In vivo study

Chemicals. Standards of (6R,S)-5-methyl-5,6,7,8-tetrahydro-
folic acid calcium salt (5-MTHF) were purchased from Schircks
Laboratories® (Jona, Switzerland) and the reagents bacto-agar
and bacto-peptona were obtained from Becton Dickinson BD®
(New Jersey, USA) and HiMedia Laboratories® (Mumbai,
India), respectively. 2′,7′-Dichlorofluorescein diacetate
(DCF-DA) was supplied by Sigma-Aldrich Co. (St Louis, MO,
USA). To evaluate the survival rate of the nematodes, the treat-
ments were performed in two thousand five hundred synchro-
nized L1 worms per concentration tested (100, 200, 500, 1000,
2000, 4000 or 8000 µg L−1). After the treatment, the worms
were washed three times with M9 buffer and all worms were
placed on OP50-seeded NGM plates (90 × 15 mm). The
number of surviving worms was verified 24 hours after treat-
ment and the results for all concentrations were calculated as
percentage compared to the control (0 µg L−1 5-MTHF). Three
independent experiments were performed.

C. elegans strain. The nematodes C. elegans were obtained
from the Caenorhabditis Genetics Center (University of
Minnesota, Twin Cities, MN, USA). The C. elegans strains N2
(wild-type) were maintained on nematode growth medium
(NGM) plates seeded with Escherichia coli OP50 at 20 °C.

Synchronization. Gravid C. elegans were rinsed off the plates
into centrifuge tubes and were lysed with a bleaching mixture
(1% NaOCl; 0.25 M NaOH), followed by flotation in a 30%
sucrose solution (m/v) to separate eggs. The eggs were washed
with M9 buffer (0.02 M KH2PO4, 0.04 M Na2HPO4, 0.08 M
NaCl, and 0.001 M MgSO4) and allowed to hatch overnight on
NGM agar plates without bacteria.27

Exposure to 5-MTHF. A stock solution of 5-MTHF was pre-
pared by dissolving 10 mg in 1 mL 0.01 M NaOH. A 100 µL
aliquot was diluted 100 times with buffer solution (0.01 M
K2HPO4, pH 7.0) to determine the true content of the original
5-MTHF by measuring the absorbance of a standard solution
at 290 nm (ε: 31 700 L−1 mol−1 cm−1).6 Another aliquot
(100 µL) of the remaining 5-MTHF stock solution was diluted
100 times with 2% ascorbic acid, calibrated to 10 mL and
stored at −80 °C as the intermediate solution (100 mg L−1).
Daily working solutions were prepared by diluting the inter-

mediate solution with 2% ascorbic acid. All operations with
5-MTHF standard were conducted in dim light.

Synchronized L1 worms were acutely treated for 30 minutes
at 20 °C, by constant agitation in a rotator, with 8 different
concentrations of 5-MTHF ranging from 50 to 8000 µg L−1. In
addition, a control was treated only with 2% ascorbic acid, the
same solvent used in the intermediate solutions.

ROS measurement. For ROS measurements, 1500 worms
were treated with 5-MTHF (50, 100, 200, 500, 1000, 2000, 4000
or 8000 µg L−1) and ascorbic acid as solvent control, respect-
ively, following the protocols detailed above. After exposure,
the worms were washed three times and re-suspended in
100 µL of 0.9% NaCl solution (m/v) and transferred to 96-well
plates. Following this, 100 µL of 0.05 mM 2′,7′-dichlorofluores-
cein diacetate (DCF-DA) was added and the fluorescence was
measured for 90 minutes at 485 nm excitation and 530 nm
emission using a microplate reader (Spectramax Me2;
Molecular Devices LLC, Sunnyvale, CA, USA) at 20 °C. In the
presence of reactive species, the DCF-DA is oxidized to the
fluorescent product dichlorofluorescein (DCF). The values
were expressed as percentage of fluorescence intensity relative
to control wells. The experiments were run in triplicate, and at
least three independent experiments were performed.

Survival rate assay. To determine survival rate of the nema-
todes, worms were exposed to seven concentrations of 5-MTHF
(100, 200, 500, 1000, 2000, 4000 or 8000 µg L−1). L1 synchro-
nized worms were treated with each dose at 20 °C for
30 minutes with constant agitation in a rotator. After washing
three times with M9 buffer, the worms were placed on OP50-
seeded NGM plates and the number of surviving nematodes
on each plate was verified 24 hours after exposure. The results
for all concentrations were calculated as the percentage com-
pared to the control (0 µg L−1 5-MTHF). Three independent
experiments were performed.

Life span assay. After the treatments, age synchronized
young larvae (L1) were transferred to OP50-seeded NGM plates
(90 × 15 mm) and incubated at 20 °C. Once the worms reached
the last larval stage (L4), three days after hatching, they were
transferred to new treatment plates (60 × 12 mm). This
moment was considered as the first time point for counting
the surviving worms. Twenty animals were transferred per
plate, in duplicates, for each condition tested. These worms
were transferred daily to newly prepared fresh plates (plus
ingredients) to avoid overlapping generations. Moreover, ampi-
cillin (100 mg L−1) and 5-fluoro-2′-deoxyuridine (150 mM)
(Amp/FUDR) were added to the plates to prevent egg pro-
duction and bacterial contamination during the egg-laying
period. Vitality of the worms was analyzed daily, and the
worms were considered dead when they failed to respond to
external stimuli performed by gentle prods with nylon yarn.
Three independent assays were carried out, totaling at least
120 nematodes for each concentration tested.

Statistical analysis

The data were analyzed using SPSS (Statistical Package for the
Social Sciences, version 18). Comparisons between elderly and
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young groups were achieved by Student’s t-test and a Mann–
Whitney U-test according to variable distribution. Correlation
tests also were performed according to Pearson’s or
Spearman’s rank following the variables distribution. Data are
expressed as mean ± standard error of the mean (SEM). ROS
production, survival rate, and lifespan data were generated
with GraphPad Prism (GraphPad Software, Inc., La Jolla, CA,
USA). The statistical analysis of significance was carried out
using Analysis of Variance (ANOVA), followed by Tukey post hoc
test in the SPSS Statistics software (version 18). P-Values less
than 0.05 were considered significant for all tests.

Results
Characteristics of the study population

Characteristics of the studied groups are described in Table 1.
The elderly group presented higher body mass index (BMI)
than young subjects, however, both groups showed results
within the normal range according to their age group.28

Moreover, in both groups, male subjects corresponded to
approximately 40%, whereas female subjects were around 60%
of each group.

Levels of 5-MTHF

5-MTHF levels were significantly increased in the elderly group
(p < 0.01, Student’s t-test; Fig. 1), which presented an average
concentration of 0.22 ± 0.01 µmol L−1, whereas the young
group showed 0.13 ± 0.01 µmol L−1. Although measurement of

serum and red blood cell folate levels has been a cornerstone
of hematological diagnosis for years, the normal ranges may
show wide variation. Particularly for 5-MTHF, there is no estab-
lished reference value. In this line, Sobczynska-Malefora et al.
(2014) aimed to determine the reference intervals of 5-MTHF
in healthy adults without vitamin deficiencies.29 They evalu-
ated 126 British subjects from different ethnicities and the
interval ranged from 0.22 to 1.04 µmol L−1.29

DNA damage

After electrophoresis, the presence of a tail in the cell nucleus,
i.e. comet-shaped nuclei, indicated that the DNA had been
damaged. In order to evaluate the extent of DNA damage, the
tails were classified in a score from 0 (no tail/no damage) to
4 (maximal long tail), resulting in a single DNA damage score
for each subject and, consequently, for each study group. The
elderly group presented a high damage index when compared
with young people (p < 0.01, Student’s t-test); the results were
104.79 ± 6.83 and 47.27 ± 8.17, respectively. The DNA damage
index was associated with advancing age (r = 0.482; p < 0.001,
Pearson correlation; n = 75). According to tail size score, the
damages were classified into five classes as shown in Fig. 2.
The results showed significant differences between the groups
for classes 0, 1 and 2 (Fig. 2).

Moreover, the increase of 5-MTHF levels was associated
with the increase of DNA damage as shown in Fig. 3 (r = 0.310;
p < 0.01, Pearson’s correlation).

Protein oxidative damage

PCO levels were measured as an oxidative biomarker of protein
damage and the results showed a tendency (p = 0.063,
Student’s t-test) to be higher in the elderly group (0.34 ±
0.01 nmol mg−1 protein) than in the young group (0.32 ±
0.02 nmol mg−1 protein) as shown in Fig. 4.

Table 1 Baseline characteristics and parameters of the studied sample
(n = 75)

Variable Young group (n = 25) Elderly group (n = 50)

Age (years) 26.48 (0.69) 76.06 (1.29)**
BMI 23.08 (0.63) 25.58 (0.59)*
Gender, frequency (%)
Male 11 (44.0) 21 (42.0)
Female 14 (56.0) 29 (58.0)

The values are expressed as mean (SEM) or frequency (percentage).
*p < 0.05 compared to young group. **p < 0.01 compared to young
group. BMI: body mass index.

Fig. 2 DNA damage classes in the young group (n = 25) and elderly
group (n = 50). The images show how the damage is observed in each
class (0, 1, 2, 3 and 4). *Significantly different from young group (p <
0.05, Student’s t-test), n = 75.

Fig. 1 Results of 5-MTHF levels, the active folate form, in the young
group (n = 25) and elderly group (n = 50). *Significantly different from
young group (p < 0.05; Student’s t-test).
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Additionally, protein damage, characterized by PCO levels,
was positively associated with 5-MTHF levels (r = 0.263; p <
0.05 Pearson correlation; n = 75) and DNA damage (r = 0.281;
p < 0.05, Pearson correlation; n = 75).

In vivo study in C. elegans

ROS production. 5-MTHF had an antioxidant profile at lower
doses, being significant at 100 µg L−1 (p < 0.05, ANOVA/Tukey),
whereas the increase of 5-MTHF concentration caused increase
in DCF-DA oxidation in a dose-dependent manner (Fig. 5).
However, the significantly higher ROS levels were observed

only in the two highest doses tested (4000 and 8000 µg L−1)
(p < 0.05, ANOVA/Tukey).

Survival rate. After acute treatment, none of the tested doses
of 5-MTHF showed any mortality compared to the control
group, which did not receive the treatment. This means that
the worms, at least at the tested concentrations, had high tol-
erance to 5-MTHF.

Life span. Life span after 30 min of 5-MTHF treatment, at all
tested doses, was statistically indistinguishable from controls,
indicating that this vitamin, at these concentrations, did not
interfere in the worms’ longevity (Fig. 6).

Discussion

Adequate folate intake during the periconceptional period is
important for preventing congenital anomalies, such as neural
tube defects, which its supplementation often indicated.30

However, Veeranki et al. (2015) demonstrated that maternal
folic acid supplementation during pregnancy was associated
with development of early childhood asthma.30 On the other
hand, folate deficiency is one of the causes of anemia31 in old
age requiring treatment, while in other cases there is still
controversy about the benefits of folate supplementation.
Studies have shown its inefficacy, especially in the absence of
folate deficiency.32,33 All these aspects raise the hypothesis
that there is no consensus about the use of folates and the
need to achieve a healthy balance may vary according to age
and an individual context.

In the present study, the elderly subjects presented higher
5-MTHF levels than the young group (p < 0.05). Similarly, a
previous study found a positive association between red cell
5-MTHF levels and age.29 Although there is controversy about
the physiology of aging3 and the behavior of folate levels at
this stage of life, it has been suggested that higher concen-
trations in the elderly could represent an oversupply of the
vitamin from diet or it could reflect a tendency to retain folate
both in plasma and red blood cells during aging.34

There are few studies reporting population-based reference
intervals for 5-MTHF, the predominant form of folate in
plasma and red cells.29 Many of them were performed in

Fig. 3 Pearson’s correlation between DNA damage index and 5-MTHF
levels (r = 0.310; p < 0.01; n = 75).

Fig. 4 Results of PCO levels in the young group (n = 25) and elderly
group (n = 50) (p = 0.063, Student’s t-test).

Fig. 5 ROS production in C. elegans after 5-MTHF treatment. ROS were
measured by DCF-DA. The production of ROS increased at higher con-
centrations. *p < 0.05 compared to the control group, ANOVA/Tukey.

Fig. 6 Kaplan–Meier survival curves of N2 Bristol wild-type treated
with 5-MTHF.
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serum or plasma, thus hindering a comparison with present
findings, which were performed in erythrocytes.35,36 Besides,
differences in methodologies, interlaboratory variation, lack of
the precision of some methods, and other population charac-
teristics, such as diet, further complicate a comparison of the
results.

Nevertheless, the levels found here were slightly below the
values found by Sobczynska-Malefora et al. (2014).29 This
might be attributed to the way that the 5-MTHF red cell folate
concentration was calculated in that study. While in the
present study, 5-MTHF was measured using red cell samples,
in the aforementioned study it was evaluated through a
formula using whole blood 5-MTHF and plasma 5-MTHF, as
well as hematocrit values.29 Moreover, the authors determined
a reference interval for adults with a wide range of age and
these levels may differ from those physiologically required for
the elderly to a healthy aging. Therefore, specific reference
values still remain to be established for a healthy elderly
population.

In addition, a sensitive method for measuring DNA
damage, the comet assay, showed that the elderly group pres-
ented a significantly higher DNA damage index in comparison
to the young group (p < 0.05). These findings are consistent
with previous studies, which also showed cytogenetic damage
in elderly people.37,38 Aging is linked with the progressive
loss of genomic fidelity. Certainly, DNA has the most highly
developed biomolecule repair process, reflecting the biological
importance of preserving the integrity of this molecule.39

Based on the results, the genome damage rate appears to
exceed the DNA repair capacity in the elderly subjects studied.
In other words, as well as most human aging disorders, the
aging itself involves defects in the repair of DNA lesions,
which along with increased ROS levels result in accumulation
of damage.16,40–42 Thus, the positive correlation between DNA
damage and age found in this work is consistent with this
observation.

There is a variety of sources of DNA damage, but lesions
caused by free radicals and ROS may often be significant43 and
include base modifications, single- and double-strand breaks,
and inter-strand cross-links,43 which, biologically, may result
in mutagenesis and genomic instability, consequently contri-
buting to carcinogenesis and, more critically, to cell death.16

Many types of oxidative lesions by ROS have been
reported26,44,45 and various indicators have been used to
assess the extent of oxidative damage during aging. One
common indicator is PCO content. The present findings
related to PCO levels showed an increase in the elderly com-
pared to young subjects, but not a statistically significant one.
However, the positive linear correlation found between DNA
damage index and the biomarker of oxidative damage, PCO, is
consistent with genotoxic effects related to oxidative stress.

Furthermore, 5-MTHF was positively correlated with DNA
damage. Indeed, once folate is deficient, damage to nuclear
and mitochondrial DNA increases, but little is known about
the role of different folate levels during aging.46 Recently, a
relationship between high folate levels and cancer progression

has been described,47 possibly due to its critical action in
maintaining DNA.9,48 In fact, both hypomethylation and
hypermethylation lead to cancer, activating oncogenes and
pro-metastatic genes or silencing tumor suppressor genes,
respectively.11,49 According to some studies, folate presents a
dual role in carcinogenesis.9 In conditions of folate deficiency,
hypomethylation is favored.46 Conversely, increasing concen-
trations of folic acid promoted hypermethylation of PTEN,
APC, and RARbeta2 tumor suppressor genes and hence, their
transcriptional activities became impaired in cell lines.9 In
addition, Ebbing et al. (2009) suggested that 5-MTHF may
enhance DNA replication and neoplastic growth.48

High folate levels have been associated with development of
colon and breast cancer.47 In this context, Choi et al. (2005)
demonstrated that supplementation of folate in elder rats at
four times the basal requirement significantly increases
genomic DNA methylation compared with folate-deplete
status.50 However, folic acid appears to act differently in
normal cells and cancer cells depending on the timing that
the supplementation is performed.13 Folate administration
prior to the existence of neoplastic lesions may aid in cancer
prevention, but also promotes progression of pre-cancerous
cells/tumors if supplied when early lesions are already estab-
lished,13 probably because rapidly proliferating tissues have an
increased requirement for nucleotides, whose synthesis is
dependent of folates. This appears to explain the ineffective-
ness or even the harmful effects of supplementation in some
studies.48 Notedly, considering the difficulty of early diagnosis
of cancerous lesions, it becomes a necessary caution with the
use of supplements, especially in populations that receive folic
acid fortification in foods.

Additionally, a positive relationship was observed between
the 5-MTHF and PCO levels, supporting the hypothesis that
oxidative stress may underlie the effects of 5-MTHF on DNA,
besides its role in methylation reactions. Although the results
demonstrated only a tendency of PCO levels to increase in the
elderly compared to the young group, this could be a limit-
ation probably due to the number of subjects in the young
group, which was half of elderly group. In order to investigate
possible mechanisms involved in this condition, especially
related to physiological effects of different concentrations of
this folate metabolite in an organism, an in vivo experiment
was performed with the well-known C. elegans model.

Through a ROS production experiment a dual profile for
5-MTHF was observed, since at lower tested concentrations
this vitamin acted as an antioxidant and at higher doses, it
caused increase of ROS amounts in a dose-dependent manner
compared to the control. Actually, 5-MTHF has high anti-
oxidant activity which resides in the pterin core and whose
antioxidant pharmacophore is 4-hydroxy-2,5,6-triaminopyrimi-
dine.51 On the other hand, oxidative stress is involved in the
toxicity mechanism of various substances.52,53 According to
our knowledge, there are no data in the literature showing
whether 5-MTHF can act as a pro-oxidant agent at high con-
centrations; however, this behaviour has already been demon-
strated with other potential antioxidant vitamins, such as
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vitamin C.54–56 Thus, a pro-oxidant action for 5-MTHF at high
concentrations can be suggested, which corroborates other
findings of this study, namely the age-related DNA damage
associated with erythrocyte 5-MTHF levels and both correlated
with the oxidative biomarker PCO in the studied subjects.

Most of the 5-MTHF concentrations used in our treatment
are certainly high when compared with the levels of this com-
pound that might be found in human red cells and tissues.
They were even higher than the levels found in the elderly and
young subjects studied herein. However, it is not possible to
determine the actual extent in which the molecules of the
compound are incorporated by the worm,57 which could be
quite low. Especially in the intermediate concentrations tested,
the incorporated amount may have been insufficient to cause
toxic pro-oxidant effects.57

The survival rate after acute treatment with 5-MTHF was
evaluated in nematodes as an endpoint test that is easily
observed under microscopic inspection.53 The nematodes were
exposed to seven different concentrations of 5-MTHF and the
results showed that there was no significant mortality by any
of the tested concentrations. There is no study available in lit-
erature evaluating direct effects of 5-MTHF in C. elegans survi-
val. However, a previous study reported that folic acid at 4 and
8 mg L−1 did not affect growth and viability of breast cancer
cells measured by the trypan blue exclusion test.9 However, an
increased number of apoptotic cells in a non-invasive MCF-7
breast cancer cell line was observed by flow cytometry, whereas
invasive MDA-MB-231 cells were not responsive to folic acid as
a pro-apoptotic agent.9

Like humans, C. elegans cannot synthesize folate and thus
obtains this micronutrient from its diet.22 Thus, live E. coli
provides to the nematodes the needed vital micronutrients.
There are reports that both limited (insufficient) and excess
folate might reduce lifespan.22 Interestingly, Virk et al. (2012)
earlier observed that excessive synthesis of folate in E. coli
limits lifespan in C. elegans.58 In accordance to literature and
the high ROS production induced by 5-MTHF observed here, a
shortened lifespan would be expected. However, our results
demonstrated that none of the tested concentrations of
5-MTHF affected the life span of C. elegans. A possible expla-
nation to absence of alteration in C. elegans lifespan is that
low-level stressors often enhance oxidative stress resistance
and increase longevity through a process termed stress-
induced hormesis.19

In agreement, a recent work examining the effect of folic
acid supplementation on the life span of C. elegans showed
that oxidative stress resistance and longevity increased at lower
concentrations of folic acid, causing a delay in aging.59 Rathor
et al. (2015) showed that pretreatment with 25 μM folic acid
increased survival rate and reduced ROS levels after oxidative
stress induced by juglone, an oxidant agent.59 Moreover, it is
suggested that folic acid inhibits a mechanistic target of rapa-
mycin (mTOR) and insulin/insulin growth factor 1 (IGF-1),
signaling pathways to control both oxidative stress levels and
life span, as well as enhancing the expression levels of stress-
and life span-relevant gerontogenes and oxidative enzymes.59

By the way, that quoted study is the most similar available
in the literature to date focusing on direct effects of folate in
C. elegans, although the influence of other micronutrients has
already been described in this model.60,61 Differing from our
study, those authors used folic acid to perform the treat-
ments,59 whereas here we used 5-MTHF, the actual folate
active form.

Regarding a longevity assessment, three different concen-
trations of folic acid (10, 25, and 50 μM) were placed uniformly
over the E. coli OP50 food on NGM plates and then the life
span experiment was performed.59 The lower doses (10 and
25 μM) of folic acid significantly increased the life span of
C. elegans compared to the control, even after eliminating
possible interference of E. coli in assays with heat-killed bac-
teria.59 On the other hand, exposure to higher concentrations
of folic acid (250 μM, 500 μM, and 1 mM) drastically reduced
the life span of C. elegans.59 However, it is not possible to
compare these findings with the present study because the
exact amount of 5-MTHF which was made available from these
folic acid doses is not known. Accordingly, the higher doses
tested by Rathor et al. (2015)59 may correspond to a 5-MTHF
concentration far above our highest dose of 8000 μg L−1 (about
16 μM), which may explain our divergent outcomes.

As for limitations of the present study, the relatively small
sample size of subjects, low specificity of the comet assay to
detect DNA oxidative damage, and complexity of the aging
process, which is a multifactorial process and takes place in
combination with many other factors, may be highlighted. In
this line, it is important in future studies to use more specific
markers, such as the urinary excretion of 8-hydroxy-2-deoxy-
guanosine (8-OHdG), which is one of the predominant free
radical-induced oxidative lesions in DNA.62 Another way would
be to use our own comet assay in the presence of enzymes
endonuclease (Endo III) and formamidopyrimidine-DNA glyco-
sylase (FPG) that recognize oxidized pyrimidines or purines,
respectively, converting them to strand breaks.63 On the other
hand, the assessment of DNA damage in C. elegans after
5-MTHF supplementation would be helpful for understanding
the mechanisms involved in this process.

Conclusions

In conclusion, the present findings suggest that 5-MTHF
might be involved in DNA damage observed during aging,
resulting from oxidative stress. Moreover, this is the first study
that assessed the direct effects of 5-MTHF treatment on ROS
production in C. elegans, an alternative in vivo model, and pro-
posed a dual profile to this vitamin acting either as antioxidant
or pro-oxidant, depending on the concentration. Thus, the
results contributed to gaining insights into the physiological
effects of this micronutrient, which is the active form of folate.
Further studies with 5-MTHF might lead to improving an
understanding in relation to the optimal concentration of
folate required throughout life to prevent adverse effects, e.g.
DNA damage.
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