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The mitochondrial DNA (mtDNA) 4977-bp deletion is a
biomarker of mitochondrial genomic instability. It is fre-
quently detected in a number of sporadic diseases, and it
accumulates in many tissues during aging. Folic acid plays
an important role in the maintenance of genomic stability in
mammals. The aim of the present cross-sectional study was
to characterise the levels of the mtDNA deletion in the lym-
phocytes of healthy young women, taking into account folate
intake, red blood cell (RBC) folate levels and the distribu-
tion of the methylenetetrahydrofolate reductase (MTHFR)
gene C677T polymorphism. Folate intake was estimated by a
food frequency questionnaire. Determination of the MVTHFR
C677T polymorphism and of the mtDNA deletion was per-
formed by real-time polymerase chain reaction analysis.
A total of 476 women were enrolled. Low levels of deletion
were found (mean ACt = 1.24). After multivariate analysis,
results did not show any significant relationship between age,
smoking habits, pregnancy status, nutritional status, inade-
quate folate intake, folate deficiency, use of folic acid supple-
ments, M THFR C677T polymorphism and mtDNA 4977-bp
deletions. The lack of association between inadequate folate
intake, folate deficiency and mitochondrial genomic instabil-
ity was confirmed also considering reference values of folate
based on DNA damage prevention. Our results indicate that
mtDNA 4977-bp deletions are maintained at low levels in
lymphocytes of young healthy women despite the wide range
of variation of folate intakes and folate status. Future stud-
ies, carefully designed to address limits and methodological
issues related to variation of this biomarker as an effect of
different dietary patterns and of folate status, could provide
further insight on the specific mechanisms that are acting in
lymphocytes of healthy subjects under observed folate intake.

Introduction

Biomarkers that are influenced by nutritional factors offer a
potentially important contribution to public health programs
because of not only their direct relevance to explaining the
effects of diet on the risk of disease but also their potential role
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in monitoring the effectiveness of preventive programs (1).
Biomarkers of early events should be related to, and ideally
critical for, the development of the adverse effect that is the
basis for the risk assessment (2,3).

Mitochondrial DNA (mtDNA) is more susceptible to oxi-
dative damage than nuclear DNA since it is not protected by
histones and it reveals limited capacity for DNA repair (4).
Alterations in mtDNA both qualitatively (mutations) and quan-
titatively (mtDNA copy number) have been associated with
many human diseases including neurodegenerative diseases,
metabolic diseases and various types of cancer (5,6). Among
several mutations that have been reported to be associated with
various diseases, a 4977-bp deletion, occurring between two
13-bp direct repeats at positions 13447—-13459 and 8470-8482,
has attracted great interests since it has also been shown to
accumulate in many tissues during aging and it has been used
as a mtDNA damage biomarker (5,7). The mtDNA 4977-bp
deletion has been detected in fast replicating cells such as blood
leukocytes (8,9), but little is known about the relationship
between this mutation and folate status (10). Folic acid plays
an important role in the maintenance of genomic stability in
mammals that are unable to synthesise folic acid de novo; thus,
serum levels of this micronutrient are mainly modulated by die-
tary habits and in addition by the presence of polymorphisms
of genes implicated in relevant biochemical pathways. Among
these, an important role is played by methylenetetrahydrofolate
reductase (MTHFR) C677T polymorphism that modify cancer
risk differently depending on folate status (11-18). However, a
previous study indicates that folic acid deficiency induces to a
comparable extent chromosome loss and breakage irrespective
of the MTHFR genotype (19).

In an experimental study in rodents, a folate-dependent accu-
mulation of mtDNA deletions in lymphocytes has been reported
after folate deprivation, suggesting that accumulated lympho-
cytic mtDNA deletions may serve as a molecular biomarker
responding to dietary folate deprivation (10). Furthermore, in
a case—control study, an increased frequency of lymphocytic
mtDNA 4977-bp deletion has been associated with human
hepatocellular carcinoma risk; moreover, in the same study, a
high frequency of lymphocytic mtDNA 4977-bp deletion was
associated with low levels of lymphocytic folate (11).

As suggested from experimental studies in rodents (10),
we hypothesised that folate intake and folate status may have
an impact on lymphocytic mtDNA 4977-bp deletion levels in
healthy humans and thus on mitochondrial genomic instabil-
ity. Besides, MTHFR genotype should be taken into account in
order to study the relationship between folate status and lym-
phocytic mtDNA 4977-bp deletion.

Our cross-sectional study was designed in order to evalu-
ate the suitability of the mtDNA 4977-bp deletion as an effect
biomarker to measure the potentially modifiable biological
events that take place under usual folate intake, in real-life
dietary habits. Therefore, we characterised the levels and the
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range of variation of the lymphocytic mtDNA 4977-bp dele-
tion in healthy young women, taking into account folate intake,
red blood cell (RBC) folate level and the distribution of the
MTHFR C677T polymorphism.

Materials and methods

Study subjects

During a 12-month period, a total of 476 healthy women of childbearing age,
referred to the Laboratory of the S. Bambino Hospital, Catania, Italy, an obstet-
ric centre for preconceptional, prenatal and post-partum care, were enrolled in
the study. All women gave their informed consent to participate in the study. The
study protocol was approved by the ethics committee of the involved hospital.
The study design was described in greater detail elsewhere (20). Briefly, demo-
graphic, obstetrical history, anthropometric and lifestyle (including smoking)
data were collected by trained epidemiologists. Anthropometric measurements,
such as weight and height, were taken using standard measurement equipment.
From these, body mass index (BMI) was calculated for each subject, based
on criteria from the World Health Organization (21). Pre-pregnancy BMI was
based on self-reported pre-pregnancy weight.

Intake of folic acid supplements was derived from specific questions
addressing the use of dietary supplements during the periconceptional period
and pregnancy. Furthermore, natural folate from foods, i.e. folate intake, during
the previous month, was estimated by a previously validated semi-quantitative
food frequency questionnaire (FFQ) (20). Prevalence of inadequate folate
intake was determined by comparing folate intake with the estimated average
dietary requirements (22).

RBC folate levels and MTHFR C677T genotyping determinations

Peripheral blood samples were taken from each woman, after a 12-h fasting
period, and collected in EDTA containing tubes and stored at —80°C until
analysis. RBC folate levels were measured in the whole blood samples with
commercially available kit (Elecsys Folate III Test System, Roche Diagnostics,
Indianapolis, IN, USA) according to the manufacturer’s recommendations
(23). Folate deficiency was defined as RBC folate <305 nmol/l (22).

Genomic DNA was extracted from whole blood using the Illustra blood
genomicPrep Mini Spin Kit (GE Healthcare) according to the manufacturer’s
protocol and stored at —20°C. Determination of MTHFR C677T polymorphism
was performed as previously described (20) using TagMan allelic discrimina-
tion assay, with the Applied Biosystems 7900HT Fast Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA).

Real-time polymerase chain reaction analysis of mtDNA deletions

mtDNA 4977-bp deletion was determined, by coamplifying the mt ND1 gene
with a rarely deleted region and the mt ND4 gene, which is commonly absent
in the majority of patients with large deletions, according to the method of He
et al. (24) by real-time polymerase chain reaction (PCR) analysis. The PCR
primers and the fluorogenic probe for the ND1 region and for the ND4 region
were described elsewhere (11). PCR amplification was carried out in a 50 pl
reaction volume consisting of TagMan Universal Master Mix, 200 nmol/l of
deletion ND4 primer, 100 nmol/l of each ND1 primer, 100 nmol/l of each
mtDNA deletion probe and the ND1 probe primer. The cycling conditions
included an initial phase of 2min at 50°C and 10min at 95°C, followed by
40 cycles of 15 s at 95°C and 0.5min at 72°C. The fluorescence spectra were
monitored using the Applied Biosystems 7900HT Fast Real-Time PCR System
(Applied Biosystems). The cycle at which a statistically significant increase
in normalised fluorescence was first detected was designated as the threshold
cycle number (Ct). The Ct values were used to quantify the relative amount of
ND4 to ND1 with the equation R = 272, where ACt = mtCtND4 — mtCtND1.
A smaller value of ACt indicates fewer mtDNA deletions. Furthermore, to
quantify the fold change reduction of ND4, the negative inverse of R was com-
puted (25).

Statistical analyses

Statistical analyses were performed using the software SPSS, version 14.0
(SPSS, Chicago, IL, USA). Differences between continuous variables were
tested using Student’s 7-test. Correlation between lymphocytic mtDNA dele-
tions and folate intake and RBC folate level were evaluated using Spearman’s
correlation coefficient.

Associations of all variables with the lymphocytic mtDNA deletions
and with the fold change reduction of ND4 were assessed using the 7 test.
Quantitative data (ACt values and fold change reduction of ND4) were con-
verted in qualitative data using the median values as the cut-off point. To
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measure the association level, the crude odds ratio (OR) and the corresponding
95% confidence interval (95% CI) were calculated. Multivariate logistic regres-
sion analysis (backward stepwise—likelihood ratio method) was used to adjust
for possible confounding effects and to obtain the adjusted OR with the respec-
tive 95% CI. A P value <0.05 was considered statistically significant.

Results

Population characteristics

During the study period, a total of 476 women of childbearing
age were enrolled of which 49.4% (n = 235) were pregnant.
All women accepted, after giving their informed consent, to
donate blood for the present research study. The mean age was
28.4 years (median 27 years, interquartile range: 23-33 years;
range: 14-49 years). A total of 42.1% of enrolled women
(n=199) were smokers. Regarding BMI, only 8.8% of women
were underweight (n = 42), 56.1% were of normal weight
(n=267) and 35.1% were overweight or obese (n = 167).

Mean folate intake, assessed by the FFQ, thus considering
the total folate intake from food excluding folic acid supple-
ments, was 242.9 pg/day (median 219.0 pg/day; range: 47.4—
972.8 pg/day). Particularly, mean folate intake was 264.0 ng/
day (median 239.4 pg/day; range: 49.4-972.8 ng/day) in preg-
nant women and 222.4 pg/day (median 204.9 ng/day; range:
47.4-773.0 pg/day) in non-pregnant women (P = 0.001). Mean
folate intake did not vary significantly by age (253.0 pg/day
in women younger than 27 years, i.e. the median age, and
232.6 pg/day in older women; P = 0.093).

A total of 45.6% (n =217) of enrolled women reported intake
of folic acid supplements or of multi-mineral/multivitamin sup-
plements containing folic acid. Thus, taking into account the
intake of folic acid supplements, the prevalence of inadequate
folate intake was 45.4% (n = 216) for the overall sample of
women, 13.2% (n = 31) in pregnant and 76.8% (n = 185) in
non-pregnant women (P = 0.001).

Mean RBC folate level was 322.3 nmol/l (median
291.2 nmol/l; range: 111.9-622.2 nmol/l). Particularly, mean
RBC folate level was 372.8 nmol/l (median 364.6 nmol/l;
range: 111.9-622.2 nmol/l) in pregnant women and
273.6 nmol/l (median 255.4 nmol/l; range: 114.4—
542.5 nmol/l) in non-pregnant women (P < 0.001). Besides,
the mean RBC folate level was 303.9 nmol/l in women
younger than 27 years (i.e. the median age) and 338.6 nmol/l
in older women (P = 0.023). Considering all women, the
prevalence of folate deficiency was 52.4%, RBC folate level
<305 nmol/l: 33.6% in pregnant women and 70.5% in non-
pregnant women, P < 0.001.

The relative frequency of the T mutated allele of the MTHFR
C677T polymorphisms was 43.8%. Overall, 20.5% of the sub-
jects were homozygous for the 677TT mutated genotype and
46.6% were heterozygous.

mtDNA 4977-bp deletions in the study subjects

Mean level of lymphocytic mtDNA 4977-bp deletions of the
women in study was ACt = 1.24 (median 1.09; range: 0.12—
2.85). Mean R value was 0.45 (median 0.47; range: 0.14-0.92).
Furthermore, the mean fold change reduction of ND4 was
—2.55 (median —2.13; range: —7.19 to —1.08).

Mean levels of lymphocytic mtDNA 4977-bp deletions did
not differ significantly by age (quartiles distribution and median
value as cut-off), smoking habits, pregnancy status, inadequate
folate intake, folate deficiency, use of folic acid supplements
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and homozygous 677TT mutated genotype. However, mean
levels of lymphocytic mtDNA 4977-bp deletions were signifi-
cantly higher in underweight and normal weight than in over-
weight and obese women considering both ACt value (Table I)
and fold change reduction of ND4 (data not shown).

Correlation between lymphocytic mtDNA 4977-bp dele-
tions and folate levels, as folate intake estimated by FFQ and
RBC folate level, was assayed. A significant, albeit weak, cor-
relation between folate intake and lymphocytic mtDNA 4977-
bp deletions (ACt value) was showed (r = 0.133, P = 0.004).
Furthermore, lymphocytic mtDNA 4977-bp deletions (ACt
value) were not significantly correlated with RBC folate levels
(r=-0.063, P =0.316).

Univariate analysis was used to assess the association
between lymphocytic mtDNA 4977-bp deletions (using the
median value of ACt as cut-off) and age (using the median
value as cut-off), smoking habits, pregnancy status, nutritional
status, inadequate folate intake, folate deficiency, use of folic
acid supplements and homozygous 677TT mutated genotype.
After multivariate logistic regression analysis, results did not
show any significant relationship between the above listed fac-
tors and lymphocytic mtDNA 4977-bp deletions (Table II). The
same results were obtained using, as cut-off, the median value
of fold change reduction of ND4 (data not shown).

Discussion

Folate is necessary to nucleotide synthesis and DNA methylation
and plays an essential role in women’s and children’s health
(12—-14). Besides, there is a growing body of epidemiologic
evidence that suggests folate deficiency contributes to cancer
risk (15-18). Those relationships are modified by the MTHFR
gene C677T polymorphisms (16-18).

In order to obtain new insights regarding the association
between folate intake, RBC folate level and any variation of the
levels of the mtDNA 4977-bp deletion, we studied a cohort of

mtDNA 4977-bp deletion in healthy women

healthy women of childbearing age showing a high prevalence
of inadequate folate intake and of folate deficiency. Notably,
our study was conducted in a country, Italy, where no folic acid
fortification has been introduced, but only supplementation
in the periconceptional period is recommended. It is always
assumed that pregnant women consume and/or take more folate
either through the choices of foods containing folate or as sup-
plements. In fact, in our study, pregnant women have a sig-
nificantly higher mean folate intake and mean RBC folate level
than non-pregnant women.

Somatic mtDNA deletions obtained from samples of venous
blood cells may serve as useful biomarkers for the early detec-
tion of global genomic instability and cancer risk, as it has been
suggested elsewhere (11). We hypothesised that nutritional fac-
tors and specifically folate intake and folate status may have
an impact on lymphocytic mtDNA 4977-bp deletion levels in
humans, particularly in young healthy women, and thus on
mitochondrial genomic instability, as suggested from experi-
mental studies in rodents (10).

In our observational study, no association between character-
istics of women and the mtDNA 4977-bp deletion levels, as bio-
marker selected to measure mitochondrial genomic instability,
was found. Additionally, no correlation was found when folate
intake and RBC folate levels were explored. Furthermore, our
data report lower mean levels of the mtDNA 4977-bp deletion
(mean ACt = 1.24) in lymphocytes of young healthy women
when compared with data from the literature, and particu-
larly with those obtained—with the same methodology—in a
healthy group of older males and females (mean ACt = 3.5, in
the control group) (11). Younger age and gender may explain,
at least in part, such observed differences. However, the find-
ings regarding an age-dependent increase of mtDNA 4977-bp
deletion are still controversial. Very low mtDNA 4977-bp dele-
tion levels were previously reported in peripheral blood lym-
phocytes of young and elderly subjects and no accumulation
of the 4977-bp deletion with increasing age was shown (7,8).

Table I. Mean levels (mean ACt) of the mtDNA 4977-bp deletion in the study population by age, nutritional and lifestyle factors and MTHFR C677T

polymorphism

Variables Number of women Mean ACt (+SD) P value
Age first quartile (14-23 years) 124 1.24+0.51 0.67
Age second quartile (24-28 years) 125 1.28+0.54

Age third quartile (29-34 years) 111 1.20+0.51

Age fourth quartile (3549 years) 105 1.23+0.52

Age <27 years (median value) 233 1.28+0.54 0.09
Age > 27 years 232 1.20+0.51

Smokers 196 1.21+£0.50 0.29
Non-smokers 266 1.26+0.54

Inadequate folate intake® 213 1.21+0.49 0.20
Adequate folate intake 252 1.27+0.55

Folate deficiency® 243 1.04+0.26 0.22
No folate deficiency 222 0.99+0.26

Pregnant 229 1.24+0.52 0.96
Non-pregnant 236 1.24+0.53

Underweight and normal weight 301 1.29+0.55 <0.01
Overweight and obese 164 1.14£0.44

Supplement users 212 1.24+0.53 0.97
Supplement non-users 253 1.24+0.51

Homozygous 677TT mutated genotype 95 1.00+0.24 0.19
Other genotypes* 370 1.05+0.26

“Prevalence of inadequate folate intake was determined by comparing folate intake with the estimated average dietary requirements: 520 pg/day for pregnant and

320 pg/day for non-pregnant women (22).

"Folate deficiency was defined as RBC folate <305 nmol/l (22).
‘Based on criteria from the World Health Organization (21).
YMTHFR 677CC and MTHFR 677CT.
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Table II. Multivariate analysis for mtDNA 4977-bp deletion levels (ACt)

Population characteristics and variables

ACt below the median value® (N°)

ACt above the median value® (N°) Multivariate analysis

P OR (95% CI)*
Age (below the median value: 27 years) 46.8% (109) 53.4% (124) 0.77 1.09 (0.62-1.89)
Smokers 46.1% (107) 38.7% (89) 0.92 0.97 (0.57-1.65)
Pregnant 48.9% (114) 49.6% (115) 0.25 1.68 (0.70-4.03)
Overweight and obese 38.6% (90) 31.9% (74) 0.32 0.75 (0.43-1.32)
Inadequate folate intake 46.8% (109) 44.8% (104) 0.55 1.52 (0.39-6.00)
Folate deficiency 52.1% (155) 52.7% (88) 0.18 1.52 (0.83-2.80)
Supplement non-users 55.8% (130) 53.0% (123) 0.33 0.46 (0.10-2.18)
Homozygous 677TT mutated genotype 22.4% (59) 18.0% (36) 0.43 1.27 (0.71-2.27)

*ACt median value was 1.09.
"Number of women.
°OR for ACt above the median value.

A recent study has shown that the proportion of mtDNA 4977-
bp deletion carriers was similar in elderly and in centenarians
individuals, but the individual mutational load was on average
much lower in the centenarians than in the elderly, probably
reflecting a healthier lifestyle that can be attributed to their very
advanced ages, that may result in a lower reactive oxygen spe-
cies production and thus less overall DNA damage (healthy
survivor effect) (9).

Moreover, the low level of mtDNA deletion observed in our
study may be due in part to the high turnover of blood cells,
which may inhibit the accumulation of genetically abnormal
mtDNA (8,26), leading to a dilution effect, due to rapid cyto-
plasmic division, and a selective effect, by which cells harbour-
ing mtDNA with large-scale deletion are eliminated during
growth (27). In addition, a decreased proportion of mtDNA
4977-bp deletion in tumour tissues as compared with corre-
sponding non-tumorous tissues has been observed in differ-
ent cancers (27,28) and a recent meta-analysis confirmed that
an higher frequency of common deletion is detected in cancer
patients—cancerous tissues and adjacent non-cancerous tis-
sues—compared with tissues from the healthy controls (6).

In the present study, 35.1% of women were overweight or
obese, confirming the recently reported prevalence among
women representative of the Italian adult population (33.8%)
(29). Although obesity has been associated with mitochondrial
dysfunction in adipose tissue (30), nutritional status was not an
independent factor associated with mtDNA deletion levels in
our regression analysis.

Numerous exogenous factors including lifestyle habits and
in particular tobacco smoke are known to result in an increase
in mtDNA deletion in different tissues (31). In our study, preg-
nant versus non-pregnant status, obese versus non-obese (either
overweight, normal weight or under weight), smokers versus
non-smokers and MTHFR 677TT mutated genotype versus
MTHFR 677CT/CC genotypes, also when present in several
combinations in one individual, might have resulted in an effect
on mtDNA deletion levels. After multivariate logistic regres-
sion analysis in order to take all the above-mentioned variables
into account, no statistically significant influence of any of
them on the mtDNA deletion was observed, possibly due to
the vast renewal capacity of blood cells and the capability of
mtDNA for quick restoration (9).

Very little is known about mtDNA deletions in lympho-
cytes associated with nutritional factors such as folate espe-
cially in healthy individuals. Results from the study of Chou
and Huang (10) in lymphocytes of rodents after dietary folate
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deprivation suggest that accumulated lymphocytic mtDNA
deletions may serve as a biomarker of mitochondrial genomic
instability responding to dietary folate deprivation as well as
depleted cellular folate storage. On the contrary, in our study,
no effect of folate deficiency on mitochondrial genomic sta-
bility was found. As previously suggested, mtDNA deletion
levels in lymphocytes could represent a snapshot of the muta-
tional events that happened in a relatively short period of time
before blood sample collection, and inadequate folate intake
and folate deficiency represent risk factors that lead to fast but
transient short-term changes in leukocyte mtDNA deletion
accumulation (9). Furthermore, if a long exposure to folate
deprivation is necessary to genomic instability, young age of
our population (median age 27 years) may have played a role.
In addition, dose of folate intake and blood levels of folate are
important issues to be considered. An effect of folate depriva-
tion on genomic instability (i.e. micronuclei frequency) has
been clearly demonstrated only in subjects with very low folate
intake (£206.64 png/day) (32). Blood levels of folate required to
prevent anaemia (22) are accurately defined; nevertheless, it is
becoming evident that such accepted levels may be much lower
than the averaged concentration levels at which DNA damage
is minimised (33). Thus, there is an increasing need to estab-
lish requirements for preventing damage to both nuclear and
mtDNA (34). Lack of association found in the present study
was obtained defining inadequate folate intake considering esti-
mated average dietary requirements (520 pg/day for pregnant
and 320 pg/day for non-pregnant women) and folate deficiency
as RBC folate <305 nmol/l (22). Although it has been reported,
from intervention studies in humans, that different biomarkers
of DNA damage are minimised when RBC folate concentration
is >700 nmol/l (concentration achievable at intake levels more
than 400 pg/day folic acid per day) (34), in our study, after
multivariate logistic regression analysis, negative results were
obtained also considering the last proposed cut-off values (data
not shown).

The issue of statistical power is critical in negative stud-
ies. Given the lack of reference data regarding the association
between folate deficiency and mitochondrial genomic insta-
bility in human, we could not assess the statistical power.
Our study was clearly underpowered to detect as statistically
significant the small effect of folate deficiency suggested by
our data (OR 1.52; Table II), and larger follow-up studies are
needed to better assess the role of chance. However, our results
provide an upper estimate of the effect—if any—of folate defi-
ciency on mitochondrial instability. Furthermore, other factors
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should be discussed to explain our results. Although different
characteristics have been included in the regression model to
control and adjust simultaneously for various confounders,
other possible uncontrolled factors should be considered,
such as preconceptional, peri- or post-partum or infertile sta-
tus. Furthermore, the mean folate intake was not weighted
by season of the FFQ collection in order to control for dif-
ference across seasons, even though a recent large study (35)
reports no systematic variations for folate intake according
to the season of dietary intake collection also in our country.
Besides, although the FFQ administered have been previously
validated (20), generally dietary questionnaire data may suf-
fer from inaccuracies of volunteer recall. Additionally, stud-
ies are difficult to compare since they differ considerably in
terms of the sensitivity of the methodologies applied and the
demographic characteristics of the participants, highlighting
the need to promote a ‘gold standard method’ to investigate
the role of the mtDNA 4977-bp deletion in different obser-
vational contexts.

Our results indicate that mtDNA 4977-bp deletions are
maintained at low levels in lymphocytes of young healthy
women despite the wide range of variation of folate intakes and
folate status. We cannot exclude the absence of mtDNA dam-
age in other tissues. To our knowledge, this is the first study
conducted in order to explore the association between folate
deficiency and mitochondrial genomic instability in young
healthy women. Future studies, carefully designed to address
limits and methodological issues related to variation of this bio-
marker as an effect of different dietary patterns and of folate
status, could provide further insight on the specific mechanisms
that are acting in lymphocytes of healthy subjects under usual
folate intake.

Funding

This work was supported in part by grants from the University
of Catania (Progetti di Ricerca di Ateneo to A.A.).

Conflict of interest statement: None declared.

References

1. Boffetta, P. (2010) Biomarkers in cancer epidemiology: an integrative
approach. Carcinogenesis, 31, 121-126.

2. Renwick, A. G. and Walton, K. (2001) The use of surrogate endpoints to
assess potential toxicity in humans. Toxicol. Lett., 120, 97-110.

3. Renwick, A. G., Barlow, S. M., Hertz-Picciotto, 1., er al. (2003) Risk
characterisation of chemicals in food and diet. Food Chem. Toxicol., 41,
1211-1271.

4. Yakes, F. M. and Van Houten, B. (1997) Mitochondrial DNA dam-
age is more extensive and persists longer than nuclear DNA damage in
human cells following oxidative stress. Proc. Natl Acad. Sci. U. S. A., 94,
514-519.

5. Chen, T, He, J., Shen, L., et al. (2011) The mitochondrial DNA 4,977-bp
deletion and its implication in copy number alteration in colorectal cancer.
BMC Med. Genet., 12, 8.

6. Nie, H., Shu, H., Vartak, R., er al. (2013) Mitochondrial common dele-
tion, a potential biomarker for cancer occurrence, is selected against in
cancer background: a meta-analysis of 38 studies. PLoS One, 8, ¢67953.
doi:10.1371/journal.pone.0067953.

7. Meissner, C., Bruse, P.,, Mohamed, S. A., Schulz, A., Warnk, H., Storm, T.
and Oehmichen, M. (2008) The 4977bp deletion of mitochondrial DNA
in human skeletal muscle, heart and different areas of the brain: a useful
biomarker or more? Exp. Gerontol., 43, 645-652.

8. Ross, O. A., Hyland, P., Curran, M. D, et al. (2002) Mitochondrial DNA
damage in lymphocytes: a role in immunosenescence? Exp. Gerontol., 37,
329-340.

10.

11.

19.

20.

2

—_

22.

23.

24.

25.

26.

217.

28.

29.

30.

3

—

mtDNA 4977-bp deletion in healthy women

. von Wurmb-Schwark, N., Schwark, T., Caliebe, A., Drenske, C., Nikolaus,

S., Schreiber, S. and Nebel, A. (2010) Low level of the mtDNA(4977) dele-
tion in blood of exceptionally old individuals. Mech. Ageing Dev., 131,
179-184.

Chou, Y. F. and Huang, R. F. S. (2009) Mitochondrial DNA deletions of
blood lymphocytes as genetic markers of low folate-related mitochondrial
genotoxicity in peripheral tissues. Eur. J. Nutr., 48, 429-436.

Wu, M. Y., Kuo, C. S., Lin, C. Y., Lu, C. L. and Huang, R. E. S. (2009)
Lymphocytic mitochondrial DNA deletions, biochemical folate status and
hepatocellular carcinoma susceptibility in a case—control study. Br. J. Nutr.,
102, 715-721.

. Anonymous (1991) Prevention of neural tube defects: results of the Medical

Research Council Vitamin Study. Medical Research Council Vitamin Study
Research Group. Lancet, 338, 131-137.

. Tamura, T. and Picciano, M. F. (2006) Folate and human reproduction. Am.

J. Clin. Nutr., 83, 993-1016.

. Fekete, K., Berti, C., Cetin, 1., Hermoso, M., Koletzko, B. V. and Decsi,

T. (2010) Perinatal folate supply: relevance in health outcome parameters.
Matern. Child Nutr., 6, 23-38.

. Flatley, J. E., McNeir, K., Balasubramani, L., Tidy, J., Stuart, E. L., Young,

T. A. and Powers, H. J. (2009) Folate status and aberrant DNA methyla-
tion are associated with HPV infection and cervical pathogenesis. Cancer
Epidemiol. Biomarkers Prev., 18, 2782-2789.

. Kim, Y. I. (2007) Folate and colorectal cancer: an evidence-based critical

review. Mol. Nutr. Food Res., 51, 267-292.

. Piyathilake, C. J., Macaluso, M., Alvarez, R. D., Bell, W. C.,

Heimburger, D. C. and Partridge, E. E. (2009) Lower risk of cervical
intraepithelial neoplasia in women with high plasma folate and suffi-
cient vitamin B12 in the post-folic acid fortification era. Cancer Prev.
Res., 2, 658-664.

. Agodi, A., Barchitta, M., Cipresso, R., Marzagalli, R., La Rosa, N., Caruso,

M., Castiglione, M. G. and Travali, S. (2010) Distribution of p53, GST,
and MTHFR polymorphisms and risk of cervical intraepithelial lesions in
Sicily. Int. J. Gynecol. Cancer, 20, 141-146.

Leopardi, P., Marcon, F., Caiola, S., Cafolla, A., Siniscalchi, E., Zijno,
A. and Crebelli, R. (2006) Effects of folic acid deficiency and MTHFR
C677T polymorphism on spontaneous and radiation-induced micronuclei
in human lymphocytes. Mutagenesis, 21, 327-333.

Agodi, A., Barchitta, M., Valenti, G., Marzagalli, R., Frontini, V. and
Marchese, A. E. (2011) Increase in the prevalence of the MTHFR 677 TT
polymorphism in women born since 1959: potential implications for folate
requirements. Eur. J. Clin. Nutr., 65, 1302—1308.

. World Health Organization (1995) Physical status: the use and interpreta-

tion of anthropometry. Report of a WHO Expert Committee. World Health
Organ. Tech. Rep. Ser., 854, 1-452.

Food and Nutrition Board (2001) Institute of Medicine Dietary Reference
Intakes. National Academy Press, Washington, DC.

Agodi, A., Barchitta, M., Valenti, G., Quattrocchi, A., Marchese, A.
E., Oliveri Conti, G., Fallico, R., Sciacca, S. and Ferrante, M. (2013)
Dietary folate intake and blood biomarkers reveal high-risk groups in a
Mediterranean population of healthy women of childbearing potential. Ann.
Nutr. Metab., 63, 179-185.

He, L., Chinnery, R. F., Durham, S. E., Blakely, E. L., Wardell, T. M.,
Borthwick, G. M., Taylor, R. W. and Turnbull, D. M. (2002) Detection and
quantification of mitochondrial DNA deletions in individual cells by real-
time PCR. Nucleic Acids Res., 30, 68-74.

Schmittgen, T. D. and Livak, K. J. (2008) Analyzing real-time PCR data by
the comparative C(T) method. Nat. Protoc., 3, 1101-1108.

Mohamed, S. A., Wesch, D., Blumenthal, A., Bruse, P., Windler, K., Ernst,
M., Kabelitz, D., Oehmichen, M. and Meissner, C. (2004) Detection of
the 4977 bp deletion of mitochondrial DNA in different human blood cells.
Exp. Gerontol., 39, 181-188.

Ye, C., Shu, X. O., Wen, W, Pierce, L., Courtney, R., Gao, Y. T., Zheng,
W. and Cai, Q. (2008) Quantitative analysis of mitochondrial DNA 4977-
bp deletion in sporadic breast cancer and benign breast diseases. Breast
Cancer Res. Treat., 108, 427-434.

Pavicic, W. H. and Richard, S. M. (2009) Correlation analysis between
mtDNA 4977-bp deletion and ageing. Mutat. Res., 670, 99-102.

Gallus, S., Odone, A., Lugo, A., Bosetti, C., Colombo, P., Zuccaro, P. and
La Vecchia, C. (2013) Overweight and obesity prevalence and determinants
in Italy: an update to 2010. Eur. J. Nutr., 52, 677-685.

Vernochet, C., Mourier, A., Bezy, O., et al. (2012) Adipose-specific dele-
tion of TFAM increases mitochondrial oxidation and protects mice against
obesity and insulin resistance. Cell Metab., 16, 765-776.

. Fahn, H. J., Wang, L. S., Kao, S. H., Chang, S. C., Huang, M. H. and Wei,

Y. H. (1998) Smoking-associated mitochondrial DNA mutations and lipid

Page 5 of 6

¥T0zZ ‘ST Afenuer uo 1s89nb Aq /610'sfeulno[pioxo-afeinwy/:diy woly papeojumod


http://mutage.oxfordjournals.org/
http://mutage.oxfordjournals.org/

A.Agodi et al.

peroxidation in human lung tissues. Am. J. Respir. Cell Mol. Biol., 19,
901-909.

32. Fenech, M., Baghurst, P., Luderer, W., Turner, J., Record, S., Ceppi, M.
and Bonassi, S. (2005) Low intake of calcium, folate, nicotinic acid, vita-
min E, retinol, beta-carotene and high intake of pantothenic acid, biotin
and riboflavin are significantly associated with increased genome instabil-
ity—results from a dietary intake and micronucleus index survey in South
Australia. Carcinogenesis, 26, 991-999.

Page 6 of 6

33. Fenech, M. (2012) Folate (vitamin B9) and vitamin B12 and their function
in the maintenance of nuclear and mitochondrial genome integrity. Mutat.
Res., 733, 21-33.

34. Fenech, M. (2001) Recommended dietary allowances (RDAs) for genomic
stability. Mutat. Res., 480-481, 51-54.

35. Park, J. Y., Nicolas, G., Freisling, H., et al. (2005) Comparison of standard-
ised dietary folate intake across ten countries participating in the European
Prospective Investigation into Cancer and Nutrition. Br. J. Nutr., 108, 552-569.

¥T0zZ ‘ST Afenuer uo 1s89nb Aq /610'sfeulno[pioxo-afeinwy/:diy woly papeojumod


http://mutage.oxfordjournals.org/
http://mutage.oxfordjournals.org/

