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ABSTRACT

Introduction: Environmentally-related health and
disease are the result of the exposome, the totality of a
person’s environmental exposures, from all sources
and routes, across their lifespan. Epigenetic
phenomena, including DNA methylation, can be
potentially modified by environmental and lifestyle
factors, and result in environmental reprogramming of
the genome for exposed individuals and for future
generations of offspring.

Objective: The objective of the project is to evaluate
the risk of DNA hypomethylation due to air pollution,
Mediterranean diet adherence, folate intake, and
demographic and socioeconomic factors, in healthy
women living in the metropolitan area of Catania, Italy.
Methods and analysis: Non-pregnant healthy
women will be enrolled in a cross-sectional study.
Sociodemographic, lifestyle and dietary intake
information will be collected. LINE-1 methylation will
be measured by pyrosequencing. The participants’
home addresses will be geocoded and each woman
will be assigned to the closest monitoring station for
particulate matter (PM) exposure assessment.
Mineralogical-chemical characterisation of PM and
cellular model assays will be performed. An integrated
approach will be designed to estimate the combined
possible effect of air pollution, Mediterranean diet
adherence, folate intake and other lifestyle
characteristics on LINE-1 methylation levels.

Ethics and dissemination: The project has been
approved by the ethics committees of the involved
institution and funded by the University of Catania
(Finanziamento della Ricerca, FIR 2014). All
participants will be fully informed of the purpose and
procedures of the study, and signed written consents
will be obtained. All the data collected will be treated
confidentially and analysed in an aggregate and
anonymous way. The results will be published in peer-
reviewed journals and communicated to local public
health agencies, in order to provide essential
information for timely and effective public health action.

Strengths and limitations of this study

= The present project integrates different individual
exposures to investigate the associated epigen-
etic effects.

= The project design incorporates environmental
and nutritional exposures in order to evaluate the
associated epigenetic signatures of an indivi-
dual’s cumulative exposure.

= The relationship between dietary patterns and
DNA methylation may be confounded by genetic
factors that may result in LINE-1 hypomethyla-
tion through an interaction with folate status.

= The assessment of folate intake through a Food
Frequency Questionnaire does not preclude
measurement errors and may suffer from inac-
curacies of volunteers’ recall.

INTRODUCTION

The Mediterranean diet (MD) has been pro-
posed as a healthy diet for disease preven-
tion and health promotion.1 Moreover, the
National Institute of Environmental Health
Sciences (NIEHS) recommended that future
environmental health research, and pollutant
risk assessment approaches, incorporate nutri-
tion and dietary practices, since nutritional
factors may either increase the response to
chemicals or reduce it. This approach recog-
nises that environmentally related health and
disease are the result of the totality of a
person’s environmental exposures, from all
sources and routes, across the lifespan—the
‘exposome’. The concept highlights the
need for a more complete environmental
exposure assessment in epidemiological
studies. The exposome, therefore, comple-
ments the genome by providing a comprehen-
sive description of lifelong exposure history.”
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Epigenetics investigates heritable changes in gene
expression that occur without changes in DNA
sequence.” Epigenetic modifications encompass a range
of mechanisms including DNA methylation, histone
modifications, histone variants and chromatin remodel-
ling. The cellular epigenome is dynamic in response to
environmental signals, modifiable during normal cell
differentiation and is heritable in daughter cells.* DNA
methylation can be potentially modified by environmen-
tal and lifestyle factors, and results in environmental
reprogramming of the genome for exposed individuals
and for future generations of offspring.” Long
Interspersed Nucleotide Elements 1 (LINE-1), which are
the most common repetitive elements of interspersed
DNA repeats, and the most greatly methylated, have
been proposed as a surrogate marker for estimating
global DNA methylation level,6 even though growing evi-
dence indicates that they could have specific and distinct
cellular roles.” Although LINE-1 methylation is not uni-
versally accepted as a marker of global methylation,8 it
has been well established as having a biological role
regulated by specific mechanisms and exposures.’
Hypomethylation of repetitive elements favours their
activity as retrotransposable sequences and has been sug-
gested to have deleterious effects on cells, initially
through insertional mutations,10 and later by introdu-
cing genome instability through deletions and genomic
rearrangements.7 The analysis of global DNA methyla-
tion levels, using LINE-1 as a biomarker, is one of the
main aims of many researchers. Indeed, LINE-1 hypo-
methylation was observed in several types of cancer and
was associated with a poor prognosis.” Recently, two
meta-analyses confirmed that LINE-1 methylation levels
are significantly lower in cancer patients than in control
samples, especially in certain cancer typff:s.12 13

Folate is a critical methyl donor for several molecular
pathways and its deficiency status has been associated
with several adverse health Conditions,]4 including
cancer.”” Folic acid plays an important role in the main-
tenance of genomic stability and different biomarkers of
genomic instability have been proposed as being asso-
ciated with folate status. Among those, the mitochon-
drial DNA (mtDNA) 4977-bp deletion, detected in some
sporadic diseases and during aging, has been used as an
mtDNA damage biomarker. In an experimental study in
rodents, accumulation of mtDNA deletions in lympho-
cytes has been reported after folate deprivation.16 In
humans, an increased frequency of mtDNA 4977-bp
deletion has been associated with hepatocellular carcin-
oma risk and a high frequency of deletions was asso-
ciated with low levels of folate.!” However, a recent study
conducted in young healthy women reported that
mtDNA 4977-bp deletions are maintained at low levels
in lymphocytes despite the wide range of variation of
folate intakes and folate status.'® Conversely, low fruit
intake and folate deficiency were shown to be independ-
ent risk factors associated with low LINE-1 methylation
levels.' In  women with high grade cervical

intraepithelial neoplasia (CIN), LINE-1 hypomethylation
was shown to be influenced by methyl donor micronu-
trient intake, including folate,20 and thus a healthy diet
may reduce the risk of CIN through higher LINE-1
methylation levels.'®

Because of the role of the methylenetetrahydrofolate
reductase (MTHFR) gene in one carbon metabolism,
polymorphisms, which alter folic acid metabolism, may
affect  DNA methylation profiles.”’ ™  Accordingly,
several studies have hypothesised the relationship
between two of these polymorphisms (MTHFR C677T
and A1298C) and genomic DNA hypomethylation.** *°
However, to date, evidence is inconsistent as reported by
Wang et al® in a recent meta-analysis.

Particulate matter (PM) exposure may induce
carcinogenesis-related biological processes that may alter
gene expression via DNA methylation mechanisms as
well as in candidate proinflammatory genes.27 =
Numerous studies focused on Mediterranean sites con-
sidering the enrichment of aerosol concentrations in
urban, suburban and rural zones.? Other studies investi-
gated the variability of regional background PM levels.*
However, the peculiar geological and environmental fea-
tures make the metropolitan area of Catania particularly
interesting since the explosive activity of Mount Etna fre-
quently produces large volumes of gases and tephra.

Previous epidemiological studies conducted in women
living in the metropolitan area of Catania showed high a
prevalence of overweight/obesity and folate defi-
a low level of red blood cell folate, high
homocysteine concentrations and poor adherence to
the MD.?? ?® In addition, preliminary data suggested a
variable distribution of global DNA methylation profiles
in a cancer-free population. In particular, low consump-
tion of fruit, a main source of folate, antioxidants and
polyphenols, was associated with LINE-1 hypomethyla-
tion; thus, a dietary pattern characterised by a high fruit
intake may protect against epigenetic modifications.'?

The aim of the present project is to evaluate whether
adherence to the MD, the intake of specific nutrients
and the exposure to air pollutants are associated with
LINE-1 methylation levels in healthy women in Catania,
Italy. Specific objectives are: (1) to evaluate the associ-
ation between diet—in terms of adherence to MD and
of intake of folate and other micronutrients and LINE-1
methylation levels; (2) to analyse seasonal meteoro-
logical changes and chemical and mineralogical
characteristics of PM; (3) to characterise polycyclic
aromatic hydrocarbons (PAHs) and their derivatives; (4)
to perform experiments on cellular systems exposed to
PM of different origin to study the potential pro-oxidant,
pro-inflammation, pro-fibrotic and DNA methylation
effects; (5) to classify enrolled women based on air pol-
lutant exposure data; (6) to design a model for estimat-
ing the combined effect of air pollution, MD adherence,
folate intake and other lifestyle characteristics, including
demographic and socioeconomic factors, physical acti-
vity and body mass index (BMI), on LINE methylation
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levels in healthy women living in the metropolitan area
of Catania.

METHODS AND ANALYSIS

Study design and structured questionnaire

The project entitled ‘Integrated approach of nutritional
and molecular epidemiology, mineralogical and chemical
pollutants  characterisation and in wvitro studies:
Mediterranean diet and particulate matter exposure in
women of the Catania metropolitan area’ will run for
2 years. Non-pregnant healthy women will be enrolled in
a cross-sectional study. The inclusion criteria are: (1)
females aged between 13 and 50 years; (2) being non-
pregnant; and (3) no current or previous self-reported
history of severe diseases including cancer. A structured
questionnaire has been designed in order to obtain infor-
mation on sociodemographic and lifestyle data including
smoking and physical activity. Level of education level will
be recorded, and women will be classified into two cat-
egories: low (primary school, ie, <8 years of school) and
high (high school education or greater, ie, >8 years of
school) education level. Employment status and job type
will also be recorded to take into account occupational
exposure. BMI will be calculated as weight (kg) divided
by height (m?®), based on criteria from the WHO.*

Dietary assessment

Dietary intake will be estimated by a validated semiquan-
titative Food Frequency Questionnaire (FFQ), as previ-
ously described.” For each of the food items, women
will be asked to report the frequency of consumption
and portion size, using an indicative photo atlas, to esti-
mate the amount of each food item and to minimise
inaccuracies. Adherence to the MD will be assessed using
the Mediterranean Diet Score (MDS)," and women will
be classified into three groups: MDS <25th percentile,
defined as low adherence to the MD; MDS >25th per-
centile but <90th percentile, defined as medium adher-
ence to the MD; and MDS >90th percentile, defined as
high adherence to the MD. Folate and caloric intakes
will be calculated using the USDA Nutrient Database
(http://ndb.nal.usda.gov/), adapted to the Italian food
consumption. Prevalence of folate deficiency will be esti-
mated by comparing overall folate intake with the esti-
mated average requirements (EAR),* and intake of folic
acid from supplements will be addressed.”!

Air pollution exposure assessment
The participants’ home addresses will be geocoded to
assess air pollution exposure. In particular, georeferen-
tiation using a Geographic Information System (GIS) of
the home address of each woman will be performed and
each woman will be assigned to the closest monitoring
station.

The metropolitan area of Catania shows several
weather control stations that monitor different measure-
ments, including PM10 (but not lower sized particles),

carbon monoxide, nitrogen dioxide, ozone and
benzene. Data regarding the main air pollutants, for
which routine measurements are performed by local
authorities, will be retrieved.

PM2.5 measurements will be obtained by means of the
mobile monitoring station. Accordingly, for PM2.5 quali-
tative and quantitative characterisation, different city dis-
tricts, as well as different districts within 30 km of the
city, will be included.

Thus, the place of residence will be crossed with data
on PM levels detected in different areas of the city, in
different seasons, and with data from the mineralogical
and chemical characterisation. Finally, each woman will
be classified on the basis of the different levels and types
of exposure identified.

Sample collection

A high-volume impactor ECHO HiVol (TCR Tecora,
Italy) will be used to obtain PM samples. In different sam-
pling sites, samples of PM2.5 (>2.5 pm) at 12 m®/hour
will be collected. 100 mm diameter glass fibre
(AA99-016-9951CR) and quartz fibre (AA99-016-9950CR)
filters will be used. The samplers will be set up close to
the urban area, directly exposed to the exhaust emis-
sions, and it will be located about 50 m from the road.
The sampling will go on for 24 or 48 hours, at a flow rate
of approximately 0.2 m’/min. The impactor will be
approximately calibrated every week. The total volume of
the air sampled after 24 hours will be 288 m®. The size
range is based on aerodynamic diameter. Aerodynamic
size, rather than geometric size, determines the trajectory
of a particle in a gas stream because it accounts for all
three major aerodynamic factors: size, shape and mass
density. The direct measurement of the impactors is
‘equivalent aerodynamic diameter,” defined as the size of
a spherical particle of mass density 1 g/mL which has the
same terminal settling velocity as the sampled particle. In
contrast, microscope and light scattering methods of par-
ticle sizing do not account for mass density and aero-
dynamic size.”® Aerodynamic size is the most important
parameter in particle work because it determines the
penetration of particles in the human lung, the particle
collection efficiency in pollution control equipment, and
the transport and diffusion of particles in the ambient
air.®” The filters will be weighed before and after sam-
pling, after conditioning and drying in the dark. Finally,
each filter will be covered with aluminium foil and then
refrigerated (—20°C) until use.”®

Mineralogical-chemical characterisation of PM

The mineralogical and chemical composition of
sampled PM will be performed to determine the major
sources contributing to the PM abundance.”® This issue
assumes a key role due to the particular geographical,
geological, meteorological and anthropogenic condi-
tions of Catania affecting the presence of particular
matter formed in different ways: (1) mineral dust—vol-
canic, soil and desert particles; (2) sea salt—halides and
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sulfates; (3)
particles.

The investigation strategy proposed consists of the use
of different methodologies. X-ray diffraction on filters
will obtain the bulk mineralogical composition of the
PM sampled, while micro-Raman spectroscopy will give
information on mineralogical composition of single par-
ticles. Micro-morphological and qualitative chemical
analysis will be obtained through scanning electron
microscopy/energy dispersive X-ray spectroscopy (SEM/
EDS) and transmission electron microscopy (TEM) on
fine PM particles. Qualitative chemical composition will
be carried out directly on filters by EDXRF analysis
using Bruker TRACER IV equipment.

anthropogenic particles—carbonaceous

Sample pre-treatment of PM

Some sample pre-treatments are described in the litera-
ture,”® but they can cause sample losses. A simple purifi-
cation will be used for the PM samples: the filter from
the air sampler will be cut into halves and each divided
into small pieces and put in a test tube containing
100 mL. dichloromethane (DCM). Then, it will be
placed in an ultrasonic bath (4°C) for two cycles of
22 min, and the solution will be filtered through a mem-
brane (polytetrafluoroethylene (PTFE) 0.45 um, Albet).
The sample will be reduced to a final volume of 2 mL
under low pressure. Acetonitrile/DCM (3/1, v/v) solu-
tion will be used to dissolve the residue for chromato-
graphic analyses.

HPLC measurements of PAHs in PM

Pollutant analysis will be made by HPLC (HP 1100),
equipped with an online diode array detector and a
fluorescence detector (Kontron SFM). A sample or
standard (20 pL) will be injected onto a reverse-phase
Cis column (Grace Vydac 201TP5415; 4.6 mmx150
mm). A linear gradient of water and acetonitrile (ACN;
v/v) will be used to elute the compounds at a flow rate
of 1 mL/min as follows: for 0-2 min, hold 40% ACN; for
2-40 min, a linear gradient from 40% to 100% ACN;
and for 40-47 min, hold 100% ACN. Two separate chro-
matography runs will be used to resolve the changing
excitation/emission wavelengths of the PAHs in the
fluorescence detector. The first run will be monitored at
265/389 nm from 0 to 28 min (for P, B[a]AN, CHR and
B[e]P) and 280/410 nm from 28 to 52 min (for B[ghi]
PER, B[k]FA, B[b]FA, dB[ah]AN and B[a]P). Then, the
second run will be monitored at 280/435 nm from 0 to
30 min (for FA) and 305/500 nm from 30 to 52 min
(for Ind[cd]P).%®

HPLC measurements of nitro-PAHs in PM

Analysis will be made by high performance liquid chro-
matography (HPLC) (HP 1100), equipped with an
online diode array detector, an electrochemical detector
(ESA 5100A) and a fluorescence detector (Kontron
SFM). A sample or standard (20 pL) will be injected
onto a reverse-phase Cig column (Hypersil ODS; 120 A,

5 pm; 4.6 mmx100 mm). The mobile phase will be a
solution of 0.1 M sodium chloroacetate (pH 3) with
50% ACN (v/v) at a flow rate of 1 mL/min. The electro-
chemical detector parameters will be set as follows: con-
ditioning cell—1.0V (ESA 5021), detector I—0.5YV,
detector II—0.6 V (ESA 5011), response time—O0.1s,
and gain—1x1. Two separate chromatography runs will
be used to resolve the changing excitation/emission
wavelengths of the nitro-PAHs in the fluorescence
detector. The first run will be monitored at 290/365 nm
from 0 to 15 min, 302/530 nm from 15 to 25 min, 273/
440 nm from 25 to 37 min, and 300/475 nm from 37 to
80 min. The second run will be monitored at 263/
505 nm from 0 to 15 min and 360/430 nm from 15 to
80 min. The results, reported as molar concentrations,
will be calculated after correlating the integrated trace
peaks with their respective standard curves.*

LINE-1 methylation analysis

A blood sample will be collected and a white blood cell
(WBC) count will be performed on fresh blood using
automated methods within 3 hours from the time of
blood drawing. DNA will be extracted using the Illustra
blood genomic Prep Mini Spin Kit (GE Healthcare)
according to the manufacturer’s protocol and stored at
—20°C. The LINE-1 methylation level in lymphocytes
will be measured by pyrosequencing-based methylation
analysis in three CpG sites of the LINE-1 promoter
(GeneBank accession no. x58075), after DNA bisulfite
conversion.'” The degree of LINE-1 methylation will be
reported for each locus as well as the average percentage
of methylation of the three evaluated.

Cellular models

Ab49 alveolar epithelial cells and alveolar macrophages
isolated from healthy and non-smoker subjects will be
used. The different types of PM will be treated with a
‘Gamble Solution modified’ that mimics the chemical
and physical composition of the interstitial fluid deep
regions of the lung (http://www.ivhhn.org) and tested
as follows: (1) separate exposure of macrophages and
Ab49 cells in culture at varying levels of PM for times
varying from 4 to 48 hours; (2) after exposure to PM,
the culture medium conditioned by macrophages will be
used to grow non-exposed Ab549 cells in order to study
the influence of the mediators released by macrophages;
(3) the cellular toxicity of the PM in the cells treated in
(1) will be measured by the lactate dehydrogenase
(LDH) level released from cells Ab49; (4) non-
radioactive quantification of cell proliferation and cell
viability of A549 cells exposed to PM, by means of WST-1
colorimetric assay and direct microscopic counts; (5)
evaluation of the expression of biomarkers of oxidative
stress as heme-oxygenase-1 (HO-1) and pro-fibrotic
marker as transforming growth factor B (TGF-B) on the
same cells by quantitative real-time PCR; (6) evaluation
by ELISA of the release of a biomarker of inflammation
as interleukin 8 (IL-8) in the culture medium
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conditioned; (7) assessment of LINE-1 methylation
levels by pyrosequencing.

Statistical analysis

The study is designed to look at several exposure-
outcome relationships (among all of them, the princi-
pals are: adherence to the MD and exposure to air
pollutants). Given the lack of reference data on the asso-
ciation of these multiple exposures with LINE-1 methyla-
tion status, we assessed the statistical power based on
previous results, evaluating the association between
adherence to the MD and LINE-1 hypomethylation.'?

Thus, in order to obtain at least 80% power with 95%
CI, a total of 550 women will be enrolled.

The sample size and the power analysis have been
computed using SPSS Sample Power. All collected data
will be imputed in electronic databases and analysed
using specific software (SPSS vs 22). The relationships
between LINE-1 methylation levels and exposure vari-
ables (PM exposure, MD adherence and folate intake)
will be initially assessed using the two-tailed x* test for
the statistical comparison of proportions and to estimate
the strength of associations by calculating the crude ORs
and the corresponding 95% CIs. Continuous variables
will be tested using Student’s t-test and one-way analysis
of variance (ANOVA). Correlations will be assessed by
Spearman’s rank correlations. Multivariate analyses will
be performed by fitting linear regression models
adjusted by age, smoking status, BMI, employment and
job type. In addition, the models will be adjusted for
WBC count to explain for possible differences in the
proportion of leucocyte subtypes. The adjusted ORs with
their respective 95% Cls will be reported. A value of
p<0.05 will be considered statistically significant. After
assessing the independent effects of PM exposure, MD
adherence and folate intake on LINE-1 methylation
levels, we will evaluate the combined effect of these
exposures through various types of regression models.

In particular, multivariable linear regression models
will be used to evaluate LINE-1 methylation levels in
relation to PM exposure, MD adherence and folate
intake, adjusting for age, smoking status, BMI, employ-
ment and WBC count. A comparison of the results will
be performed taking into account seasonal variations of
air pollutants. Furthermore, appropriate measures of
interaction between risk factors will be computed using
both stratified analysis and statistical models.

ETHICS AND DISSEMINATION

Participation in the study will be voluntary. All women
participants will be fully informed of the purpose and
procedures of the study, and a signed written consent
will be obtained. All the data collected will be treated
confidentially and analysed in an aggregate and
anonymous way. The study protocol has been approved
by the ethics committees of the involved institution and
performed according to the Declaration of Helsinki.

The findings of the project will enable us to provide
essential information for timely and effective public
health action, and to provide for the development, rec-
ommendation and/or the implementation of appropri-
ate interventions for the promotion of healthy eating
behaviours, offering protection against air pollution
effects. Results will be disseminated through peer-
reviewed journals and presentations at local, national
and international conferences.

The main aim is to improve knowledge about environ-
mental exposures and how they affect health outcomes,
providing evidence to create healthy environments with
an evident impact on public health and disease preven-
tion. The proposed approach for this project is charac-
terised by its multidisciplinary profile through the
integration of specific methods and tools for the nutri-
tional and molecular epidemiology characterisation,
mineralogical and chemical analyses and in vitro assays,
in order to assess whether the MD and the intake of spe-
cific nutrients can explain a portion of the attributable
risk to air pollutants in a population of women living in
the Catania metropolitan area.

The strength of the present project is that it integrates
different individual exposures to investigate the asso-
ciated epigenetic effects. The project design incorpo-
rates environmental and nutritional exposures in order
to evaluate the associated epigenetic signatures of an
individual’s cumulative exposure.

This study has some limitations. The relationship
between dietary patterns and DNA methylation may be
confounded by genetic factors, such as the genetic poly-
morphism C677T in the MTHEFR gene that may result in
global DNA hypomethylation through an interaction
with folate status.”’ However, results from a recent
meta-analysis did not show any conceivable evidence
supporting the hypothesis that MTHFR C677T poly-
morphism contributes to DNA hypomethylation.*®
Secondly, the assessment of folate intake through an
FFQ does not preclude measurement errors and may
suffer from inaccuracies of volunteers’ recall. However,
the FFQ used in this study has been specifically devel-
oped for use among our population and previously vali-
dated against a 4-day weighted dietary record.” Thirdly,
the peculiar geological and environmental setting, due
to the volcanic components of the atmosphere, could be
a potential confounder of the study. Being unable to
perform a geographical comparison between volcanic
and usual urban PM exposure, we have planned a
mineralogical-chemical characterisation of PM in order
to determine the major sources contributing to the PM
abundance. Finally, although LINE-1 methylation has
been proposed as a biomarker of global genomic methy-
lation level,40 recent reports have shown that the methy-
lation status of an individual sequence is not widely
correlated with the global methylation level, due to a dif-
ferent sensitivity to environmental exposures.‘“
Accordingly, the expected results of the present research
could provide the basis for future investigations on
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additional LINE-1 sequences, as well as DNA methyla-
tion changes in specific genes involved in PM exposure
and nutrient intake. The long-term objective is part of
the translational research, in terms of moving from basic
research achievements into further knowledge about
disease causes, risk and protective factors, to develop
prevention strategies against environmentally related dis-
eases. Women represent an important target for health
promotion for biological and socio-cultural reasons. The
transgenerational nature of epigenetic events suggests
the pathway of transmission of the associated risk from
mother to child.*? However, in animal models several
studies have demonstrated phenotypic changes and dif-
ferent methylation levels in offspring based on the
mother’s diet during pregnancy,” although in human
populations this effect is not yet clear. Furthermore,
women are commonly responsible for healthy lifestyles
for their family and therefore the promotion of
women’s health potentially affects all stages of life.
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