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Epigenetic and redox biomarkers: Novel insights from the MARK-AGE study
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1. The MARK-AGE study

The MARK-AGE Consortium consisted of 26 research groups with
expertise in the field of ageing research. The study population included
about 3200 subjects between 35-74 years of age and was recruited in
eight EU countries (Burkle et al., 2015). Standard Operating Procedures
for the recruitment of subjects and processing of biological samples
(Capri et al., 2015; Moreno-Villanueva et al., 2015a), as well as quality
control measures (Jansen et al., 2015) were established at the start of
the project.

Anthropometric data as well as clinical and demographic informa-
tion were collected. Furthermore molecular and biochemical para-
meters were determined, such as DNA-based markers; markers based on
proteins and their modifications; immunological markers; clinical
chemistry; hormones and markers of metabolism; markers of oxidative
stress; vitamins; and markers based on trace elements. The data ob-
tained was stored in a ‘phenotypic database’ (Moreno-Villanueva et al.,
2015b). While the time period during which the project received fi-
nancial support has elapsed, data evaluation is ongoing at the time of
this writing. The present mini review highlights novel scientific insights
that have already been obtained from the MARK-AGE study.

* Corresponding author.
E-mail address: alexander.buerkle@uni-konstanz.de (A. Biirkle).

Ageing is a multifactorial process that affects most, if not all, of the body’s tissues and organs and can be defined
as the accumulation of physical and psychological changes in a human being over time. The rate of ageing differs
between individuals of the same chronological age, meaning that ‘biological age’ of a person may be different
from ‘chronological age’. Furthermore, ageing represents a very potent risk factor for diseases and disability in
humans. Therefore, establishment of markers of biological ageing is important for preventing age-associated
diseases and extending health span. MARK-AGE, a large-scale European study, aimed at identifying a set of
biomarkers which, as a combination of parameters with appropriate weighting, would measure biological age
better than any marker in isolation. But beyond the identification of useful biomarkers, MARK-AGE provided
new insights in age-associated specific cellular processes, such as DNA methylation, oxidative stress and the
regulation of zinc homeostasis.

2. DNA-based biomarkers: genome and epigenome
2.1. Epigenetic biomarkers

Cells are constantly attacked by exogenous and endogenous agents
such as reactive oxygen species (ROS), which can damage DNA and
disturb epigenetic regulation. The maintenance of the integrity of the
genome and epigenome is crucial for optimal cell function. Therefore,
cellular protection mechanisms have evolved, e.g DNA repair systems,
for counteracting molecular damage.

There is evidence that the lifespan of a person is positively corre-
lated with cellular DNA repair capacity. For instance, individuals with
genetically defective DNA repair have a premature ageing phenotype.
Werner syndrome (WS), Bloom syndrome (BLM), Cockayne syndrome
(CS), Hutchinson-Gilford progeria syndrome (HGPS), and restrictive
dermopathy (RD) are progeria syndromes characterised by high sus-
ceptibility to DNA damage due to compromised repair system, either in
the repair proteins themselves or in the DNA damage response path-
ways (Garinis et al., 2008; Musich and Zou, 2009). Furthermore, in-
dividuals suffering from other genetic disorders such a Down syndrome
(DS) also display premature age-related changes (Esbensen, 2010). DS
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patients showed lower DNA repair efficiency and also an accelerated
decline in DNA repair capacity with age when compared with healthy
age-matched individuals, supporting the notion that insufficient DNA
repair may be a cause for premature ageing (Raji and Rao, 1998). A
more recent publication, however, indicated that although cells from
DS patients did display inefficient DNA repair after treatment with
hydrogen peroxide, no age or gender-related differences could be de-
tected (Morawiec et al., 2008).

The mechanisms responsible for age-related decline in DNA repair
capacity are not fully understood. However, epigenetic changes, in-
cluding cytosine methylation in DNA might contribute to ageing by
dysregulation of DNA repair genes. Recent data indeed showed that
methylation of mouse gene encoding oxoguanine glycosylase 1 (Oggl),
which removes the damaged and promutagenic base 8-oxoguanine (8-
0x0G) from DNA, was significantly increased with ageing and inversely
correlated with Oggl expression (Langie et al., 2017). There are also
molecular mechanisms linking DNA methylation to poly(ADP-ribose)
polymerase (PARP). PARP is activated by DNA strand breaks and cat-
alyses the synthesis of a polymeric adenosine diphosphate ribose (poly
[ADP-ribose] or PAR) triggering the activation of other DNA repair
enzymes such as DNA ligase III (LigIII), DNA polymerase beta (polf),
and scaffolding proteins such as X-ray cross-complementing gene 1
(XRCC1) (Isabelle et al., 2010). PARP plays an important role in the
regulation of many cellular processes such as DNA repair, cell death,
chromatin functions and genomic stability (Burkle and Virdg, 2013).
Furthermore, poly(ADP-ribosyl)ation has been associated with mam-
malian longevity (Mangerich and Burkle, 2012). Interestingly, genome-
wide methylation analyses revealed changes in methylation patterns
resulting from inhibition of PARylation in breast cancer cell lines, in-
dicating a reciprocal interplay between PARP1 and DNA methylation
(Nalabothula et al., 2015). Caiafa and coworkers demonstrated that
inhibition of PARylation induces in vivo DNA hypermethylation (de
Capoa et al., 1999; Zardo et al., 1997, 2002) and that CCCTC-binding
factor (CTCF) is involved in the cross-talk between poly(ADP-ribosyl)
ation and DNA methylation (Guastafierro et al., 2008), suggesting that
PAR protects DNA from methylation. The Caiafa group found that PAR,
either free or covalently linked with PARP-1 (as an automodification of
this enzyme), interacts noncovalently with DNA methyltransferase 1
(DNMT1) and inhibits its enzymatic activity (Caiafa et al., 2009; Reale
et al., 2005). DNMT1 transfers a methyl group to the carbon-5 position
of cytosine. This postsynthetic DNA modification is referred to as 5-
methylcytosine (5mC) and is considered as the 'fifth base' of the
genome. The main function of DNMT1 is to maintain the methylation
patterns during replication while the DNMT3A and DNMT3B enzymes
mainly introduce methyl groups onto DNA de novo (Jurkowska et al.,
2011). In the MARK-AGE Study the variation of DNMT1 and DNMT3B
gene expression was assessed in peripheral blood mononuclear cells
(PBMCs) from an age-stratified group of more than two thousand
women and men (35-75 years) recruited in eight EU countries. The
analyses yielded both expected and unexpected results (Ciccarone et al.,
2016):

1) A gradually decrease in the expression level of DNMT1 with ageing
was observed up to the age of 64 years. Furthermore, DNMT3B
expression decreased linearly with increasing age and this associa-
tion was particularly evident in females.

2) An interaction of the expression of DNMTs with demographic vari-
ables was found for gender and BMI, in addition to age and country.

3) Gender differences in the expression of DNMTs in PBMCs are in line
with data previously obtained.

4) Surprisingly, dietary habits did not influence the level of DNMTs
transcripts although there are indications that DNA methylation is
affected by nutrition (Bacalini et al., 2014).

5) There was no association between smoking and level of DNMTs in
PBMCs. Cigarette smoking, however, was reported to deregulate the
expression of DNMTs in brain (Satta et al., 2008) and lung (Lin
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et al., 2010) tissues and is thought to be one of the most powerful
environmental modifiers of the DNA methylation pattern (Breitling
et al., 2011; Lee and Pausova, 2013). The lack of association be-
tween DNMTs and cigarette smoking found in MARK-AGE subjects
was unexpected.

DNMTs expression depended on the PBMC subpopulations. The data
suggests that DNMTs might be more highly expressed in lympho-
cytes than monocytes.
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These results confirm, in a large-scale population study, the asso-
ciation between DNMTs expression and ageing.

As mentioned above, DNMTs transfer a methyl group to the carbon-
5 position of cytosine leads to 5-methylcytosine (5mC). However, the
5mC modification can be oxidized by 5-mC hydroxylases generating 5-
hydroxymethylcytosine (5hmC). The ‘ten-eleven translocation’ (TET)
family of 5-mC hydroxylases includes TET1, TET2 and TET3. The re-
sulting 5hmC modification and its derivatives, formylcytosine (5fC) and
carboxylcytosine (5caC), seem to play a role not only in DNA de-
methylation but also in transcription and chromatin regulation (lurlaro
et al.,, 2013) and therefore are now considered “the sixth base” of
genome (Song and He, 2011). Recently, a significant age-associated
reduction in 5hmC has been observed in human blood cells, suggesting
that DNA hypo-hydroxymethylation can be considered a new bio-
marker of ageing (Buscarlet et al., 2016). Interestingly, the enzyme
thymine DNA glycosylase (TDG) seems to be largely involved in the
removal of 5fC and 5caC from DNA (Shen et al., 2013), thus linking 5-
hydroxymethylcytosine (5hmC) with DNA repair activities.

In the MARK-AGE study the levels of 5hmC, 5fC and 5caC as well as
TET1, TET2, TET3 and TDG expression were determined, yielding the
following results (Valentini et al., 2016):

1) Younger individuals, aged 34-48y, showed significantly higher ex-
pression of TET1 and TET3 compared to the 66-74y and the 49-65y
age groups, respectively and this effect was independent of the
PBMCs subpopulations and gender.

2) TDG expression was slightly negatively correlated with age and this
correlation was affected by country of origin.

3) Slight but significant focal DNA hypermethylation events were
found in TET1 in the elderly group.

4) Global content of 5hmC of younger individuals (34-48y) was sig-
nificantly different from the remaining two groups (49-65y and 66-
74y). This negative association of 5ShmC with age was influenced by
country of origin.

5) An accumulation of 5caC was observed in older ages while the levels
of 5fC did not change significantly between groups. Furthermore,
there was a significant negative association between 5hmC and 5caC
levels.

6) TET1 gene expression was significantly correlated with TDG,
DNMT1, DNMT3B, PARP1 and PARP2. A strong correlation was also
found between TDG and PARP2.

7) Surprisingly, decision tree analysis identified a positive association
between serum alanine aminotransferase (ALT) levels and TET2
expression. This association was not affected by gender, age, lym-
phocyte/monocyte ratio or country of origin.

The results provide evidence for an age-related decline of TETI,
TET3 and TDG gene expression along with a decrease of 5hmC and an
accumulation of 5caC.

Within the MARK-AGE study DS individuals, who are characterized
by an acceleration of the ageing process, were also recruited (Capri
et al., 2015). The accelerated ageing phenotype of DS has been asso-
ciated with epigenetic alterations. Using a quantitative molecular
marker of ageing known as the ‘epigenetic clock’, trisomy 21 sig-
nificantly increases biological age of blood and brain tissue by 4.6 and
11.5 years, respectively (Horvath et al., 2015). The contribution of
5hmC to the DS pathology so far has been investigated in depth



(Mendioroz et al., 2015). Results from the MARK-AGE study provide
new insights on the role of DNA hydroxymethylation in DS immune
cells. Expression of TET genes and 5hmC levels were analyzed in PBMCs
from DS persons and compared with control individuals, yielding the
following results (Ciccarone et al., 2017):

1 The levels of 5ShmC were lower in DS samples compared with con-
trols and the difference was independent of the covariates gender,
age, and leukocyte composition (lymphocyte/monocyte ratio).

2 Expression levels of TET1 and TET2 were reduced in DS samples
with respect to controls. However, the expression of TET2 was af-
fected by confounding factors while TET1 expression was in-
dependent of age, gender and lymphocyte/monocyte ratio.

3 TET1 was slightly but significantly hypermethylated in DS PBMC
samples.

4 DNMT3A and TDG genes were down-regulated in PBMCs from DS
patients and the DNMT3A expression was partially influenced by the
leukocyte composition of PBMCs.

5 TET1 and TET3 expression as well as the levels of ShmC were sig-
nificantly lower in DS than in normal young subjects but were not
different from the elderly group.

These results support the growing evidence that deregulation of
5hmC and components of the respective enzymatic machinery can
contribute to the ageing process and disease-associated DNA methyla-
tion patterns.

2.2. Oxidative stress biomarkers

Oxidative stress has been defined as an imbalance between forma-
tion and elimination of reactive oxygen species (ROS). ROS comprise
oxygen free radicals (e.g superoxide anion radical; hydroxyl radical) as
well as reactive non-radical molecules (e.g. hydrogen peroxide) and are,
in part, products of normal cellular metabolism. Physiological levels of
ROS determine the cellular redox state and play a role in mediating cell
signaling, while pathological levels of ROS can result in oxidative da-
mage (Dai et al., 2014). In 1956, Denham Harman proposed the ‘free
radical theory of ageing’ suggesting that oxygen free radicals / ROS play
a central role in the ageing process (Harman, 1956). However, the role
of ROS in the biology of ageing might involve more complex cellular
processes, including antioxidant systems, that maintain ROS at the
physiological levels. In recent years, the balance between ROS pro-
duction and antioxidant defenses has become a more prominent aspect
of the free radical theory of ageing, termed ‘redox stress hypothesis’,
which suggests a pro-oxidizing shift in the redox state of the cells as a
primary cause of age-related physiological changes (Sohal and Orr,
2012).

Cellular antioxidant systems include a variety of molecules that can
be classified as enzymatic and nonenzymatic scavengers. The major
enzymatic antioxidants are superoxide dismutases (SOD), catalase
(CAT), and glutathione peroxidases (GPx). Nonenzymatic antioxidants
include low-molecular-weight compounds, such as vitamins (vitamins C
and E), B-carotene, uric acid, and glutathione (GSH) (Birben et al.,
2012). Several human studies reported age-related changes in cellular
antioxidant capacity. For instance, plasma levels of vitamin C, uric acid,
vitamin E, vitamin A, carotenoids, total thiol groups, and the activity of
plasma SOD and GPx were measured in subjects aged 53-99 years. An
age-dependent decrease of the nonenzymatic antioxidants and an age-
dependent increase of the enzymatic antioxidant activities were ob-
served (Mecocci et al., 2000). A later study on healthy subjects aged
18-80 years reported similar results and showed a significantly higher
plasma SOD and CAT activity in older than in younger individuals and
suggest that the elevated SOD and CAT activities observed during
human ageing might be a compensatory response to the individuals’
increased oxidative stress (Rizvi and Maurya, 2007). However, a more
recent study found an age-dependent decrease in CAT, SOD, glutathione
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reductase (GR), GPx and glutathione-S-transferase (GST) enzymatic
activity in lymphocytes from healthy individuals aged between 11 and
60 years (Gautam et al., 2010). The apparent discrepancies may be due
to dietary habits, season, country, smoking status, or gender and may
also be affected by the age range of the studied population. Blood
concentrations of micronutrients such as carotenoids and vitamins are,
of course, affected by food intake. Although the body possesses several
enzymes that scavenge free radicals, micronutrients, such as vitamin E,
vitamin C, and f-carotene cannot be synthesized in the body but have
to be supplied by the diet. Furthermore, it is known that dietary habits
differ strongly between countries.

Within MARK-AGE, plasma samples were collected from healthy
subjects aged 35-74 years who have been recruited across EU countries
in order to elucidate the role of age, other demographic characteristics,
and dietary habits on carotenoids, tocopherols, and retinol (Stuetz
et al.,, 2016). Due to the impact of dietary habits on plasma micro-
nutrients the frequencies of reported intake of fruit, vegetables, and use
of vitamin supplements was documented:

1 Intakes of fruit (=1 serving/day) and vegetables (=1 serving/day)
were higher in women than in men and in non-smokers compared to
smokers.

2 Reported use of vitamin supplements (=1 supplement/week) was
also higher in women than in men and in non-smokers compared to
smokers.

3 The frequencies of reported use of vitamin supplements (=1 sup-
plement/week) differed significantly between countries.

4 Lycopene and a-carotene levels were inversely correlated with age,
whereas B-cryptoxanthin, lutein, zeaxanthin, a-/y-tocopherol, and
retinol were positively correlated with age. Cholesterol was posi-
tively associated with all carotenoids, tocopherols, and retinol, but
was not correlated with age. Cholesterol-adjusted multiple regres-
sion analysis confirmed lycopene, a-tocopherol, a-carotene, and p-
cryptoxanthin to be statistically significant associated with age. The
association of lower plasma lycopene with higher age remained
after adjusting for co-factors and covariates.

5 Gender, smoking status, BMI, and dietary habits were statistically
significantly associated with lycopene, a-tocopherol, (-cryptox-
anthin, and a-carotene.

6 Lycopene was higher in summer and fall and a-tocopherol and f-
cryptoxanthin were higher in winter. Cholesterol was highly and
positively associated with a-tocopherol.

7 Lower plasma lycopene was associated with overweight and/or
obesity, use of vitamin supplements, daily fruit and high frequency
in juice consumption, never-consuming French fries and rare but
also daily meat servings.

8 Frequent consumption of fruit or vegetables (= 2 servings/day) was
highly predictive for higher B-cryptoxanthin and a-carotene.

9 The association of higher a-tocopherol with age remained after
adjusting for country and season, and remained if all covariates
were assessed.

10 The inverse association of a-carotene with age remained statistically
significant even after adjusting for all covariates.

11 Cholesterol, vegetable and fruit consumption, and female gender
were positively associated with plasma a-carotene in the multiple
regression model while the association was a negative one for BMI,
smoking, and age group.

Taken together, lycopene, a-tocopherol, B-cryptoxanthin, and a-
carotene are significantly associated with age even after adjusting for
cholesterol, BMI, dietary habits (intake of fruit, vegetables, juice, and
meat), use of vitamin supplements, gender, smoking status, country,
and season in the age-stratified general population recruited in MARK-
AGE. But within the MARK-AGE study, subjects were recruited not only
from the age-stratified individuals from the general population (RASIG)
subgroups, but also subjects belonging to a family with long-living



members (GO) together with their spouses (SGO) (Capri et al., 2015).
Differences between RASIG and the other two groups, with no differ-
ences between GO and SGO, could be lifestyle-related while differences
between GO and SGO (irrespective of the RASIG results) suggest a ge-
netic contribution. The levels of redox biomarkers, such as protein
carbonyls, 3-nitrotyrosine, malondialdehyde, and cellular and plasma
antioxidants (glutathione, cysteine, ascorbic acid, uric acid, a-toco-
pherol, and lycopene) were analyzed and compared within the three
different subgroups (Weber et al., 2017):

1 After adjustment for age, BMI, smoking status, gender, and country,
differences between GO/SGO and the RASIG group were found in
protein carbonyls, lycopene, and a-tocopherol. Thus, these differ-
ences seem to be lifestyle-related.

2 Concentrations of malondialdehyde, 3-nitrotyrosine, and total cy-
steine were still different between the GO and the RASIG groups
even after adjustments, suggesting a genetic contribution.

It was concluded that both lifestyle and genetics might contribute to
redox biomarkers in an ageing population.

Metallothioneins (MTs) are zinc-responsive small cysteine-rich
proteins involved in metal homeostasis and detoxification. MTs play a
role in the redox regulation of Zn-S interaction and the coupling of zinc
and redox metabolism (Maret, 2004). There is evidence that MT func-
tions as an antioxidant against reactive oxygen and nitrogen species
(Ruttkay-Nedecky et al., 2013). Dysregulation of MT seems to affect
ageing-related processes and has been associated with longevity
(Swindell, 2011). MT transgenic overexpression has been demonstrated
to extend mouse life span (Yang et al., 2006). Therefore, MT was se-
lected as a potential biomarker of ageing and was studied in the MARK-
AGE cohort. Human studies showed age-associated changes in MT
protein levels in peripheral blood mononuclear cells (PBMCs)
(Malavolta et al., 2008; Mazzatti et al., 2007). In order to elucidate
whether these age-related changes are due to altered capability of the
cell to induce MT, Zn-induced MT production was assessed in PBMCs
from subjects recruited in MARK-AGE (Giacconi et al., 2017):

1 Zn-induced MT is unaffected by age both in lymphocytes and
monocytes from the whole population.

2 Zn-induced MT in lymphocytes was significantly higher in RASIG
compared to GO and reminded significant after correction for age,
gender, and country.

3 Zn-induced MT levels were associated with glycosylated hemoglobin
A;c and fibrinogen serum levels but not with lipid profile (total level
of HDL and LDL cholesterol, triglycerides and free fatty acids in
serum), serum homocysteine, C-reactive protein, glucose levels,
monocyte, and lymphocyte counts.

4 Expression of the Zn transporters genes MT1A and ZnT-1 was in-
creased in GO as compared to RASIG and SGO and of MT1X in GO
compared to RASIG while no differences were observed for MT1H,
MT2A, ZIP2, and ZIP3. MTIE and MTIF isoforms were below the
detection limit.

5 Zn-induced MT was inversely correlated with mRNA levels of MT
and Zn transporters genes.

6 Zn-induced MT levels in lymphocytes were negative correlated with
3-nitrotyrosine, malondialdehyde, protein carbonyls in plasma
samples and total cysteine in whole blood.

Finally, the MARK-AGE Study already yielded highly relevant and
surprising data on the vaccination status of Europeans (Weinberger
et al., 2018)

1 Tetanus- and diphtheria-specific antibody concentrations vary
greatly between countries, with the frequency of antibody con-
centrations below the protective level ranging from2 to 31% percent
for tetanus and 28-63% for diphtheria.
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2 In most countries, tetanus- and diphtheria-specific antibody con-
centrations decrease with age. This phenomenon is more pro-
nounced in countries with generally low antibody levels, such as
Italy, Poland and Greece.

3 Tetanus-specific antibody concentrations are generally higher in
males than in females, probably due to systematic vaccination
during military service or more frequent booster vaccinations after
injuries, whereas no gender-related differences were found for
diphtheria-specific antibodies.

4 Viewed together, the European population is universally protected
against tetanus and diphtheria.

3. Summary

Aging seems to be strongly correlated with changes in the epi-
genome (Johnson et al., 2012). How methylation may contribute to the
ageing process has been discussed and summarized recently (Jung and
Pfeifer, 2015). The relationship between DNA methylation and ageing
has been described as the epigenetic drift and the epigenetic clock.
Epigenetic drift is influenced by environmental factors thus increasing
the inter-individual variation with age. In contrast, epigenetic clock
sites are common across individuals and highly associated with age, and
thus can be used to predict chronological age (Jones et al., 2015; Jung
et al., 2017). Epigenetic clocks are sets of CpGs coupled with a math-
ematical algorithm to estimate the age of cells, tissues or organs and
reflect chronological and biological age (Horvath and Raj, 2018). Re-
garding environmental factors, cigarette smoke is considered a pow-
erful methylation modifier (Breitling et al., 2011). In the MARK-AGE
population no association between DNMTs and cigarette smoking could
be found. It has been shown that DNA methylation regulator genes can
maintain methylation patterns in a tissue-specific and developmental-
stage-specific manner (Kang et al., 2017; Rai et al., 2010). Furthermore,
methylation levels differ between PBMCs subpopulations in adult sub-
jects (Jacoby et al., 2012), bioinformatic analysis shows complex pat-
terns of inter-individual variation that are strongly correlated with the
local DNA sequence (Bock et al., 2008) and results demonstrate a strong
genetic component to inter-individual variation in DNA methylation
profiles (Bell et al., 2011; Heyn et al., 2013). Interestingly, DNA me-
thylation at three of the strongest maternal-smoking sensitive CpG sites
in newborns was influenced by inter-individual genetic variations
leading to confounded association between the environmental exposure
(maternal smoking) and DNA methylation (Gonseth et al., 2016). All
theses variables could explain the lack of association between DNMTs
and cigarette smoking found in the MARK-AGE population.

Furthermore, epigenetic inactivation of DNA repair genes has been
observed in cancer (Lahtz and Pfeifer, 2011) providing a link between
methylation and DNA repair. Here, we have highlighted novel findings
from the MARK-AGE study that underpin the evidence of a relationship
between two DNA repair enzymes, namely PARP and TDG, and epige-
netic changes and how these interactions are associated with ageing
processes.

The role of oxidative stress in the development of chronic and de-
generative illnesses such as cancer, autoimmune disorders, ageing,
cataract, rheumatoid arthritis, cardiovascular and neurodegenerative
diseases has been reviewed before (Pham-Huy et al., 2008). Data from
the MARK-AGE study support the “redox stress hypothesis”. However,
both lifestyle and genetics might contribute to the changes in redox
biomarkers in an ageing population.

Interestingly, the epigenetic machinery has been proposed as a
sensor of oxidative stress involved in the progressive loss of homeostasis
associated with the ageing processes (Cencioni et al., 2013). The recent
work on the regulation of DNA methylation emanating from the MARK-
AGE Study, as mentioned above (Ciccarone et al., 2016, 2017; Valentini
et al., 2016), reveals new and highly relevant facets, as the data have
been obtained in a normal human tissue in vivo.

Likewise, the data presented in the MARK-AGE publications Stuetz



Table 1
Summary of MARK-AGE findings published as of June 2018.

(Ciccarone et al., 2016)

Decrease in the expression level of DNMT1 and DNMT3B with age

Interaction of the expression of DNMTs with demographic variables such as gender and BMI, age and country
No association between smoking and level of DNMTs in PBMCs

PBMC subpopulation-dependent expression of DNMTs
(Valentini et al., 2016)

Higher expression of TET1 and TET3 in younger individuals
PBMCs subpopulation-dependent TET1 and TET3 expression

Negative correlation between age and TDG expression affected by country of origin
Focal DNA hypermethylation events found in TET1 in the elderly group
Negative association of ShmC with age affected by country of origin

5caC accumulation observed in older ages
Negative association between 5hmC and 5caC levels

TET1 gene expression correlated with TDG, DNMT1, DNMT3B, PARP1 and PARP2

Strong correlation between TDG and PARP2 gene expression

TET2 expression positive associated with serum levels of alanine aminotransferase (ALT)

(Ciccarone et al., 2017)

Lower expression of 5hmC in DS patients independent of gender, age, and leukocyte composition

Lower expression of TET1 and TET2 in DS patients with respect to controls
TET1 expression independent of age, gender and lymphocyte/monocyte ratio

TET1 gene hypermethylated in DS patients

Down regulation of DNMT3A and TDG genes in DS patients

DNMT3A expression partially influenced by the leukocyte composition of PBMCs
Lower TET1, TET3 and 5hmC expression in DS patients compared to healthy young subjects but not different from the elderly group

(Stuetz et al., 2016)

Higher fruit, vegetables and vitamin supplements intake in women than in men and in non-smokers compared to smokers

Country differences in the frequencies of reported use of vitamin supplements
Inverse correlation of lycopene and a-carotene with age
Positive correlation of B-cryptoxanthin, lutein, zeaxanthin, a-/y-tocopherol, and retinol with age

Positive association between cholesterol and all carotenoids, tocopherols, and retinol

Association between gender, smoking status, BMI, and dietary habits and lycopene, a-tocopherol, B-cryptoxanthin, and a-carotene
Season-dependent variation of lycopene, a-tocopherol and B-cryptoxanthin

Positive association between cholesterol and a-tocopherol

Plasma lycopene associated dietary habits

Frequent fruit or vegetable consumption predicts higher B-cryptoxanthin and a-carotene levels
Positive association of cholesterol, vegetable and fruit consumption, and female gender with plasma a-carotene
Negative association of cholesterol with BMI, smoking, and age group.

(Weber et al., 2017)

Lifestyle-related differences between GO/SGO and the control group found in protein carbonyls, lycopene, and a-tocopherol

Differences between GO and the RASIG group in concentrations of malondialdehyde, 3-nitrotyrosine and total cysteine even after adjustments,

suggesting a genetic contribution

(Giacconi et al., 2017) No change in Zn-induced MT

Higher Zn-induced MT in lymphocytes from the RASIG population compared to GO
Negative correlation between Zn-induced MT levels and 3-nitrotyrosine, malondialdehyde, protein carbonyls in plasma and total cysteine in whole

blood.

Association between Zn-induced MT levels and glycosylated hemoglobin A;¢ and fibrinogen in serum
Higher expression of the Zn transporters genes MT1A and ZnT-1 in GO as compared to RASIG

Higher expression of MT1X in GO compared to RASIG

Inverse correlation between Zn-induced MT and mRNA levels of MT and Zn transporters genes

(Weinberger et al., 2018)

Substantial variation between countries in tetanus- and diphtheria-specific antibody concentrations

Decrease of tetanus- and diphtheria-specific antibody concentrations with age, especially in countries with generally low antibody levels, such as

Italy, Poland and Greece.

Generally higher tetanus-specific antibody concentrations in males than in females but no gender-related differences for diphtheria-specific

antibodies.

et al. (2016); Weber et al. (2017) and Giacconi et al. (2017) provide
valuable human in vivo results on the intricate crosstalk between nu-
trition and important nutritional components like vitamins, organic
antioxidants, the regulation of zinc homeostasis as well as oxidation
markers.

Finally the paper Weinberger et al. (2018) revealed unexpected
information on the vaccination status of people living in various Eur-
opean countries. While this work does not primarily address the rela-
tion with ageing, the results are highly relevant from a public health
point of view.

In conclusion, the MARK-AGE project has already made valuable
contributions, both on biomarkers of ageing as such, and also on our
mechanistic understanding of human ageing. In Table 1, the major
observations are summarized. We trust that the MARK-AGE project will
continue to produce scientific output for the foreseeable future.
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