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pigenetic regulation includes a set of regulatory
Eprocesses, such as histone modification, DNA
methylation and small noncoding RNA regulation,
which modify gene expression without changing its original
DNA sequence (1). Among all the epigenetic modifications,
DNA methylation has been extensively studied in the past
decades. DNA methylation mainly refers to the covalent
addition of methyl groups to the 5’ position of a cytosine. Such
process is catalysed by DNA methyl transferases (DNMTs)
and mainly occurs at cytosine-phosphate-guanine (CpG) sites
in the human genome (2). The function of DNA methylation
varies with the location it takes place within the genome.
Usually, gene expression is repressed with elevated DNA
methylation levels in promoters while gene body methylation
is linked with upregulated transcription (3). The removal of
methyl groups (i.e., DNA demethylation) can happen either
passively by failing to maintain the methylation patterns after
replication or actively through oxidizing methylated cytosine
into 5-hydroxymethylcytosine (5-hmC), a process mediated by
ten-eleven translocation (TET) enzymes (4).

DNA methylation is a dynamic process that progressively
diverges across lifetime. Heyn et al. compared peripheral blood
DNA methylation patterns of newborns and centenarians,
and reported a globally decreased methylation level in the
centenarian while in gene promoters of the aged group, the
methylation level was higher than the newborn (5). The
study of Kananen et al. on blood methylation patterns of a
middle-aged population (40-49 years) identified 1,202 ageing-
associated CpG sites (6), the majority (987 sites) of which
were also found in a methylation comparison between young
adults and nonagenarians (7). Besides blood, age-related CpG
sites have been uncovered from other tissues such as saliva
(8), skeletal muscle (9) and brain (10). The discovery of age-
related CpG sites provides a novel approach for age prediction.
In the year 2011, Bocklandt et al. pioneered such prediction
by building a regression model, which explained 73% of the
variance in age, based on two CpG sites identified from saliva
(8). Two years later, Horvath introduced an epigenetic clock,
also known as DNA methylation (DNAm) age, based on 353
CpG sites identified across 51 tissues with a median absolute
prediction error of 3.6 years (11). Despite that other epigenetic
clocks have been continuously created (10, 12—14), Horvath’s
clock gains large popularity for its ability to predict age across
multiple tissues.

Although the epigenetic clock was initially developed for
age prediction, the discovery of its connection with lifespan

has made it a hallmark of biological age with an accelerated
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tick of the clock indicating a faster degeneration speed
(15). Meanwhile, the concept of epigenetic age acceleration
is proposed as the difference between DNAm age and
chronological age (16). Positive epigenetic age acceleration
(i.e., epigenetic age greater than chronological age) indicates
that the tissue ages faster than would be expected, and has been
linked with multiple age-related conditions such as obesity
(17), frailty (18), osteoarthritis (19), cognitive decline (20),
Alzheimer’s disease (21), Parkinson’s Disease (22) and all-
cause mortality (23).

DNA methylation can be regulated by nutrients. Many
B-vitamins are directly linked with DNA methylation by
serving as substrates or cofactors in relevant pathways. With
folate as the main substrate and related B-vitamins (e.g.,
vitamin B-2, vitamin B-6 and vitamin B-12) as cofactors, one-
carbon metabolism plays a critical role in generating methyl
groups that are later used for DNA methylation. Other nutrients
such as choline and betaine are involved in the methionine
cycle for the regeneration of methionine, a precursor for
the universal methyl donor S-adenosylmethionine (SAM)
(24). Multiple cohort studies have shown increased DNA
methylation associated with higher intakes or blood levels of
folate, vitamin B-2 and vitamin B-6 (25-27). Some bioactive
food components, such as green tea polyphenols and soybean
genistein, have inhibitory effect on DNMTs and can reduce
cancer activities by reversing hypermethylation status of key
tumour suppression genes (28). Besides DNA methylation
pathways, a study of Yin et al. have found that vitamin C can
promote DNA demethylation by enhancing activities of TET
enzymes (29).

The close connection between nutrients and DNA
methylation makes epigenetic clocks as ideal indices in ageing-
related nutrition studies. Firstly, the emerge of epigenetic
clocks provides an additional insight to verify the importance
of diet in health management. The study of Quach et al. found
that lower epigenetic age acceleration was associated with
higher fish and poultry intake, moderate alcohol consumption
and higher fruit and vegetable consumption, supporting the
benefits of a plant-based diet with lean meats (30). Secondly,
the epigenetic clock can be used to test DNA methylation-
related hypothesis. Vitamin D deficiency has been associated
with chronic pain, the leading cause of which is osteoarthritis
(31). While underlying mechanisms of the association remain
poorly understood, a possible explanation might be epigenetic
alterations that have been related to both vitamin D (32) and
osteoarthritis (19). The recent work of Strath et al. analysed
the mediation effect of Horvath’s epigenetic clock on the
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association between circulating vitamin D and pain status
caused by knee osteoarthritis (33). Mediation analysis showed
a complete mediation of the epigenetic clock, indicating that the
chronic pain related to vitamin D deficiency was due to changes
in epigenetic status (33). Last but not least, since alterations in
DNA methylation precede phenotypic changes, the epigenetic
clock can be a sensitive metric to evaluate nutrition treatment in
ageing studies. Sae-Lee et al. studied the epigenetic changes in
older adults (aged 65-75 years) with daily folic acid (400 ug/d)
and vitamin B12 (500 pg/d) supplementation over a period
of 2 years and found reduced Horvath’s epigenetic clock in
women with the MTHFR 677CC genotype (34), indicating that
folic acid and vitamin B12 supplementation were effective in
slowing down epigenetic age while such effect was genotype
dependent.

In conclusion, nutritional epigenetics has highlighted the

importance of diet for health management in ageing. Although
the idea of using dietary intervention to combat ageing is
compelling, issues such as food combinations, optimal doses
and exposure time are needed to be addressed. The impact
of sex and genotypes on nutritional epigenetics will also
be an interesting point to look into for personalised dietary
prescription that can leverage epigenetic effects. While more
studies are still needed to answer those questions, the epigenetic
clock can be a powerful index in the exploration.

Conflict of interest: The author declares no conflicts of interest.

References

Wu C -t., Morris JR (2001) Genes, Genetics, and Epigenetics: A Correspondence.
Science 293:1103-1105.

Ehrlich M, Gama-Sosa MA, Huang L-H, Midgett RM, Kuo KC, McCune RA, Gehrke
C (1982) Amount and distribution of 5-methylcytosine in human DNA from different
types of tissues or cells. Nucl Acids Res 10:2709-2721.

Lister R, Pelizzola M, Dowen RH, Hawkins RD, Hon G, Tonti-Filippini J, Nery
JR, Lee L, Ye Z, Ngo Q-M, Edsall L, Antosiewicz-Bourget J, Stewart R, Ruotti V,
Millar AH, Thomson JA, Ren B, Ecker JR (2009) Human DNA methylomes at base
resolution show widespread epigenomic differences. Nature 462:315-322.

Rasmussen KD, Helin K (2016) Role of TET enzymes in DNA methylation,
development, and cancer. Genes Dev 30:733-750.

Heyn H, Li N, Ferreira HJ, et al. (2012) Distinct DNA methylomes of newborns and
centenarians. Proc Natl Acad Sci USA 109:10522-10527.

Kananen L, Marttila S, Nevalainen T, Jylhdvé J, Mononen N, Kdhonen M, Raitakari
OT, Lehtimidki T, Hurme M (2016) Aging-associated DNA methylation changes in
middle-aged individuals: the Young Finns study. BMC Genomics 17:103.

Marttila S, Kananen L, Hayrynen S, Jylhdvd J, Nevalainen T, Hervonen A, Jylhd
M, Nykter M, Hurme M (2015) Ageing-associated changes in the human DNA
methylome: genomic locations and effects on gene expression. BMC Genomics
16:179.

Bocklandt S, Lin W, Sehl ME, Sanchez FJ, Sinsheimer JS, Horvath S, Vilain E (2011)
Epigenetic Predictor of Age. PLoS ONE 6:e14821.

Zykovich A, Hubbard A, Flynn JM, Tarnopolsky M, Fraga MF, Kerksick C, Ogborn
D, MacNeil L, Mooney SD, Melov S (2014) Genome-wide DNA methylation changes
with age in disease-free human skeletal muscle. Aging Cell 13:360-366.

Shireby GL, Davies JP, Francis PT, Burrage J, Walker EM, Neilson GWA, Dahir A,
Thomas AJ, Love S, Smith RG, Lunnon K, Kumari M, Schalkwyk LC, Morgan K,
Brookes K, Hannon E, Mill J (2020) Recalibrating the epigenetic clock: implications
for assessing biological age in the human cortex. Brain 143:3763-3775.

Horvath S (2013) DNA methylation age of human tissues and cell types. Genome
Biology 14:R115.

Weidner C, Lin Q, Koch C, Eisele L, Beier F, Ziegler P, Bauerschlag D, Jockel K-H,
Erbel R, Miihleisen T, Zenke M, Briimmendorf T, Wagner W (2014) Aging of blood
can be tracked by DNA methylation changes at just three CpG sites. Genome Biol
15:R24.

Lin Q, Weidner CI, Costa IG, Marioni RE, Ferreira MRP, Deary 1J, Wagner W (2016)
DNA methylation levels at individual age-associated CpG sites can be indicative for
life expectancy. Aging 8:394—401.

18.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

35.

36.

Hannum G, Guinney J, Zhao L, Zhang L, Hughes G, Sadda S, Klotzle B, Bibikova M,
Fan J-B, Gao Y, Deconde R, Chen M, Rajapakse I, Friend S, Ideker T, Zhang K (2013)
Genome-wide Methylation Profiles Reveal Quantitative Views of Human Aging Rates.
Molecular Cell 49:359-367.

Lowe R, Barton C, Jenkins CA, Ernst C, Forman O, Fernandez-Twinn DS, Bock C,
Rossiter SJ, Faulkes CG, Ozanne SE, Walter L, Odom DT, Mellersh C, Rakyan VK
(2018) Ageing-associated DNA methylation dynamics are a molecular readout of
lifespan variation among mammalian species. Genome Biol 19:22.

Horvath S, Raj K (2018) DNA methylation-based biomarkers and the epigenetic clock
theory of ageing. Nat Rev Genet 19:371-384.

de Toro-Martin J, Guénard F, Tchernof A, Hould F-S, Lebel S, Julien F, Marceau S,
Vohl M-C (2019) Body mass index is associated with epigenetic age acceleration in
the visceral adipose tissue of subjects with severe obesity. Clin Epigenet 11:172.

Gale CR, Marioni RE, Harris SE, Starr JM, Deary 1J (2018) DNA methylation and the
epigenetic clock in relation to physical frailty in older people: the Lothian Birth Cohort
1936. Clin Epigenet 10:101.

Vidal L, Lopez-Golan Y, Rego-Perez I, Horvath S, Blanco FJ, Riancho JA, Gomez-
Reino JJ, Gonzalez A (2016) Specific increase of methylation age in osteoarthritis
cartilage. Osteoarthritis and Cartilage 24:S63.

Vaccarino V, Huang M, Wang Z, Hui Q, Shah AJ, Goldberg J, Smith N, Kaseer B,
Murrah N, Levantsevych OM, Shallenberger L, Driggers E, Bremner JD, Sun YV
(2021) Epigenetic Age Acceleration and Cognitive Decline: A Twin Study. The
Journals of Gerontology: Series A 76:1854—1863.

Levine ME, Lu AT, Bennett DA, Horvath S (2015) Epigenetic age of the pre-frontal
cortex is associated with neuritic plaques, amyloid load, and Alzheimer’s disease
related cognitive functioning. Aging 7:1198-1211.

Horvath S, Ritz BR (2015) Increased epigenetic age and granulocyte counts in the
blood of Parkinson’s disease patients. Aging 7:1130-1142.

Perna L, Zhang Y, Mons U, Holleczek B, Saum K-U, Brenner H (2016) Epigenetic age
acceleration predicts cancer, cardiovascular, and all-cause mortality in a German case
cohort. Clin Epigenet 8:64.

Ueland PM (2011) Choline and betaine in health and disease. J Inherit Metab Dis
34:3-15.

Chamberlain JA, Dugué P-A, Bassett JK, Hodge AM, Brinkman MT, Joo JE, Jung
C-H, Makalic E, Schmidt DF, Hopper JL, Buchanan DD, English DR, Southey MC,
Giles GG, Milne RL (2018) Dietary intake of one-carbon metabolism nutrients and
DNA methylation in peripheral blood. The American Journal of Clinical Nutrition
108:611-621.

Mandaviya PR, Joehanes R, Brody J, et al. (2019) Association of dietary folate and
vitamin B-12 intake with genome-wide DNA methylation in blood: a large-scale
epigenome-wide association analysis in 5841 individuals. The American Journal of
Clinical Nutrition 110:437-450.

Perrier F, Viallon V, Ambatipudi S, et al. (2019) Association of leukocyte DNA
methylation changes with dietary folate and alcohol intake in the EPIC study. Clin
Epigenet 11:57.

Li Y, Tollefsbol TO (2010) Impact on DNA Methylation in Cancer Prevention and
Therapy by Bioactive Dietary Components. CMC 17:2141-2151.

Yin R, Mao S-Q, Zhao B, Chong Z, Yang Y, Zhao C, Zhang D, Huang H, Gao J, Li
Z,Jiao Y, Li C, Liu S, Wu D, Gu W, Yang Y-G, Xu G-L, Wang H (2013) Ascorbic
Acid Enhances Tet-Mediated 5-Methylcytosine Oxidation and Promotes DNA
Demethylation in Mammals. J Am Chem Soc 135:10396-10403.

Quach A, Levine ME, Tanaka T, et al. (2017) Epigenetic clock analysis of diet,
exercise, education, and lifestyle factors. Aging 9:419-446.

Martin KR, Reid DM (2017) Is there a role for vitamin D in the treatment of chronic
pain? Therapeutic Advances in Musculoskeletal 9:131-135.

Fetahu IS, HAYbaus J, KAjllay E (2014) Vitamin D and the epigenome. Front Physiol
5. doi:10.3389/fphys.2014.00164.

Strath LJ, Meng L, Rani A, Sinha P, Johnson AJ, Huo Z, Foster TC, Edburg JD,
Fillingim RB, Cruz-Almeida Y (2022) Accelerated Epigenetic Aging Mediates the
Association between Vitamin D Levels and Knee Pain in Community-Dwelling
Individuals. J Nutr Health Aging. doi:10.1007/s12603-022-1758-z.

Sae-Lee C, Corsi S, Barrow TM, Kuhnle GGC, Bollati V, Mathers JC, Byun H-M
(2018) Dietary Intervention Modifies DNA Methylation Age Assessed by the
Epigenetic Clock. Mol Nutr Food Res 62:1800092.

Vetter VM, Spira D, Banszerus VL, Demuth I (2020) Epigenetic Clock and Leukocyte
Telomere Length Are Associated with Vitamin D Status but not with Functional
Assessments and Frailty in the Berlin Aging Study II. The Journals of Gerontology:
Series A 75:2056-2063.

Kok DEG, Dhonukshe-Rutten RAM, Lute C, Heil SG, Uitterlinden AG, van der Velde
N, van Meurs JBJ, van Schoor NM, Hooiveld GJEJ, de Groot LCPGM, Kampman
E, Steegenga WT (2015) The effects of long-term daily folic acid and vitamin B12
supplementation on genome-wide DNA methylation in elderly subjects. Clin Epigenet
7:121.

How to cite this article: L. He. Epigenetic Clock: A Novel Tool for Nutrition Studies
of Healthy Ageing. J Nutr Health Aging.2022;26(4):316-317, https://doi.org/10.1007/
$12603-022-1773-0

317



