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Abstract

Considerable effort has been spent on lowering and maintaining the epigenetic age. However, the extent to which
epigenetic age fluctuates under normal conditions is poorly understood. Therefore, we analyzed methylation data
from monocytes and peripheral blood mononuclear cells collected from two Japanese men. The ranges of the Pan-
tissue, Skin and blood, and DNAmM PhenoAge epigenetic age during 3 months were >5.62, >3.04, and > 8.23 years,
and the maximum daily changes were 5.21, 3.20, and 6.53 years, respectively. These fluctuations were not suppressed
by correcting for cell-type composition. Although the underlying biological mechanism remains unclear, there was a

nonnegligible degree of age fluctuation which should inform personalized clinical applications.
Keywords: Blood DNA methylation, Epigenetic clock, Healthy individuals, Normal condition

Introduction

DNA methylation has been utilized as a biomarker for
age or age-related traits. Various models (clocks) cur-
rently exist, some of which have been developed to esti-
mate chronological age and others to evaluate biological
age. Therefore, the clocks can be used not only for deter-
mining age, but also for evaluating the acceleration of the
aging rate by comparing epigenetic age with chronologi-
cal age [1]. The effects of interventions such as exercise,
lifestyle modification, and drug treatment on epigenetic
age rejuvenation are of particular interest.

The effects of intervention are generally evaluated
through observational studies, such as case—control
comparisons and before and after intervention compari-
sons. However, little attention has been paid to longitu-
dinal epigenetic age changes, which can occur without

*Correspondence: ashimizu@iwate-med.ac,jp

! Division of Biomedical Information Analysis, lwate Tohoku Medical
Megabank Organization, Disaster Reconstruction Center, lwate Medical
University, 1-1-1, Idaidori, Yahaba, Iwate 028-3694, Japan

Full list of author information is available at the end of the article

B BMC

interventions. It is essential to determine the level of
background fluctuation of epigenetic age under normal
conditions to evaluate the effects of lifestyle interven-
tions; if the estimated age changes markedly, even with-
out intervention, it is more important to distinguish
between the true effects of intervention and background
fluctuations, especially in the personalized clinical
scenario.

Herein, we evaluated short-term epigenetic age fluctua-
tions using blood DNA methylation datasets collected at
multiple time-points, and addressed the biological conse-
quences of those fluctuations.

Materials and methods

We analyzed the DNA methylation datasets obtained
by Furukawa et al. [2]; they collected blood samples
from two apparently healthy Japanese men (both in
their 30 s) 24 times over 3 months, extracted periph-
eral blood mononuclear cells (PBMCs) and mono-
cytes, and measured DNA methylation levels using
Ilumina Infinium® HumanMethylation450 BeadChip
arrays (HM450k) (2 individuals x 2 sample types x 24
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time-points =96 samples) (Additional file 1: Methods
1). To prevent the identification of the two men, their
chronological ages were not obtained. Their medication
status and clinical conditions were also not collected,
but they underwent blood tests on every blood collec-
tion day (Additional file 1: Table S1). No interventions
were implemented except for overnight fasting and
24-h alcohol intake restriction prior to blood sampling.
Thus, no intentional lifestyle change occurred during
the sampling period. The samples were not randomly
loaded on the microarrays but were ordered by collec-
tion date. The obtained DNA methylation profiles were
normalized using a method proposed by Horvath [3]
(Additional file 1: Methods 1).

We considered three clocks for the epigenetic age cal-
culations: the Pan-tissue clock [3], the Skin and blood
clock [4], and the DNAm PhenoAge clock [5]. The Pan-
tissue and Skin & blood clocks were trained using chron-
ological age, whereas the DNAm PhenoAge clock was
trained using biological age. Thus, for achieving a more
accurate biological age evaluation, the DNAm PhenoAge
clock is preferred. However, many epigenetic age studies
usually refer to and compare multiple clocks to evaluate
the effect of external factors of interest on the epigenetic
age acceleration. The prediction accuracies of the Pan-
tissue and DNAm PhenoAge clocks with regard to mono-
cytes and PBMCs were corroborated in the researchers’
original articles. The accuracy of the Skin & blood clock
was not evaluated in the original article.

To evaluate epigenetic age fluctuation, we calculated
the range and coefficient of variation (CV) of the esti-
mated age of each sample type (PBMC or monocyte)
from each person (Person A and Person B). We also cal-
culated the epigenetic age difference between each con-
secutive pair of blood-collection points, and estimated
possible maximum epigenetic age changes over 1 day.
Because the normalization method can affect the predic-
tion accuracy and resultant degree of age fluctuation, we
also evaluated epigenetic age fluctuations based on raw
(unnormalized) and beta-mixture quantile-normalized
datasets (Additional file 1: Methods 1), as well as the
Horvath-normalized dataset mentioned above. To deter-
mine whether the fluctuation of epigenetic age resulted
from biological consequences (in vivo) rather than exper-
imental noise, we characterized the clock CpGs with
higher and lower longitudinal methylation changes; in
each clock, we extracted clock CpGs with greater (top
25%; variable CpGs) and smaller (bottom 25%; stable
CpGs) standard deviations (SDs), and obtained the CpG
and genic annotations of each CpG group as done in the
previous study [6]. We then used the chi-squared test to
evaluate differences in annotation proportions. The sig-
nificant threshold was adjusted using the Bonferroni
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correction (3 clocks x 2 sample types =6 tests; significant
threshold =0.05/6 =0.008).

We also evaluated the contribution of the blood cell
type proportion (Additional file 1: Fig. S1) to the epige-
netic age fluctuation. We corrected the epigenetic ages
for the cell type proportion, and compared the degrees of
longitudinal fluctuation of corrected- and uncorrected-
epigenetic ages (Additional file 1: Methods 2). The cor-
rected- and uncorrected-epigenetic ages were further
compared to the blood test results and basal body tem-
perature (Additional file 1: Methods 3 and Additional
file 1: Table S1).

We further investigated the mechanisms underlying
the short-term epigenetic age fluctuations. We defined
the contribution to the epigenetic age fluctuation as the
product of the coefficient used in each clock and the SD
(longitudinal change) of each clock CpG and extracted
the CpGs that made the highest (top 25%) and lowest
(bottom 25%) contributions. According to the procedure
mentioned above, we obtained CpG and genic annota-
tions pertaining to the CpGs, and tested the proportion
difference of annotations. We also performed enrichment
analyses of the two CpG groups that made the highest
and lowest contributions. The procedure of the analyses
is described in Additional file 1: Methods 4.

In the HM450k array, two different types of assays were
used: Infinium I uses two probe types per target CpG site,
whereas Infinium II uses a single type. This difference is
known to affect replicability in DNA methylation meas-
urements. Therefore, we compared the contributions
made to the epigenetic fluctuations by clock CpGs with
different assay types using Wilcoxon-Mann—Whitney
tests.

All statistical analyses in this study were carried out
using R version 4.0.5. Details of data processing are
described in Additional file 1: Methods.

Results and discussion

According to the Pan-tissue clock with Horvath-
normalized datasets, both Person A and Person B
had an epigenetic age of approximately 35-45 years
(Fig. 1a), although we did not obtain their chrono-
logical ages. The PBMCs indicated significantly older
epigenetic ages than the monocytes (paired t-test
p-values=1.902 x 10~ and 3.916 x 10~ for Persons A
and B, respectively). This sample type difference seems
to corroborate the results of a previous study that
compared the epigenetic ages calculated from whole
blood and monocytes, and reported that the Pan-tis-
sue age derived from the monocytes was younger than
that derived from the whole blood [7]. The range of
the short-term change of epigenetic age derived from
monocytes in Person B was smallest (5.624) and largest
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Fig. 1 Epigenetic age fluctuation and underlying characteristics based on Horvath-normalized datasets. a Longitudinal change of epigenetic ages
in peripheral blood mononuclear cells (PBMCs) and monocytes in the two individuals (Person A and Person B). The ages were calculated based

on three clocks. b Relationships between longitudinal DNA methylation change (standard deviation: SD) and the coefficient assigned to the clock
CpGs. The dashed line indicates coefficient=0. The single DNAm PhenoAge clock CpG exhibited a greater SD in the PBMCs of Person A (>0.15),

as is indicated by an arrow. ¢ Proportions of CpG and genic annotations of all clock CpGs (all), CpGs with a higher contribution to epigenetic

age fluctuation (top 25% CpGs; high), and CpGs with a lower contribution (bottom 25% CpGs; low). Asterisks indicate a significant difference in
annotation proportion. d Contribution of CpGs with type | and Il probes to epigenetic age fluctuation (SD x coefficient)

in Person A (8.355; Table 1). The greatest epigenetic
age change occurred in monocyte of Person B between
Days 42 and 43 (5.215 years; Table 1). The relationship
of the magnitude of fluctuation between monocyte and
PBMC samples was not consistent between the two

individuals (Table 1).

The epigenetic age calculated using the Skin & blood
clock was relatively longitudinally stable compared
to the epigenetic ages calculated using the other two
clocks (Fig. 1a and Table 1). The PBMCs of Person A
had the largest range of epigenetic age change (6.076)

and the greatest daily age change (3.197 between days
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Table 1 Epigenetic age fluctuation of each sample according to
the three clocks

Monocytes PBMCs

Person A Person B Person A Person B
Pan-tissue clock
Range 8355 5624 5.972 6.588
cv 0.060 0.042 0.034 0.037
Daily change 3.687 5.215 2.602 2428
Skin and blood clock
Range 3738 3.039 6.076 4.393
cv 0.026 0.023 0.034 0.030
Daily change 1.862 2305 3.197 2672
DNAm PhenoAge clock
Range 10.313 11.697 12.002 8225
cv 0.058 0.069 0.105 0.085
Daily change 5.956 6.534 5522 5324

Results based on Horvath-normalized datasets are presented. Full results are
provided in Additional file 1: Table S2.

Range the difference between the oldest and youngest epigenetic ages
observed across 3 months, PBCMs peripheral blood mononuclear cells, CV
coefficient of variance, Daily change the maximum epigenetic age change
between two consecutive blood-collection days

78 and 79) (Fig. 1a and Table 1). The difference in esti-
mated age between the sample types (monocytes vs
PBMCs) was smaller according to the Skin & blood
clock than according to the other two clocks although
there are still significant differences between the sam-
ple types (p-values=5.876 x 10® and 8.674 x 10~ in
Persons A and B, respectively). For both Persons A and
B, the magnitude of fluctuation was larger in PBMC
samples (Table 1). According to the DNAm PhenoAge
clock, the PBMCs of Person A and the monocytes of
Person B indicated the greatest range within 80 days
(12.002) and the greatest daily change (6.534), respec-
tively (Fig. 1a and Table 1). Based on CVs, PBMC sam-
ples exhibited greater fluctuation; however, it was not
consistent across indices (Table 1). Contrary to the
Pan-tissue and Skin & blood clocks, according to the
DNAm PhenoAge clock the PBMCs were approxi-
mately 20 years younger than the monocytes (p-val-
ues=1.257 x 107'° and 2.688 x 107", respectively). A
comparison of DNAm PhenoAges derived from whole
blood and monocytes also suggested that the DNAm
PhenoAge of whole blood is younger than that of
monocytes [7].

Roshandel et al. [7] also reported that the ages derived
from whole blood decreased in the order: DNAm Phe-
noAge-, Skin & blood-, and Pan-tissue-estimated age.
In contrast, when the ages were derived from mono-
cytes, the Pan-tissue- and Skin & blood-estimated ages
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were compatible, and the DNAm PhenoAge was great-
est. The sample type differences were similar in the
PBMCs and monocytes in this study.

The epigenetic age was strongly influenced by the
normalization strategy. In particular, unnormalized
DNA methylation datasets produced remarkedly older
Pan-tissue and Skin & blood ages and younger DNAm
PhenoAges compared to normalized datasets (Addi-
tional file 1: Fig. S2). However, there was no marked
difference in the degree of fluctuation between the nor-
malization strategies (Additional file 1: Table S2).

The epigenetic ages corrected for cell type propor-
tions showed slightly reduced ranges of age-change
within 80 days compared to uncorrected epigenetic
ages; however, no statistically significant reduction
of longitudinal variation was observed (Additional
file 1: Table S3). Furthermore, corrected epigenetic age
showed greater maximum daily changes. These results
imply that while cell type proportion is regarded to
affect epigenetic age, it does not explain the short-term
fluctuation of the epigenetic age.

Our study implies that there is considerable short-
term epigenetic age fluctuation. For example, growth
hormone administration had a rejuvenating effect on
epigenetic age in PBMCs over 12 months (Pan-tissue
clock: —2.50+0.40 years; DNAm PhenoAge clock:
—3.73+1.26 years) [8]. Several whole blood studies
have also reported epigenetic age changes following
interventions that are comparable to those observed
within a person over 3 months. For example, a dietary
intervention study revealed that the epigenetic age
decreased by 2.70 years in women with a specific geno-
type [9]. More comprehensive interventions, including
those related to diet, sleep, exercise, and the adminis-
tration of supplements for 8 weeks, reduced the epige-
netic age by 1.96 years on average [10]. These results
were obtained from between-group comparisons and
were statistically significant; they therefore reflect the
effects of the interventions. However, our study high-
lights that the same magnitude of change can occur
within months or days without intervention. Therefore,
short-term epigenetic age fluctuations have a nonnegli-
gible effect, which reduces the ability to determine the
effect of intervention on epigenetic ages.

The significant association with phenotype was only
observed between Skin & blood clock age in PBMCs
(corrected for cell type proportion) and y-GTP levels
(p-value=7.11 x 10°% Additional file 1: Tables S4—
S6). However, whether the epigenetic age fluctuation
is truly related to the daily fluctuation of y-GTP levels
within the normal range must be carefully considered.
Since our results were obtained from only two persons,
we avoid making conclusions.
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In all three clocks, smaller coefficients were assigned
for clock CpGs with large SDs in DNA methylation levels
(Fig. 1b). Although these clocks were developed without
explicitly considering short-term changes within indi-
viduals, they were ultimately designed to minimize the
impact of short-term fluctuations in DNA methylation
levels. The clock CpGs with greater and smaller longi-
tudinal methylation level changes (SD) exhibited mark-
edly different proportions of CpGs and genic annotations
(p-values=9.4 x 10™*-2.3 x 107%; Additional file 1: Fig.
S3), confirming that biological, rather than technical, fac-
tors are responsible for the observed changes in DNA
methylation levels [6]. However, regarding contributions
to the change in epigenetic age (coefficient x SD), there
was no significant difference in the annotation propor-
tions between the CpGs with higher and lower contribu-
tions, except for in two comparisons (genic annotations
for the Pan-tissue and DNAm PhenoAge clock CpGs)
(Fig. 1c). Enrichment analyses of the CpGs that made
higher and lower contributions to the epigenetic age fluc-
tuations also revealed no significantly enriched terms
or pathways in the present study.CpGs captured by the
Infinium II assay are known to be unstable compared to
those captured by the Infinium I assay. However, the type
II assay CpGs did not make greater contributions to the
epigenetic age fluctuations in all three clocks (Fig. 1d).
Therefore, the effects of assay type difference on epige-
netic age fluctuation in each clock were apparently lim-
ited. Our study revealed that epigenetic ages can vary
considerably. Although the observed fluctuations may
occur in vivo, no unified biological consequence was
identified. This indicates that complicated biological fac-
tors contribute to the variation in age estimates. Indeed,
it has been suggested that a number of factors (e.g., smok-
ing, mental stress, cancer, and physical activity) influence
epigenetic age acceleration [1], indicating that the under-
lying mechanisms are intermingled. Considering such
potential background, the lack of medical, medication,
or lifestyle information on the subjects is a limitation
of this study. Thus, the factors contributing to the fluc-
tuation are unclear in this study. However, the important
point remains that epigenetic age can change by >3 years
from day to day in apparently healthy individuals with-
out intervention. Although the short-term epigenetic age
fluctuations may be negligible in population-based stud-
ies, they have a significant influence on individual-level
interventions and age assessments. The importance and
usefulness of epigenetic age are not undermined by the
present study. Our study verifies the importance of con-
sidering the possible fluctuations within individuals in
the personalized clinical use of epigenetic age.

This study was based on only two Japanese males, both
in their 30 s, which may have resulted in bias. Further
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studies on diverse populations are required to under-
stand the implications of epigenetic age fluctuation, i.e.,
whether the fluctuation is undesirable noise in clini-
cal applications or has potential as a high-sensitive bio-
marker reflecting clinical conditions at the time of blood
collection.
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