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Abstract

Research indicates that environmental factors can alter DNA methylation, but the specific effects of environmental expo-
sures on epigenetic aging remain unclear. Here, using a mouse model of human-relevant exposures, we tested the hypothe-
sis that early-life exposure to bisphenol A (BPA), variable diet, and/or changes in physical activity would modify rates of
age-related methylation at several target regions, as measured from longitudinal blood samples (2, 4, and 10 months old).
DNA methylation was quantified at two repetitive elements (LINE-1, IAP), two imprinted genes (Igf2, H19), and one non-
imprinted gene (Esrl) in isogenic mice developmentally exposed to Control, Control + BPA (50 ng/kg diet), Western high-fat
diet (WHFD), or Western + BPA diets. In blood samples, Esr1 DNA methylation increased significantly with age, but no other
investigated loci showed significant age-related methylation. LINE-1 and IAP both showed significant negative environmen-
tal deflection by WHFD exposure (P < 0.05). Esrlalso showed significant negative environmental deflection by WHFD expo-
sure in female mice (P =0.02), but not male mice. Physical activity had a non-significant positive effect on age-related Esrl
methylation in female blood, suggesting that it may partially abrogate the effects of WHFD on the aging epigenome. These
results suggest that developmental nutritional exposures can modify age-related DNA methylation patterns at a gene re-
lated to growth and development. As such, environmental deflection of the aging epigenome may help to explain the grow-
ing prevalence of chronic diseases in human populations.
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Introduction o o . .

susceptibility to chronic diseases by influencing developmental
The Developmental Origins of Health and Disease (DOHaD) hy- plasticity [1, 2]. Based on their establishment during
pothesis posits that exposure to nutritional and environmental development and sensitivity to the environment, epigenetic
factors during prenatal and early postnatal periods alters marks—including chromatin  modifications and DNA
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methylation—have been identified as potential mechanisms
driving the DOHaD hypothesis [3]. Despite growing evidence to
support this idea [4, 5], however, the observed delay between
developmental exposures and later-life disease remains diffi-
cult to explain using only cross-sectional measures of the
epigenome.

Recent research shows that DNA methylation levels change as
a function of age in both humans and animal models [6-10]. These
age-related changes in methylation are gene- and tissue-specific,
can be either random or predictable, and are thought to play a role
in chronic disease development [7-9, 11]. Expanding on this idea,
recent reports have shown nutrient- and toxicant-mediated shifts
in the rate of age-related DNA methylation [12-14], a concept we
have described as “environmental deflection” [11]. Given that envi-
ronmental deflection of epigenetic mechanisms is expected to have
long-term effects on transcriptional control, it is possible that this
concept could play an important role in the delay between early-
life exposures and later-life disease.

A number of environmental factors, including exposure to
endocrine disrupting chemicals (EDCs), have shown associa-
tions with DNA methylation status. Bisphenol A (BPA) is an EDC
used in the commercial production of polycarbonate and epoxy
resins; it is found in a number of consumer products (e.g. plastic
bottles and metal can linings) [15]. Previous research shows that
BPA can bind growth-related nuclear receptors, activate specific
transcription factors, and alter epigenome-wide DNA methyla-
tion [16-21]. In mouse models, developmental BPA exposure
has been shown to alter both global and gene-specific methyla-
tion levels [19, 22, 23], suggesting that BPA exposure during
development could lead to environmental deflection of age-
related methylation patterns.

In addition to chemical exposures, developmental diet has
also shown associations with DNA methylation [24, 25].
Previous animal model studies showed that modifications to
maternal diet, including methyl donor content, can alter DNA
methylation in offspring, indicating that altered nutrition may
induce inter-generational changes in the epigenome [26-28].
Further supporting this idea, epigenome-wide studies have
found nutrient-sensitive CpG sites throughout the epigenome,
suggesting that dietary changes affect DNA methylation on a
broad scale [29]. Expanding on this literature, we recently
showed that developmental Western high-fat diet (WHFD) ex-
posure can alter rates of age-related methylation at target genes
in mouse tail tissue [14]. Based on these previous results, we hy-
pothesized that maternal WHFD would also alter rates of age-
related methylation in longitudinal mouse blood samples.

In addition to diet- and toxicant-induced changes to epige-
netic marks, recent research has also shown associations be-
tween exercise/physical activity and gene promoter DNA
methylation [30-32], suggesting that physical activity may play a
role in regulating the epigenome. Further supporting this idea, a
recent study in mice demonstrated that maternal exercise atten-
uated HFD-induced Pgc-1o. promoter hypermethylation in skele-
tal muscle of offspring [33]. As such, physical activity is a lifestyle
factor that may not only alter the epigenome, but specifically
mitigate the negative epigenetic effects of WHFD exposure.

Building on these previous studies, we tested the hypothesis
that developmental exposure to BPA, WHFD, and/or changes in
physical activity would result in environmental deflection of
age-related DNA methylation at five target loci—Long
Interspersed Nuclear Element-1 (LINE-1), Intracisternal A-
Particle (IAP), Insulin-like growth factor 2 (Igf2), H19, and
Estrogen receptor o (Esrl). These target genes represent three
categories—repetitive elements (LINE-1, IAP), imprinted genes

(Igf2, H19), and a protein-coding gene (Esr1). Environmental de-
flection of longitudinal DNA methylation patterns at these tar-
get genes could alter growth and development, thereby
contributing to later-life disease development.

Results
Litter Parameters

A subset of a/a non-agouti wild type mouse pups—1 male and 1
female per litter—from the four exposure groups were followed
until 10 months of age. In total, longitudinal data was collected
for 86 a/a pups—Control: n=22 (10 female, 12 male),
Control + BPA: n=19 (9 female, 10 male), Western: n=22 (11 fe-
male, 11 male), Western +BPA: n=23 (12 female, 11 male).
Across all mice, developmental BPA and/or WHFD exposure did
not significantly alter litter size, sex ratio, or a/a to A"/a geno-
typic ratio (Supplementary Table S1). The number of surviving
pups per litter was significantly lower in the Control + BPA ex-
posed offspring compared to Control (P =0.008), but was not sig-
nificantly different in other comparisons.

Age-Related DNA Methylation

DNA methylation was quantified from matched 2, 4, and 10-month
blood samples using bisulfite pyrosequencing. When adjusting for
exposure group, sex, age: exposure, and physical activity, only the
Esrl gene demonstrated significant changes with age (=4.094,
P=3.64E-14) (Table 1). Specifically, Esrl showed a significant in-
crease in mean blood DNA methylation from 2 to 10 months of age.
Furthermore, the included sex variable showed a significant rela-
tionship with mean Esrl DNA methylation ( =8.24, P < 2E-16), in-
dicating that sex may be modifying the association between age
and blood DNA methylation.

Developmental Exposures Alter DNA Methylation

Within the linear mixed models, we also examined whether
BPA and/or WHFD exposure had a significant effect on mean
blood DNA methylation compared to Control. At the IAP, Igf2,
H19, and Esr1 loci, there were no significant effects of develop-
mental exposures on mean DNA methylation (Table 2). At the
LINE-1 repetitive element, WHFD exposed mice showed a signif-
icant increase in mean blood methylation compared to Control
(8=0.762, P=0.003); no other exposure groups showed a signifi-
cant change in mean blood methylation at this repetitive ele-
ment (Table 2).

Environmental Deflection by WHFD Exposure

To further examine the potential effects of exposure on the rate
of age-related methylation, age: exposure interaction terms
were included in mixed effects models for mouse blood DNA
methylation to test for environmental deflection of age-related
methylation. There was significant WHFD-induced environ-
mental deflection of age-related blood methylation at LINE-1
(P=0.01), IAP (P=0.04), and Esrl (P=0.02) (Table 2). At all three
of these gene regions, WHFD exposed mice had higher % meth-
ylation at 2 months and lower % methylation at 10 months com-
pared to Control (Fig. 1). The Igf2 and H19 gene loci
demonstrated no significant environmental deflection of age-
related methylation by exposure.

To further examine the effects of sex on this relationship,
sex-stratified models of age-related methylation were run for
the Esrl gene region. These models showed that the effect of
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Table 1: age-related DNA methylation in mouse blood®

Gene N 2M % 4M % 10M % Methylation by P-value
(matched) methylation (SE) methylation (SE) methylation (SE) age - beta coefficient!

LINE-1 84 65.85 (0.10) 65.62 (0.10) 65.47 (0.10) 0.085 0.542

IAP 84 92.64 (0.09) 92.80 (0.10) 92.62 (0.13) 0.167 0.244

Igf2 82 46.45 (0.29) 47.07 (0.22) 47.05 (0.19) 0.218 0.469

H19 79 42.79 (0.19) 42.87 (0.23) 43.00 (0.28) —0.049 0.867

Esrl 81 50.71(0.73) 56.21 (0.62) 58.69 (0.40) 4.094 3.64E-14

“Linear mixed effect models were used to compare absolute methylation levels over time. Age, exposure group, sex, age: exposure, and log(AEE) variables were
included as terms in all models. N (matched) refers to the number of mice with matched pyrosequencing data at each gene region across time. Linear mixed models
for each gene also included a paired factor to account for matched, within-individual data. Separate models were run for each gene; beta coefficients and associated
P-values for age predictor from each model are reported. Bold =P < 0.05; t = Beta coefficient for age predictor in linear mixed effects model.

Table 2: blood DNA Methylation by exposure group®

DNA methylation Relative methylation by exposure Environmental deflection
Gene  Exposure N 2M% 4M % 10 month %  Exposure P-value Age: exposure P-value
methylation methylation methylation group beta interaction beta
(SE) (SE) (SE) coefficient coefficient
LINE-1 Control 64  65.58(0.24) 65.39 (0.20) 65.66 (0.17) (Reference) n/a (Reference) n/a
BPA 57  65.89(0.19) 65.44 (0.23) 65.52 (0.19) 0.365 0.172 —0.228 0.249
Western 66  66.24 (0.18) 65.80 (0.17) 65.31(0.26) 0.762 0.003* —0.493 0.010"
Western +BPA 65  65.69 (0.16)  65.84(0.23)  65.38(0.19) 0.347 0.173 —-0.181 0.343
IAP Control 64  92.44(0.18) 92.69 (0.12) 92.78 (0.20) (Reference) n/a (Reference) n/a
BPA 57 92.60(0.19) 92.95 (0.15) 92.75 (0.32) 0.228 0.430 —0.099 0.626
Western 66 92.71(0.14)  92.84(0.26)  92.27(0.22) 0.367 0.307 —0.395 0.046*
Western +BPA 65  92.77 (0.17) 92.73(0.21) 92.71(0.29) 0.299 0.185 —0.199 0.312
Igf2 Control 63 46.50(0.35) 46.91(0.39)  46.92(0.41) (Reference) n/a (Reference) n/a
BPA 55  46.43(0.50) 47.10(0.48)  48.17 (0.65) -0.270 0.676 0.636 0.138
Western 65 46.58(0.33) 46.97 (0.47) 46.49 (0.51) 0.165 0.785 —0.323 0.429
Western +BPA 62 46.29 (0.42) 47.32 (0.44) 46.69 (0.59) —0.004 0.994 —0.033 0.937
H19 Control 60 43.16(0.39)  42.96(0.44)  43.06 (0.46) (Reference) n/a (Reference) n/a
BPA 56  42.44(0.36) 42.01 (0.51) 42.25 (0.72) —0.739 0.256 —0.095 0.816
Western 62  42.31(0.27) 42.47 (0.36) 42.89 (0.56) —0.747 0.235 0.261 0.513
Western +BPA 59  43.32(0.50)  43.93(0.43)  43.76 (0.52) 0.307 0.631 0.264 0.518
Esrl Control 61 50.62(0.90) 56.36 (1.34) 59.18 (1.46) (Reference) n/a (Reference) n/a
BPA 55  50.25(0.84) 56.30 (1.35) 59.58 (1.34) —0.327 0.732 0.503 0.480
Western 63 51.48(0.80) 56.21(1.11)  56.64 (1.57) 1.417 0.114 ~1.489 0.029*
Western +BPA 65  50.41 (0.68) 56.00 (1.27) 59.47 (1.42) 0.139 0.876 0.389 0.565

2Average methylation by age group was compared across exposure groups using a linear mixed effects model. Age, exposure group, age: exposure, and log(AEE) were
included as terms in all models. Linear mixed models included an ID random factor to account for intra-individual effects. Separate models were run for each gene;
beta coefficients and associated P-values for the exposure categories from each model are reported. Western diet exposure led to a significant increase in mean LINE-1
methylation (P = 0.003). Environmental deflection of age-related methylation was tested across all exposure groups via inclusion of an age: exposure interaction term
in the model. LINE-1, IAP, and Esr1 all showed significant negative environmental deflection of age-related DNA methylation (P < 0.05). Control diet was used as the ref-

erence exposure in all comparisons. *P < 0.05.

age and WHFD exposure on Esrl promoter methylation in
mouse blood varied by sex. Males showed a significant increase
in Esrl methylation with age (f =4.22; P=0.004), but no signifi-
cant effects of exposure. Meanwhile, females demonstrated
both a significant increase in Esrl methylation with age
(f=2.11, P=0.001) and a significant negative age: WHFD inter-
action term (f=-1.67, P=0.02). Combined, these data show
WHFD-mediated environmental deflection of age-related Esrl
methylation in female mouse blood (Fig. 2).

Environmental Deflection by Physical Activity

From the CLAMS physical activity data, we used penalized
spline regression models to calculate activity-related energy ex-
penditure (AEE) values. An age: log(AEE) interaction term was
then included in sex-stratified linear mixed models for the Esrl

gene region, the only gene region in blood with significant age-
related methylation. In the male and female models, the age:
log(AEE) term was non-significant, but positive, showing oppo-
site directionality to the significant negative age: WHFD coeffi-
cient in the female model (Supplementary Table S2). This
indicates that AEE may partially offset the significant negative
WHFD-mediated environmental deflection in female mice, a re-
sult that is apparent in a visualization of the female mixed
model results (Fig. 3).

Discussion
BPA Exposure
We did not find any significant effects of developmental BPA ex-

posure on either cross-sectional DNA methylation or age-
related methylation at the five investigated genetic loci. These
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Figure 1: environmental deflection of age-related methylation by exposure group. This figure provides visualization of environmental deflection by exposure at five tar-
get loci. LINE-1, IAP, and Esrl demonstrated significant negative deflection of age-related methylation in Western-exposed mice compared to control. At the three sig-
nificant genes, WHFD exposed mice had higher % methylation at 2months and lower % methylation at 10 months compared to Control. Igf2 and H19 did not display
environmental deflection by WHFD. * = age: exposure interaction term P value <0.05 for WHFD exposure group in linear mixed model.

results match our previous work, which showed that the same
dose of BPA (50 pg/kg diet) did not significantly alter LINE-1 re-
petitive element methylation in liver [34] or Esrl methylation in
tail and liver [14, 35]. However, contrary to our results, separate
work in mice has shown that developmental BPA exposure
(10 mg/kg bw/day) can alter DNA methylation at the Igf2 DMR in
embryonic tissue. Similarly, separate studies in our lab have
shown that BPA exposure can alter genome-wide and global
methylation levels in mouse liver and tail, respectively [22, 23].
Taken together, these contradictory results suggest that the epi-
genetic effects of BPA may be tissue-, dose-, and gene-specific.
Therefore, the lack of significant BPA-related changes in
DNA methylation in this study may simply reflect an absence of
exposure effects in blood at the selected dose or investigated
loci.

Age-Related Methylation

In longitudinal blood samples, the Esrl promoter region demon-
strated significant age-related hypermethylation with age. This
age-related increase in Esrl promoter methylation matches
results from tail [14] and murine cortex [36], suggesting that the

directionality of age-related methylation at the Esrl locus is
consistent across tissues. Given that gene promoter methyla-
tion levels have been associated with altered transcription [37],
age-related hypermethylation of the Esrl promoter could lead
to long-term shifts in expression. Previous work has shown that
Esrl expression affects a number of biological processes, includ-
ing reproductive function, fat deposition, brain function, and
bone density [38]. As a result, age-related methylation at the
Esrl gene could modify risk for chronic disease development.
This concept should be tested via follow-up measurement of
longitudinal Esrl methylation levels in additional target
tissues—e.g. liver, kidney, and adipose.

The effect of age on Esrl promoter methylation was sex-
specific, with males showing a more pronounced effect of age
compared to females. This may be a reflection of sex-specific
estrogen receptor « (ER«) regulation during the aging process.
Previous work in mouse cortex has shown that adult females
have increased ERax protein levels, Esr1 mRNA expression, and
Esrl promoter methylation compared to males [36, 39],
suggesting that females may show decreased effects of age due
to a sex-specific requirement for Esrl expression into
adulthood.
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Figure 2: age-related Esrl DNA methylation split by exposure and sex. Spaghetti plot of age-related Esrl methylation as it varies by both exposure and sex. WHFD-ex-
posed female mice had a significant interaction between exposure and age (P=0.026), showing a decreased rate of age-related methylation in WHFD-exposed mice
compared to Control. No other exposure group showed a significant interaction between effects of age and exposure on DNA methylation.

Environmental Deflection

Based on age: exposure interaction terms, we found significant
environmental deflection by WHFD exposure at the Esrl, IAP,
and LINE-1 loci. At all three of these genes, WHFD exposure had
a significant negative effect on age-related methylation com-
pared to Control, with WHFD-exposed mice showing higher
mean methylation at 2months old and lower mean methylation
at 10 months old. This pattern suggests differential effects of de-
velopmental WHFD exposure at distinct life-stages—specifi-
cally, increased DNA methylation early in life followed by
decreased DNA methylation in adulthood. Although the exact
mechanism remains undefined, the apparent delay between
WHED exposure and decreased DNA methylation could be the
result of a two-phase exposure effect: early-life epigenetic pro-
gramming followed by compensatory changes in regulation of
methylation maintenance machinery—e.g. Dnmt3a and Tetl
enzymes.

The two-phase effect of WHFD exposure on the murine epi-
genome may be the result of oxidative stress (OS) induction.
Previous work has demonstrated that Western diet can induce

OS in mice [40], and other work has shown that OS can alter
DNA methylation [41]. For example, research indicates that OS
can induce DNA hypermethylation via targeted acceleration of
the reaction between cytosine molecules and S-adenyl-methio-
nine (SAM), a methyl group donor [41]. Research has also shown
that oxidative conditions can activate Tet enzymes [42-44], sug-
gesting that OS may affect active DNA demethylation. These bi-
directional effects of OS on the epigenome fit into the proposed
two-phase model for the effects of WHFD on DNA methylation.
In the first phase, WHFD-induced OS would increase DNA meth-
ylation on a short time scale through direct acceleration of the
interaction between SAM and CpG sites across the genome. In
the second phase, OS recruits Tet enzymes, leading to hypome-
thylation at specific promoter regions via targeted oxidation of
5-mC to 5-hydroxymethylcytosine (5-hmC). 5-hmC could then
be lost throughout the life-course via active or passive demeth-
ylation pathways [45]. While this model fits well with our
results, 5-hydroxymethylcytosine (5-hmC) is not distinguish-
able from 5-mC in bisulfite-pyrosequencing data [46]. As a re-
sult, there may be an early-life wave of OS-induced 5-mC
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Figure 3: age-related Esrl methylation for female mice. Slope estimates of the
relationship between age and Esr1 methylation for female mice. Slope estimates
are separated based on exposure to Western high-fat diet and/or AEE. Slope esti-
mates are based on beta coefficient values from the Esr1 linear mixed model for
female mice. In the model legend, “aging” refers to the baseline rate of age-re-
lated methylation, which is conceptualized as the beta estimate for the age term
in the model when effects of AEE and/or WHFD exposure are not considered.
The other terms in the legend represent the effect of exposure and/or physical
activity beta estimates on the baseline rate of age-related methylation. AEE and
WHEFD had opposing effects on the rate of age-related methylation at the Esr1 lo-
cus in female mouse blood.

oxidation to 5-hmC that is not captured in our targeted pyrose-
quencing data. Additional work is needed to fully characterize
the role of OS in WHFD-induced environmental deflection of
epigenetic aging in mice.

Female mice showed opposing effects of WHFD and activity-
related energy expenditure on longitudinal Esrl methylation,
suggesting a mitigating effect of life-long physical activity in
WHFD-exposed female mice. Supporting this idea, a recent
study in mice showed that maternal exercise attenuated

HFD-induced Pgc-1o promoter hypermethylation in skeletal
muscle of offspring [33]. Combined with our results, these data
suggest that physical activity—whether maternal or life-long—
may offset HFD-related effects on the epigenome. In our study,
the opposing effects of WHFD and physical activity on age-
related methylation were less apparent in male mice. This may
be a reflection of sex-specific regulation of the Esrl gene, which
is more highly expressed in female mice [39]. Based on these
data, sex should be considered in future studies investigating
environmental deflection of age-related methylation.

Limitations and Future Directions

This study demonstrates measurable WHFD-based modifica-
tions to the rate of age-related methylation in murine blood, but
the potential biological effects of this environmental deflection
remain unclear without concurrent, longitudinal measure-
ments of gene expression. Longitudinal measures of gene ex-
pression would provide a validation of DNA methylation
results, demonstrating whether age- and exposure-related
alterations to the epigenome have measurable phenotypic
effects. As such, future studies investigating the effects of
early-life toxicant exposure on epigenetic aging could expand
the interpretability of their results by examining the effects of
exposure and age on longitudinal gene expression.

DNA methylation levels vary by tissue [47], and a several
comparative studies in humans have shown that the blood
methylome can be quite distinct from other somatic tissues [48,
49]. However, little work has been done to investigate this ques-
tion in mice, since blood is not often used as a target tissue in
animal studies. As such, it is unclear whether the age-related
methylation found in mouse blood would also be present in
other tissues of interest, including liver, kidney, or adipose. To
address this knowledge gap, the NIEHS TaRGET II consortium,
which includes our lab, is investigating exposure-related differ-
ences in DNA methylation across multiple murine tissues [50].
Despite the unclear translatability of blood methylome data to
other murine tissues, collection of longitudinal blood samples
from the same mice allowed for direct measurement of intra-
individual age-related methylation. This reduces the potential
confounding introduced by inter-individual variability.
Additionally, blood collection during adulthood was minimally
invasive and did not negatively impact mouse health, meaning
longitudinal changes in the methylome were not simply a re-
flection of decreased fitness. Finally, blood samples provide im-
proved translatability to human aging studies, which typically
rely on clinical blood draw samples. For these reasons, we used
blood samples to investigate epigenetic aging in a mouse model;
future studies should test whether our results are consistent
across additional target tissues.

Conclusion

We measured longitudinal DNA methylation in matched blood
samples collected from isogenic mice at 2, 4, and 10 months of
age, then examined the effects of BPA, Western high-fat diet,
and physical activity on age-related methylation patterns. The
use of matched blood allows for greater translatability to bio-
available specimens in human populations. We found age-
related hypermethylation at the Esr1 locus, as well as diet- and
sex-dependent alterations to this age-related methylation. Our
results suggest that age-related methylation is a gene-specific
biological mechanism that is sensitive to both early-life envi-
ronmental exposures and life-course behaviors such as physical
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1. Control (AIN-93G) (n=22) F1 PND21 F1 2 Month F1 4 Month F1 8 Month F1 10 Month
2. 50 pg BPA/kg diet (n=19) *  BPA/HFD *  Blood *  Blood *+  CLAMS Sacrifice
3.  Western HFD (n=22) exposure Collection Collection (Physical *  Blood
4 50 pg BPA + WHFD (n=23) discontinued * CLAMS *  CLAMS Activity) Collection
(Physical (Physical
Activity) Activity)

Figure 4: diagram of Exposure Timing. FO dams were assigned to one of four dietary BPA/HFD exposure groups 2 weeks prior to mating. Exposure continued throughout
conception, gestation, and lactation until weaning at post-natal day 21 (PND21). After weaning, F1 offspring were transferred to an ad libitum Control diet, which con-
tinued until sacrifice at 10 months of age. Matched blood samples were collected at 2, 4, and 10 months. CLAMS calorimetry data was collected at 2, 4, and 8 months.

activity. These results should be further investigated in mouse
models, with a focus on additional tissues and phenotype
characterization.

Methods

Offspring sourced from a genetically invariant A*”/a mouse col-
ony maintained in the Dolinoy Lab via sibling mating and forced
heterozygosity for >220 generations [24]. Within the colony, the
AY allele is maintained in the heterozygous male line
(Supplementary Fig. S1), which has a genetically constant back-
ground 93% identical to C57BL/6] strain [24, 51]. The remaining
7% of the genome in this colony is from the C3H/HeJ strain [24,
51]. Two weeks prior to mate-pairing with A"/a males, 6- to 8-
week-old wild-type a/a dams were placed on one of four experi-
mental diet groups: (i) Control (custom AIN-93G), (ii)
Control + 50 ug BPA/kg diet, (iii) Western HFD chow, and (iv)
Western HFD +50ug BPA/kg diet (Fig. 4). As described previ-
ously, the Western HFD had altered nutrient levels and was
designed based on the U.S. junk food diet [14]. Dietary exposure
lasted through pregnancy and lactation, at which point pups in
each treatment group were shifted over to a custom AIN-93G
Control diet with 7% corn oil substituted for 7% soybean oil
(Harlan Teklad). 50 pg/kg diet BPA was chosen as the treatment
dose based on previous studies demonstrating epigenetic and
phenotypic effects at 50 pg/kg BPA [22, 52]. To achieve the 50 ug/
kg BPA concentration, BPA (0.01g) was first mixed with sucrose
(9.99g) in glass containers, and then the resulting 0.1% BPA/su-
crose mixture was included at 0.05 g/kg diet in custom Control/
HFD diets (Harlan Teklad).

Tissue and Physical Activity Data Collection

For each exposure group, approximately 1 male and 1 female a/
a wild-type pup per litter were maintained until 10 months of
age—Control: n=22 (10 female, 12 male), Control + BPA: n=19 (9
female, 10 male), Western: n=22 (11 female, 11 male),
Western + BPA: n=23 (12 female, 11 male) (Fig. 4). At 2, 4, and
8months of age, offspring were relocated to a new cage outfit-
ted with an integrated open-circuit calorimetry system—
Comprehensive Lab Animal Monitoring System (CLAMS,
Columbus Instruments); in this context, a host of phenotypic
measures were taken, including body weight, oxygen consump-
tion, food intake, and physical activity. After 3 days in the
CLAMS cages, mice were returned to their original cages. During
the 2 and 4month cage transfers, tail vein blood samples were
collected from all mice. At 10 months of age, mice were sacri-
ficed, and cardiac puncture blood samples were collected. All

blood samples were flash frozen in liquid nitrogen and stored at
—80°C, until DNA was isolated. All animals in this study were
stored in polycarbonate-free cages with ad libitum access to food
and drinking water, and were maintained in accordance with
Institute for Laboratory Animal Research (ILAR) guidelines [53].
The study protocol was approved by the University of Michigan
Committee on Use and Care of Animals (UCUCA).

DNA Isolation

Genomic DNA was isolated from 2, 4, and 10 month frozen blood
using the Qiagen Allprep DNA/RNA Mini Kit (Qiagen, Cat.
#80204). Yield and purity of all DNA was measured using a
NanoDrop spectrophotometer, and then genomic DNA was bi-
sulfite converted using the Zymo Research 96-well EZ-
methylation kit (Zymo Research, Cat. #D5004). Briefly, sodium
bisulfite was added to 0.5 ug of genomic DNA to convert unme-
thylated cytosines to uracil. Bisulfite converted DNA was then
amplified using polymerase chain reaction (PCR), causing ura-
cils to be replaced with thymines. Remaining cytosines in the
amplified PCR product represent a quantitative measure of DNA
methylation [54]. PCR amplification was performed on bisulfite
converted DNA using HotStarTaq master mix (Qiagen, Cat.
#203443), RNAse-free water, forward primer (9 pmol), and bioti-
nylated reverse primer (9 pmol). Total PCR volume was 35 pl per
sample, and gel electrophoresis was used to verify PCR product
identity.

DNA Methylation Measurement

As previously described, pyrosequencing was used to measure
DNA methylation levels in mouse tissue at five regions of inter-
est (Igf2, H19, Esrl, IAP, and LINE-1) [14]. Briefly, PCR amplifica-
tion was performed on bisulfite converted DNA using primers
designed in the PyroMark Assay Design software 2.0 (assay con-
ditions available in [14]). DNA methylation levels were then
quantified using the PyroMark Q96 ID instrument (Qiagen).
Pyrosequencing samples were run in duplicate, and the average
of the duplicates provided the final methylation percentages.
Sample duplicates with coefficient of variation (%CV)>10%
were discarded and re-run. Matched samples were run on the
same plate for all PCR amplification and pyrosequencing runs.
All pyrosequencing plates included 0% and 100% bisulfite con-
verted methylation controls, as well as a no template control.

Data Analysis

Matched blood samples were collected at 2, 4, and 10 months of
age from a total of 86 a/a offspring across the four exposure
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groups—Control: n=22 (10 female, 12 male), Control+BPA:
n=19 (9 female, 10 male), Western: n=22 (11 female, 11 male),
Western + BPA: n=23 (12 female and 11 male). Cross-sectional
DNA methylation for each target gene was compared between
the Control, Western, Control + BPA, and Western + BPA expo-
sure groups using ANOVA. For all ANOVAs, Tukey’s post-hoc
test was used to determine the significance of each group-to-
group comparison. Physical activity (PA) data on multiple axes
of movement—X ambulatory counts, X total counts, and Z total
counts—were measured using CLAMS cages (Columbus
Instruments). We summarized physical activity data, which
was collected over the 3days in CLAMS cages, in an activity-
related energy expenditure (AEE) variable. AEE was calculated
from total energy expenditure (TEE; kcal/kg/h) and resting meta-
bolic rate (RMR; kcal/kg/h) using the following formula:
AEE=0.9(TEE) — RMR [55-57]. The 0.9 multiplier was based on
the thermic effect of food (TEF), which was assumed to be ~10%
of TEE [56]. RMR was calculated from CLAMS data using a three
step protocol. First, physical activity data was preprocessed us-
ing an optimized power function based on the CLAMS 20 min
sampling interval [55]. Second, a penalized spline regression
model was used to model the time-course relationship between
Energy Expenditure and Physical Activity for each mouse. Third,
intercepts from the TEE vs. PA spline models were used to rep-
resent the RMR for each mouse. The AEE variable was log-
transformed prior to its addition to regression models.

Linear mixed effect models were used to compare mean
methylation levels over time by exposure group. Age, exposure
group, and sex were included as explanatory variables in all
models. Linear mixed models for each target region included a
random factor to account for matched, within-individual data.
Environmental deflection of age-related methylation was com-
pared by exposure group via inclusion of an age*exposure inter-
action term in all mixed models. Age*sex and age*log(AEE)
interaction terms were also considered in mixed models; these
terms were only included in the final model for Esr1, where age
demonstrated statistical significance.

Mixed models for blood tissue were fit using the following
format: Methylation ~ Age+ Sex+ Exposure +log(AEE) + Age:
Exposure + Age:Sex + Age:log(AEE) + [1|ID]. For all models, the
methylation outcome variable was defined as mean methyla-
tion across all amplicon CpG sites for two passing replicates.
The Ime4 package within the statistical program R was used for
all linear mixed models (R version 3.2.3, http://www.r-project.
org). Alpha significance levels were set at P <0.05 for all statisti-
cal comparisons.

Supplementary data

Supplementary Data are available at EnvEpig online.

Acknowledgements

This work was supported by the University of Michigan (UM)
NIEHS/EPA Children’s Environmental Health and Disease
Prevention Center PO1 (ES022844/RD83543601), the Michigan
Lifestage Environmental Exposures and Disease (M-LEEaD)
NIEHS Core Center (P30 ES017885), The University of
Michigan Nutrition Obesity Research Center (P30 DK089503),
as well as the UM NIEHS Institutional Training Grants T32
ES007062 (J.J.K. and E.H.M.), T32 HD079342 (E.H.M.), and F31
ES025101 (E.H.M.).

Conflict of interest statement. None declared.

Statement of Data Availability

Data from this project are available upon request.

References

1. Bateson P, Barker D, Clutton-Brock T, Deb D, D’Udine B, Foley
RA, Gluckman P, Godfrey K, Kirkwood T, Lahr MM.
Developmental plasticity and human health. Nature 2004;
430:419-21.

2. Heindel JJ, Balbus J, Birnbaum L, Brune-Drisse MN,
Grandjean P, Gray K, Landrigan PJ, Sly PD, Suk W, Cory
Slechta D, et al. Developmental origins of health and disease:
integrating environmental influences. Endocrinology 2015;
156:3416-21.

3. Haugen AC, Schug TT, Collman G, Heindel JJ. Evolution of
DOHaD: the impact of environmental health sciences. ] Dev
Orig Health Dis 2015;6:55-64.

4. Feil R, Fraga MF. Epigenetics and the environment: emerging
patterns and implications. Nat Rev Genet 2012;13:97.

5. Bianco-Miotto T, Craig JM, Gasser YP, van Dijk SJ, Ozanne SE.
Epigenetics and DOHaD: from basics to birth and beyond.
] Dev Orig Health Dis 2017;8:513-9.

6. Horvath S. DNA methylation age of human tissues and cell
types. Genome Biol 2013;14:R115.

7. IssaJP. Aging and epigenetic drift: a vicious cycle. ] Clin Invest
2014;124:24-9.

8. Jung M, Pfeifer GP. Aging and DNA methylation. BMC Biol
2015;13:7.

9. Jones MJ, Goodman SJ, Kobor MS. DNA methylation and
healthy human aging. Aging Cell 2015;14:924-32.

10.Stubbs TM, Bonder MJ, Stark A-K, Krueger F, von Meyenn F,
Stegle O, Reik W. Multi-tissue DNA methylation age predictor
in mouse. Genome Biol 2017;18:68.

11.Kochmanski J, Montrose L, Goodrich JM, Dolinoy DC.
Environmental deflection: the impact of toxicant exposures
on the aging epigenome. Toxicol Sci 2017;156:325-35.

12.Faulk C, Liu K, Barks A, Goodrich JM, Dolinoy DC. Longitudinal
epigenetic drift in mice perinatally exposed to lead.
Epigenetics 2014;9:934-41.

13.Gilbert KM, Blossom SJ, Erickson SW, Reisfeld B, Zurlinden TJ,
Broadfoot B, West K, Bai S, Cooney CA. Chronic exposure to
water pollutant trichloroethylene increased epigenetic drift
in CD4(+) T cells. Epigenomics 2016;8:633-49.

14.Kochmanski J, Marchlewicz EH, Savidge M, Montrose L, Faulk
C, Dolinoy DC. Longitudinal effects of developmental bisphe-
nol A and variable diet exposures on epigenetic drift in mice.
Reprod Toxicol 2017;68:154-63.

15.Vandenberg LN, Hauser R, Marcus M, Olea N, Welshons WV.
Human exposure to bisphenol A (BPA). Repro. Toxicol 2007;24:
139-77.

16.Watson CS, Bulayeva NN, Wozniak AL, Alyea RA.
Xenoestrogens are potent activators of nongenomic estro-
genic responses. Steroids 2007;72:124-34.

17.Krliger T, Long M, Bonefeld-Jgrgensen EC. Plastic components
affect the activation of the aryl hydrocarbon and the andro-
gen receptor. Toxicology 2008;246:112-23.

18.Wolstenholme JT, Rissman EF, Connelly JJ. The role of
Bisphenol A in shaping the brain, epigenome and behavior.
Horm Behav 2011;59:296-305.

19.Singh S, Li SS. Epigenetic effects of environmental chemicals
bisphenol a and phthalates. Int] Mol Sci 2012;13:10143-53.

20.Zhang X-F, Zhang L-J, Feng Y-N, Chen B, Feng Y-M, Liang G-J,
Li L, Shen W. Bisphenol A exposure modifies DNA

220z 1snbny 9| uo Jasn sonsnr Jo uswuedad 'S'N Aq 1209505/ L OAAP/E/y/e1onie/das/woo dno-olwapeoe)/:sdiy Woll papeojumMo(]


Deleted Text:  &ndash; 
Deleted Text: ,
Deleted Text:  &ndash; 
Deleted Text:  &ndash; 
Deleted Text: our
Deleted Text: our
Deleted Text: &ndash;
Deleted Text: 1
Deleted Text: ute
http://www.r-project.org
http://www.r-project.org
https://academic.oup.com/eep/article-lookup/doi/10.1093/eep/dvy017#supplementary-data

Longitudinal effects of developmental bisphenol A, variable diet, and physical activity | 9

methylation of imprint genes in mouse fetal germ cells. Mol
Biol Rep 2012;39:8621-8.

21.Manikkam M, Tracey R, Guerrero-Bosagna C, Skinner MK.
Plastics derived endocrine disruptors (BPA, DEHP and DBP) in-
duce epigenetic transgenerational inheritance of obesity, re-
productive disease and sperm epimutations. PLoS One 2013;8:
e55387.

22.Anderson OS, Nahar MS, Faulk C, Jones TR, Liao C, Kannan K,
Weinhouse C, Rozek LS, Dolinoy DC. Epigenetic responses fol-
lowing maternal dietary exposure to physiologically relevant
levels of bisphenol A. Environ Mol Mutagen 2012;53:334-42.

23.Kim JH, Sartor MA, Rozek LS, Faulk C, Anderson OS, Jones TR,
Nahar MS, Dolinoy DC. Perinatal bisphenol A exposure pro-
motes dose-dependent alterations of the mouse methylome.
BMC Genomics 2014;15:30.

24 . Waterland RA, Jirtle RL. Transposable elements: targets for
early nutritional effects on epigenetic gene regulation. Mol
Cell Biol 2003;23:5293-300.

25.Tobi EW, Slieker RC, Luijk R, Dekkers KF, Stein AD, Xu KM,
Slagboom PE, van Zwet EW, Lumey LH, Heijmans BT, et al.
DNA methylation as a mediator of the association between
prenatal adversity and risk factors for metabolic disease in
adulthood. Sci Adv 2018;4:eaa04364.

26.Niculescu MD, Craciunescu CN, Zeisel SH. Dietary choline de-
ficiency alters global and gene-specific DNA methylation in
the developing hippocampus of mouse fetal brains. FASEB ]
2006;20:43-9.

27.Dolinoy DC, Huang D, Jirtle RL. Maternal nutrient supplemen-
tation counteracts bisphenol A-induced DNA hypomethyla-
tion in early development. Proc Natl Acad Sci USA 2007;104:
13056-61.

28.Hollingsworth JW, Maruoka S, Boon K, Garantziotis S, Li Z,
Tomfohr J, Bailey N, Potts EN, Whitehead G, Brass DM, et al.
In utero supplementation with methyl donors enhances
allergic airway disease in mice. J Clin Invest 2008;118:
3462-9.

29.Parle-McDermott A, Ozaki M. The impact of nutrition on dif-
ferential methylated regions of the genome. Adv Nutr 2011;2:
463-71.

30.Kanzleiter T, Jdhnert M, Schulze G, Selbig J, Hallahan N,
Schwenk RW, Schiirmann A. Exercise training alters DNA
methylation patterns in genes related to muscle growth and
differentiation in mice. Am J Physiol Endocrinol Metab 2015;308:
E912-20.

31.King-Himmelreich TS, Schramm S, Wolters MC, Schmetzer J,
Moser CV, Knothe C, Resch E, Peil ], Geisslinger G,
Niederberger E, et al. The impact of endurance exercise on
global and AMPK gene-specific DNA methylation. Biochem
Biophys Res Commun 2016;474:284-90.

32.Nguyen A, Duquette N, Mamarbachi M, Thorin E. Epigenetic
Regulatory Effect of Exercise on Glutathione Peroxidase 1
Expression in the Skeletal Muscle of Severely Dyslipidemic
Mice. PLoS One 2016;11:e0151526.

33.Laker RC, Lillard TS, Okutsu M, Zhang M, Hoehn KL, Connelly
JJ, Yan Z. Exercise prevents maternal high-fat diet-induced
hypermethylation of the Pgc-lo gene and age-dependent
metabolic dysfunction in the offspring. Diabetes 2014;63:
1605-11.

34.Faulk C, Kim JH, Anderson OS, Nahar MS, Jones TR, Sartor MA,
et al. Detection of differential DNA methylation in repetitive
DNA of mice and humans perinatally exposed to bisphenol A.
Epigenetics 2016;11:489-500.

35.Weinhouse C, Bergin IL, Harris C, Dolinoy DC. Stat3 is a candi-
date epigenetic biomarker of perinatal Bisphenol A exposure

associated with murine hepatic tumors with implications for
human health. Epigenetics 2015;10:1099-110.

36.Wilson ME, Westberry JM, Trout AL. Estrogen receptor-
alpha gene expression in the cortex: sex differences
during development and in adulthood. Horm Behav 2011;59:
353-7.

37.Medvedeva YA, Khamis AM, Kulakovskiy IV, Ba-Alawi W,
Bhuyan MSI, Kawaji H, Lassmann T, Harbers M, Forrest ARR,
Bajic VB, et al. Effects of cytosine methylation on transcrip-
tion factor binding sites. BMC Genomics 2014;15:119.

38.Bondesson M, Hao R, Lin C-Y, Williams C, Gustafsson J-A.
Estrogen receptor signaling during vertebrate development.
Biochim Biophys Acta 2015;1849:142-51.

39.Sharma PK, Thakur MK. Expression of estrogen receptor (ER)
alpha and beta in mouse cerebral cortex: effect of age, sex
and gonadal steroids. Neurobiol Aging 2006;27:880-7.

40.Heinonen I, Rinne P, Ruohonen ST, Ruohonen S, Ahotupa M,
Savontaus E. The effects of equal caloric high fat and west-
ern diet on metabolic syndrome, oxidative stress and vascu-
lar endothelial function in mice. Acta Physiol 2014;211:
515-27.

41.Yara S, Lavoie J-C, Levy E. Oxidative stress and DNA methyla-
tion regulation in the metabolic syndrome. Epigenomics 2015;
7:283-300.

42.Chia N, Wang L, Lu X, Senut M-C, Brenner C, Ruden DM.
Hypothesis: environmental regulation of 5-hydroxymethyl-
cytosine by oxidative stress. Epigenetics 2011;6:853-6.

43.Coulter JB, O’'Driscoll CM, Bressler JP. Hydroquinone increases
5-hydroxymethylcytosine formation through ten eleven
translocation 1 (TET1) 5-methylcytosine dioxygenase. ] Biol
Chem 2013;288:28792-800.

44.Zhao B, Yang Y, Wang X, Chong Z, Yin R, Song S-H, Zhao C, Li
C, Huang H, Sun B-F, et al. Redox-active quinones induces
genome-wide DNA methylation changes by an iron-
mediated and Tet-dependent mechanism. Nucleic Acids Res
2014;42:1593-605.

45.Shen L, Song CX, He C, Zhang Y. Mechanism and function of
oxidative reversal of DNA and RNA methylation. Annu Rev
Biochem 2014;83:585-614.

46.Huang Y, Pastor WA, Shen Y, Tahiliani M, Liu DR, Rao A. The
behaviour of 5-hydroxymethylcytosine in bisulfite sequenc-
ing. PLoS One 2010;5:e8388.

47.Zhou ], Sears RL, Xing X, Zhang B, Li D, Rockweiler NB, Jang
HS, Choudhary MNK, Lee HJ, Lowdon RF, et al. Tissue-specific
DNA methylation is conserved across human, mouse, and
rat, and driven by primary sequence conservation. BMC
Genomics 2017;18:724.

48.Lowe R, Slodkowicz G, Goldman N, Rakyan VK. The human blood
DNA methylome displays a highly distinctive profile compared
with other somatic tissues. Epigenetics 2015;10:274-81.

49.Varley KE, Gertz ], Bowling KM, Parker SL, Reddy TE, Pauli-
Behn F, Cross MK, Williams BA, Stamatoyannopoulos JA,
Crawford GE, et al. Dynamic DNA methylation across diverse
human cell lines and tissues. Genome Res 2013;23:555-67.

50.Wang T, Pehrsson EC, Purushotham D, Li D, Zhuo X, Zhang B,
Lawson HA, Province MA, Krapp C, Lan Y, et al. The NIEHS
TaRGET II Consortium and environmental epigenomics. Nat
Biotechnol 2018;36:225-7.

51.Weinhouse C, Anderson OS, Bergin IL, Vandenbergh DJ,
Gyekis JP, Dingman MA, et al. Dose-dependent incidence of
hepatic tumors in adult mice following perinatal exposure to
bisphenol A. Environ Health Perspect 2014;122:485-91.

52.Anderson OS, Peterson KE, Sanchez BN, Zhang Z, Mancuso P,
Dolinoy DC. Perinatal bisphenol A exposure promotes

220z 1snbny 9| uo Jasn sonsnr Jo uswuedad 'S'N Aq 1209505/ L OAAP/E/y/e1onie/das/woo dno-olwapeoe)/:sdiy Woll papeojumMo(]



10 | Environmental Epigenetics, 2018, Vol. 4, No. 3

hyperactivity, lean body composition, and hormonal
responses across the murine life course. FASEB ] 2013;27:
1784-92.

53.National Research Council (US) Committee for the Update of the
Guide for the Care and Use of Laboratory Animals. Guid. Care Use
Lab. Anim. 8th Edn. Washington, D.C.: National Academies
Press (U.S.); 2011.

54.Grunau C, Clark SJ, Rosenthal A. Bisulfite genomic sequenc-
ing: systematic investigation of critical experimental param-
eters. Nucleic Acids Res 2001;29:E65.

55.Van Klinken JB, van den Berg SAA, Havekes LM, Willems Van
Dijk K. Estimation of activity related energy expenditure and

resting metabolic rate in freely moving mice from indirect
calorimetry data. PLoS One 2012;7:e36162.

56.Hills AP, Mokhtar N, Byrne NM. Assessment of physical activ-
ity and energy expenditure: an overview of objective meas-
ures. Front Nutr 2014;1:5.

57.Pontzer H, Durazo-Arvizu R, Dugas LR, Plange-Rhule ], Bovet
P, Forrester TE, Lambert EV, Cooper RS, Schoeller DA, Luke A,
et al. Constrained total energy expenditure and metabolic ad-
aptation to physical activity in adult humans. Curr Biol 2016;
26:410-7.

220z 1snbny 9| uo Jasn sonsnr Jo uswuedad 'S'N Aq 1209505/ L OAAP/E/y/e1onie/das/woo dno-olwapeoe)/:sdiy Woll papeojumMo(]



	dvy017-TF1
	dvy017-TF2

