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Abstract

Background: Epigenetic reprogramming in mammalian gametes resets methylation marks that regulate monoallelic
expression of imprinted genes. In males, this involves erasure of the maternal methylation marks and establishment of
paternal-specific methylation to appropriately guide normal development. The degree to which exogenous factors
influence the fidelity of methylation reprogramming is unknown. We previously found an association between paternal
obesity and altered DNA methylation in umbilical cord blood, suggesting that the father's endocrine, nutritional, or
lifestyle status could potentiate intergenerational heritable epigenetic abnormalities. In these analyses, we examine the
relationship between male overweight/obesity and DNA methylation status of imprinted gene regulatory regions in
the gametes.

Methods: Linear regression models were used to compare sperm DNA methylation percentages, quantified by
bisulfite pyrosequencing, at 12 differentially methylated regions (DMRs) from 23 overweight/obese and 44 normal
weight men. Our study population included 69 volunteers from The Influence of the Environment on Gametic
Epigenetic Reprogramming (TIEGER) study, based in NC, USA.

Results: After adjusting for age and fertility patient status, semen from overweight or obese men had significantly
lower methylation percentages at the MEG3 (3 =—1.99; SE=0.84; p=0.02), NDN (3 =-1.10; SE=047; p=0.02), SNRPN
(B=-065, SE=027; p=002), and SGCE/PEGI0 (B =—-25; SE=1.01; p=0.01) DMRs. Our data further suggest a slight
increase in DNA methylation at the MEG3-IG DMR (3 =+1.22; SE=0.59; p=0.04) and H19 DMR (3 =+1.37, SE= 062,
p=0.03) in sperm of overweight/obese men.

Conclusions: Our data support that male overweight/obesity status is traceable in the sperm epigenome. Further
research is needed to understand the effect of such changes and the point of origin of DNA methylation differences
between lean and overweight/obese men. Together with our earlier reports on paternal obesity and epigenetic shifts
in the offspring, our studies set the groundwork for future studies investigating male gametic methylation aberrations
due to paternal lifestyle factors such as obesity.
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Background

The body of research supporting the hypothesis that adult
chronic diseases, such as type II diabetes, metabolic disor-
ders and obesity, have early-life origins has grown into the
emergent field of developmental origins of health and dis-
ease (DOHaD) [1]. In light of the rising obesity epidemic,
parental obesity’s role in influencing offspring develop-
ment has become of particular interest [2, 3]. The rela-
tionship between maternal influences related to diet and
obesity and offspring outcome has been noted in many
studies [4—6], but there has been comparatively less re-
search on the role of fathers. However, a growing con-
sensus agrees that the influence of paternal factors,
particularly obesity, on offspring health should not be
overlooked [3, 7-9].

Animal models have shown that paternal obesity is as-
sociated with negative outcomes in offspring, including
increased risk of obesity, metabolic syndrome, and sub-
fertility [8, 10, 11]. While intergenerational relationships
are more difficult to assess in humans, we recently
reviewed a number of studies that linked paternal nutri-
tion or obesity to offspring outcome [12]. Paternal obes-
ity is an independent risk factor for autism spectrum
disorder [13]. Paternal body fat composition and pater-
nal grandfather nutritional status have also been linked
to body fat in daughters and the mortality risk ratio of
grandchildren, respectively [14, 15]. The observed transge-
nerational impact of paternal obesity may be due to
epigenetic rather than genetic changes [7, 16, 17]. The epi-
genome encompasses a regulatory and memory function,
mediated by DNA methylation, histone modifications, and
non-coding RNAs. It is responsible for somatically herit-
able changes in gene function without a change in DNA
sequence [18, 19]. The epigenome can be altered in re-
sponse to environmental insults, such as obesity, diet, and
toxins [3]. This plasticity potentially allows epigenetic
changes due to environmental factors to occur in the
(male) germ line and be passed to offspring [12]. Accord-
ingly, significant offspring epigenetic changes have been
linked to paternal obesity and nutritional status in numer-
ous animal studies [10, 20-23].

Our prior work on the Newborn Epigenetic STudy
(NEST) cohort showed that newborns of obese fathers
have a modified epigenome in the form of altered
methylation profiles at some imprinted gene regulatory
regions [24, 25]. Imprinted genes differ from other epi-
genetically regulated genes in that their epigenetic marks
and expression patterns are parent-of-origin-dependent,
and these patterns are transferred with fidelity and
consistency resulting in monoallelic expression [26, 27].
Imprint marks resist the global epigenetic reprogram-
ming that occurs after fertilization, prior to germ layer
specification, effectively allowing offspring to inherit any
alterations to these stable methylation marks from
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parents [7]. Thus, imprinted genes are ideal candidates
to investigate early-acquired paternal contributions to
offspring epigenomes.

In order to definitively link paternal obesity to off-
spring methylation modifications, such changes must be
traced back to the semen of the father. Examination of
sperm cells allows for the study of possible changes in
the establishment of the male gamete epigenome prior to
any influence and modulation from maternal factors and
the in utero environment. Animal studies have already
begun to link offspring epigenetic and phenotypic abnor-
malities to corresponding paternal sperm epigenetic
changes. Wei et al. found that male mice with induced
insulin resistance and impaired fasting glucose had off-
spring with increased susceptibility to diabetes and
altered methylation patterns in their pancreatic islets
that matched altered methylation in sperm from their
fathers [20].

In human populations, very little research has been
done linking paternal obesity to specific epigenetic mod-
ifications in sperm. The aim of this study was to deter-
mine whether or not there is a relationship between
overweight/obesity status and methylation profiles in
sperm at 12 imprinted regions. Our genes of interest in-
clude maternally expressed gene 3 (MEGS3), paternally
expressed gene 1/mesoderm specific transcript (PEG1/
MEST), insulin-like growth factor 2 (IGF2), H19, growth
factor receptor-bound protein 10 (GRBI10), neuronatin
(NNAT), necdin (NDN), small nuclear ribonucleoprotein
polypeptide N (SNRPN), epsilon sarcoglycan (SGCE)/pa-
ternally expressed gene 10 (PEGI0), paternally expressed
gene 3 (PEG3), and pleiomorphic adenoma gene-like 1
(PLAGLI). These imprinted genes are growth effectors,
important in early embryonic and fetal growth and/or
regulation of tumor growth.

Methods

Study participants and data collection

Healthy male participants were recruited as part of The In-
fluence of the Environment on Gametic Epigenetic Repro-
gramming Male (TIEGER) study, a larger project aimed at
investigating associations between the sperm epigenome
and various factors, including obesity and toxic environ-
mental exposures. Participants were recruited through
internet advertisements and flyers distributed within the
city limits of Durham, NC from May 2012 to November
2013. Eligibility criteria included self-reported Caucasian
ethnicity/race, non-smoking, no personal history of cancer,
no vasectomy or other procedures that could cause infertil-
ity, and 18-35 years of age. A total of 81 men expressed
interest in participating in the study. Six men were excluded
because they were non-Caucasian. Six men declined par-
ticipation prior to informed consent, resulting in 69 Cauca-
sian men completing the study. Participants were required
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to come in for one visit at the Duke Fertility Center,
Durham, NC. Because recruitment took place at this
clinic, couples attending the clinic were also asked to
participate, provided that men were not suspected of
having underlying male fertility issues. Patient status
(yes or no) was recorded. A clinical research nurse
measured height and weight, and body mass index
(BMI) was calculated as kilogram per square meter
(kg/m?). The subjects were asked to complete a short
questionnaire  soliciting information on  socio-
demographics and lifestyle factors, including level of
education, marital status, number of children fathered,
occupation, and physical activity. Two men had
insufficient sperm counts; hence, DNA methylation
analyses were obtained for 67 of 69 Caucasian
participants.

Specimen collection

Volunteers were asked to donate semen, urine, and blood
samples. They were requested to abstain from ejaculation
for at least 3 days, but no more than 10 days prior to their
visit. Semen was collected on site by masturbation without
the use of lubricants into a sterile polypropylene collection
container (Cardinal Health, Dublin, OH). The World
Health Organization (WHO) Laboratory Manual for the
Examination and Processing of Human Semen 5th edition
was referenced for normal values [28]. Semen was analyzed
for standard clinical parameters after liquefaction, no later
than 60 min from collection. After completion of these
clinical sperm analyses, the samples were subjected to two-
step ISolate-gradient centrifugation (Irvine Scientific) to se-
lect a motile population enriched in normal morphology.
This colloidal silica gradient, consisting of a 90 % lower
layer and 50 % upper layer, is prepared by sequentially add-
ing 1.5 ml of each to a 15 ml polystyrene conical tube. The
sperm sample was pipetted on top of the upper layer and
centrifuged at 200xg for 15 mins. The gradient solution
was removed and the pelleted sperm frozen and stored
at —80 °C for subsequent DNA methylation analyses.

DNA methylation analysis

The differentially methylated regions (DMRs) associated
with the following genes were examined: The two DMRs
analyzed for the DLK1/MEG3 imprinted domain consisted
of the MEG3-IG DMR (4 CpG sites) and MEG3 DMR (8
CpG sites) (chr 14q32.2). The region upstream from
the IGF2 imprinted gene promoters included three CpG di-
nucleotides (chr 11p15.5). The DMR for H19 included four
CpG sites (chr 11p15.5). The following gene promotor
DMRs were also tested: GRB10 (6 CpG sites) (chr 7p12.2),
NDN (6 CpG sites) (chr 15q11.2), NNAT (3 CpG sites)
(chr 20q.11.2), PLAGL1 (6 CpG sites) (chr 6q24), SGCE/
PEGI10 (6 CpG sites) (chr 7q21.3), SNRPN (4 CpG sites)
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(chr 15q11.2), PEG1/MEST (4 CpG sites) (chr 7q21.3), and
PEG3 (10 CpG sites) (chr 19q13.43) [29, 30].

Genomic DNA was extracted from sperm samples using
Puregene Reagents (Qiagen; Valencia, CA). Genomic DNA
(800 pg) was treated with sodium bisulfite using the Zymo
EZ DNA Methylation Kit (Zymo Research; Irvine, CA),
converting unmethylated cytosines to uracils. Methylated
cytosine is unaltered by this treatment. After bisulfite treat-
ment, DNA (~20 ng) was amplified by PCR using the
PyroMark PCR Kit (Qiagen) with 1.5 mM MgCl,, 0.12 uM
each of forward and reverse PCR primers, and 2.5 pl of
CoralLoad concentrate (Qiagen). Primers used for each re-
gion of interest were designed to anneal to sequences with
non-methylated CpG sites. Primer sequences used for
most DMRs can be found in previous studies [29, 30]. This
study also investigated PLAGL1, NDN, SNRPN, and
GRBIO. Primer information for these genes can be found
in Additional file 1: Table S1. The 5’ end of one primer
from each pair was conjugated to biotin, allowing for re-
tention of one DNA strand through annealing to streptavi-
din beads. The Pyrosequencing Work Station was used to
isolate the single strand, and then pyrosequencing was
completed using the PyroMark Q96 MD pyrosequencing
instrument (Qiagen). Bisulfite pyrosequencing assays used
to measure methylation levels at most CpG sites have also
been published previously [29, 30]. For genes with pre-
viously unpublished assay validation data, Additional
file 2: Figure S1 shows that experimentally determined
methylation percentage measures correlate closely with
the known methylation of validation samples. The sen-
sitivity of pyrosequencing to detect changes at very low
levels of DNA methylation was performed using the
same technique for preparing defined mixtures of DNA
as we have previously published [29, 30]. We tested the
ability of pyrosequencing to detect differences in
methylation below 5 %, using defined mixtures of fully
methylated and unmethylated DNAs hand pipetted in
0.5 % increasing increments of methylated DNA from 0 to
5 %. As shown in Additional file 3: Figure S2, pyrose-
quencing was able to detect 0.5 % differences across this
very low-level range of DNA methylation.

Statistical analysis

Variables were defined as follows: age (18-24, 25-29,
30-35), highest degree of education (high school, some
college/college, or graduate degree), marital status (sin-
gle, married/living with partner, or divorced/widow), fa-
thered children (yes or no), number of hours of
intensive exercise per week (less than 4 or 4 h or more),
number of hours spent watching TV, seated or inactive
per week (less than 4 h per week or 4 h or more), sperm
concentration (less than 1.5 x 107 or 1.5 x 10" spermato-
zoa/ml or more), sperm motility (less than 40 or 40 % or
more), total sperm count or TMC (less than or equal to
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3.9 x 107 or more than 3.9 x 107), and fertility clinic pa-
tient status (yes or no). Chi-square tests were used to
compare overweight/obesity status of the participants
within various subgroups. If the number of participants
was small (<5), Fisher’s exact test was used. Body mass
index (BMI) was calculated from height and weight mea-
sured by our study nurse the day of the participant’s visit.
In accordance with WHO guidelines, the following cat-
egories were defined: normal weight (18.5 kg/m” < BMI <
25 kg/m?), overweight (25 kg/m*<BMI<30 kg/m?),
and obese (BMI =30 kg/m?). For the purposes of this
analysis, individuals with BMIs over 25 were catego-
rized as “overweight/obese”.

The mean DNA methylation percentages at each CpG
site and the mean for the overall DMR in normal weight
men versus overweight/obese men were compared using
a Mann-Whitney U test. These analyses were extended
by using multivariate regression models, adjusting for
potential confounding factors. Potential confounders
were selected based on known or observed associations
with DNA methylation and with obesity; in the final,
main analysis, we controlled for age and patient status at
the fertility clinic as confounders. Sensitivity analyses
using subgroups of our participants and various multi-
variate analyses, with and without our variables, were re-
peated and compared. All analyses were based on the
available laboratory data for each CpG site at the DMRs.
Statistical analyses were conducted in SAS 9.4 (SAS
Institute Inc., Cary, NC, USA).

Ethics

The TIEGER study was performed with the approval of
the Duke University Institutional Review Board (refer-
ence number: Pro00036645). Informed consent was ob-
tained from all participants for the use of their biological
specimens and questionnaire data.

Results

Characteristics of study participants

The distributions of the characteristics of study participants
by category of BMI are shown in Table 1. Twenty-three
men were categorized as overweight/obese, representing
33.3 % of our study population. More specifically, 11 men
were overweight (25 <BMI<30) and 12 men were obese
(BMI = 30). Having a BMI of 25 or more was strongly asso-
ciated with increased age (p = 0.001). Most men in the over-
weight/obese category were older than 25 years (86.9 %),
while less than half (45.7 %) in the normal BMI category
were older than 25. Marital status was also strongly associ-
ated with overweight/obesity. Most overweight/obese men
were married (73.9 %), while most men of normal weight
were single (68.9 %) (p = 0.0003). Increased age was also as-
sociated with being married (p < 0.001). Increased age and
overweight/obesity status were both strongly associated
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Table 1 Socio-demographic data of male volunteers
TIEGER participants

Normal Overweight or
weight n=46 obese n=23

n % n %
Age 18-24 years 25 543 3 13.0
25-29 years 12 26.1 7 304
30-35 years 9 19.6 13 56.5
p value 0.001
Highest degree of High school 6 133 1 43

education Some college or 27 600 15 652

college degree

Graduate 12 26.7 7 304
p value 0.59
Marital status Single 31 68.9 5 217

Married/living 14 311 17 739
with partner

Divorced/widow 0 0 1 43
p value 0.0003
Having children® No 41 89.1 19 826
Yes 5 109 4 174
p value 047
Watching TV (inactive/ Less than 4 h 17 370 4 174
seated) per week
4 h or more per 29 63.0 19 826
week
p value 0.16
Exercise (heavy/ Less than 2 h 16 348 11 478
sweating) per week
2 h or more per 30 65.2 12 52.2
week
p value 0.29
Sperm concentration  <1.5x 10 3 7.0 1 43
215x107 40 930 22 957
p value 0.67
Sperm total motility <39x 10’ 8 186 4 174
count >39% 10/ 35 814 19 826
p value 0.90
Sperm motility <40 % 6 14.0 7 304
240 % 37 860 16 69.6
p value 0.11
Patient at Fertility No 40 87.0 9 39.1
clinic Yes 6 130 14 609
p value <0.001

If the sum was not 46 (normal BMI) or 23 (overweight/obese), respectively,
data were missing and percentage was calculated on known data. Chi-square
test was applied, except if n <5, in this case Fisher exact test is used

®Having children: only one was conceived through ART; this was in the
category of men with normal weight
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with being a patient at the fertility clinic (both p values
<0.001). We examined if the clinical sperm characteristics
were associated with overweight/obesity status and found
no significant associations. Overweight/obesity status and
aberrant sperm motility indicated a potential relationship,
but this was not significant: motility was abnormal (less
than 40 % motile) in 30.4 % of the overweight and obese
men, while only 14.0 % of the normal weight participants
had an abnormal sperm motility count (p =0.11).

Methylation at imprinted genes in sperm DNA of TIEGER
participants

Methylation profiles of sperm DNA from men with normal
weight are presented in Table 2. As anticipated, the follow-
ing gene DMRs were nearly 100 % methylated (range, 80.0
to 93.9 %): MEG3-IG, H19, and IGF2, consistent with the
known paternal origin of methylation for these regions.
Other gene DMRs studied were nearly completely
unmethylated (range, 1.6 to 4.1 % methylated), consistent
with the known maternal origin of methylation for these re-
gions and the requirement that these regions are demethy-
lated in sperm prior to conception. One exception was the
DMR for MEG3, which was unmethylated (approximately
0 %) in sperm, despite being a known paternally methylated
DMR. However, this DMR is known to acquire methylation
post-fertilization in mouse [31]; thus, this methylation pat-
tern is still consistent with a paternal origin.

Methylation levels at imprinted genes in sperm of
overweight/obese men versus normal weight men
At least two of the 12 DMRs studied in sperm were differ-
entially methylated by obesity or overweight status. Sperm
of overweight or obese men had a significantly higher
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(2.8 %) DNA methylation level than sperm of normal
weight men (p < 0.001) at the first CpG-site of the MEG3-
IG DMR. The H19 DMR showed a mean methylation dif-
ference of +4.1 % (p=0.012) and +1.2 % (p=0.020) at
CpG2 and CpG3, respectively (Additional file 4: Table S2).
After adjusting for age and patient status in our multivari-
ate analyses (Table 3), overweight/obese status was associ-
ated with higher DNA methylation at the first CpG site
examined of MEG3-IG (3 = +2.33; SE = 0.89; p =0.01) and
at CpGl of IGF2 (B = +0.94; SE = 0.41; p =0.02). An indi-
cation for an association was also present at CpG3 of
PEG1/MEST (= +0.44; SE=0.27; p =0.11). At three out
of four CpG sites of HI9, we also found significantly
higher DNA methylation in overweight/obese participants
at CpG1 (B =+1.34, SE=0.68; p =0.05), CpG3 (B =+1.41,
SE=0.58; p=0.02), and CpG4 (B=+1.31, SE=0.51;
p=0.01). Lower DNA methylation percentages were
measured at all CpG sites of MEG3, and the mean
methylation difference between obese/overweight men
and normal BMI men was —-1.99 (SE =0.84; p = 0.02).
All CpG sites of NNAT, PEG3, and PLAGLI showed
slightly lower DNA methylation levels if men were over-
weight/obese, but results were not significant. All CpG sites
of NDN, SNRPN, and SGCE/PEGI0 showed significantly
lower DNA methylation if men were overweight/obese.
The mean p-coefficients were -1.10 (SE =0.47; p =0.02),
-0.65 (SE=0.27; p=0.02), and -2.51 (SE =1.01; p=0.01),
respectively. At GRB10, DNA methylation was also slightly
lower at all sites, but only CpG3 reached significance (5 =
-0.70, SE = 0.31; p = 0.03). Figure 1 represents the adjusted
DNA methylation changes for overweight or obese men.

In order to assess the potential for selection bias by
age, these analyses were repeated, restricting the study

Table 2 Methylation profiles in sperm from men with normal weight at the DMRs of imprinted genes

Methylation % in sperm from men with normal BMI

MEG3-IG MEG3 PEG1/ IGF2 H19 GRB10 NNAT NDN SNRPN SGCE/ PEG3 PLAGL1
MEST PEGI10

% SE % SE % SE % SE % SE- % SE % SE % SE % SE % SE % SE % SE
CpG 1 084 038 065 011 91.80 025 9528 040 087 019 061 019 1.90 032 253 0.18 348 057 1.50 022 4.03 089
CpG2 7902 048 268 053 120 008 9290 036 66.71 093 281 0.17 1.90 025 126 034 159 016 191 058 162 025 390 091
CpG3 7399 036 1.83 056 206 014 9699 037 9279 034 132 017 299 028 127 021 186 0.19 369 061 158 024 457 082
CpG4 8585 046 3.70 051 235 0.19 9529 031 122 0.8 1.54 031 074 015 425 056 1.19 021 420 091
CpG5 8001 037 1.71 056 2.75 0.16 1.58 030 263 059 1.70 027 399 0.86
CpG 6 189 056 2.14 0.16 2.10 025 444 063 1.05 025 332 077
CpG 7 252 053 1.91 024
CpG 8 221 052 092 022
CpG 9 223 024
CpG 10 1.9/ 021
Mean 7972 033 270 051 1.56 008 9390 028 8751 034 185 0.16 183 026 1.61 028 165 0.16 340 058 157 023 4.00 084

Results shown here describe methylation profiles for normal weight men (BMI < 25). The DNA methylation percentages are presented for each DMR, by the individual

CpG site studied. The calculated mean for each DMR is shown on the bottom line
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Table 3 Multivariate analyses: DNA methylation at the DMRs of imprinted genes in sperm cells of obese and overweight volunteers

versus normal weight men

CpG sites MEG3-IG MEG3 PEG1/MEST
% SE p % SE p % SE

CpG 1 -143 062 002 -006 021

CpG 2 +233 089 001 -207 088 003 +021 016

CpG 3 +1.20 066 008 -212 092 002 +044 027

CpG 4 +044 083 059 -199 084 002 +018 038

CpG 5 +089 076 024 -204 091 003

CpG 6 -2.04 091 003

CpG 7 =219 086 001

CpG 8 -1.99 086 002

CpG 9

CpG 10

Mean +1.22 059 004 -199 084 002 +0719 017

CpG site NNAT NDN SNRPN
% SE p % SE p % SE

CpG 1 -071 058 022 -1.13 053 004 -060 031

CpG 2 -067 047 016 -128 056 003 -065 028

CpG 3 -049 055 037 -075 036 004 -076 033

CpG 4 -1.13 053 004 -064 025

CpG 5 -1.22 052 002

CpG 6 —-1.08 044 002

CpG 7

CpG 8

CpG 9

CpG 10

Mean -062 050 022 -1.10 047 002 =065 027

Imprinted genes

IGF2 H19 GRB10
p % SE p % SE p % SE p
076  +094 041 002 +134 068 005 -060 035 0.09
019 40718 072 081 +743 161 038 -038 029 020
011 4027 066 069 +741 058 002 -070 031 003
0.64 +1.31 051 001 =041 032 021
-042 029 015
-050 028 008
026 +046 052 038 +1.37 062 003 -050 029 009
SGCE/PEGI10 PEG3 PLAGL1
p % SE p % SE p % SE p

005 -204 098 004 -073 040 007 -279 178 012
002 -227 102 003 -082 044 007 =293 176 0.0
002 -249 105 002 -066 045 014 -236 172 017
001 -261 097 001 -0/70 038 007 =313 174 008
-278 102 001 -088 050 008 -263 167 012
-285 107 001 -080 045 008 -210 154 018

-0.74 043 0.09

-061 039 012

-0.75 043 009

-062 039 012
002 =251 101 001 -073 042 009 =266 167 012

The model shown adjusts for age (as a continuous variable) and being a patient (yes/no) at the fertility clinic as possible confounding variables. Percentages for
each CpG site represent the deviation of methylation percentage for overweight/obese men (BMI > 25) from the methylation percentage of normal weight men
(BMI < 25). These deviations were also averaged over all CpG sites associated with a particular imprinted gene (shown on the bottom line).

sample to 41 men aged 25 to 35. In this age range, the
age distribution by BMI category was similar. Although
this reduction in sample size decreased precision of our
estimates, the overall findings did not change (data not
shown), suggesting that the association between over-
weight or obesity and DNA methylation at these regions
is not unduly influenced by age.

Discussion

Most studies on epigenetic effects of obesity are conducted
in mother-child dyads, and the effects of the paternal germ
line are rarely examined. We undertook an analysis of the
association between paternal overweight/obesity status
and sperm methylation percentage at the regulatory re-
gions of imprinted genes MEG3-1G, MEG3, PEG1/MEST,
IGF2, H19, GRB10, NNAT, NDN, SNRPN, SGCE/PEGI0,

PLAGLI, and PEG3. We found significant differences in
DNA methylation patterns between overweight/obese
men and men of normal BMI at multiple DMRs. An im-
portant finding was that a fraction of the mature haploid
spermatozoa in each sample had not acquired their fully
methylated or unmethylated status at imprinted DMRs, as
is expected for paternally or maternally methylated DMRs,
respectively. Intriguingly, we found that after adjusting for
potential confounding by age and patient status, DMRs
that should be unmethylated in sperm (maternally methyl-
ated DMRs) were closer to 0 % methylation if men were
overweight or obese. These genes included GRBI0, NDN,
SNRPN, and SGCE/PEGIO0. In addition, overweight/obese
men had a higher fraction of sperm with complete DNA
methylation at regions where paternal methylation (closer
to 100 %) is expected, as compared to normal weight men.
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Fig. 1 Methylation differences in sperm from overweight/obese men versus normal weight men at imprinted genes. Differences in methylation
percentages between overweight/obese men and men of normal weight are shown by CpG site for each DMR studied, adjusted for age and
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This was the case at the IGF2 and HI9 DMRs. The
MEG3-1G and MEG3 DMRs are separated by about 20 kb
in humans and are unusual in terms of establishment of
paternal imprint marks. According to studies in mice [31],
methylation at these two DMRs is acquired at different de-
velopmental time points: the MEG3-IG DMR methylation
is established during maturation of sperm, while the
MEG3 DMR acquires methylation only after fertilization.
Both regions play an essential role in expression regulation
of MEGs and PEGs in the human body [32]. In semen of
overweight/obese men, we observed that a higher fraction
of sperm cells were fully methylated at the DMR of
MEG3-IG as compared to semen from normal weight
men, while in the same subgroup of overweight/obese
men, DNA methylation at the DMR of MEG3 was closer
to 0 %. Hence, in overweight or obese men, both regions
had a tendency to be closer to the theoretically expected
levels for methylation in these regions.

Interestingly, analyses in the Newborn Epigenetic STudy
(NEST) cohort showed that newborns of obese fathers
had comparable methylation patterns at some imprinted
gene DMRs. A matching positive trend between high BMI
and methylation at H19 and MEG3-IG DMRs was ob-
served in the NEST cohort, but results did not reach sig-
nificance. Similar paradoxical results regarding expected
theoretical levels of methylation were found. Lower DNA
methylation was seen at DMRs of genes expected to be
unmethylated on the paternal allele (e.g PEG3, NNAT,
and PEGI1/MEST) [25]. In the current study, sperm from
overweight/obese men also had a lower, albeit not signifi-
cant methylation profile at PEG3 and NNAT. Although
the results—comparing the same DMRs in this study to

those children born to obese fathers in the NEST cohort
study—were not all significant, the overall directions of as-
sociations are consistent with the notion that methylation
differences detected in the sperm of overweight/obese
men in this study could persist in their offspring. Taken
together, the results of the NEST and TIEGER studies sug-
gest that linkages between sperm and offspring epigen-
etic modifications merit further investigation. Human
data on paternal obesity and its potential effects on
sperm and offspring epigenetics are limited. To our
knowledge, only one recent study investigated a poten-
tial effect of obesity on the sperm epigenome. Donkin
et al. performed a comprehensive epigenetic mapping
of sperm from obese versus normal weight men [33].
Despite their limited sample size (10 obese men), potential
for selection bias, and the fact that different CpG sites
were examined, the Donkin et al. study corroborates our
findings that methylation differences exist in the sperm
methylome for obese men versus lean men. Some studies
indicate that the effects of epigenetic modifications
through sperm can be substantial for the offspring.
Feinberg et al. found that within a group of men who
had already fathered a child with autism, differences in
methylation in the sperm genome were present at genes
associated with autism spectrum disorder phenotypes.
These results suggest that epigenetic differences in sperm
may have profound offspring phenotypic consequences
[34]. Methylation profiles of sperm also may impact off-
spring viability. In a study of patients undergoing IVF,
sperm DNA methylation patterns were found to be pre-
dictive of IVF embryo quality [35]. In animal models,
deregulated methylation at imprinted genes has been
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observed in sperm from obese parents, which was associ-
ated with altered developmental capacity of the embryo
and reduced pluripotency and metabolic function [36, 37].
Although the relationship between BMI and clinical
sperm parameters remains controversial in humans, there
is growing evidence that male obesity is related to de-
creased fertility [38], which may be related to impaired
DNA methylation in sperm [39]. Epigenetic effects from
obese mothers on their son’s sperm have also been re-
ported. Ge et al. investigated DNA methylation patterns in
a mouse model at imprinted genes in sperm of offspring
born to obese and/or diabetic dams. DNA methylation
was increased at DMRs of the H19 and Peg3 genes [40]. In
the current study, similar regions are differentially methyl-
ated by obesity status. However, only DNA methylation at
H19 was significant in men. From these data, it can be
concluded that molecular mechanisms, hormonal imbal-
ances, diet, or other obesity-related factors could be the
cause of epigenetic changes in sperm. Several animal stud-
ies have demonstrated that the sperm epigenome may be
responsive to dietary factors. Effects were measured
through negative pregnancy outcomes, altered gene ex-
pression patterns in the offspring, and/or diminished re-
productive health in subsequent generations [10, 11, 22].
However, a recent study in mice by Shea et al. reported
conflicting results demonstrating that the sperm methy-
lome was much more strongly correlated with epigenetic
variations occurring randomly or due to other unknown
factors rather than diet [41]. Their findings suggest that
obesity and body composition are more important than
diet composition, or that diet may have an influence via
modified body composition. For instance, obesity is asso-
ciated with elevated estrogen levels, and results from ani-
mal studies suggest that increased exposure to estrogen in
the testes may lead to abnormal methylation patterns,
providing a possible mechanism for how body fat can im-
pact DNA methylation [38, 42]. Further investigation is
needed to disentangle the independent contributions of
diet versus body composition or its metabolic/hormonal
status in regard to sperm epigenetics. Another environ-
mental factor that could also induce epigenetic modifica-
tions in sperm DNA is testis hyperthermia in obese
subjects. Animal data provides evidence that heat can per-
turb the dynamics of DNA methylation programming in
the paternal genome; this was shown in bulls by Rahman
et al. [43]. A recent report in humans provides evidence
that the state of varicocele, a condition related to heat af-
fecting sperm, is related to DNA methylation in spermato-
zoa [44]. Hence, we cannot exclude the possibility that
obesity-related genital heat could have influenced our
results.

Other exposures, such as to the endocrine-disrupting
factor BPA or its metabolites, may also be involved. These
environmental factors could play a role in influencing

Page 8 of 11

both weight gain and spermatogenesis, and thus, it cannot
be completely ruled out that both increased BMI and
methylation changes are parallel results of environmental
exposures [45]. Future studies should strive to elucidate
the underlying mechanisms by which overweight/obesity
may affect methylation differences, and if a third factor,
such as an environmental exposure or nutritional profiles,
may be influencing both outcomes.

The methylation changes we found in this study were
subtle. However, these small changes in sperm may still
have an impact on offspring phenotypes. Murphy et al.
reported that a 1 % change in methylation at the IGF2
DMR leads to either a doubling or halving of /GF2 tran-
scription, depending on the direction of methylation.
This degree of change is equivalent to complete loss of
imprinting, which is particularly significant because this
loss of imprinting is often observed in cancers [46]. The
modest methylation changes in sperm associated with
obesity found here are also consistent with methylation
changes induced in humans by other early-life environ-
mental exposures and lifestyle factors, including prenatal
exposure to famine [47], maternal nutrition supplementa-
tion [48], use of medicines during pregnancy [49, 50], and
maternal exposure to cadmium [51] and lead (in press by
Nye and Hoyo in Environmental Epigenetics). Large
changes in methylation may in fact be less meaningful in
regard to intergenerational impact because significant
methylation aberrations may not result in viable offspring.

Although others have done a similar analysis in smaller
populations [33], a possible weakness of this study remains
the limited statistical power to detect significant differences.
Furthermore, one third of our population was recruited at
the Duke Fertility Center. Although we adjusted for Fertil-
ity Center patient status, there may be residual confound-
ing resulting from inherent differences in characteristics of
sperm DNA between (obese) men with potential fertility
problems attending the clinic and those not attending the
clinic. Hence, our results on sperm epigenetic differences
may partly reflect the effects in patients seeking care at a
fertility clinic, rather than the general population. Addition-
ally, we focused on self-reported Caucasian men only, while
North Carolina also includes a substantial population from
other ethnicities or origins, with a higher prevalence of
obesity, e.g., African Americans [52]. Given the increasing
prevalence of obesity in males, our provocative findings re-
quire replication in a larger multiethnic study.

Strengths of our study include that our study popula-
tion was comprised of men of reproductive age. We fur-
ther did not sub select our obese and non-obese groups
by any criteria. No exclusions were made based on
health conditions (other than those related to fertility),
as was done in the Donkin et al. study [33]. We focused
on a group of regulatory elements that are established
during spermatogenesis (or early post-fertilization in the
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case of the MEG3 DMR) and that are critical in the pro-
gramming of the correct expression patterns of
imprinted genes. Because imprinted genes are generally
spared the global reprograming post-fertilization, methy-
lation patterns established during spermatogenesis are
persistent, and thus transferred to the offspring.

A remarkable finding in our descriptive analysis was the
fact that the epigenetic imprinting is not as “complete” as
theoretically expected, and that some paternally imprinted
genes (e.g, MEG3) are not fully methylated until after
fertilization. There are currently no comparable epigenetic
studies on human (maturing) sperm in the literature for
us to compare our results against, highlighting the lack of
research on gametic epigenetic profiles at various stages of
maturation and development. Hence, we can only suggest
hypotheses for why men with normal BMI have a larger
fraction of epigenetically “incomplete” sperm cells. One
possible explanation is that a larger deviation from the ex-
pected methylation pattern in sperm reflects normal epi-
genetic variation at the DMRs on a population level,
allowing for adaptive phenotypic plasticity in response to
environmental changes [5]. A chronic exposure to an
obesity-related microenvironment in the testes during
spermatogenesis may alter the sperm epigenome. If this
exposure persists through generations, it may influence
long-term evolutionary trends [12]. Despite the observed
associations between paternal obesity, epigenetic modifi-
cation, and offspring phenotype, the timing and nature
of paternal obesity’s influence on sperm and conse-
quently offspring methylation profiles is potentially im-
portant. Persistent changes in epigenetic profiles may
vary if the exposure starts during early development of
the male gametes, before puberty, or at later age [3].
Overall, our results point to a need for investigation of
the impact of the environment on the human sperm
epigenome, as well as its normal variation.

Conclusions

The current study focused exclusively on the program-
ming of imprint marks during male gametogenesis. Our
results indicate that obesity, or its related factors, can
change epigenetic programming in a small fraction of
sperm cells. The contribution of paternal obesity towards
fetal and later adult development is especially relevant due
to the global obesity trend and merits further exploration.
Fortunately, studies have also indicated that paternal ef-
fects on future offspring can be prevented by weight loss
and exercise [53]. Epigenetics may provide the key for the
intergenerational influences of obesity and other lifestyle
factors of both mothers and fathers on offspring health. If
paternal obesity in fact does have an effect on offspring
later health and development, then the need for lifestyle
change is even more urgent.
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