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Placental Adiponectin Gene DNA Methylation Levels Are
Associated With Mothers’ Blood Glucose Concentration

Luigi Bouchard,'”> Marie-France Hivert,?> Simon-Pierre Guay,'” Julie St-Pierre,* Patrice Perron,

and Diane Brisson?®

Growing evidence suggests that epigenetic profile changes occur-
ring during fetal development in response to in utero environment
variations could be one of the mechanisms involved in the early
determinants of adult chronic diseases. In this study, we tested
whether maternal glycemic status is associated with the adipo-
nectin gene (ADIPOQ) DNA methylation profile in placenta tissue,
in maternal circulating blood cells, and in cord blood cells. We
found that lower DNA methylation levels in the promoter of
ADIPOQ on the fetal side of the placenta were correlated with
higher maternal glucose levels during the second trimester of
pregnancy (2-h glucose after the oral glucose tolerance test; 1y =
—0.21, P < 0.05). Lower DNA methylation levels on the maternal
side of the placenta were associated with higher insulin resis-
tance index (homeostasis model assessment of insulin resis-
tance) during the second and third trimesters of pregnancy
(rs = —0.27, P < 0.05). Finally, lower DNA methylation levels were
associated with higher maternal circulating adiponectin levels
throughout pregnancy (s = —0.26, P < 0.05). In conclusion, the
ADIPO@ DNA methylation profile was associated with maternal
glucose status and with maternal circulating adiponectin concen-
tration. Because adiponectin is suspected to have insulin-sensitizing
proprieties, these epigenetic adaptations have the potential to
induce sustained glucose metabolism changes in the mother and
offspring later in life. Diabetes 61:1272-1280, 2012

ith a prevalence ranging from 6.5 to 18%, ges-

tational diabetes mellitus (GDM) is responsible

for most cases of hyperglycemia during preg-

nancy, and its occurrence is set to grow rap-
idly in response to the worldwide epidemic of obesity (1).
In accordance with the fetal programming (Barker) hy-
pothesis, maternal hyperglycemia has been associated
with an increased long-term risk of overweight and type 2
diabetes in offspring in many studies (2). Maternal hyper-
glycemia during pregnancy is consequently a major public
health concern. The development of obesity-related meta-
bolic perturbations may start very early in life, as indicated
by recent studies where glucose metabolism impairment was
observed in the offspring of mothers with GDM as young as
3 years of age (3-5). Of interest, exposure to an adverse fetal
environment will potentially have transgenerational effects,
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suggesting that an initial exposure to an adverse fetal environ-
ment may have health consequences on multiple generations
(6-9). Accordingly, it is expected that the increasing preva-
lence of GDM will result in a worsening of the prevalence of
obesity and its related disorders, feeding a vicious circle.

Exact mechanisms involved in fetal programming remain
to be discovered, including the possible transgenerational
effect. Epigenetic phenomena have been repeatedly pro-
posed as molecular mechanisms that could explain how
a detrimental fetal environment can be associated with
obesity and type 2 diabetes years after exposure, but only
a few studies have addressed this hypothesis directly. Epi-
genetics refers to the heritable, but also reversible, regulation
of DNA transcription (10), a mechanism independent of the
DNA sequence. Epigenetic marks are subject to reprogram-
ming in response to both stochastic and environmental
stimuli, such as the in utero environment (11-13). The DNA
methylation occurring at position 5’ of the cytosine pyrimi-
dine ring is the more stable and best-understood epigenetic
system (14). Cytosine methylation is frequently observed at
CpG dinucleotide loci. A high level of methylation is asso-
ciated with a lower transcription of the target genes (15,16).

The placenta plays a critical role in embryo and fetus
growth and is responsive to environmental changes. It is
metabolically very active and is central in the nutrient and
waste exchange between the fetus and the mother. There-
fore, the placenta is a unique tissue with which to study the
molecular impacts of GDM (17). A few studies suggest that
epigenetic gene transcription regulation contributes to ex-
plain the long-term influence of GDM on childhood health
(18,19). Very recently, the level of DNA methylation of
a number of epivariants has been shown to be altered in the
placenta of newborns of low birth weight (20,21). These
results suggest that the DNA methylation profile of human
term placenta reflects the fetal growth and development
with a potential impact on the newborn’s health (20,21).
Accordingly, DNA methylation changes in the placenta also
will likely influence the chromatin structure and thus the
transcription of key energy metabolism and type 2 diabetes
expression genes such as adiponectin.

Adiponectin is the most abundant circulating hormone
secreted by the adipocytes, with putative insulin-sensitizing,
anti-inflammatory, and antiatherosclerotic properties (22).
In a normal pregnancy, the maternal adiponectin circulating
concentration increases in the first half of the pregnancy
and then decreases proportionally to weight gain and
physiological insulin resistance worsening (22). Newborn
adiponectin concentrations are higher than maternal circu-
lating levels during pregnancy (22). Overall, it suggests that
adiponectin, in addition to potentially linking excess adi-
posity to the risk of insulin resistance and type 2 diabetes,
has a potential role in pregnancy and fetal growth (22).

In the current study, we tested whether cytosines lo-
cated at ADIPOQ gene proximal promoter CpG islands
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harbor DNA methylation changes in placental tissues, ma-
ternal circulating blood cells, and cord blood cells are as-
sociated with maternal glucose levels during pregnancy.

RESEARCH DESIGN AND METHODS

Ninety-eight women with a singleton pregnancy were recruited during their first
trimester of pregnancy in the Saguenay area from a founder population of
French-Canadian origin (self-reported and confirmed by last name and first
language). They were all followed until delivery with three visits (at the end of
each trimester of pregnancy) at the research center, and samples were col-
lected at each visit and at delivery. Women aged >40 years, with pre-GDM or
other disorders (polycystic ovarian syndrome, uncontrolled thyroid disorders,
and renal insufficiency) known to affect glucose metabolism, as well as those
with a positive history of alcohol and/or drug abuse during the current preg-
nancy, were excluded. The Chicoutimi Hospital Ethics Committee approved
the project. All women provided written informed consent before their in-
clusion in the study, in accordance with the Declaration of Helsinki.

BMI was measured according to the standardized procedures of the Airlie
conference (23). Blood samples were collected after a 12-h fast. Blood glucose
and insulin measurements were made on fresh serum samples at the Chicoutimi
Hospital Clinical Laboratory. Glucose was evaluated using a Beckman analyzer
(model CX7; Beckman, Fullerton, CA), and insulin measurements were per-
formed using a radioimmunoassay method (Advia Centaur; Simmens). The
homeostasis model assessment of insulin resistance (HOMA-IR) was calcu-
lated using the following equation (24): HOMA-IR = fasting glucose (mmol/L) X
fasting insulin (mU/L)/22.5. Serum adiponectin levels were measured using an
enzyme-linked immunosorbent assay, as recommended by the manufacturer
(B-Bridge International). Glucose tolerance was assessed using a 75-g oral
glucose tolerance test (OGTT) performed at 24-28 weeks’ gestation. Women
with a 2-h post-OGTT glucose level =7.8 mmol/LL were classified as having
impaired glucose tolerance (IGT) and were treated with diet only (n = 17) or
with diet and insulin treatment (n = 14). Two mothers with IGT did not receive
any treatment.

The set of data collected is almost complete. Values may be missing because
a few women missed the third visit at the research center or no plasma/serum
samples were left for specific biomarker analyses. The tables and figures report
the number of samples analyzed for each phenotype.
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Placenta tissue sampling. Placenta tissue was sampled in the minutes fol-
lowing delivery (on average <15 min) by well-trained clinicians (MD) and kept
in RNALater (Qiagen, Valencia, CA) at —80°C until nucleic acid extraction.
Tissue biopsies were collected from both fetal and maternal sides. The former
consisted of the intervillous tissues and chorionic villi, and the latter consisted
mainly of fetal villous tissue but also contained tissue of maternal origin in
the deciduas basalis (basal plate). Analyses were performed on both sides
independently.

ADIPOQ@ DNA methylation and mRNA level measurements. DNA and
RNA were purified from placenta biopsies using the All Prep DNA/RNA/Protein
Mini Kit (Qiagen). DNA was purified from whole-blood and cord-blood samples
with the Gentra Puregen Cell Kit (Qiagen). RNA quality was assessed with
Agilent 2100 Bioanalyzer RNA Nano Chips (Agilent Technology). On average,
the RNA showed good integrity (mean RNA integrity 7.99 + 0.77).

DNA methylation levels at CpG sites were assessed using pyrosequencing
(Pyromark Q24; Qiagen-Biotage). In brief, methylated cytosines are protected
against a C—T transition following sodium bisulfite treatment (EpiTect Bisulfite
Kit; Qiagen). Pyrosequencing is a quantitative sequencing method allowing the
quantification (%) of cytosine methylation levels at each CpG site of a given
genomic region. PCR primers were selected using the PyroMark Assay Design
(version 2.0.1.15; Qiagen). The PCR and pyrosequencing primers for all three
CpG islands tested within the ADIPOQ gene locus were AdipoA3F: 5'-GGAT
TTTTATTTAGGAGAGTTGTTTT-3', AdipoA3R: 5'-ACCCTAAACCTCCCCTTTC
TACC-3" (161 bp), and AdipoA3Seq: 5'-ATTTTTATTTAGGAGAGTTGTTTTT-3’
(9 CpGs); AdipoCIF: 5'-GGTGGTAGGAGGTGATAGTTTAA-3', AdipoC1R: 5'-AC
TCCCCACCTCAAATAATCCAC-3" (199 bp), and AdipoC1Seq: 5'-GAAATGTTTTT
TTGGTTAGG-3' (4 CpGs); and AdipoE2F: 5''TGGTGAGTGGGATGTTTTGTTTTA-
3’, AdipoE2R: 5'-ACACACACCTCCACCTAT-3" (180 bp), and AdipoE2Seq: 5'-CA
CACACCTCCACCTATA-3' (4 CpGs). One of 98 DNA samples (from the mother’s
side) did not amplify and therefore was not analyzed.

cDNA was generated from total RNA using a random primer hexamer
provided with the High Capacity cDNA Archive Kit (Applied Biosystems, Foster
City, CA). Equal amounts of cDNA were run in duplicate and amplified in a 20-p.Li
reaction containing 10 pL of 2 X Universal PCR Master Mix (Applied Bio-
systems). Primers and Tagman probes were obtained from Applied Biosystems
(ADIPOQ: Hs00605917_m1; Applied Biosystems). The YWHAZ housekeeping
gene (endogenous control; YWHAZ: Hs00237047_ml) (25,26) was amplified in
parallel. ADIPOQ and YWHAZ amplifications were performed using an Applied
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FIG. 1. Adiponectin (ADIPOQ) gene locus (chromosome 3q27). Numbers in the diamond shapes report Spearman correlation coefficients between
CpG sites or linkage disequilibrium values (rz) between ADIPO@ SNPs, as computed with Haploview 4.0.
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Biosystems 7500 Real Time PCR System, as recommended by the manufacturer
(Applied Biosystems). ADIPO@ polymorphisms were genotyped using primers
and Tagman probes (assay nos. C_33187774_10 [rs17300539], C_33187743_10
[rs17366743], and C_1486294_10 [rs6773957] and a custom assay for rs822387 [PCR
primers: forward 5-CCTTTGTCCATTTTCTAATTGAATTTTTTTTTACCATTT-3'
and reverse 5'-GGAATGTATTTGCAAACCATATTTGAGACA-3'; TagMan probes:
5'-AGATTTGGATCTGGATTGT-3" and 5'-AGATTTGGATCTAGATTGT-3']) (Ap-
plied Biosystems), as presented elsewhere (27). Genotypes were determined
using a 7500 Fast Real Time PCR System and analyzed using 7500 software
(version 2.0.1; Applied Biosystems). The genotype call rate was 100% for each
polymorphism analyzed.

Statistical analyses. Mean locus DNA methylation levels from fetal and
maternal sides were computed among the cytosines showing within correlation
() levels >0.6 (Fig. 1). The computed mean values were used for correlation
analyses.

Spearman rank correlation coefficients were used to test associations be-
tween the DNA methylation level and the main variables of interest (maternal
fasting glucose and insulin, HOMA-IR, glycemic results at OGTT, and adiponectin
circulating levels). Correlations between 2-h glucose or adiponectin circulating
levels and possible confounders (age, BMI, weight change over pregnancy, in-
sulin levels, HOMA-IR, and time between birth and placenta sampling) also were
tested. Accordingly, the potential confounders (those with significant effects in
the correlation models) were added to the statistical models, when appropriate.
A ¢ test was used to assess the statistical differences in mean DNA methylation
between normoglycemic and groups with IGT. Results were considered statis-
tically significant when P values were <0.05 (two sided). Statistical analyses
were performed using SAS software (version 9.1.3).

81)
0.01
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RESULTS

Maternal and offspring characteristics including glucose-
related metabolic markers are presented in Table 1. On
average, women were slightly overweight at the first tri-
mester of pregnancy and were generally metabolically
healthy, all having a normal fasting glucose concen-
trations. Thirty-one women were classified as having IGT,
and 67 were normoglycemic according to the World
Health Organization guidelines (28). Only two women
fulfilled the American Diabetes Association criteria for
GDM diagnosis (29). As expected, higher adiponectinemia

HOMA-IR second trimester of
pregnancy (n
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0.84
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0.44

rs = —0.05
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0.48
=0.07
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TABLE 1
Maternal and offspring characteristics

pregnancy (n

Means = SD Range

n 98 —
First trimester mother’s

age (years) 284 £ 3.6 20.0-38.0
First trimester BMI (kg/m?) 2567 £ 49 19.0-43.0
First trimester fasting

glycemia (mmol/L) 4.44 + 0.36 3.40-5.40
First trimester fasting

insulin (mU/L) 6.89 = 4.11 1.00-23.90
First trimester fasting serum

adiponectin levels (pg/mL)* 13.1 = 49 6.7-31.7
2-h post-OGTT glycemia

(mmol/L) at 24-28 weeks’

gestation 6.83 = 1.36 3.80-10.80
Weight gain between the first

and third trimester

(% of initial weight) 17.7 £ 7.6 1.5-41.1
Birth weight (kg) 3.42 = 0.50 2.00-4.58
Cord-blood adiponectin

levels (ug/mL)t 36.1 = 11.2 12.1-63.6

HOMA-IR first trimester of

—0.09
0.02
0.88

0.38
—0.01

0.91
0.03

0.78
0.02

0.83
DNA methylation analyses were conducted on DNA extracted from placenta biopsies. *Also negatively correlated with fasting insulin but not with fasting glucose. Trends (P = 0.1) and

0.21
significant correlations (P = 0.05) are shown in boldface type.
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0.52
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0.36
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—0.14

0.20
-0.28

weight
changes
=0.11
0.33
0.01

2-h post-OGTT
Adjusted
Ts
TS
Ts
rs
Ts
rs

glucose levels (n
0.10

0.36
0.10

-0.17

0.10
-0.31

= 0.01
0.94
0.11
0.27
0.31
0.002

S
Ts

Ts
/rS
Vs =
rS
rs

%)
%)
%)

%)
%)
%)

First trimester of gestation refers to between weeks 11 and 14; sec-
ond trimester of gestation refers to between weeks 24 and 28; third
trimester of gestation refers to between weeks 36 and 37. *n = 70
(NGT =49 and IGT = 21). tn = 88 (NGT = 60 and IGT = 28).

E2_meanl
P-value
E2_mean2
P-value
Cl_mean
P-value
E2_meanl
P-value
E2_mean2
P-value

Spearman correlation coefficient between placenta ADIPO® DNA methylation levels and 2-h post-OGTT glucose concentrations and HOMA-IR throughout pregnancy

Maternal side
Cl_mean
P-value

TABLE 2
Fetal side
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in cord blood was associated with a higher birth weight
(rs = 0.26, P = 0.02) (30).

DNA methylation analyses and genomic context. A
total of 17 CpGs located within three ADIPOQ locus CpG
islands were epigenotyped. CpG islands and the results are
illustrated in Fig. 1. The most upstream CpG island (A3)
investigated is located roughly 20 kb from the first exon.
The nine CpGs tested at this locus demonstrated very low
levels of methylation (mean DNA methylation = 2.7%), and
thus the results were not analyzed. The second CpG island
(C1) is located within the proximal promoter region (4 kb
upstream the first exon). The four CpGs investigated within
the C1 locus showed average methylation levels ~30%
(Cl_mean). Finally, the third CpG island (E2) is located
between the first and second exons. Mean DNA methylation
levels were, on average, between 85% (CpGs 1 and 2;
E2_meanl) and 63% (CpGs 3 and 4; E2_mean2), depending
on their location within the island. Although mean DNA
methylation levels between both placenta sides were simi-
lar, the cytosine methylation level correlations between
both placenta sides were found to be generally weak and
not significant for most of the 17 CpGs tested (C1_mean:
rs < 0.19, P = 0.07; E2_meanl: 4, < 0.09, P = 0.37; and
E2_mean2: r4 < 0.10, P = 0.32).

Nevertheless, DNA methylation levels generally were found
to be well correlated between CpG sites within the C1 and E2
CpG islands. They were analyzed together when the correla-
tion coefficient was =0.60, resulting in three separate means
(Cl_mean, E2_meanl, and E2_mean2; as illustrated in Fig. 1).

DNA methylation levels at these 17 loci also were
measured in DNA extracted from circulating blood cells
(maternal and cord blood). Again, cytosines within the A3
island were found to be unmethylated, whereas cytosines
in both C1 and E2 loci were fully methylated (tested in 10
samples each; data not shown).

A 100

80

60

40

DNA methylation (%) — ADIPOQ C1

20

4 5 6 7 8 9

10 11 12

2-h post-OGTT glycemia (mmol/L)

Correlations between maternal glucose levels and
DNA methylation levels in placental tissues. A higher
level of maternal glucose at 2 h post-OGTT was associated
with lower mean DNA methylation levels at the C1 (CpG 1-4)
and E2 (CpGs 3 and 4) CpG islands on the fetal side of the
placenta (Table 2 and Fig. 2). Adjusting the statistical models
for weight gain over pregnancy as a potential confounder
did not affect the relationship significantly (Table 2).
Results remained unchanged after further adjustment for
HOMA-IR (results not shown). Mean DNA methtylation dif-
ferences in the fetal side of the placenta between women
who were normoglycemic (normal glucose tolerance [NGT])
and those who had IGT also were analyzed. We found that
E2_mean2 DNA methylation levels were slightly lower in the
group with IGT compared with women with NGT (67.03 =
0.65% vs. 64.92 = 0.96%), but the comparison did not reach
statistical significance (P = 0.07).

A higher maternal insulin resistance at the second and
third trimesters reflected by an increased HOMA-IR value
was associated with lower DNA methylation levels (mainly
at the E2 CpG island) on the maternal side of the placental
tissue (Table 2). Adjustment for the corresponding trimes-
ter circulating adiponectin concentration substantially im-
proved the relationship (Table 2). Correlations remained
significant after excluding the women taking insulin as
a treatment for their GDM.

The level of DNA methylation on the fetal side at the C1
island (which was associated with the maternal 2-h glucose
level) also was associated with maternal adiponectin levels
from the second trimester to postpartum (Table 3 and Fig. 3).
On the maternal side of the placenta, a higher level of
DNA methylation at the E2 island was associated with a
lower maternal adiponectin levels throughout pregnancy
and postdelivery (Table 3 and Fig. 4); the strength of asso-
ciation was enhanced by adjustment for maternal BMI and

W

DNA methylation (%) — ADIPOQ E2 mean 2

0 3 4 5 6 7 8 9

10 N 12

2-h post-OGTT glycemia (mmol/L)

FIG. 2. Spearman correlation between placental ADIPOQ gene promoter DNA methylation and 2-h post-OGTT glucose levels. Adjusted for weight

gain between the first and third trimester (n = 98).
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insulin resistance levels (HOMA-IR). The results remained
unchanged after further adjustment for weight gain over
pregnancy and 2-h post-OGTT glucose levels (results not
shown).

ADIPOQ transcriptomic and genetic analyses. Four
ADIPOQ@ single nucleotide polymorphisms (SNPs) were
genotyped. SNPs were selected based on previous lit-
erature and were associated with adiponectin levels
(rs173005639, rs822387, and rs6773957) or glycemic reg-
ulation (rs17366743) in other populations. Located in the
promoter region, rs173005639 and rs822387 (linkage dis-
equilibrium: 7* = 0.95) were associated with DNA methyl-
ation levels at the C1 island on the fetal side (P = 0.03 and
P = 0.04, respectively) (Fig. 5). SNPs rs822387 (promoter)
and rs6773957 (located at 3’ untranslated region) were
associated with DNA methylation at the E2 island on the
fetal side (P = 0.05 and P = 0.004, respectively) (Fig. 5). No
significant association was found between adiponectin
circulating concentrations during pregnancy and these
three polymorphisms. Placenta ADIPO@ expression also
was assessed, but its transcripts were undetectable in both
placenta sides.

DISCUSSION

The intrauterine life is a critical period suspected to impact
the long-term programming of the energy homeostasis
regulation and consequently plays an important role in
determining children’s susceptibility to obesity and type 2
diabetes (31,32). However, the molecular mechanisms
linking fetal life and the long-term increased risk to de-
velop obesity and type 2 diabetes are poorly understood.
Epigenetic changes such as DNA methylation could be one
of the implicated molecular mechanisms. Previously, we
showed that DNA methylation levels in the leptin gene
promoter region were correlated with 2-h post-OGTT gly-
cemia in placenta exposed to IGT during pregnancy (33).
In the current study, we found that placental ADIPOQ
gene DNA methylation levels were associated with ma-
ternal glucose metabolism and that this relationship exis-
ted throughout the maternal glycemic range (both NGT
and IGT).

Of interest, DNA methylation levels on the fetal side of
the placenta were associated specifically to the maternal
glycemic levels in response to an oral glucose challenge
and not to the insulin concentration (or HOMA-IR), sug-
gesting that glucose, per se, could influence the epigenetic
profile. This observation is biologically plausible knowing
that glucose crosses the placenta, whereas insulin does
not. Moreover, the association is observed with glucose
levels at the 2-h post-OGTT, arguing for the importance of
testing glycemic levels in response to glucose intake for
diagnosis and treatment of GDM. GDM is a complex trait,
and although cutoff values must be reached for its di-
agnosis, it is clear that the development and growth of the
fetus are influenced by glucose levels throughout the full
range of physiologic and pathophysiologic levels, with no
lower threshold value (34). Moreover, it was demonstrated
that high maternal glucose concentrations lying below the
American Diabetes Association cutoff for GDM is associ-
ated with excess adiposity in childhood (35), suggesting
that a slight increase of glycemia could be associated with
detrimental long-term health effects for the offspring and
should be prevented when possible. In the current study,
we have shown that even intermediate glucose intolerance
is correlated with the ADIPOQ DNA methylation profile.
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TABLE 3

Spearman correlation coefficient between placenta ADIPOQ DNA methylation levels and adiponectin concentrations through the pregnancy, at delivery, and in cord blood

Adiponectin concentration (pg/mL)

Third trimester of
pregnancy (n

Second trimester of
pregnancy (n

First trimester of pregnancy

- 88)

Cord blood (n
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Postdelivery (n

= 70)
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(n = 70)

Maternal side

7, = 0.06
0.61

rs = —0.01
0.90

0.20
rs = —0.33

ro= —0.18

re = —0.20
0.14
rs = -0.27

e = —0.09
0.46
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DNA methylation analyses were conducted on DNA extracted from placenta biopsies. *Adjusted for the mother’s BMI at the first trimester of pregnancy and HOMA-IR at the second

trimester of pregnancy. Trends (P = 0.1) and significant correlations (P = 0.05) are shown in boldface type.
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This evidence supports the use of more inclusive GDM cutoff
values, such as the ones suggested by the International As-
sociation of Diabetes and Pregnancy Study Groups to reduce
as much as possible hyperglycemia deleterious effects on
newborns’ health (34).

It also has been suggested that adiponectin down-
regulates its own production via a regulatory feedback
loop (36). However, adiponectin does not pass through the
placental barrier (22) (similarly to insulin), so it is unlikely
that maternal adiponectin levels influence DNA methyla-
tion on the fetal side. However, it is likely that the asso-
ciation between fetal-side DNA methylation levels and
maternal adiponectin levels reflect some common factors
associated with both. Many factors influencing the ADIPOQ
gene DNA methylation profile remain to be identified
because our model only partially explains (s = —0.28) its
interindividual variability. Research to identify those
factors should be undertaken.

With regards to the maternal side of the placenta,
a higher maternal insulin resistance was associated with
lower DNA methylation levels at the ADIPOQ locus, and
this association was strengthened after adjusting for circu-
lating adiponectin concentrations. Our results suggest that
insulin resistance is correlated with ADIPOQ DNA methyl-
ation levels in maternal tissues. Moreover, we showed that
DNA methylation at the ADIPOQ gene locus was correlated

diabetes.diabetesjournals.org

with circulating adiponectin concentrations at each tri-
mester of pregnancy and postdelivery, which strongly sug-
gests that these epigenetic marks are biologically functional.
The correlation between DNA methylation and maternal
circulating adiponectin levels also is strengthened by ad-
justment for HOMA-IR, suggesting that the regulation of
the adiponectin expression is influenced by the level of
insulin resistance. Because we and others (37,38) showed
that the placenta itself does not express adiponectin, our
results suggest that placental DNA methylation changes on
the maternal side are surrogate measures of the changes
taking place in the maternal adipose tissue. However, we
cannot exclude that the ADIPOQ gene may have been
expressed at some point in the placenta during the preg-
nancy, because the C1 and E2 CpGs islands were not fully
methylated, contrary to what was observed in cord and
mother circulating blood cells (known not to express
ADIPOQ). This could explain the controversial results
published to date about the potential adiponectin pro-
duction by the placenta (37-39). Nevertheless, our results
suggest that the placenta is useful for the study of epige-
netic adaptations to the fetal milieu as already suggested
(17), even for genes with very low (or absent) expression
such as adiponectin.

We confirmed that a higher adiponectinemia in cord
blood is associated with a higher birth weight, in line with
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previous observations (30); this is in contrast to the in-
verse association between the adiposity status and adipo-
nectin levels in adults. It has been suggested that the
number of small healthy adipocytes and a favorable ratio of
subcutaneous to visceral fat at birth could explain the posi-
tive relationship (30). This is consistent with the Perdersen
hypothesis (40,41): maternal glucose crossing the placen-
tal barrier stimulates fetal insulin production, leading to
growth of the baby, including adipose tissue differentiation
and expansion and, by consequence, higher adiponectin
levels in cord blood at birth. Nevertheless, there also is
data showing that newborns from mothers with GDM have
lower adiponectin levels (42), suggesting that the adipose
tissue already could be affected by adverse events occur-
ring in utero. In our sample, only two women were clas-
sified as having GDM,; therefore, we could not confirm this
observation and test whether GDM was associated with
a different DNA methylation pattern.

Although it has been suggested that epigenetic marks
can be short-lived and rapidly reversed, it is well accepted
that they are mitotically stable and relatively enduring,
with only marginal changes over time, producing long-term
changes to gene expression (11,13,43-45). Therefore, we
propose that the initial ADIPOQ gene DNA methylation
profile of an individual, partially determined by the fetal
milieu, will contribute to limiting or worsening the switch
from a positive correlation with weight at birth to a negative
one later in life in response to aging and environmental and
metabolic factors. This could be associated with an increased
risk or not of developing obesity and type 2 diabetes.
Strengths and limitations. Among the strengths of our
study, the longitudinal follow-up starting at the first tri-
mester with standardized testing for glucose regulation
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allowed us to correctly identify women with de novo IGT
during pregnancy and avoided misclassifications (46).
The technologies used for genotyping and measures of
DNA methylation levels are well validated and reliable.
Our sample size was fairly large compared with other
studies looking at epigenetic mechanisms and allowed
us to take into account possible confounding factors.
Nevertheless, our study also has limitations. We inter-
preted the association between maternal adiponectin
levels and placental DNA methylation at the ADIPOQ®
locus as being a reflection of maternal adipose tissue (as
the only human tissue known to produce and secrete
adiponectin). Unfortunately, adipose tissue was not avail-
able to confirm these associations. This study was con-
ducted in a homogeneous population from European
descent, which is a strength in genetics and epigenetics
studies, but our findings might not be applicable to other
populations.

Conclusions. It is expected that the number of women
affected by hyperglycemic disorders in pregnancy will in-
crease in association with the growing prevalence of obe-
sity. We also know that in utero exposure to hyperglycemia
increases the risk of obesity and insulin resistance in off-
spring, feeding forward the vicious circle. Our results sug-
gest that epigenetic changes around ADIPOQ could be one of
the mechanisms involved in fetal programming of metabolic
disorders of adult life. Investigations concerning other
genes in energy balance, glycemic regulation, and insulin
resistance pathways, including functional studies, will be
essential to confirm our findings. Identification of molecular
mechanisms and genes involved in the fetal programming
of energy metabolism will improve our understanding of
the pathophysiological processes involved in metabolic
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disorders and, hopefully, help to limit the vicious cycle
contributing to the actual obesity/diabetes epidemic.
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