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Sleep fragmentation (SF) is a common condition among
pregnant women, particularly during late gestation.
Gestational perturbations promote the emergence of
adiposity and metabolic disease risk in offspring, most
likely through epigenetic modifications. Adiponectin
(AdipoQ) expression inversely correlates with obesity
and insulin resistance. The effects of SF during late ges-
tation on metabolic function and AdipoQ expression in
visceral white adipose tissue (VWAT) of offspring mice
are unknown. Male offspring mice were assessed at 24
weeks after dams were exposed to SF or control sleep
during late gestation. Increased food intake, body weight,
VWAT mass, and insulin resistance, with reductions in
AdipoQ expression in VWAT, emerged in SF offspring.
Increased DNMT3a and -b and global DNA methylation
and reduced histone acetyltransferase activity and
TET1, -2, and -3 expression were detected in VWAT of
SF offspring. Reductions in 5-hydroxymethylcytosine
and H3K4m3 and an increase in DNA 5-methylcytosine
and H3K9m2 in the promoter and enhancer regions of
AdipoQ emerged in adipocytes from VWAT and corre-
lated with AdipoQ expression. SF during late gestation
induces epigenetic modifications in AdipoQ in male off-
spring mouse VWAT adipocytes along with a metabolic
syndrome-like phenotype. Thus, altered gestational
environments elicited by SF impose the emergence of
adverse, long-lasting metabolic consequences in the
next generation.

The prevalence of chronic or noncommunicable diseases is
increasing rapidly worldwide. Among the chronic diseases,
obesity is a major concern because it significantly reduces
life expectancy through increased risk and severity of
cardiovascular and metabolic diseases and cancer (1,2). The
fetal origins of the adult disease hypothesis suggests that
intrauterine environmental exposures affect embryonic de-
velopment and increase the risk of specific diseases in adult
life (3-5). Epidemiological and experimental studies have
revealed that imbalanced nutrition during gestation or
early postnatal life promote the risk of type 2 diabetes
and hypertension (6) possibly through metabolic repro-
gramming of the fetus and neonate (7,8). Furthermore,
emerging evidence suggests that perturbations during ges-
tation can increase the risk of morbidity and mortality
from cardiovascular and metabolic diseases in adult life
4,9).

Epigenetic modifications play a critical role in the
regulation of gene expression and are major contributors
to the determination of the phenotype in multicellular
organisms. Growing evidence suggests that epigenetic
modifications, such as DNA methylation, histone modifi-
cations, and noncoding RNAs (e.g., microRNAs [miRNAs]),
will alter gene expression without changing DNA se-
quence and are important effectors of developmental
programming. The sensitivity of the epigenetic system to
environmental factors occurs mainly during the period of
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developmental plasticity (i.e., gestation, early postnatal
life) (10). Epigenetic marks offer plausible explanations of
how environmental exposures can affect more than one
subsequent generation and elicit the emergence of obesity
and metabolic diseases (11).

Pregnancy is associated with significant hormonal,
biochemical, and physical alterations that among others,
affect sleep duration and continuity, particularly during
the third trimester (12), and increase the risk of sleep-
disordered breathing (13,14). During the third trimester
of human pregnancy, the prevalence of habitual snoring
and attendant sleep fragmentation (SF) has been esti-
mated to affect 10-27% of pregnant women (15) and
can impose significant increases in the risk for gestational
diabetes and other complications (14,16). However, the
long-term impact of sleep perturbations on metabolic
function in the offspring has not been investigated.

In obesity, different fat depots are associated with
differential metabolic risk (17). Visceral white adipose
tissue (VWAT), which exerts important endocrine func-
tions involving complex crosstalk with other organs and
tissues, is a central player in metabolic regulation through
the production and release of multiple adipokines that
coordinate energy balance, glucose homeostasis, insulin
sensitivity, and lipid pathways (18). Among the adipo-
kines, adiponectin (AdipoQ) is a circulating hormone pro-
duced exclusively by adipose tissue in adult humans and
rodents that modulates lipid and glucose metabolism, in-
cluding promotion of fatty acid oxidation and glucose
utilization and repression of hepatic gluconeogenesis
(19). In mice, reductions in AdipoQ bioavailability lead to
impaired glucose tolerance and to elevated hepatic glucose
production (20). In humans, decreased AdipoQ levels are
present in obese individuals and elevate the risk for insulin
resistance and cardiovascular disease (21). On the basis of
the aforementioned considerations, we hypothesized that
excessively fragmented sleep during late gestation would
induce metabolic perturbations in offspring mice and lead
to epigenetic modifications of AdipoQ in VWAT.

RESEARCH DESIGN AND METHODS

All experiments were approved by The University of
Chicago Institutional Animal Care and Use Committee.
Male and female C57BL/6J mice were purchased from
The Jackson Laboratory (Bar Harbor, ME) for breeding.
After arrival, all animals were allowed to recover within
the animal care facility for 7 days. Animals were fed a
normal chow diet and housed in a controlled environment
with 12-h light-dark cycles (7:00 AM.-7:00 p.M.) in constant
temperature (24 * 0.2°C) with ad libitum access to food
and water. For all measurements and assessments, experi-
menters were blinded to the identity of the mice being
tested.

Pregnant Female Mice
Individual 3-month-old male and virgin female mice were
used for breeding to generate only one litter. Male mice
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were removed once inspection of the female revealed the
presence of a copulation plug (day 1 of gestation). After
14 days of pregnancy, the mice were divided into two
groups: control sleep (SC) mice were housed in standard
housing conditions, and sleep fragmented mice were
exposed to an SF paradigm for 5 days (days 14-19 of
gestation). Upon delivery, all litters were immediately
culled to six pups, and culling was always performed
around 12:00 p.M. for both experimental groups. During
lactation, all mothers were fed regular low-fat chow diet,
and pups were kept with their mothers until weaning.
Once weaned, offspring male mice were placed in individ-
ual cages, had unrestricted access to water and regular
chow diet, and were housed in standard conditions in
a temperature-controlled (24 = 2°C) room with 12-h
light-dark cycles (lights on at 7:00 aM.).

Food Consumption, Body Weight, and Indirect
Calorimetry in Offspring

Food consumption was registered daily, and body weight
of each male offspring mouse was registered weekly for
the 24-week period, always at the same time of the day
during the middle of the light period. Indirect calorimetric
measurements were carried out with the LabMaster
system (TSE Systems, Midland, MI) in a separate subset
of SF offspring and SC offspring at the Mouse Metabolic
Core Facility to allow monitoring of VO,, VCO,, and re-
spiratory exchange ratio. VO,, VCO,, and respiratory ex-
change ratio were recorded for 7 days during the 7th week
of life, and gain was recorded during the 23rd to 24th
weeks of life.

Sleep Fragmentation

The device used to induce SF in rodents has been
previously described (22,23). The device induced moder-
ate to severe SF with a 2-min interval that was imple-
mented during the light period (7:00 AM-7:00 pMm.) for
5 days during the last one-third of the gestation period
(days 14-19). This experimental procedure is not associ-
ated with any measurable increases in stress hormones
(22,23). Furthermore, the SF paradigm does not reduce
the overall duration of sleep or affect the macro- and
microstructures of sleep state distribution (22,23). In
addition, each pregnant mouse, whether SF or SC, was
placed in a cage that included the SF device for the dura-
tion of the exposure, with all cages being located in the
same room in the vivarial facility.

Glucose Tolerance Test

Intraperitoneal glucose tolerance test (GTT) was per-
formed at 24 weeks of age. Mice were injected with
glucose 2 mg/g body weight i.p. after 3 h of fasting. Water
was available during the fasting period. Blood samples for
glucose determination were collected from the tail vein in
heparin-coated capillary tubes at 0, 4, 15, 30, 60, 90, and
120 min. Glucose response during GTT was evaluated by
estimating the total area under the glycemia versus time
curves.
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Insulin Tolerance Test

Mice were injected intraperitoneally with Humulin
0.25 units/kg of body weight after 3 h of fasting at age
24 weeks. Blood was collected from the tail vein of each
mouse, and blood glucose was measured using a OneTouch
Ultra2 glucometer (LifeScan, Milpitas, CA). Blood samples
for insulin determination were obtained from the cut tip
of the tail at 0, 4, 15, 30, 60, and 120 min following
injection. Insulin resistance before insulin injection was
assessed using the HOMA-IR equation (fasting insulin X
fasting glucose)/22.5. Insulin tolerance test (ITT) glycemic
trajectories were also analyzed for differences in insulin
sensitivity as previously described (24). Of note, mice un-
dergoing ITT did not undergo GTT and vice versa.

Lipid Profiles

Fasting plasma samples were assessed after 3 h of fasting
for total cholesterol and triglyceride levels with Infinity
kits (Thermo Scientific, Pittsburg, PA).

ELISAs

Mice were fasted for 3 h, and blood samples were
collected in vacutainer tubes containing EDTA (Becton
Dickinson, Franklin Lakes, NJ). The collected fresh blood
was centrifuged at 2,000g for 20 min at 4°C; subse-
quently, plasma samples were centrifuged for 5 min at
13,000 rpm to remove remaining cells and platelets and
immediately frozen at —80°C until further analysis.
Plasma insulin and AdipoQ assays were carried out with
ELISA kits (EMD Millipore, Billerica, MA) according to the
manufacturer’s protocol. For the insulin assay, the appro-
priate range of the assay was 0.2-10 ng/mL, with the
limit of sensitivity at 0.2 ng/mL and intra- and interassay
variations at 3.73% and 10.52%, respectively, within
the assay range. For the AdipoQ assay, the appropriate
range was 1-50 ng/mL, with the sensitivity threshold at
0.2 ng/mL, and intra- and interassay variations at 5.75%
and 5.98%, respectively, within the assay range.

Preparation of Nuclear Extracts

For this and all other experiments, epididymal VWAT
were used. Nuclear extracts of VWAT were isolated using
Active Motif (Carlsbad, CA) kits. Concentrations of
soluble nuclear proteins were determined in the super-
natants using the Pierce BCA Protein Assay kit (Thermo
Scientific, Rockford, IL).

Total RNA and miRNA Isolation

Total RNA and miRNA were isolated from the same
VWAT of each animal. Total RNA was isolated through
automated RNA extraction (Promega, Madison, WI), and
DNase was treated according to the manufacturer’s pro-
tocol. miRNA was isolated by using the miRNeasy Mini kit
(Qiagen, Valencia, CA). The RNA quality and integrity
were determined by Eukaryote Total RNA Nano 6000
LabChip assay (Agilent Technologies) on the Agilent
2100 Bioanalyzer. The quality of miRNA was determined
with the Agilent Small RNA Kit according to the manu-
facture’s protocol. Both total RNA and miRNA samples

Diabetes Volume 63, October 2014

were quantified on a Nanodrop 2000 (Ambion, Austin,
TX).

DNA Isolation

DNA was isolated from VWAT using automated tissue
DNA extraction kits (Promega) and quantified on
a Nanodrop 2000. DNA was isolated from adipocytes
by collagenase digestion and flotation centrifugation.
Briefly, fat pads were digested in Krebs-Ringer buffer
containing 1 mg/mL type II collagenase (Sigma-Aldrich,
St. Louis, MO) and incubated in a shaking water bath at
37°C for 30 min. Adipocytes were isolated from stromal
elements by gentle centrifugation at ~150 rpm for 1 min.
DNA was isolated by using a DNeasy Blood and Tissue kit
(Qiagen).

Global DNA Methylation and Histone Acetyltransferase
Activity Assay

DNA was extracted from VWAT by using the Maxwell 16
System and Maxwell 16 Blood DNA Purification kit
(Promega) and analyzed for global methylation with the
Methylamp Global DNA Methylation Quantification Kit
(Epigentek, Farmingdale, NY). Histone acetyltransferase
(HAT) activity using VWAT nuclear extracts was quanti-
fied using the HAT Activity Colorimetric Assay Kit
(BioVision, Mountain View, CA).

Epigenetic Analyses for DNA Modifications

Epigenetic modifications in DNA isolated from adipocytes
derived from VWAT samples (Supplementary Fig. 1) were
assessed using methylated DNA immunopreciptation
(MeDIP) as previously described (25). In brief, genomic
DNA was isolated and sonicated to produce random frag-
ments ranging in size from 200 to 1,000 base pairs (bp).
Denatured DNA samples were immunoprecipitated with
antibodies against 5-methylcytosine (5-mC) (Diagenode,
Denville, NJ) or 5-hydroxymethylcytosine (5-hmC) (EMD
Millipore). These sonicated input DNA and immunopre-
cipitated DNA were analyzed in parallel by quantitative
RT-PCR (qRT-PCR) using specific primers at the region of
interest.

Epigenetic Analyses of Histone Modifications

Analyses of histone modifications of DNA from purified
adipocytes were performed as previously described (26).
Cell populations of individual purified adipocytes from
VWAT tissues were cross-linked with low concentrations
of formaldehyde. Cross-linked samples were sonicated to
produce chromatin fragments ranging in size from 200 to
500 bp. Chromatin fragments were immunoprecipitated
(chromatin immunoprecipitation [ChIP] assay) using anti-
bodies specific for H3K4m3 and H3K9m?2 (EMD Milli-
pore). Purified input and immunoprecipitated DNA were
analyzed by quantitative PCR (qPCR) for gene-specific
analyses.

Quantitative Real-Time PCR Data Analysis for ChIP
and MeDIP

DNA samples from input and antibody-bound fractions
were analyzed by qPCR using SYBR Green PCR Master
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Mix and 7500 Real-Time PCR system (Life Technologies-
Applied Biosystems, Foster City, CA) according to the
manufacturer’s protocols. Individual qPCRs were carried
out in triplicate. The primer sequences used in these
experiments are listed in Supplementary Table 1. Quanti-
fications were performed by applying the comparative
cycle number (C,) method as previously described (27).
The fold differences between the antibody-bound and in-
put fractions were calculated and corrected by subtraction
of the nonspecific signal derived from the nonimmune
rabbit IgG. In parallel, DNA samples were amplified with
primers for an internal control gene.

Western Blot Analysis

VWAT samples were homogenized in lysis buffer (Sigma-
Aldrich) with protease and phosphatase inhibitor cock-
tails (BD Biosciences, San Jose, CA). Protein content was
measured in each soluble fraction using the Pierce BCA
Protein Assay kit (Thermo Scientific). Homogenate pro-
teins (20 wg) were buffered with 4X Laemmli buffer and
heated for 5 min at 95°C. Protein was electrophoresed
through a 12% SDS-polyacrylamide gel and transferred
to a nitrocellulose membrane. Membranes were processed
according to standard Western blotting procedures. Im-
munoreactive bands were visualized using an enhanced
chemiluminescence detection system (Chemidoc XRS+;
Bio-Rad, Hercules, CA). The intensity of caveolin-1 (CAV1)
was normalized to B-actin as a control.

Quantitative RT-PCR
gRT-PCR was performed for mRNAs and miRNAs using
the ABI PRISM 7500 System (Applied Biosystems). cDNA
was synthesized from 500 ng of total RNA from visceral
fat by using a High-Capacity cDNA Archive Kit (Applied
Biosystems). As a reference gene, 18S rRNA was used to
normalize the expression ratios. All experiments were
performed in triplicate. The mean cycle number (C,) val-
ues of the 18S C, and the gene of interest C, were calcu-
lated. The relative expression of the gene of interest was
calculated by the 2722 method.

miRNAs were reverse transcribed with looped miRNA-
specific reverse transcriptase primers (Applied Biosystems)
by using the TagMan miRNA mouse assay according to the
manufacturer’s protocol. All TagMan assays were run in
triplicate. The qPCR results were normalized against an
internal control (RNU6) and expressed as fold changes.

Statistical Analysis

All data are mean * SE unless stated otherwise. Two-way
ANOVA for repeated measures followed by post hoc Bon-
ferroni corrections or unpaired ¢ tests were used to compare
quantitative data between SF and SC mice as appropri-
ate. Nonnormally distributed data were analyzed with
the Mann-Whitney U test. All analyses were conducted
with SPSS version 18 software (IBM Corporation, Chi-
cago, IL). A two-tailed P < 0.05 was considered statisti-
cally significant.
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RESULTS

SF Exposure In Utero Increases Offspring Body Weight
and Food Intake

At birth, there were no significant differences in the mean
body weights of SF and SC male offspring (Fig. 1), and the
litter sizes were similar between the two groups. However,
starting at 16-18 weeks of age, the mean body weight of
the SF offspring mice was significantly higher than SC
offspring mice (n = 8, P < 0.0004) (Fig. 1A). The caloric
intake of SE mice was higher than that of the SC mice
(P < 0.0002) (Fig. 1B and (). In addition, the fat mass at
24 weeks of age was increased in SF mice (Fig. 1D). The
adiposity index, which is calculated as the sum of the
weight of various fat depots (visceral or epididymal, sub-
cutaneous, perirenal, and mesenteric fats) expressed as
a percentage of body weight was also significantly in-
creased in SF mice (2.5 = 0.21) compared with SC mice
(1.7 = 0.14, P < 0.01). Measurements of energy expen-
diture in a subset of mice (n = 6/experimental group)
revealed no differences in total daily VO, at either 7 or
23 weeks of age (3,225 * 365 vs. 3,382 = 421 mL/h/kg
in SF vs. SC mice, respectively, P > 0.05).

SF Exposure During Gestation Alters Offspring
Glucose Homeostasis

GTT and ITT were performed at 24 weeks of age. SF mice
exhibited significantly higher glycemic levels during both
GTT and ITT and increased HOMA-IR values during
fasting conditions compared with SC mice (P < 0.0001)
(Fig. 2). Compared with SC mice, SF mice also had signif-
icantly increased incremental glucose area under the curve
(P < 0.01). Thus, evidence of systemic insulin resistance
is present in SF offspring mice.

SF Exposure In Utero Alters Offspring Lipid Profiles
and AdipoQ Expression

Fasting total triglyceride and cholesterol plasma levels
were significantly higher in SF mice than in SC mice at 24
weeks of age (P < 0.01) (Table 1). In addition, AdipoQ
gene expression in VWAT and AdipoQ systemic plasma
levels were reduced in mice at 24 weeks of age (P <

0.0009) (Table 1).

SF Exposure In Utero Alters Global DNA Methylation
and HAT Activity

Assessment of global DNA methylation in VWAT revealed
higher levels in SF mice (P < 0.05) (Fig. 3A). This increase
of global DNA methylation was significantly correlated
with CpG DNA methyltransferases Dnmt3a and Dnmt3b
gene expression levels in VWAT (Fig. 3C). HAT activity in
VWAT nuclear extracts was significantly lower in SF mice
(P < 0.01) (Fig. 3B).

Effects of SF Exposure In Utero on Epigenetic
Modifications

We investigated the effects of SF exposure in utero on
DNA and histone modifications by MeDIP and ChIP
analyses. We validated the procedures for epigenetic
analysis in adipocytes obtained from SC and SF mice
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Figure 1—SF during late gestation leads to increased body weight, food intake, and mass fat distribution in offspring mice (OM). Body
weight from birth to 24 weeks of age (A) and food consumption (B) in male OM exposed to SF or SC. n = 24/experimental group. *P <
0.0004 and P < 0.0001 for body weight and food intake (g), respectively. The mass of subcutaneous and visceral adipose tissue
distributions is significantly higher in SF than in SC OM (C). Data are mean + SE (n = 24/experimental group). *P < 0.01.

using GAPDH gene (active chromatin) and TSHTB (in-
active chromatin) (Supplementary Fig. 1). The epigenetic
modifications of the AdipoQ gene promoter and its pre-
viously characterized enhancer region (28) were assessed
in offspring adipocytes from VWAT at 24 weeks of age.
Active epigenetic marks (histone H3K4m3 and DNA
Shmc) were significantly decreased in the promoter and
enhancer regions of the AdipoQ gene (Fig. 4A and B) in
24-week-old offspring from SF-exposed mothers. In con-
trast, the inactive epigenetic marks in the AdipoQ gene
(5-mC and histone H3K9m?2) were significantly higher
in SF offspring adipocytes as shown in Fig. 4C and D.
The epigenetic alterations observed in VWAT adipocytes
were correlated with AdipoQ mRNA expression in the
same VWAT (Table 1 and Fig. 44).

Alterations of the epigenome, including DNA methyl-
ation and histone modifications, usually lead to misregu-
lation of gene expression (29). 5-mC can be converted to
5-hmC by the ten-eleven translocation (Tet) family of
proteins (1-3) as a step of active demethylation (30,31).

Reduced mRNA expression levels of Tet 1-3 genes (Fig. 5),
particularly Tet-1, was found in VWAT of SF offspring.

miRNAs 103 and 107 and CAV1 Protein

Expression of miRNAs 103 and 107 (miR-103/107),
which regulate the expression of the Cavl gene and affect
insulin sensitivity in adipose tissues (32,33), was in-
creased in SF offspring mice (Fig. 6A). In concordance
with such assumption, we also found reduced CAV1 pro-
tein expression in VWAT (Fig. 6B and ().

DISCUSSION

We found that adult male offspring of pregnant mice
subjected to late gestational SF exposures exhibited an
altered phenotype during adulthood characterized by
metabolic dysfunction, which included mild, albeit signif-
icant increases in food consumption, higher body weight
and fat mass, increased insulin resistance, and systemic
elevation of lipid levels. In addition to increased global
DNA methylation and reduced HAT activity in VWAT,
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Figure 2—SF exposure in utero increases insulin resistance in offspring mice. GTT (A), ITT (B), and HOMA-IR (C) values at 24 weeks of age
in SC and SF were determined. Data are mean = SE (n = 8/experimental group). *P < 0.01 for SF vs. SC, **P < 0.001.

significant decreases in AdipoQ at the mRNA level were
present, along with reduction in active 5-hmc and
H3K4m3 epigenetic marks and increases in 5-mc and
H3K9m?2 inactive epigenetic marks, all of which corre-
lated with AdipoQ expression levels. We also found
increased miR-103/107 expression that was inversely
associated with decreased CAV1 protein expression in
VWAT, a finding that has been previously implicated in
insulin resistance (33). The present findings provide a ro-
bust line of evidence linking sleep perturbations during
intrauterine life and metabolic fate in adult male offspring

Table 1—SF exposures in utero alter plasma lipid profiles
and AdipoQ levels as well as AdipoQ mRNA expression in
VWAT of male offspring at 24 weeks of age

SC SF P value

Triglycerides

(mg/dL) 127.0 = 6.12 150.0 = 7.75 0.003
Total cholesterol

(mg/dL) 86.81 = 2.69 110.64 = 4.89 0.001
AdipoQ in plasma

(ng/mL) 29.22 + 091 23.15 £ 0.58 0.007
AdipoQ mRNA

in VWAT 1=*0.12 0.68 + 0.03 0.001

(Fig. 7). Accordingly, current findings provide initial
observations on the adverse epigenetic and metabolic
consequences associated with disrupted sleep during
pregnancy and expand on the potential significance of
gestational sleep disorders in human health.

There is now a vast body of epidemiological evidence
indicating that the intrauterine and early postnatal
environments have a significant long-term influence on
body weight and energy homeostasis in the offspring (34).
Changes in maternal diet can lead to offspring adiposity
and elevation of plasma insulin and glucose levels by
6 months of age (35,36). We found that SF during late
gestation induced changes in AdipoQ expression in VWAT
of adult offspring, which correlated with both epigenetic
misregulatory changes in the AdipoQ gene as well as with
reduced AdipoQ plasma levels. It is well known that
AdipoQ abundance is inversely associated with obesity,
insulin resistance and type 2 diabetes, inflammatory
markers, and endothelial dysfunction as well as with the
development of cardiovascular disease (37). The produc-
tion of AdipoQ by adipocytes is controlled at the level of
gene expression through specific promoter regions (38) as
well as by epigenetic mechanisms (28). Histone modifica-
tions of the AdipoQ gene were examined in mice exposed
to a maternal high-fat diet (HFD) (39), and increased
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DNA methylation in the AdipoQ promoter region was
reported in mice fed an HFD during late gestation (35).
In these studies, the acetyl H3K9m?2 level in the AdipoQ
promoter region was lower and the dimethyl H3K9m?2
higher in adipose tissue of offspring mice exposed to ges-
tational HFD compared with control mice (39). Of note,
H3K9 demethylase is a crucial regulator of genes involved
in energy expenditure and fat storage (40,41), and histone
modifications of H3K4m3 and H3K9m?2 in the promoter
region of AdipoQ seem to play important roles in adipo-
genesis (42,43). These epigenetic marks may serve as
a memory of exposure, in early life, to inappropriate envi-
ronments, and these marks may ultimately induce long-
term changes in gene expression, potentially leading to
disease in later life (44). The overall epigenetic marks
identified in the current study as induced by gestational
SF are in concurrence with such previously reported find-
ings. Thus, the current study provides biological plausibil-
ity to the concept that sleep disorders during pregnancy
in general, and more specifically those associated with SF,
may induce epigenetic modifications that ultimately pro-
mote the risk of a metabolically altered phenotype in
the offspring. Notwithstanding such considerations, we
should also emphasize that the changes in AdipoQ repre-
sent a proof of concept that SF during late gestation
promotes changes in a cluster of metabolic gene pathways

but in no way exclusively implicates AdipoQ as the sole
mechanism for the metabolic phenotype described here.
DNA methylation is a key epigenetic contributor to
the maintenance of gene silencing and is reprogrammed
during development through DNMTs(27). These DNMTs
control gene expression by cytosine methylation. Further-
more, the regulation of the expression of DNMTs repre-
sents an additional mechanism of epigenetic control (45).
In mammals, three Dnmts (Dnmt1, Dnmt3a, and Dnmt3b)
coordinate the regulation of DNA methylation in the ge-
nome. Dnmt1 promotes DNA methylation after DNA rep-
lication and plays a major role in the maintenance of
methylation. Dnmt3a and Dnmt3b are developmentally
regulated enzymes required for the initiation of de novo
methylation during embryogenesis (46). The present data
show that Dnmt3a and Dnmt3b were significantly upregu-
lated in VWAT in gestational SF-exposed offspring mice
compared with SC offspring mice along with reduced HAT
activity, both of which are compatible with reduced tran-
scription of the AdipoQ gene as illustrated by increased
expression of DNMT3a in obese adipose tissue (47).
Developments in epigenetic technologies are showing
promising results of DNA methylation levels at a single-
base resolution and provide the ability to differentiate
between 5-mC and other nucleotide modifications, such
as 5-hmC. In addition, the global balance between 5-mC
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Figure 4—SF exposures during late gestation alter epigenetic markers in the AdipoQ gene promoter and enhancer regions in adipocytes
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promoter (—500 bp) regions and downstream to the transcription start site (+500 bp) region, respectively, using ChIP assays. A: DNA
MeDIP of 5-hmC (active mark). B: Histones ChlIP for H3K4m2 (active mark). C: DNA MeDIP for 5-mC (inactive mark). D: Histones ChIP for
H3K9m2 (inactive mark). Data are mean = SD (n = 8/experimental group). *P < 0.01. IP, immunoprecipitated.

and 5-hmC in the genome has been described as a critical
step for regulating gene expression to maintain cellular
functions (48,49). Furthermore, there are three TET enzymes
that participate in the conversion of 5-mc to 5-hmc, and
these can be further converted into 5-formylcytosine (5-fC)
and 5-carboxylcytosine (5-caC) through successive oxida-
tion steps (49,50), raising the possibility that 5-mC distri-
bution can be dynamically regulated by the Tet family
of DNA hydroxylases. The decreases in Tet-1 expression

reported in the present study are therefore in accor-
dance with the reduced AdipoQ expression found in
VWAT (Table 1).

miRNAs are small, noncoding RNAs that provide
posttranscriptional regulation of gene expression and
control many metabolic processes and lipid metabolism.
They combine with the 3’ end of targeted mRNA to reg-
ulate the gene expression by degrading mRNA or inhibit-
ing its translation. miRNAs exhibit tissue specificity, and
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dysregulation of miRNA expression is associated with obe-
sity and imposes profound effects on the onset and pro-
gression of associated metabolic disorders (51). Among the
large number of candidate miRNAs, increased miR-103/107
expression has been associated with obesity-induced insu-
lin resistance (33). For example, miR-103/107 expression
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levels were upregulated in obese mice, and silencing of
these two specific miRNAs improved glucose homeostasis
and insulin sensitivity (33). The increased expression of
miR-103/107 in SF-exposed offspring is therefore com-
patible with their assigned metabolic functions. Similarly,
it has been shown that Cavl, a critical regulator of the
insulin receptor, is a direct target gene of miR-103/107
and is downregulated upon miR-103/107 activation in
adipocytes (33). Caveolins are 21- to 24-kDa integral
membrane proteins that serve as scaffolds to recruit nu-
merous signaling molecules and have been implicated in
membrane traffic, signal transduction, substrate trans-
port, and endocytosis (52). Cavl gene expression was sig-
nificantly decreased in visceral adipose tissue of obese
subjects (32). Thus, the increased expression of miR-
103/107 (Fig. 6) and the reduced expression of Cavl are
aligned with the insulin resistance of offspring mice born
to SF-exposed dams.

This study has several limitations. First, we explored
only the last one-third of the gestation period because
this period of human pregnancy is the most likely to
present with sleep perturbations, such as fragmented
sleep. Of note, the magnitude of SF imposed here is
clearly in the moderate to severe range compared with the
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Figure 6—Late gestational SF exposures alter miR-103/107 expression profiles and their target protein Cav1 in VWAT of offspring mice. A:
miR-103/107 expression in VWAT. Data were normalized against miR-RNU6 (n = 8/experimental group). *P < 0.01. B: Western blot for
CAV1 protein expression in VWAT. B-actin was used as control (n = 6/experimental group). C: Histogram for signal intensity. *P < 0.01.
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milder sleep disruption more frequently observed. There-
fore, extrapolation from current experiments to humans
would be premature. Notwithstanding, it will be impor-
tant to examine the impact of SF severity and the effect
of SF when imposed during other delimited periods
of gestation or throughout the duration of gestation.
Although body weights were not assessed in pregnant
mice during the late gestational period, it is highly
unlikely that divergent body weight changes would have
occurred during the 5-day SF procedures because acceler-
ated weight accrual was only apparent after 3—4 weeks of
SE (53). Second, we restricted our assessments to male
offspring to avoid potential hormonally related differ-
ences that may obscure the overall phenotypic and epi-
genetic picture in the experiments, particularly when
considering the sex dimorphism that has been reported
for some of the epigenetically reported phenotypes (54).

Third, except for somatic weight and food consumption,
we did not explore the temporal trajectory of the meta-
bolic alterations in the experiments and examined only
their presence during adulthood (i.e., 24 weeks). There-
fore, whether all the metabolic and epigenetic changes
coincide and become manifest around the same time
frame when body weight increases in SF offspring or
whether each of the phenotypic characteristics has a dif-
ferent timeline is unclear. In addition, body composition
and more accurate adipose tissue distribution patterns
were not specifically assessed. Fourth, we explored only
one of the visceral adipose tissue depots, namely epidid-
ymal fat, and more extensive assessment of such depots
and other metabolic organs, such as muscle and liver, for
epigenetic marks and metabolic function (e.g., hepatic
glucose production) is warranted to enable more reliable
extrapolation of the findings to humans. Fifth, it would
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have been interesting to see whether interactions between
gestational SF and both pre- and postnatal diets or other
food supplements (e.g., folic acid) or physical activity ei-
ther alleviate or exacerbate the SF-induced phenotype in
the offspring. Finally, we did not explore whether the
epigenetic changes in AdipoQ would be transmitted to
subsequent generations. Notwithstanding, we believe
that the changes in metabolic phenotype in the offspring
of SF pregnant dams reflect the occurrence of coordinated
epigenetic modifications in gene pathways in a tissue-
dependent manner and that this exploration of AdipoQ
in visceral adipose tissue represents an illustrative and
compelling proof of concept that sleep is an important
modulator of offspring biological traits through epigenetic
mechanisms.

In summary, SF exposures in utero during late
gestation lead to a metabolically dysfunctional pheno-
type in the male offspring mice that includes epigenetic
modifications of the AdipoQ gene. Given the increasing
prevalence of obesity and metabolic disease in the past
few decades, it is of crucial importance to understand the
mechanisms underlying this process. We propose that
fragmented sleep during gestation is an additional and
important risk factor for the emergence of metabolic syn-
drome in the subsequent generation through epigenetic
misregulation of tissue-specific target genes such as
AdipoQ in VWAT.
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