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GENDER DIMORPHISM IN LATE GESTATIONAL SLEEP FRAGMENTATION IN OFFSPRING MICE

Sex Dimorphism in Late Gestational Sleep Fragmentation and Metabolic

Dysfunction in Offspring Mice
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Background: Excessive sleep fragmentation (SF) is common in pregnant women. Adult-onset metabolic disorders may begin during early
development and exhibit substantial sex dimorphism. We hypothesized that metabolic dysfunction induced by gestational SF in male mice would
not be apparent in female littermates.

Methods: Body weight and food consumption were measured weekly in male and female offspring after late gestational SF or control sleep (SC).
At 20 weeks, plasma leptin, adiponectin, lipid profiles, and insulin and glucose tolerance tests were assessed. Leptin and adiponectin, M1, and
M2 macrophage messenger RNA expression and polarity were examined. Adiponectin gene promoter methylation levels in several tissues were
assessed.

Results: Food intake, body weight, visceral fat mass, and insulin resistance were higher, and adiponectin levels lower in male but not female
offspring exposed to gestational SF. However, dyslipidemia was apparent in both male and female offspring exposed to SF, albeit of lesser
magnitude. In visceral fat, leptin messenger RNA expression was selectively increased and adiponectin expression was decreased in male
offspring exposed to gestational SF, but adiponectin was increased in exposed female offspring. Differences in adipokine expression also
emerged in liver, subcutaneous fat, and muscle. Increased M1 macrophage markers were present in male offspring exposed to SF (SFOM)
while increased M2 markers emerged in SF in female offspring (SFOF). Similarly, significant differences emerged in the methylation patterns of
adiponectin promoter in SFOM and SFOF.

Conclusion: Gestational sleep fragmentation increases the susceptibility to obesity and metabolic syndrome in male but not in female offspring,
most likely via epigenetic changes. Thus, sleep perturbations impose long-term detrimental effects to the fetus manifesting as sex dimorphic
metabolic dysfunction in adulthood.
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INTRODUCTION

Maternal health during gestation is critical for predicting
fetal outcomes and adult diseases later in life.! Evidence from
both clinical and experimental studies indicates that early life
environments play an important role in influencing later sus-
ceptibility to particular chronic diseases.” In addition, some
metabolic disorders, which become manifest in adult life, may
have their roots during early development, and are thought
to reflect fetal programming, the process by which the same
genotype can give rise to divergent phenotypes according to
early environmental conditions.* Furthermore, the clinical
manifestations of various epigenetically associated metabolic
diseases, such as diabetes and obesity, appear to exhibit sub-
stantial gender-related differences.*

Obstructive sleep apnea (OSA) is the most prevalent form of
sleep disordered breathing (SDB) both in adults and children.
OSA is characterized by episodes of total and/or partial col-
lapse of the upper airway alternating with normal breathing
during sleep, leading to chronic intermittent hypoxia and sleep
fragmentation (SF). It has now become quite apparent that
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SDB can initiate or contribute to the progression of several car-
diovascular and metabolic diseases.’ Pregnancy has been as-
sociated with a high frequency of multiple sleep disturbances
including SDB, especially in the third trimester.® This period
is characterized by increased frequency of snoring, disturbed
sleep, daytime tiredness, decreased daytime alertness, and
poor sleep quality. The prevalence of habitual snoring during
late gestation hovers around 35%, compared with 4-14% of
non-pregnant females of similar age.® Several studies have
evaluated the association between SDB symptoms in preg-
nancy and adverse fetal outcomes, but all of these studies were
specifically circumscribed to the immediate postnatal period
and did not explore long-term consequences of perturbed sleep
during gestation. In a recent study, we showed that SF during
late gestation in a murine model induced substantial metabolic
derangements in male offspring mice as they reached adult-
hood.” However, we did not examine whether such long-term
effect of SF were also apparent in female offspring.

Indeed, sexual dimorphism of body composition, espe-
cially with regard to fat tissue distribution, is considered to
modulate the risk of obesity, diabetes, and associated meta-
bolic disorders.® Sex-based differences play a role in metabolic
rate and energy expenditure, as well as fat deposition and fat
mobilization.’ Studies in human and animal models have dem-
onstrated significant sex differences in the propensity to de-
velop the metabolic syndrome. For example, female subjects
exhibit less severe obesity-related metabolic disorders such as
insulin resistance than male subjects.'” Furthermore, sons and
daughters are at differential risk for various late-onset diseases
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that are apparently related to either the mother’s diet or fetal
environment during gestation.!""* For instance, sons of obese
mothers are more likely than daughters to become obese and
insulin-resistant as they mature, even though no differences in
birth weight may be apparent.”® In animal models, only male
rat offspring exposed to maternal undernutrition during the
preimplantation period exhibit elevated blood pressure,'*!* and
disrupted maternal nutritional environments selectively elicit
adverse consequences in male offspring.'¢-'®

To further understand the mechanisms underlying develop-
mental programming, various animal models have been used,
in which hormonal and metabolic prenatal or postnatal envi-
ronment were altered through changes in maternal nutritional
status.!” Exposure to a high-fat diet in utero induces a meta-
bolic syndrome-like phenotype in the offspring through epi-
genetic modifications of adipocytokines such as adiponectin
and leptin genes.?*?' In this study, we examined the potential
sex dimorphic effects of SF during late gestation on the pro-
gramming of metabolic function in the adult offspring with
special emphasis on adipocytokine genes.

METHODS

Animal Experiments

All experiments were approved by the University of Chi-
cago’s animal care committee (IACUC protocol # 72169). Male
and female C57BL/6J mice were purchased from Jackson Lab-
oratories (Bar Harbor, ME, USA) for breeding. After arrival,
all animals were allowed to recover within the animal care fa-
cility for 7 days. Animals were fed normal chow diet and were
housed in a controlled environment with 12-h light-dark cycles
(07:00 to 19:00) in constant temperature (24 + 2°C) with ad
libitum access to food and water.

Pregnant Female Mice

Adult individual male and virgin female at 3 months of age
were used for breeding to generate only one litter. Male mice
were removed after inspection of the female revealed the pres-
ence of a copulation plug, considered as corresponding to day
1 of gestation. Following 14 days of pregnancy, mice were dis-
tributed into two groups: control sleep (SC) mice were housed
in standard housing conditions in cages in which the SF device
was not operational but the motor was kept running, and sleep
fragmented pregnant mice (SF) were exposed to a sleep frag-
mentation paradigm for five days (days 14 to 19 of gestation).
Upon delivery, all litters were immediately culled to six pups
with random selection of the remaining litter composition.
During lactation, all mothers were fed with regular low-fat
chow diet and pups were kept with their mothers until weaning.

Sleep Fragmentation

The SF device used to induce SF in rodents has been pre-
viously described,”?® and uses intermittent tactile stimula-
tion of freely behaving mice in a standard laboratory mouse
cage, using a near-silent motorized mechanical sweeper. This
method prevents the need for human contact and interven-
tion, eliminates the need for introduction of foreign objects or
touching of the animals during sleep, and is therefore superior
to any other existing methods of chronic sleep disruption. To
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induce moderate to severe sleep fragmentation, we choose a
2-min interval between each sweep, implemented during the
light period (07:00 to 19:00).

Offspring

After being weaned, offspring male (i.e., SCOM and SFOM)
and female mice (i.e., SCOF and SFOF) were placed in indi-
vidual cages, had unrestricted access to water and regular chow
diet, and were housed in standard conditions in a temperature-
controlled room (24 + 2°C) with 12:12 h light-dark cycles
(lights on at 07:00). Body weights of each of the offspring mice
(SC or SF) were assessed from birth until 20 weeks of age. At
least six different litters that included random numbers of male
and female offspring were included in each of the experiments
reported below. All animals were periodically monitored for
signs of morbidity, mortality, and ruffled fur. Body weight and
food intake were weekly measured at the same time.

Glucose and Insulin Tolerance Tests

Intraperitoneal glucose tolerance test (GTT) was performed
at 20 weeks of age. Mice were injected glucose (intra-peritone-
ally 2 mg/g body weight) after 3 h of fasting. Access to water
was available and unrestricted during the fasting period. Blood
samples for glucose determination were collected in heparin-
coated capillary tubes from the tail vein at 0, 15, 30, 60, 90, and
120 min. The glucose response during the GTT was evaluated
by estimating the total area under the glycemic curve as previ-
ously described.”

Intraperitoneal insulin tolerance tests (ITT) were performed
in fasting conditions (3 h) at 20 weeks of age in a separate set of
all offspring mouse groups (SCOM, SCOF, SFOM, and SFOF).
Mice were injected intra-peritoneally with insulin (0.25 U/kg
of body weight) and blood samples were collected via the tail
vein from each mouse, and glucose levels were immediately
measured using an OneTouch Ultra2 glucometer (Life Scan;
Milpitas, CA, USA). Blood samples for insulin determination
were also concurrently obtained from the cut tip of the tail at 0,
15, 30, 60, and 120 min following injection. Insulin resistance
was assessed using both the homeostasis model assessment
(HOMA) equation (fasting insulin pU/mL x fasting glucose
mg/dL/405) for time 0 and by analysis of ITT glycemic trajec-
tories as previously described.?’

Plasma Measurements

As indicated, mice were fasted for 3 h, and blood col-
lected in vacutainer tubes containing EDTA (Becton Dick-
inson, Franklin Lakes, NJ, USA). The collected fresh blood
was centrifuged at 2000xg for 20 min at 4°C; subsequently
plasma was centrifuged for 5 min at 13,000 rpm to remove re-
maining cells and platelets, and immediately frozen at —80°C
until further analysis. Plasma insulin, leptin, and adiponectin
levels were examined using enzyme-linked immunosorbent
assay kits (Millipore, Billerica, MA, USA) according to the
manufacturer’s protocol. Lipid profiles, including total choles-
terol, and triglycerides (TG) were determined using Infinity
kits (Thermo Scientific, Pittsburgh, PA, USA). For the insulin
assay, the appropriate range of the assay was 0.2—10 ng.mL™",
with the limit of sensitivity at 0.2 ng.mL™, and intra-assay
and interassay variations at 3.73% and 10.52%, respectively,
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within the assay range. For the leptin assay, the appropriate
range was 0.2— 30 ng.mL™, with the sensitivity threshold at
0.05 ng.mL™", and intra-assay and interassay variations at
1.49% and 3.85%, respectively, within the assay range. For the
adiponectin assay, the appropriate range was 1-50 ng.mL™",
with the sensitivity threshold at 0.2 ng.mL"', and intra-assay
and interassay variations at 5.75% and 5.98%, respectively,
within the assay range.

Total RNA Extraction and Quantitative Reverse Transcription-
Polymerase Chain Reaction

In another set of mice, various organs including subcuta-
neous (SCAT) and visceral white adipose tissues (VWAT),
liver, and quadriceps as skeletal muscle were dissected from
nonfasted mice. Total RNA were isolated using automated
RNA extraction (Promega, Madison, WI, USA) according to
manufacturer’s protocol. The RNA quality and integrity were
determined using the Eukaryote Total RNA Nano 6000 Lab-
Chip assay (Agilent Technologies, Santa Clara, CA) on an Agi-
lent 2100 Bioanalyzer.

Quantitative reverse transcription-polymerase chain reac-
tion (QRT-PCR) gene expression assays (TaqMan; Applied
Biosystems, Foster City, CA, USA) were performed using
TagMan gene expression. The target genes included: mono-
cyte chemoattractant protein 1 (MCP-1), tumor necrosis
factor-a (TNF-a), leptin, leptin receptor, adiponectin, adipo-
nectin receptors 1 and 2, interleukin 6 (IL-6), Fizz-1 (“Found
in the inflammatory zone” and also referred to as RELMa
for Resistin-like molecule o), and IL-10, and their expres-
sion levels were assessed by qRT-PCR using high-capacity
RNA to complementary DNA (cDNA) Master Mix (Applied
Biosystems) and TagMan PCR Master Mix (Applied Biosys-
tems). Reverse transcription of total RNA was conducted with
TagMan reverse transcription reagents RT-PCR kit according
to the manufacturer’s instructions (Applied Biosystems). Gene
expression was quantified as the second step of a two-step RT-
PCR. Reaction conditions consisted of pre-incubation at 50°C
for 2 min and 95°C for 10 min, followed by 40 cycles of 95°C
for 15 sec and 60°C for 1 min. Because other commonly used
housekeeping genes are affected by SF (Khalyfa A and Gozal
D, unpublished observations, 2013), 18S ribosomal messenger
RNA (mRNA) expression was used as an internal control. The
C; values were recorded automatically.

Flow Cytometry

Visceral and subcutaneous fat pads were minced in Krebs-
Ringer bicarbonate buffer supplemented with 1% bovine
serum albumin and incubated with collagenase (I mg/mL;
Worthington Biochemical Corporation, Lakewood, NJ, USA)
at 37°C for 45 min with shaking. Cell suspensions were fil-
tered through a 100-mm mesh and centrifuged at 500 g for 5
min to separate floating adipocytes from the stromal-vascular
fraction (SVF) pellet. SVF pellets were then resuspended in
fluorescence-activated cell sorting buffer (phosphate buffered
saline plus 2% fetal bovine serum) and 10° cells were used
for staining with fluorescence-conjugate primary antibodies
or control immunoglobulin G at 4°C for 30 min. Cells were
then washed twice and analyzed with a flow cytometer (Canto
II; BD Biosciences, San Jose, CA, USA). Data analysis was
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performed using the FlowJo software (Tree Star, Ashland, OR,
USA). Adipose tissue macrophages were defined as F4/80+
and CD11b+ cells, from which M1 and M2 macrophages were
identified as CDllc+ or CD206+ cells, respectively. Flow cy-
tometric analysis gating strategy included selection for F4/80
positive low CDI11b low and F4/80 high (low-high), and high
CDL11b and high F4/80 (high-high).*® All antibodies were from
Biolegend (San Diego, CA, USA).

Pyrosequencing

Genomic DNA were isolated from mouse liver, skeletal
muscle, and visceral tissues using automated system (Promega,
Madison, WI, USA) according to the manufacturer’s protocol.
Bisulfite modification of genomic DNA was carried out ac-
cording to previously reported methods.?® Briefly, bisulfite
conversion of DNA was performed using EZ DNA Methyla-
tion Gold kit (Zymo Research, Irvine, CA, USA) following the
manufacturer’s protocol. This bisulfite modification was car-
ried out using Zymo Research EZ Methylation kit. About 200
ng of sample DNA was used for bisulfite modification followed
by the PCR amplification at the following temperatures; 95°C
15 min; 40 cycles (95°C 30s; 56°C 30s; 72°C 30s); 72°C for 5
min; 4°C. Quantitative bisulfite Pyrosequencing was used to
determine the percentage methylation at individual CpG sites
within the differentially methylated region 0 and promoters.
Assays performed in this study included adiponectin, leptin,
and leptin receptor gene promoter regions.

Statistical Analyses

The results are presented as the mean + standard error of
the mean for the number of mice (n) indicated. All analyses
were conducted using SPSS software (version 18; Chicago, IL,
USA). A two-tailed P < 0.05 was considered statistically sig-
nificant. The data were analyzed by one-way or two-way (sex
and experimental condition) analysis of variance (ANOVA)
followed by the Tukey-Kramer test for individual differences
between groups. Nonpaired ¢ tests were used whenever appro-
priate, and P < 0.05 indicated a significant difference.

RESULTS

Body Weight and Food Intake

At birth, there were no significant differences in body weight
for any of the pregnant dams or among the offspring mice (male:
SFOM, SCOM, or female: SFOF, SCOF; Figure 1A). However,
after 20 weeks of age, SFOM exhibited increased body weight
(~10% higher versus SCOM; P < 0.0001), and consumed more
food intake g/week (P < 0.0001; Figure 1C). These differ-
ences in body weight started emerging around week 11-12 of
life in SFOM, but were absent altogether in female offspring
(Figure 1B and 1D; SFOF versus SCOF — P > 0.05).

Fat Mass Distribution

The mass of subcutaneous and visceral fats adipose tissue
compartments in all four groups is shown in Table 1. SFOM ex-
hibited higher SCAT and VWAT masses compared to SCOM
(VWAT: P < 0.02; SCAT: P < 0.04). However, there were no
significant differences in these two adipose tissue depots be-
tween SFOF and SCOF.
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Figure 1—Body weight and food consumption in offspring of mice exposed to late gestational sleep fragmentation. (A,B) Body weight of males and
females, respectively. Differences between SF and SC reached statistical significance after weeks 11-12 weeks of age in male (two-way analysis of
variance (ANOVA) for repeated measures: P < 0.001), whereas in females no significant differences are apparent. (C,D) Food intake in male (SFOM and
SCOM), and female (SCOF, and SFOF), respectively. Food intake is expressed as g/week and is increased in SFOM mice (two-way ANOVA for repeated
measures: P <0.0001). Data are presented as mean + standard error; n = 18 per experimental group corresponding to at least six to seven litters/condition.
*P < 0.01. SF, sleep fragmentation; SC, control sleep; SCOF, sleep control female mice; SCOM, sleep control male mice; SFOF, sleep fragmented female

-0~SCOF -e~SFOF
350 4

30.0 4

250 A

20.0 4

Body weight (g)

15.0 4

10.0 4

50 4

00

1 3 5 7 9 1 13
Time (weeks) after birth

15 17 19

(D)

-o-SCOF -Oo-SFOF
21 4

19 4
17 1
15 4
13 4

11 4

Food consumption (giweek)

1. .3. .5. .7. .9. .11. .13. .15. .17. .19. J

Time (wks) after birth

Table 1—Body weight and adipose tissue mass in subcutaneous and visceral
adipose tissue depots in offspring mice at 20 weeks of age.

male mice; VWAT, visceral white adipose tissue.

SCAT, subcutaneous adipose tissue; SCOF, sleep control female mice; SCOM, sleep
control male mice; SFOF, sleep fragmented female mice; SFOM, sleep fragmented

apparent in SFOM when compared to SCOM, with
no significant differences being present in female

offspring (Figure 2).
Group Body Weight ()  SCAT (g) P VWAT (g) P
SFOF 09£04 0222008 o 0243003 Insulin Tolerance Test
SCOF 20307 0.21+0.02 T 021£0.06 ' Compared to SCOM, SFOM exhibited higher
SFOM 287+0.8 029£003 .. 052£003 ., plasma glucose levels following exogenous insulin
SCOM 256805 0.26 +£0.02 ' 0.43+0.04 ' administration, indicating the presence of insulin

resistance (Figure 2). However, insulin resistance
was not present in female offspring mice, even
among those who had been exposed to SF during
late gestation. Similarly, fasting homeostasis

Glucose Tolerance Test

Fasting blood glucose levels were not different between
offspring mice exposed to SC and SF during late gestation
(Figure 2A and Table 2). Furthermore, markedly altered GTT
curves with significantly higher peak glycemic levels after glu-
cose injection and slower glucose level decline kinetics were
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model assessment-estimated insulin resistance
(HOMA-IR) revealed significant increases in the SFOM group
compared to SCOM mice (P < 0.003; Table 2), but similar
HOMA-IR values emerged for SFOF and SCOF (P > 0.05).
These data indicate that maternal SF imposes significant meta-
bolic effects on male, but not on female offspring by the time
they reach adulthood.
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Figure 2—Effect of sleep fragmentation SF exposures in utero on GTT and ITT in offspring mice at 20 weeks of age. (A,B) GTT for males (SCOM and
SFOM), and females (SCOF and SFOF), respectively. (C,D) ITT experimental results. Data are presented as mean + standard deviation; SC versus SF at
time point: *P < 0.05; n = 10-12/experimental condition. Two-way analysis of variance for repeated measures (SFOM versus. all other experimental groups:
P <0.0001). GTT, glucose tolerance text; ITT, insulin tolerance test; SF, sleep fragmentation; SC, sleep control; SCOF, sleep control female mice; SCOM,
sleep control male mice; SFOF, sleep fragmented female mice; SFOM, sleep fragmented male mice.

Table 2—Fasting plasma levels of lipids, glucose and insulin and adipokines in male and female offspring mice at 20 weeks of age.

Male Female
SCOM SFOM P SCOF SFOF P
Triglycerides, md/dl 729+19 98.9+6.7 0.005 781+15 85.52 +3.97 0.04
Total Cholesterol, md/dI 86.9+£2.7 104.9 £ 4.1 0.006 102.1£3.3 1148148 0.01
Leptin, ng/ml 35+02 44+0.1 0.003 32+04 38+02 0.04
AdipoQ, ug/ml 36.1+£25 301+£1.3 0.002 415+19 394+14 >0.05
Glucose mg/dL 1721 £8.0 187.3+48 0.05 1374 +£58 1494 £58 >0.05
Insulin puU/mL 13807 20.3+0.8 0.001 112+04 12.8+0.2 >0.05
Homa-IR 6.0+0.6 95+05 0.003 43+04 44+04 >0.05

Lipid Profiles and Adipokine Levels

At 20 weeks of age, SFOM mice had significantly higher
fasting total cholesterol (P < 0.005), and triglyceride serum
levels (P < 0.006) compared to SCOM (Table 2). In SFOF, such
differences were present (versus SCOF), but were of a lesser
magnitude (Table 2). Plasma fasting leptin concentrations were
higher in SFOM mice (P < 0.003), and conversely adiponectin
levels were markedly lower (P < 0.002), with no significant
differences being present between SFOF and SCOF (Table 2).

Gene Expression Patterns in Multiple Organs
qRT-PCR for leptin, leptin receptor (ObR) and adiponectin
(AdipoQ), adiponectin receptors (AdipoQR1 and AdipQR?2)
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in various tissues, including adipose tissue depots (VWAT
and SCAT), liver, and skeletal muscle in 20-week-old off-
spring (Figure 3). In VWAT (Figure 3Al), leptin mRNA ex-
pression levels and its receptor were significantly upregulated
in SFOM versus SCOM (P < 0.002 and P < 0.005, respec-
tively). In SFOF, however, there were significant declines in
mRNA of leptin and its receptor (versus SC-OF: P < 0.04 and
P < 0.0006, respectively; Figure 3A2). Conversely, AdipoQ
expression was markedly reduced in SFOM (P < 0.0001),
whereas significant increases occurred in SFOF (P < 0.03;
Figure 3A1 and 3A2).

A similar pattern emerged among SFOM in SCAT
(Figure 3Bl) and no differences in the expression of these
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Figure 3—Effect of SF exposures during late gestation on adipokines and their cognate receptor gene expression in adipose tissue depots (VWAT and SCAT),
liver, and skeletal muscle in 20-week-old offspring. (A1-D1) Gene expression in males. (A2-D2) Gene expression in female offspring. Data were normalized
to 18S messenger RNA level. The results are shown as the mean + standard error (n = 6-8 for each experimental condition) *P < 0.05. AdipoQ, adiponectin;
AdipoQR1 and AdipoQR2, adiponectin receptors; lept, leptin; ObR, leptin receptor; SCAT, subcutaneous adipose tissue; SCOF, sleep control female mice;
SCOM, sleep control male mice; SFOF, sleep fragmented female mice; SFOM, sleep fragmented male mice; VWAT, visceral white adipose tissue.

genes occurred in SCAT of SFOF and SCOF (Figure 3B2).
In liver tissues, leptin expression levels were undetectable
in both male and female mice. However, there were signifi-
cant increases in the expression in ObR (P < 0.02), AdipoQ
(P <0.01), adipoQR1 (P < 0.03), and adipoQR2 (P <0.002) in
SFOF which were absent in SMOM except for increases in Ad-
ipoQR2 (Figures 3Cl1 and 3C2). In skeletal muscles, we found
significant increases of leptin (P < 0.001), ObR (P < 0.002),
and AdipoQ (P < 0.004) in SFOM, whereas significant in-
creases in leptin, ObR, and AdipoQR1 were present in SFOF,
with reductions in AdipoQ and AdipoQR2 being noted as well
(Figures 3D1 and 3D2).

Macrophage Subtypes and Inflammatory Gene Expression in
VWAT and SCAT

To examine whether SF during late gestation alters the
presence of macrophages in adipose tissue depots and po-
tentially changes their polarity and distribution, we studied
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gene expression of macrophage markers and inflammatory
cytokines in both VWAT and SCAT using qRT-PCR and flow
cytometry approaches. We selected several genes that illus-
trate macrophages (F4/80 and CDl1b), as well as genes that
are preferentially associated with either a M1 (TNF-a, MCP-1,
IL-6) or a M2 (Fizzl and Il-10) macrophage phenotype. In
both VWAT and SCAT, both SFOM and SFOF exhibited mild,
albeit significant increases in F4/80 and CDI1b expression,
suggesting the presence of increased number of macrophages
(Figure 4). However, no significant differences emerged be-
tween sexes.

In contrast, VWAT in SFOM exhibited marked increases
in M1 markers when compared to SCOM, whereas inverse
patterns were detected in SFOF, in whom marked increases
particularly in IL10 emerged indicated in a preferential M2
phenotype in VWAT (Figure 5). Similar overall findings were
detected in SCAT, with the exception hat increases in both M1
and M2 markers occurred in SFOM (Figure 5).
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messenger RNA; SCAT, subcutaneous adipose tissue; SCOF, sleep control female mice; SCOM, sleep control male mice; SFOF, sleep fragmented female
mice; SFOM, sleep fragmented male mice; VWAT, visceral white adipose tissue.
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Flow Cytometry

Considering the aforementioned findings, we performed
flow cytometric analyses for the presence of macrophages
and their polarity using flow cytometry in collagenase-di-
gested SVF obtained from male and female in VWAT and
SCAT depots. SF exposures in utero are associated with in-
creased number of macrophages in the VWAT SVF of SFOM,
but also in SFOF (Figure 6; n = 8/experimental group). How-
ever, although such increases were primarily represented by
macrophages exhibiting the proinflammatory M1 phenotype
in SFOM (i.e., increased CDI11¢/CD206; Figure 6), SFOF
showed reductions in pro-inflammatory macrophage pre-
dominance (Figure 6; n = 8/experimental group). Of note,
SCAT manifested a divergent pattern of polarity changes
(Figure 6).

DNA Methylation

Methylation of AdipoQ gene promoter was also examined
VWAT, liver, and muscle tissues of all four groups. The data
presented in Table 3 show individual Cytosine-phosphate-
Guanine (CpG) island methylation levels for each of the
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tissues and conditions. Differences in methylation between
SF and SC mice emerged that were both tissue and CpG site
specific. Globally, SFOM mice exhibited enhanced methyla-
tion of AdipoQ, particularly in VWAT (Table 3). Indeed, we
found four CpG sites in AdipoQ at positions (+12, +176, +8740
and +8749) from transcriptional start site (TSS) that showed
increased methylation in SFOM compared to SCOM mice
(Table 3), whereas in SFOF there was only one CpG site in
AdipoQ in which increased methylation was found at position
+95 from TSS. Increased methylation at CpG sites were also
found for AdipoQ in SFOM only in liver and skeletal muscle
(Table 3).

Based on these findings, we next looked at gene expres-
sion levels for DNA methyltransferases (DNMTs) including
DNMTI, DNMT3a, and DNMT3b in VWAT in all four experi-
mental groups. We found no evidence of significant differences
in DNMTI mRNA expression in SFOM compared to SCOM or
between SFOF and SCOF (Table 4). However, expression of
both DNMT3a and DNMT3b was markedly increased in SFOM
(P <0.002, and P < 0.003, respectively; Table 3), whereas in
SFOF such changes were absent altogether (Table 4).
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DISCUSSION

In this study we show that sleep fragmentation during late
gestation is associated with profound metabolic alterations,
such as obesity, insulin resistance, and abnormal serum lipids
in male offspring (SFOM) but not in their female littermates
(SFOF). The mechanisms underlying this apparent sex dimor-
phism are unclear. In an effort to identify potential factors
contributing to these sex-related disparities in phenotype, we
also found altered gene expression and plasma levels of adipo-
kines, as well as major differences in macrophage populations,
particularly in VWAT. Furthermore, macrophage polarity was
also distinctly affected in SFOM and SFOF, with the SFOM
exhibiting increased abundance of the proinflammatory M1
macrophage phenotype, whereas the opposite, i.e., increased
M2 abundance, was apparent in the VWAT tissues of SFOF
mice. Moreover, epigenetic modifications such as increased
methylation patterns in the AdipoQ gene promoter were
clearly and dominantly present in SFOM, and are anticipated
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to account for aspects of the late adult-onset metabolic dys-
function provoked by sleep perturbations during late gestation
in male fetuses.

It widely recognized that diseases such as obesity, diabetes,
dyslipidemia, and hypertension are a major cause of public
health concern. These chronic diseases are not only depen-
dent on adult lifestyle, but can be initiated and amplified in the
context of adverse environmental stimuli encountered during
early development.*® Studies from humans and animal models
have demonstrated that predisposition to impaired glucose tol-
erance, blood pressure, and coronary heart disease may origi-
nate in fetal life.’! Thus, intrauterine environments can impose
a significant long-term influence on body weight, energy ho-
meostasis, and metabolic function in the offspring.*>** To date,
most of the studies have relied on a high-fat diet or alterna-
tively malnutrition during pregnancy or perinatal period to as-
sess the long-term consequences of such perturbations.?!-34-4
Such studies have undoubtedly unraveled the link between
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metabolic stressors during pregnancy and the emergence of
metabolic phenotypes in the offspring as they reach adult age.

In this study, after we identified a profound metabolic phe-
notype in male adult offspring subjected to perturbed sleep
during late fetal life, we explored the potential presence of
sex dimorphic effects of late gestational sleep fragmenta-
tion. To prevent nutritional confounding, we further provided
standard low-fat chow diets to both pregnant mice and to all
offspring mice after weaning, and thus focus our approach on
the isolated effects of sleep fragmentation during late gesta-
tion. Sleep related complaints are common in pregnancy and
many of the physiological and hormonal changes that occur
during pregnancy may contribute to an increased risk for
SDB.® Our experimental SF paradigm was tailored to selec-
tively mimic the sleep disruption of gestational SDB, such that
the potential consequences of intermittent hypoxia and hyper-
capnia on the fetus remain to be established. In this context,
exposing the control dams to the same minimal noise of the
motor driving the sweeper and cage environment (sweeper
present but inactive) would cancel out any potential environ-
mental stressor confounders introduced by differences in noise
levels or objects in cage. Additional precautions to randomize
the culling such that gender distribution in litters would be a
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priori uncontrolled and inclusion of mice derived from mul-
tiple litters in each of the experiments further reduce the poten-
tial inclusion of biases that could affect our findings. However,
we cannot be certain that the maternal milk composition and
overall lactating ability and disposition of the SF-exposed
dams was not affected, even though no evidence for altered
body weight trajectories were apparent during the first 3 weeks
of life until weaning. To overcome this potential issue, use of
surrogate mothers for all pups would be necessary.

Increasing evidence suggests that clinical manifestation of
various metabolic diseases, such as diabetes and obesity are
largely influenced by sex.*’ The differential expansion of adi-
pose tissue depots is very important because the association
with metabolic disorders is stronger for (VWAT excess than for
subcutaneous (SCAT) accumulation. A few studies have re-
ported that males and females respond differently to maternal
insults during pregnancy and lactation. For example, male
offspring from obese mothers exhibit a pattern of excessive
body fat accumulation compared to female offspring, but more
studies need to be conducted to gain a better understanding of
sexual dimorphism.* In our experiments, the weight trajecto-
ries of SFOM mice showed statistical separation around 11-12
weeks of age, but such differences failed to emerge even at
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Table 3—Adiponectin gene methylation levels in 20-week-old offspring from pregnant mice exposed to SF during third trimester of gestation.
AdipoQ
DS2718FS2 ADS2705FS1 Mean
ADS2704RS - 5UTR - intron 1 - intron 1 ADS2705FS2 - exon 2 Region
CPG #1 CPG #2 CPG#3 CPG #4 CPG#5 CPG #6 CPG #7
From ATG -8562 -8595 -8614 -6960 -131 +51 +60
From TSS +12 +95 +176 +1730 +8559 +8740 +8749
VWAT
SCOM 60115 54413 63.4%05 65.4+1.2 834 +£1.1 704%£19 629*21 65.71+1.4
SFOM 67.8+6.7 572149 67.5%45 669+ 14 86.6 £2.7 787+£33 T727%6.1 711.5+4.6
SCOF 624+19 494*12 63.0+06 66.7 £ 1.4 845+10 736+12 714+05 67.29+1.1
SFOF 627+10 579%21 62306 68.0+0.3 825+23 740+16 703+10 69.96 + 1.3
Liver
SCOM 89.7+09 606%*38 849%1.1 772418 96.5+1.4 76.0 £ 2.1 80.6+0.8 83.0+1.3
SFOM 874+04 761%11 783143 73.0+0.6 90.3+0.4 764+22 812120 7818+ 2.0
SCOF 889+15 67.0%15 79304 76.6 £ 1.1 948 +£2.1 800+34 868+13 81.91+1.9
SFOF 895+26 74718 80914 702+15 915+28 774+20 80827 80.71+2.3
Skeletal Muscle
SCOM 675+33 619120 74322 648+ 14 853120 745+09 68.7x17 71019
SFOM 714+£18 652+22 77526 704 +£11 86.0 3.6 794%07 751%141 75.0+2.0
SCOF 745+18 700x05 78.0%+10 67.3+0.3 819+17 741+39 714%38 73.89+1.9
SFOF 717+£10 659+14 761+1.0 67.8+0.9 85.2+25 773+20 742109 71.03+£15
All methylation levels are shown as % of maximum for each CpG site. Significant differences between SC and SF are shown in bold.
Table 4—Expression of DNMT genes in VWAT of male and female offspring mice at 20 weeks of age.
Male Female
SCOM SFOM P SCOF SFOF P
DNMT1 1.00 £ 0.16 0.98 +0.11 >0.05 1.00 £ 0.14 0.95+0.13 >0.05
DNM3a 1.00£0.12 375%0.73 0.002 1.00£0.12 0.86 £ 0.21 >0.05
DNMT3b 1.00 £ 0.21 41+0.52 0.003 1.00 £ 0.21 0.81+0.17 >0.05
All expression levels are show as ratios to a reference sample for SCOM and for SCOF. SCOF, sleep control female mice; SCOM, sleep control male mice;
SFOF, sleep fragmented female mice; SFOM, sleep fragmented male mice; VWAT, visceral white adipose tissue

20 weeks of age in SFOF. Although the mechanisms for such
sexually dimorphic trajectories are unknown, they have been
quite frequently reported. Indeed, animal studies have shown
that prenatal nutrition can induce epigenetic changes in the
offspring, resulting in altered expression of genes related to
energy metabolism and long-term obesity, which may be differ-
ently expressed according to the sex of the offspring.* A sexual
dimorphism in Wistar rats was also observed for body weight
and various metabolic parameters such as plasma lipids, leptin,
and insulin levels.””#* It has also been reported that serum adi-
ponectin inversely associates with insulin resistance, and the
possible increase in insulin sensitivity appears to be mediated
by AdipoQRI1 and AdipoQR2 expression in muscle and liver,
respectively.®® In our study, we show statistically significance
increases in body weight, calorie intake, and adipose tissue
mass in male offspring gestationally exposed to SF when com-
pared to control male mice, and that such changes are absent in
exposed female offspring (Figures 1 and Table 1). The sexually
dimorphic changes in body fat distribution introduced by ges-
tational SF could underlie the increased risk of obesity, diabetes,
and associated metabolic disorders.® A potential area of further
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exploration for future studies should therefore focus on the dis-
tribution of body fat as the result of changes in androgens, es-
trogens, and their balance, on adipose tissues.®

In this study we did not examine multiple time points, and
thus the temporal trajectory of all the changes in adipocyto-
kines and VWAT inflammatory pattern described herein at 20
weeks of age. Therefore, we do not know whether such changes
preceded, were concurrently present, or followed the differen-
tial body weight and adipose tissue changes in SFOM. Indeed,
expansion of adipose tissues, particularly VWAT, can lead to
chronic low-grade inflammation that contributes to the devel-
opment of metabolic disorders, including dyslipidemia, insulin
resistance, and type 2 diabetes.* SFOM mice, but not SFOF
mice, exhibited increases in plasma cholesterol and triglyceride
levels, as well as increases in HOMA-IR and alterations in GTT
and ITT responses indicative of systemic insulin resistance.
The differential distribution of adipose tissues in SFOM could
be the primary source of pro-inflammatory processes,*” such
that the accelerated expansion of VWAT in SFOM could gen-
erate conditions leading to the release of a wide range of pro-
inflammatory and anti-inflammatory mediators that have been
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linked to the development of insulin resistance and glucose in-
tolerance. At the cellular level, macrophages, lymphocytes, and
adipocytes are known to interact and regulate the inflammatory
cascade and metabolism.*® It has been suggested that the dif-
ferences concerning the sensitivity between males and females
regarding the circulating leptin levels and fat accumulation in
normal adult life condition may be because the brains of fe-
male rats are relatively more sensitive to the action of leptin,
whereas males seem to be more sensitive to insulin.** Here, we
show that leptin levels in circulating plasma were significantly
increased in SFOM compared to SCOM, whereas in females
the increases were only borderline significant, and clearly the
absolute levels were lower. In addition, AdipoQ plasma con-
centrations, the prototypic adipokines that afford protection
against metabolic dysfunction, were significantly decreased in
SFOM mice, whereas such changes were absent in SFOF mice.

Because an important link between inflammation and meta-
bolic dysfunction, particularly insulin resistance and glucose
intolerance, has repeatedly emerged,” we sought to examine
whether SFOM displaying insulin resistance while fed a normal
low-fat diet exhibited evidence of macrophage infiltration in adi-
pose tissue depots, and whether such changes, if present, would
differ in their female littermates. In this context, the evidence of
inflammatory processes is primarily derived from diet-induced
obesity experiments. Indeed, animals fed a high-fat diet develop
increases in adiposity that are associated with chronic low-
grade systemic inflammation. The macrophage content of adi-
pose tissues is correlated with adipocyte size and macrophages
are the primary source of TNF-a and other pro-inflammatory
molecules in adipose tissues.”’ Macrophage activation has been
defined into two separate polarization states, namely M1 and
M2.2 The M1 macrophage produces TNF-a, IL-6, and MCP-1,
whereas M2 macrophage produces anti-inflammatory cytokines
such as IL-10. It has been suggested that the polarization of adi-
pose tissue macrophages into a pro-inflammatory M1 phenotype
will gradually replace M2-polarized macrophages, and provides
a reporter balance status between adipose tissue inflammation
and glucose intolerance,” because adipose tissue can generate
substantial amounts of pro-inflammatory molecules and thus
contribute to insulin resistance. In human obese subjects, adi-
pose tissue has been shown to contain increased numbers of M1
macrophages, including TNF-a and IL-6, whereas M2 macro-
phages are associated with increased production of arginase-1
and IL-10 and may provide protection from obesity and insulin
resistance. Our findings showing increases in M1:M2 macro-
phage ratios in SFOM, but reductions in such ratios in SFOF, are
therefore in close agreement with those studies. Of note, sexual
dimorphism in the inflammatory status induced with high-fat
diet and the differential response to the development of diet-in-
duced insulin resistance has been recently reported.™

Epigenetic processes can control gene expression without
modifying the genetic code. They do so by modifying DNA and
histones, which alters the accessibility of chromatin, allowing
gene transcription factors to interact with their binding sites
within the regulatory region of genes. These epigenetic altera-
tions can accumulate over time, and environmental factors can
have profound effects on the repertoire of expressed genes. DNA
methylation of cytosine at primarily CpG dinucleotides is the
most common epigenetic modification. For example, promoters
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of transcriptionally active genes are typically hypomethylated,
whereas DNA hypermethylation can result in gene silencing by
affecting the binding of methylation-sensitive DNA binding pro-
teins and/or by interacting with various histone modifications and
co-repressors that alter DNA accessibility to transcriptional fac-
tors. Alterations of DNA methylation have also been implicated
in chronic inflammation-related diseases.** In previous studies
in children with SDB, we uncovered evidence suggesting that
epigenetic changes might occur in the context of this disease.™
Furthermore, histones in the promoter region of adiponectin have
been suggested as playing important roles in adipogenesis,*® and
methylation marks in AdipoQ gene have been linked to obesity
states in humans.”” Furthermore, we have previously shown the
presence of increased methylation in specific CpG sites of the
AdipoQ in offspring born after late maternal high-fat diet.”! Our
current findings further these previous findings, and indicate that
SF during late gestation increases methylation of AdipoQ pro-
moter region at specific sites in SFOM, but that such changes are
not present in SFOF. Furthermore, because DNA methylation is
a key epigenetic contributor to the maintenance of gene silencing,
and is reprogrammed during development through DNMTs,* we
examined the expression of three CpG DNA methyltransferases
(Dnmft), Dnmtl, Dnmt3a, and Dnmt3b) that coordinately regulate
the methylation of DNA in the genome. Indeed, Dnmt] promotes
DNA methylation after DNA replication, 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.” As would be
predicted form the other findings, the expression of Dnmtl was
similar across all experimental groups, whereas DNM7T3a and
DNMT3b were significantly and exclusively upregulated in vis-
ceral adipose tissues in SFOM.

In the current study we restricted sleep fragmentation to
the late gestational period because this is the period of human
pregnancy most likely to present with a high frequency of sleep
perturbations. However, it will be important to examine the ef-
fect of SF, if such is imposed during other delimited gestational
periods or throughout the duration of gestation. As mentioned,
we did not explore the temporal trajectory of the metabolic and
epigenetic alterations in the current experiments, and exam-
ined only their presence during adulthood (i.e., 20 weeks). It is
therefore unclear whether all of the metabolic and epigenetic
changes reported herein coincide and become manifest around
the same timeframe when body weight becomes increased in SF
offspring, or whether each of the phenotypic, gene expression,
or epigenetic characteristics has a different and unique temporal
trajectory. Finally, it will be important to examine whether spe-
cific interventions such as prenatal and postnatal diets, food
supplements (e.g., folic acid) or physical activity might either al-
leviate or exacerbate the SF-induced sex dimorphic phenotype
in the offspring.

CONCLUSION

Sleep fragmentation exposures in utero during late gesta-
tion induce a sexually dimorphic phenotype characterized by
increased body adiposity, altered lipid profile, increased in-
sulin resistance, and adipose tissue inflammation (Figure 7).
The observations presented in this study provide strong sup-
port for the developmental origins of adult disease, and further
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Figure 7—Schematic diagram showing potential steps involved in the effects of sleep fragmentation during late gestation and emergence of sexual
dimorphic metabolic phenotypes in adulthood offspring mice. The questions marks shown in the diagram indicate areas requiring further investigation.

buttress the differences imposed by sex on the penetrance of
the phenotype in the offspring. Understanding sex-specific ad-
ipose tissue adaptations underlying metabolic disorders linked
to SF and unhealthy lifestyles will considerably contribute to
the development of improved strategies for the prevention and
treatment of metabolic and cardiovascular diseases.
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