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Original Article

Enhanced Trimethylation of Histone H3
Mediates Impaired Expression of Hepatic
Glucose 6-Phosphatase Expression in
Offspring From Rat Dams Exposed to
Hypoxia During Pregnancy

Jessica E. Osumek, MSc1,2,3,4, Andrew Revesz, BSc(Hon)2,3,4,
Jude S. Morton, PhD5, Sandra T. Davidge, PhD5, and
Daniel B. Hardy, PhD1,2,3,4

Abstract
Given that hepatic glucose 6-phosphatase (G6Pase, involved in gluconeogenesis) has been demonstrated to be altered long term
in animal models of intrauterine growth restriction (IUGR), we hypothesized that hypoxia in utero may regulate G6Pase expres-
sion via epigenetic mechanisms. To address this further, a rat model of maternal hypoxia leading to IUGR and impaired liver
growth was utilized. In the 12-month-old male offspring of pregnant rat dams exposed to 11.5% atmospheric oxygen from
gestational day (gd) 15 to gd 21, nonfasting glucose was lower in association with decreased hepatic G6Pase messenger RNA and
protein levels. This was concomitant with enhanced methylation of histone H3 [K9] surrounding the promoter of G6Pase.
Moreover, when McA-RH7777 hepatoma cells were exposed to various concentrations of oxygen for 48 hours, we observed
an oxygen-dependent decrease in G6Pase expression associated with enhanced histone H3 [K9] methylation. Collectively, these
results indicate that hypoxia directly and indirectly impairs G6Pase expression through enhanced methylation of histone H3 [K9].
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Introduction

Impaired glucose tolerance and insulin resistance characterize the

metabolic syndrome (MetS) and contribute to the clinical risk of

cardiovascular disease in adults.1 The major site for the regulation

of glucose is in the liver, which is involved in both glucose and

glycogen production.2 Emerging epidemiological evidence sug-

gests that intrauterine growth restriction due to placental insuffi-

ciency (PI-IUGR) can permanently alter physiological processes

and contribute to the development of the MetS.3,4 Given that PI-

IUGR can lead to a decrease in oxygen delivery, elucidating the

long-term role of hypoxia in utero in these metabolic diseases

would help in developing perinatal strategies to prevent these dis-

eases in adulthood. Utilizing a rat model of hypoxia-induced

IUGR allows for the study of oxygen-dependent developmental

outcomes in offspring. Previous investigations with this model

have demonstrated that offspring from hypoxic (HYP) rat dams

are born growth restricted5-8 and that the male offspring have

exclusively increased signs and symptoms of cardiovascular dis-

ease in 7 months of age.5,6 A decreased liver–body weight ratio in

newborn pups are characteristic in this model9; however, effect of

maternal hypoxia on long-term circulating glucose is unknown.

Although transcriptional changes may mediate the expression

of target genes involved in fetal programming, there is limited

knowledge of the links between epigenetic mechanisms on the

long-term expression of hepatic target genes. Our laboratory has

demonstrated that increases in circulating cholesterol in male

IUGR offspring derived from maternal protein restriction were

due to long-term silencing of the Cyp7a1 promoter as a result

of increased methylation of histone H3 [K9],10 a hallmark of
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chromatin silencing.
11

Moreover, elegant studies by Park et al

have demonstrated that uterine ligation-induced IUGR rat

offspring developed type 2 diabetes as a result of epigenetic

silencing of pancreatic and duodenal homeobox 1 (Pdx1), a crit-

ical transcription factor regulating b cell differentiation.12 This

included hypermethylation of histone H3.12 It is noteworthy that

decreases in oxygen tension have also been demonstrated to

impair the expression of surfactant protein A (SP-A) in human

type 2 lung cells due to increases in methylation of histone H3

[K9] surrounding the promoter of SP-A.13

In the present study, a rat model of maternal hypoxia was

used to investigate the long-term effects of this in utero insult

on circulating glucose along with phosphoenolpyruvate carbox-

ykinase (PEPCK) and glucose 6-phosphatase (G6Pase), which

are involved in the rate-limiting, final catalytic steps of

gluconeogenesis.35 In addition, we also examined how any

hypoxia-induced changes in G6Pase might be influenced by

enhanced histone H3 trimethylation [K9] using both in vitro and

in vivo models of hypoxia.

Materials and Methods

Animals and Maternal Hypoxia Regime

To initiate pregnancy, female Sprague-Dawley rats (Charles

River, Quebec, Canada) were mated at 3 months of age. During

pregnancy, dams were allowed ad libitum access to food and

water and were housed in a 12:12 light–dark cycle. On day

15 of pregnancy, pregnant dams were randomly assigned to

either the (1) control (CTRL) or (2) maternal hypoxia (HYP)

group. Rats assigned to the maternal hypoxic group were

housed in Plexiglass chambers continuously infused with nitro-

gen and compressed air, maintaining an oxygen concentration

of 11.5% from day 15 of pregnancy until day 21. The oxygen

concentration chosen was based upon previous studies whereby

mothers exposed to oxygen concentrations between 9% and

14% during late gestation would result in growth-restricted off-

spring with altered organ proportions but without any severe

anomalies in comparison to control.14-16

Hypoxic dams were transferred to atmospheric air on day 21

prior to delivery of offspring (day 22), while dams assigned to the

control condition were housed in atmospheric air (21% oxygen

concentration) during all the stages of pregnancy. This model has

been used extensively, and exposure to a hypoxic environment

has been shown to reduce maternal weight gain during pregnancy

and pup birth weight but has no effect on litter size, proportion of

stillborn pups, or sex distribution. Using this model, considerable

catch up growth is observed in the offspring such that a few days

after birth, there are no differences in body weights between the

CTRL and the HYP groups. At both 4 and 12 months of age, how-

ever, male but not female HYP offspring have lower body weights

than their respective controls.
8

After birth, litters were reduced to

8 pups/litter in a random fashion in order to standardize the post-

natal nutritional environments. Offspring were subsequently

weaned at 3 weeks of age and allowed ad libitum access to food

and water until killing. At 4 and 12 months of age, animals were

killed by exsanguination at 9:00 AM in the morning while under

isoflurane-induced anesthesia. We did not examine the female

offspring in this study to prevent confounding factors related to

their estrous cycle. More importantly, the maternal hypoxia

model has been demonstrated to exhibit early life programming

effects in a sexually dimorphic manner, which was not the focus

of this investigation.5,9 Plasma samples were collected following

cutting of the vena cava. Collected liver samples were immedi-

ately snap frozen in liquid nitrogen prior to shipping and storage

at�80�C for ex vivo analysis.

McA-RH777 Cell Culture and Hypoxia Experiments

The female Buffalo rat adult hepatoma cell line McA-RH7777

(ATCC, Manassas, Virginia) was utilized in order to establish

preliminary relationships regarding hypoxic effects on G6Pase,

a liver X receptor a (LXRa) target gene,17 as it has been uti-

lized previously to study the regulation of LXRa.18 The cells

were cultured in Dulbecco modified eagle’s medium supple-

mented with 10% fetal bovine serum and penicillin/streptomy-

cin at 50% to 60% confluence for a period of 48 hours in 20%,

5%, or 1% oxygen in sealed chambers in order to reflect the in

vivo differences between adult arterial PO2 values (*80-100

mm Hg) and fetal arterial PO2 (*20-30 mm Hg).19 To examine

whether outcomes due to decreased oxygen were reversible,

some cells were cultured for 24 hours in 1% or 5% oxygen and

then transferred to room air for an additional 24 hours. After 24

hours, the cells were scraped and pelleted for RNA analysis.

Analysis of Plasma Glucose

Concentrations of glucose and insulin serum levels in the 4-

and 12-month CTRL and HYP offspring were determined by

the Metabolic Phenotyping Laboratory (Robarts Research

Institute, London, Ontario, Canada). In order to determine the

levels of glucose in serum samples from the nonfasting rats,

a glucose assay kit from Roche Diagnostics was run on a Cobas

Mira S analyzer (Roche, Mississauga, Ontario, Canada).

Concentrations of insulin were determined using an enzyme

immunoassay from Alpco Diagnostics (Salem, New Hamp-

shire). The coefficient of variation for the insulin assays was

3.5%, while for glucose it was <0.1%.

Quantitative Real-Time Polymerase Chain Reaction
Analysis of Messenger RNA

Total RNA was extracted from both tissues and cells by the

modified 1-step method of Chomczynski and Sacchi20 using

Trizol reagent (Invitrogen, Burlington, Ontario, Canada ). The

RNA yield was determined using a NanoDrop 2000 (Thermo-

Scientific, Nepean, Ontario, Canada), and the RNA quality was

measured by means of the A260/A280 ratio. Samples were

subsequently run on a 1.2% agarose gel containing ethidium

bromide to validate RNA integrity by visualization of the ratio

of the 28S:18S bands and to screen for degradation. Once integ-

rity was validated, RNA was treated with deoxyribonuclease to
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remove any contaminating DNA, and 4 mg of each sample was

used to synthesize complementary DNA (cDNA) with a

Superscript II Reverse Transcriptase Kit (Invitrogen) with the use

of random primers. Samples were incubated for 10 minutes at

25�C, 50 minutes at 50�C, and 15 minutes at 70�C, then stored

at�20�C until use for real-time polymerase chain reaction (PCR).

SYBR Green technology (Bio-Rad, Mississauga, Ontario,

Canada) was used for the detection of PCR products, as the

relative abundance of each transcript was determined utilizing

the BioRad CFX384 Real-Time PCR Detection System. A total

volume of 12 mL comprised of sample plus primer mix was

pipetted in each well, containing 20 ng of complementary DNA

(cDNA) per sample along with primer mix to a final concentra-

tion of 125 nmol/L. Primer sets directed against rat-specific

vascular endothelial growth factor a (VEGFa), b-actin, and

G6Pase were generated utilizing the National Center for Bio-

technology Information (NCBI) Primer-BLAST tool based on

the published sequences as listed in Table 1. Criteria for primer

sets used were demonstrated to have linear correlation of slopes

between �3.1 and �3.6 and priming efficiency of r2 > 97% for

a range of cDNA concentrations.

After samples and primer mix were loaded, amplification of

cDNA occurred using the BioRad CFX384 well system set to the

following temperature settings: 50�C for 2 minutes, 95�C for 10

minutes, followed by a 45-cycle loop with incubation at 95�C for

15 seconds, and 1 minute at 60�C. Subsequently, a melt curve was

generated for temperatures between 65�C and 95�C after ampli-

fication. Relative fold changes were calculated using the com-

parative cycle times (Ct) method with b-actin as the reference.

The relative abundance of each primer set compared to the cali-

brator (b-actin) was determined by the formula 2DDCt, whereby

DDCt is the calibrated Ct value (primer—internal control).

Cytoplasmic and Nuclear Protein Extraction

Tissues were electrically homogenized with NE1 lysis buffer (10

mmol/L 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

[HEPES] pH 7.5, 10 mmol/L MgCl2, 5 mmol/L KCl, 0.1% Triton

X, and 0.1 mmol/L EDTA pH 8.0). The homogenate was centri-

fuged at 2500g in an Eppendorf 5417R Centrifuge (Brinkmann

Instruments Canada, Ltd, Mississauga, Ontario) for 10 minutes at

4�C, and the supernatant was collected into a new tube and labeled

as the cytoplasmic fraction. The remaining pellet was resuspended

in NE1 buffer, vortexed, and centrifuged at 5000 rpm for 5 minutes

at 4�C. The supernatant was aspirated, and the remaining pellet

resuspended in NE2 buffer (25% glycerol, 20 mmol/L HEPES

pH 7.9, 500 mmol/L NaCl, 1.5 mmol/L MgCl2, and 0.2 mmol/L

EDTA pH 8.0). The resuspended pellet was incubated on a rocker

at 4�C. After centrifugation at 10 000 rpm for 10 minutes at 4�C,

the supernatant was retained as the nuclear fraction, and both the

fractions were stored at �20�C until further analysis.

Acid Extraction of Histones

Frozen cell pellet or tissue was homogenized with lysis buffer

(10 mmol/L HEPES pH 7.9, 1.5 mmol/L MgCl2, 10 mmol/L

KCl, and protease inhibitor tablets), and HCl added to a final

concentration of 0.2 mol/L. Samples were placed on a rocker

in 4�C then centrifuged at 11 000g for 10 minutes in an Eppen-

dorf 5417R Centrifuge at 4�C. The acid-insoluble pellet was dis-

carded and supernatant dialyzed using the Pierce Slide-A-Lyzer

MINI dialysis units (VWR International, Mississauga, Ontario)

in the following manner at 4�C on a rocker: twice in 0.1 mol/

L acetic acid for 1 hour, once in water for 1 hour, once in water

for 3 hours, and in water overnight. The samples were then ali-

quoted into separate tubes and stored at �20�C.

Protein Quantification and Immunoblotting

Samples were assayed for protein content using the RC DC

Protein Assay Kit II (Bio-Rad). Samples were then prepared

using the NuPAGE LDS Sample Buffer NuPAGE Sample

Reducing Agent (Invitrogen). Loading amounts were 25 mg

for cytoplasmic extracts, 15 to 20 mg for nuclear extracts, and

10 to 15 mg for histone extracts. Samples were run on NuPage

4% to 11.5% Bis-Tris gels (Invitrogen) in MES-SDS running

buffer at 150 V for 1 to 2 hours. After transfer to nitrocellulose

membranes, the membranes were blocked for 2 hours in 5%
nonfat-dried milk in 0.1% Tris-buffered saline and Tween

20 (TBST). Membranes were incubated with antibodies tar-

geted against G6Pase (sc-25804; Santa Cruz Biotechnology,

Santa Cruz, California), total nuclear histone H3 (05-499;

Millipore, Etobicoke, Ontario, Canada), and trimethylated

histone H3 (lysine 9, 07-422; Millipore). After washing in

0.1% TBST, the membranes were incubated for 2 hours with

the appropriate secondary antibody (1:10 000 dilution). b-

Actin was probed with antibody (Sigma-Aldrich, Oakville,

Ontario, Canada) for a 2-hour room temperature incubation.

Table 1. Primer Sequences Utilized for Real-Time PCR Analysis.

Gene NCBI Accession # Target Location/Length Sequence (50 ! 30)

VEGFa NM_031836 1064-1408 (344 bp) FOR ACCTCCACCATGCCAAGT
REV TTGGTCTGCATTCACATCTG

b-Actin NM_031144.2 248-314 (66 bp) FOR ACGAGGCCCAGAGCAAGA
REV TTGGTTACAATGCCGTGTTCA

G6Pase NM_013098.2 783-919 (136 bp) FOR GAAGGCCAAGAGATGGTGTGA
REV TGCAGCTCTTGCGGTACATG

Abbreviations: FOR, forward; G6Pase, glucose 6-phosphatase; NCBI, National Center for Biotechnology Information; PCR, polymerase chain reaction; REV,
reverse; VEGFa, vascular endothelial growth factor a.
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To probe for housekeeping proteins (b-actin for cytoplasmic

proteins and total histone H3 for nuclear proteins and modi-

fied histones), stripping buffer (200 mmol/L glycine, 0.1%
sodium dodecyl sulfate [SDS], and 1% Tween 20) was

utilized for 10 minutes, and then detection protocol was

implemented as earlier. All bands were detected with a

SuperSignal West Dura Extended Duration Substrate (Ther-

moScientific) and imaged with a VersaDoc Imaging System

(Bio-Rad). Densitometric analysis on blots was performed

using Quantity One Software (Bio-Rad).

Chromatin Immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed on snap-

frozen medial lobe liver tissue excised from 12-month male and

female offspring derived from the CTRL or HYP regime. The

ChIP was performed using a modification10 of previously pub-

lished methods.21 Briefly, a small piece of snap-frozen liver was

homogenized and incubated with 1% formaldehyde for 10 min-

utes at room temperature to cross-link proteins and DNA. Cross-

linking was terminated by the addition of glycine (0.125 mol/L,

final concentration). The liver tissue was washed once with cold

phosphate-buffered saline and placed in 500 mL of SDS lysis

buffer (Millipore) with protease inhibitor cocktail (Roche). The

lysates were sonicated on ice to produce sheared, soluble chro-

matin. The lysates were diluted 10 times with the addition of

ChIP dilution buffer (Millipore) and aliquoted to 400 mL

amounts. Each of the aliquots was precleared with protein A/G

plus agarose beads (40 mL; Millipore) at 4�C for 30 minutes. The

samples were microfuged at 12 500 rpm to pellet the beads, and

the supernatant containing the sheared chromatin was placed in

new tubes. The aliquots were incubated with 4 mg of antibodies

against trimethylated histone H3 (lysine 9; Millipore) at 4�C
overnight. Two aliquots were reserved as ‘‘controls’’—one incu-

bated without antibody and the other with nonimmune immuno-

globulin G (Millipore). Protein A/G plus agarose beads (60 mL)

were added to each tube, the mixtures were incubated for 1 hour

at 4�C, and the immune complexes collected by centrifugation.

The beads containing the immunoprecipitated complexes were

washed sequentially for 5 minutes in wash buffer I (20 mmol/

L Tris-HCl, pH 8.1, 2 mmol/L EDTA, 0.1% SDS, 1% Triton

X-100, and 150 mmol/L NaCl), wash buffer II (same as I, except

containing 500 mmol/L NaCl), wash buffer III (10 mmol/L Tris-

HCl, pH 8.1, 1 mmol/L EDTA, 1% NP-40, 1% deoxycholate,

and 0.25 mol/L LiCl), and 2 0 Tris-EDTA (TE) buffer. The beads

were eluted with 250 mL elution buffer (1% SDS, 0.1 mmol/L

NaHCO3þ 20 mg salmon sperm DNA; Sigma-Aldrich) at room

temperature. This was repeated once, and the eluates were

combined. Cross-linking of the immunoprecipitated chromatin

complexes and ‘‘input controls’’ (10% of the total soluble chro-

matin) was reversed by heating the samples at 65�C for 4 hours.

Proteinase K (15 mg; Invitrogen, Carlsbad, California) was

added to each sample in buffer (50 mmol/L Tris-HCl, pH 8.5,

1% SDS, and 10 mmol/L EDTA) and incubated for 1 hour at

45�C. The DNA was purified by phenol–chloroform extraction

and precipitated in ethanol overnight at 20�C. Samples and

‘‘input controls’’ were diluted in 10 to 100 mL TE buffer just

prior to PCR. Real-time PCR was employed using primers

designed to target a 50 LXRE promoter region that is upstream

of the transcriptional start site of G6Pase that contains the

DR4 element.17 The forward primer (50-GTCACCCCTTAGC

ACTGTCAAGCC-30) and reverse primer (50-GCAAACAGGC

ACACAAAAACAGC C-30) targeted the promoter region

�258 to �169 bp upstream of the G6Pase transcriptional start

site.

Statistical Analysis

Data are presented as mean+ standard error of the mean. Graph-

Pad Prism 5 software was utilized to conduct 1-way analyses of

variances (ANOVAs) to compare differences between oxygen

dosage groups of McA-RH7777 cells. Two-way ANOVAs were

performed to compare CTRL and HYP rat offspring when off-

spring were compared by sex and to determine whether any

gender-related differences could be detected between the off-

spring. The ChIP data were analyzed with a Student 2-tailed

unpaired t test. Levels of significance were set at a P value of

.05 or less. Tukey post hoc test was performed on statistically sig-

nificant data and analyzed by 1-way ANOVA, and Bonferroni

post hoc test was utilized following a 2-way ANOVA.

Results

Circulating Plasma Glucose Is Decreased in 12-Month
HYP Offspring

To determine long-term adaptive responses of the fetus due to

maternal hypoxia exposure in utero, the plasma levels of insulin

and glucose were obtained from CTRL and HYP offspring at 4

and 12 months of age from the animals that were killed. As off-

spring were allowed ad libitum access to food and water prior to

killing and blood sample collection, it should be noted that the

values reported are random blood glucose and insulin levels.

There was no difference in plasma insulin levels between CTRL

and HYP offspring both in early (4 month) and in late (12 month)

adult offspring, regardless of gender (Figure 1A). However,

differences in levels between genders were observed, as female

offspring had significantly lower levels of insulin relative to their

male counterparts at both 4 and 12 months of age (Figure 1A).

Analysis of random circulating glucose levels revealed that

while females did not display any differences in glucose levels,

regardless of condition or age, only 12-month HYP male off-

spring had significantly lower levels of glucose relative to CTRL

(P < .05; Figure 1B). Interestingly, there was also a trend for an

increase in blood glucose in the CTRL offspring between 4 and

12 months, although this was not significant.

TheExpression ofHepatic G6Pase is Impaired in 12-Month
HYP Offspring Circulating Glucose Is Reduced

Given that in the 12-month male HYP offspring and that both

PEPCK and G6Pase catalyze the final steps of gluconeogenesis,
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we next determined whether maternal hypoxia in utero influ-

ences their hepatic expression in the long term in the offspring.

To accomplish this, messenger RNA (mRNA) and protein levels

of PEPCK and G6Pase were determined (Figure 2). Western

immunoblotting revealed there was no change in the levels of

PEPCK protein between CTRL and HYP offspring at either 4

or 12 months. However, a 1.7-fold decrease in G6Pase protein

levels was observed only in 12-month HYP males relative to

CTRL (P < .001; Figure 2A). To elucidate the underlying

mechanisms for a decreased G6Pase protein, the steady state lev-

els of G6Pase mRNA levels were then measured. Quantitative

reverse transcriptase PCR (qRT-PCR) analysis revealed a corre-

sponding decrease in 12-month HYP offspring (P < .05; Figure

2B), but this was not evident at 4 months. It should be noted that

G6Pase overall (P < .05) increased in the CTRL offspring from 4

to 12 months.

Trimethylated Histone H3 3(K9) is Enhanced Surrounding
the Proximal Promoter of G6Pase in Offspring Derived
From Maternal Hypoxia

In order to determine whether the silencing of hepatic G6Pase

expression observed in 12-month male HYP-derived offspring

was associated with enhanced trimethylation of histone H3

(K9), ChIP assay was employed in the livers of 12-month

offspring using a triMeH3(K9)-specific antibody along with

primers targeting the active LXRE-containing site in the pro-

moter region of G6Pase (Figure 3). The QRT-PCR analysis

revealed 1.7-fold enhancement of triMeH3(K9) in 12-month

HYP males relative to CTRL (Figure 3; P < .05).

Effect of Decreased Oxygen Tension on Global Hepatic
Levels of triMeH3(K9) and G6Pase mRNA Expression in
McA-RH7777 Hepatoma Cells

Given that global hepatic methylation of histone 3 (lysine 9) was

enhanced surrounding the promoter of G6Pase in 12-month off-

spring derived from maternal hypoxia concomitant with a

decrease in G6Pase expression, we next examined whether

decreases in oxygen tension may directly mediate this observa-

tion in vitro. Given that McA-RH7777 cells respond to decreases

in oxygen tension from 20% to 5% to 1% hypoxia over 48 hours,

as indicated by increases in VEGFa mRNA levels (markers of

hypoxemia, data not shown), total triMeH3(K9) was subse-

quently assessed (Figure 4A). After densitometric calculations

were normalized to total histone H3 levels, it was determined

that exposure to 1% oxygen for 48 hours significantly induced

triMeH3(K9) by 5.3-fold relative to levels observed in the

20% conditions (Figure 4A; P < .05). Furthermore, this appeared

to be a dose-dependent response, as triMeH3(K9) levels in the

5%, and both the 1% to 5% oxygen and 1% to 20% oxygen were

significantly lower than those observed at 1% (Figure 4A; P <

.05). When G6Pase mRNA expression was assessed by

real-time PCR, there was a significant decrease in 20% and 1%
oxygen concentrations after 48 hours in culture (Figure 4B; P <

.05). Moreover, a significant increase in G6Pase mRNA levels

was observed when the oxygen tension was switched from 1%
after 24 hours to 20% treatment for 24 hours (Figure 4B; P < .05).

Discussion

Clinical studies in humans have demonstrated that adverse PI-

IUGR contributes to long-term programming events leading to

the MetS, and therefore, cardiovascular disease.22 As the liver

is essential to glucose and cholesterol metabolism,2 alterations

in hepatic development may impair their homeostatic regula-

tion, leading to the development of the MetS. Therefore, this

study investigated how maternal hypoxia, leading to fetal

hypoxia and impaired birth weight, influences circulating glu-

cose and insulin as well as hepatic enzyme levels in mature off-

spring. As histone methylation results in a ‘‘histone code’’ that

can determine whether chromatin is in a transcriptionally

active state or packaged as silent heterochromatin,23 we

Figure 1. Exposure to hypoxia in utero results in significantly lower
circulating glucose levels but not insulin in 12-month male offspring.
Random circulating insulin and glucose levels were evaluated in blood
plasma of offspring from maternally exposed hypoxic pregnancies
(11.5%, HYP) or control (21%, CTRL). A, No differences were
detected in circulating insulin levels between CTRL and HYP offspring
at 4 or 12 months of age, but females had significantly lower plasma
insulin levels at both the ages relative to males utilizing a 2-way
ANOVA (n ¼ 8 samples/experimental group). B, Analysis of random
circulating glucose found no differences between the groups at 4
months of age, but a significant decrease (P < .05, indicated by *) was
observed in 12-month male HYP offspring relative to CTRL. ANOVA
indicates analysis of variance.
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examined whether maternal hypoxemia in utero alters hepatic

G6Pase gene expression in offspring due to alterations in the

methylation of histone H3 [K9], a marker of chromatin silencing.

Previously, we have demonstrated in a maternal undernutrition

model that IUGR rat offspring have impaired expression of

Cyp7a1 due to histone modifications resulting in repressive

changes to its promoter.10 In the present study, we demonstrated

that maternal hypoxia in utero led to decreased circulating glu-

cose in 12-month male offspring, due to chromatin silencing of

the G6Pase promoter, resulting in decreased G6Pase expression.

Examination of plasma insulin and glucose levels deter-

mined no significant differences in insulin levels between

CTRL and HYP offspring, but there was a significant decrease

in glucose levels in male HYP offspring at 12 months of age

Figure 2. Glucose 6-phosphatase protein and steady state mRNA levels are significantly lower in hypoxic males at 12 months of age. A, The
protein expression of PEPCK and (B) G6Pase was measured through Western blotting using whole-cell extracts from CTRL (21% O2) and HYP
(11.5% O2) in 4- and 12-month male hepatic tissue and antibodies specific for PEPCK, G6Pase, and b-actin. Levels of PEPCK and G6Pase were
detected via immunoblotting and normalized to b-actin via densitometry and with unpaired 2-tailed t tests. The HYP males at 12 months of age
had significantly attenuated levels of G6Pase relative to CTRL (***P < .001). C, Total mRNA extraction from 4- and 12-month hepatic tissue
occurred, followed by reverse transcription. Quantitative real-time PCR analysis was performed utilizing SYBR Green technology and the DDCt
method. Statistical analysis utilizing a 2-way ANOVA (n ¼ 8 samples/experimental group) revealed that 12–month-old male offspring from HYP
pregnancies had significantly decreased mRNA levels of G6Pase (*P < .05) relative to their CTRL counterparts (n ¼ 3-9 samples/experimental
group). The expression of G6Pase in the control animals was also significantly (#P < .05) higher in 12-month compared to 4-month normoxic
offspring. ANOVA indicates analysis of variance; CTRL, control; G6Pase, glucose 6-phosphatase; HYP, hypoxic; mRNA, messenger RNA;
PEPCK, phosphoenolpyruvate carboxykinase; PCR, polymerase chain reaction.
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relative to CTRL. Although there was a trend for an increase in

blood glucose in the CTRL offspring between 4 and 12 months,

this was not significant. Others have demonstrated that blood

glucose levels do not differ between 3- and 15–month rat

offspring.24 Although previous studies with this model have

demonstrated that body weight is decreased in male HYP

offspring at both 4 and 12 months,25 food intake was not

assessed in these 4- and 12-month offspring. Therefore, it is con-

ceivable that decreased caloric intake may also play a role lead-

ing to the decreased circulating blood glucose. Studies

examining the altitude of residency during pregnancy in humans

have determined that at high elevations, there is a decrease in

blood flow in the uterine artery.26 However, an increase in

maternal hemoglobin levels raises arterial oxygen content, con-

comitant with an increase in fetal hemoglobin to result in similar

oxygen delivery to the fetus as observed at sea level.27
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Figure 4. Reduced oxygen tension enhances global levels of tri-
MeH3(K9)-associated impaired G6Pase in McA-RH7777 hepatoma
cells. McA-RH7777 hepatoma cells were cultured for 48 hours at
21%, 5%, or 1% oxygen environments, with some dishes receiving
1% or 5% oxygen for 24 hours followed by recovery in 20% oxygena-
tion for an additional 24 hours. A, Acid extraction of total histones
was performed, and samples were immunoblotted with antibodies
specific for trimethylated histone H3 (lysine 9) and total histone H3.
Relative levels of triMeH3(K9) to total histone H3 were assessed by
densitometry followed by a 1-way ANOVA. B, After extraction of
total mRNA and reverse transcription, SYBR Green real-time PCR
analysis was performed with Ct values normalized to the housekeep-
ing gene b-actin and expressed as fold difference from the 20% tension
values. # indicates values significantly different (P < .05) from each
other, whereas * indicates different from control as determined by
a 1-way ANOVA (n¼ 3 independent experiments performed in tripli-
cate). ANOVA indicates analysis of variance; G6Pase, glucose
6-phosphatase; mRNA, messenger RNA; PCR, polymerase chain reac-
tion; Ct, cycle time.
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Figure 3. Levels of trimethylated histone H3 (lysine 9) associated
with the LXRE-containing region of the G6Pase promoter are
increased in 12-month males from hypoxemic pregnancies. Hepatic
tissue from 12-month male control (CTRL, 20%) or hypoxic (HYP,
11.5%) offspring was subjected to cross-linking, lysis, and sonication.
Solubilized chromatin was immunoprecipitated with a specific anti-
body for trimethylated histone H3 (lysine 9) or immunoglobulin G
control. After immunoprecipitation, DNA was analyzed for the
promoter region containing the LXRE region of G6Pase utilizing
real-time PCR. After analysis with an unpaired 2-tailed t test, it was
determined the 12-month male offspring from hypoxemic dams had
significantly increased binding of triMeH3(K9) to the LXRE region of
G6Pase relative to CTRL offspring (*P < .05). G6Pase indicates glucose
6-phosphatase; PCR, polymerase chain reaction.
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Therefore, there is a possibility that resultant IUGR from

hypoxic exposure may not result directly from decreased oxygen

delivery but rather from secondary pathways. Chronic hypoxia

during pregnancy has been demonstrated to decrease fetal

glucose consumption, as the high-altitude fetus consumes less

glucose/mole of oxygen.28 Decreases in glucose consumption

may be a result of an induced hypometabolic state in response

to decreased fetal oxygen supply in order to reduce energy

demands.29-31 To date, plasma glucose levels in human and ani-

mal offspring from hypoxemic pregnancies have only been

examined at term, and although offspring are typically classified

as hypoglycemic at birth,28 no follow-up studies have yet been

conducted, so it was inconclusive whether these findings persist

into adulthood.

More recently, Rueda-Clausen et al have demonstrated that

maternal hypoxia did not alter circulating glucose in rat pups by

9 weeks of age nor did it alter glucose handling, glucose tolerance,

and insulin sensitivity by 4 months of age.8 However, the long-

term effects (eg, 12 months) were not examined. Interestingly,

if these hypoxic offspring were exposed to a high-fat (45%) diet,

they exhibited glucose intolerance and impaired insulin sensitiv-

ity by 4 months.8 Studies using primary cultures of hepatocytes

have found that they exhibit a 29% decrease in glucose production

when isolated from in vivo hypoxia-exposed rats.32 Our data

further support the observation of the effects of hypoxia to

decrease circulating glucose persisting to 1 year at age.

During gestation, there is a negligible amount of gluconeo-

genic activity in the fetus.33 A slight increase in gluconeogen-

esis has been detected in the sheep and rat toward term, with a

sharp increase in gluconeogenic enzymatic activity occurring

at birth.34 Given that G6Pase catalyzes the final step in gluco-

neogenesis to result in the release of free glucose and inorganic

phosphate,35 we examined whether its expression was altered

in male offspring at 12 months of age derived from hypoxia.

In these HYP offspring, which exhibited decreased circulating

glucose concentrations, hepatic G6Pase expression levels were

significantly decreased relative to CTRL. Moreover, in vitro

experiments using cultured rat hepatoma cells indicated that

the levels of G6Pase mRNA were significantly lower in cells

cultured at 1% oxygen for a full 48-hour duration relative to

those that were placed in a 20% oxygen recovery environment

for the last 24 hours of the experimental period. Collectively,

these experiments suggest that G6Pase is regulated by altera-

tions in oxygen tension, and that in pregnancy, maternal

hypoxia may impair G6Pase expression in the long term.

Given that hypoxia may impair the expression of genes in vitro

and in vivo via epigenetic mechanisms,12,13 hypoxia may silence

G6Pase expression directly or indirectly via increases in methyla-

tion of histone H3 [K9]. As the histone status regulates the

chromatin state of associated genes, it is possible that epigenetic

mechanisms may play a greater role in the silencing of G6Pase

both in vivo and in vitro. Changes in the epigenetic profile of

offspring as a result of IUGR are one adaptive mechanism that has

been suggested to result in the occurrence of metabolic repro-

gramming.36 Histone modification states can determine whether

chromatin is in a transcriptionally active (euchromatin) or

inactive (heterochromatin) state.23 Previous studies of IUGR in

rodents have reported the occurrence of a change in histone mod-

ification states relative to those observed in CTRL offspring.12

Furthermore, oxygen tension has been implicated to regulate

histone H3 methylation and coactivator recruitment.13 Therefore,

we investigated how histone H3 methylation is altered in vivo and

in vitro. In vitro experiments revealed that when placed in

decreased oxygen tensions, McA-RH7777 hepatocytes had

attenuated G6Pase mRNA levels concomitant with an oxygen

dose-dependent decline in overall protein levels of triMeH3(K9).

Similar silencing effects of reduced oxygen tension on SP-A gene

expression via increased trimethylated histone H3 expression

have been previously reported.13 In order to determine

promoter-specific histone pattern changes in vivo, ChIP was

employed to detect triMeH3(K9) binding to the active LXRE

promoter region of G6Pase, as a decrease in G6Pase was apparent

in the HYP offspring, leading to decreases in G6Pase protein

expression in HYP males. In vivo experiments using ChIP

revealed a significant increase in triMeH3(K9) binding to the

LXRE region of G6Pase in 12-month male HYP offspring rela-

tive to CTRL. Interestingly, in a model of undernutrition (eg, low

protein diet) during pregnancy in piglets, the low-protein male

offspring had increased hepatic G6Pase expression associated

with lower trimethylated histone H3 [K9] in the proximal promo-

ter of porcine G6Pase compared to the controls.37 Collectively,

these studies suggest that the expression of hepatic G6Pase is

tightly governed by the trimethylation status of histone H3 [K9]

in the short and long term. Although previous studies have

demonstrated that uterine artery ligation can also lead to the

long-term silencing of gene expression (eg, PDX-1) in postnatal

life due to increases in histone H3 [K9] methylation,12 this is the

first study to demonstrate that the maternal hypoxia in pregnancy

can also lead to hypermethylation of gene promoters in the long

term. This helps to elucidate why these offspring, derived from

maternal hypoxia in pregnancy, have decreased levels of steady

state G6Pase mRNA and protein levels in the long term. These

findings illustrate the importance of examining direct histone

interactions with genes in a promoter-specific manner.

In conclusion, this study has elucidated that maternal hypoxia

during pregnancy inhibits the expression of a subset of gluconeo-

genic enzymes in the long term in offspring, concomitant with a

decrease in postnatal nonfasting plasma glucose. This effect may

be regulated, indirectly, by epigenetic mechanisms, via modifi-

cations in histone methylation patterns. By identifying epige-

netic mechanisms involved in the development of impaired

glucose homeostasis, further studies are now warranted to exam-

ine how postnatal diet or drug interventions early in life may

restore circulating glucose in the long term via posttranslational

mechanisms promoting a permissive chromatin environment.
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