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Aims Hypoxia causes protein kinase C epsilon (PKC1) gene repression in foetal hearts, resulting in heightened cardiac sus-
ceptibility to ischaemic injury in offspring. We tested the hypothesis that hypoxia inducible factor 1 (HIF-1) and/or
reactive oxygen species (ROS) mediate hypoxia-induced PKC1 gene repression.

Methods
and results

Hypoxia induced in vivo to pregnant rats, ex vivo to isolated foetal rat hearts, and in vitro in the rat embryonic ventricu-
lar myocyte cell line H9c2 resulted in a comparable decrease in PKC1 protein and mRNA abundance in foetal hearts
and H9c2 cells, which was associated with a significant increase in CpG methylation of the SP1-binding sites at the
PKC1 promoter. In H9c2 cells and foetal hearts, hypoxia caused nuclear accumulation of HIF-1a, which was inhibited
by 3-(5′-hydroxymethyl-2′-furyl)-1-benzylindazole and 2-methoxy estradiol. The HIF-1a inhibitors had no significant
effect on hypoxia-induced PKC1 mRNA repression. Hypoxia produced a time-dependent increase in ROS produc-
tion in H9c2 cells and foetal hearts that was blocked by ROS scavengers N-acetyl-cysteine or tempol. In accordance,
N-acetyl-cysteine and tempol, but not apocynin, inhibited the hypoxic effect and restored PKC1 protein and mRNA
expression to the control values in foetal hearts and H9c2 cells. The ROS scavengers blocked hypoxia-induced CpG
methylation of the SP1-binding sites, restored SP1 binding to the PKC1 promoter, and abrogated the hypoxia-induced
increase in the susceptibility of the heart to ischaemic injury in offspring.

Conclusions The results demonstrate that hypoxia induces epigenetic repression of the PKC1 gene through a NADPH oxidase-
independent ROS-mediated pathway in the foetal heart, leading to heightened heart vulnerability to ischaemic injury
in offspring.
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1. Introduction
A clear association between adverse intrauterine environment and
increased risk of heart disease later in life has been demonstrated in
recent epidemiological and animal studies.1 –4 A common form of
foetal stress in utero is hypoxia, which may occur under many condi-
tions, including pregnancy at high altitude, maternal anaemia, pre-
eclampsia, placental insufficiency, cord compression, maternal heart,
lung and kidney disease, or haemoglobinopathy. Our recent studies
in rats have demonstrated that maternal hypoxia causes an increase
in promoter methylation and epigenetic repression of protein
kinase C epsilon (PKC1) gene expression pattern in the developing

heart, resulting in the heightened susceptibility of the heart to ischae-
mia and reperfusion injury in male offspring in a sex-dependent
manner.5 –7

The mechanisms underlying hypoxia-mediated PKC1 gene repres-
sion remain unknown. In addition to hypoxia inducible factor 1
(HIF-1) that regulates many genes involved in external and internal
adaptation to hypoxic stress,8 intracellular reactive oxygen species
(ROS) paradoxically increases under hypoxic conditions.9 The main
site for ROS production is the electron transport system (ETS)
located in the inner membrane of mitochondria. Uncoupling of the
ETS caused by hypoxia slows the electron flow, thereby increasing
the probability of molecular oxygen interacting with free radicals to
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produce superoxide ion.9,10 Cardiomyocytes are major producers
of ROS due to their high metabolic demand. Increased ROS can
significantly alter gene expression patterns through the induction of
integrated stress response that involves PERK activation, eIFa phos-
phorylation, and ATF4-mediated stress gene induction.11 Recent
studies have suggested a link between prolonged oxidative stress
and aberrant DNA methylation patterns.12–14

The present study tested the hypothesis that HIF-1 and/or ROS
may mediate the hypoxia-induced epigenetic repression of PKC1

gene expression pattern in foetal rat hearts and rat embryonic ven-
tricular H9c2 cells. Our recent study has demonstrated a congruent
underlying mechanism in foetal hearts and H9c2 cells in the epigenetic
regulation of PKC1 gene repression.7 Herein, we present evidence
that blockade of hypoxia-derived ROS, but not HIF-1, inhibits the
hypoxia-induced increase in methylation of the SP1-binding sites,
reverses the decreased SP1 binding to the PKC1 promoter, restores
PKC1 mRNA and protein abundance to the control levels, and
abrogates hypoxia-induced increase in susceptibility of the heart to
ischaemic injury in offspring.

2. Methods
An expanded ‘Methods’ section is available in the Supplementary material
online.

2.1 Experimental animals
Time-dated pregnant Sprague-Dawley rats were purchased from Charles
River Laboratories (Portage, MI, USA) and were randomly divided into
two groups: (i) normoxic control, and (ii) hypoxic treatment of 10.5%
oxygen from gestational Day 15 to Day 21, as described previously.6,7

To examine the effect of antioxidant, the rats were treated in the
absence or presence of N-acetyl-cysteine (NAC, Sigma) in the drinking
water (500 mg/kg/day). Hearts were isolated from Day 17 and Day 21 foe-
tuses, and from 3-month-old offspring. To isolate hearts, rats were anaes-
thetized with 75 mg/kg ketamine and 5 mg/kg xylazine injected
intramuscularly. The adequacy of anaesthesia was determined by the
loss of a pedal withdrawal reflex and any other reaction from the
animal in response to pinching the toe, tail, or ear of the animal. Addition-
ally, even the respiration rate of the animal under anaesthesia was closely
monitored, and an increased respiration rate was used as a sign that anaes-
thesia is too light. After removing foetuses, pregnant rats were killed by
removing the hearts. Foetuses were sacrificed by decapitation, and
hearts were collected for the studies. For ex vivo hypoxic treatment,
hearts isolated from Day 17 foetuses were cultured in M199 medium
(Hyclone, Logan, UT, USA) supplemented with 10% FBS and 1% penicil-
lin/streptomycin at 378C in 95% air/5% CO2, as reported previously.7

Hearts were given 24 h of recovery time before being placed in a
hypoxic chamber with 1% O2 for 48 h in the absence or presence of
NAC (1 mM). All procedures and protocols were approved by the Insti-
tutional Animal Care and Use Committee guidelines, and followed the
guidelines by US National Institutes of Health Guide for the Care and Use
of Laboratory Animals.

2.2 Cell culture
Rat embryonic ventricular myocyte cell line H9c2 was obtained from
ATCC (Rockville, MD, USA). Cells were maintained in DMEM and supple-
mented with 10% FBS and 1% penicillin/streptomycin at 378C in 95% air/
5% CO2. Cells were grown and sub-cultured in six-well plates with
experiments performed between 70 and 80% confluent. For hypoxic
studies, cells were treated with 1% or 20.5% O2, respectively, for 24 h.7

2.3 Western blot analysis
Protein was isolated from foetal hearts and H9c2 cells. Protein abundance
of PKC1 and HIF-1a was measured with western blot analysis, and was
normalized to b-actin, as described previously.7,15

2.4 Real-time RT–PCR
RNA was extracted from foetal hearts and H9c2 cells and PKC1 mRNA
abundance was determined by real-time RT–PCR and was normalized to
GAPDH.7,15

2.5 Quantitative methylation-specific PCR
DNA was collected from foetal hearts and H9c2 cells and was treated
with sodium bisulfite at 558C for 16 h. Bisulfite-treated DNA was used
as a template for real-time fluorogenic methylation-specific PCR using
primers created to amplify promoter-binding sites containing possible
methylation sites based on our previous sequencing of rat PKC1

promoter.7,15,16

2.6 Measurement of intracellular ROS
The fluorescent indicator 2′7′-dichlorofluorescein (DCF) diacetate was
used to measure intracellular ROS in H9c2 cells, as described previous-
ly.17 Total ROS in foetal hearts were measured with the OxiselectTM

in vitro ROS/RNS assay kit, following the manufacturer’s instruction.
Dihydroethidium fluorescence was determined to image ROS in foetal
hearts using a confocal microscope.18 Additionally, MitoTrackerw Red
CM-H2XRos was used to measure mitochondrial ROS in H9c2 cells.19

2.7 Chromatin immunoprecipitation (ChIP)
Chromatin extracts were prepared from H9c2 cells, and ChIP assays were
performed for the two SP1-binding sites at the PKC1 promoter in DNA
sequences pulled down by an SP1 antibody, as described previously.7,15

2.8 Hearts subjected to ischaemia
and reperfusion
Isolated hearts from 3-month-old male offspring were subjected to 20 min
of global ischaemia followed by 45 min of reperfusion in a Langendorff
preparation, as previously described.6,7 Post-ischaemic recovery of left
ventricular function and lactate dehydrogenase (LDH) release was
determined.6,7

2.9 Statistical analysis
Data are expressed as mean+ SEM. Experimental number (n) represents
the hearts of foetuses from different dams. Statistical significance
(P , 0.05) was determined by the analysis of variance followed by
Neuman–Keuls post hoc testing or Student’s t-test, where appropriate.

3. Results

3.1 The effect of HIF-1a inhibitors
on hypoxia-induced decrease in PKC1
expression
To assess the role of HIF-1a in hypoxia-induced decrease in PKC1

expression, YC-1 and 2-methoxyestradiol (2-ME) were used to
block HIF-1a nuclear accumulation. YC-1 blocks HIF-1a protein
by enhancing degradation,20 and 2-ME blocks HIF-1a through an
oxygen- and proteasome-independent pathway that involves disrup-
tion of microtubules.21 H9c2 cells were treated with 1% O2 for 24 h
in the absence or presence of YC-1 (10 or 100 mM) or 2-ME (10 or
100 mM). Nuclear extracts were collected for determining HIF-1a
nuclear accumulation. Figure 1A shows that HIF-1a protein
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accumulated in the nuclear compartment under the hypoxic treat-
ment. The addition of YC-1 or 2-ME significantly reduced HIF-1a
nuclear accumulation (Figure 1A). However, neither YC-1 nor
2-ME had significant effects on the hypoxia-induced decrease in
PKC1 mRNA expression (Figure 1B), suggesting a minimal role of
HIF-1a in regulating PKC1 gene transcription under hypoxic condi-
tions. Similar results were obtained in isolated foetal hearts treated
ex vivo with 1% O2, showing the lack of effect of HIF-1a inhibitors in
regulating PKC1 gene transcription under hypoxic conditions
(Figure 1C and D).

3.2 Hypoxia increased ROS production
in H9c2 cells and foetal hearts
To determine whether hypoxia significantly alters ROS production
in H9c2 cells, we performed a time course experiment using
2′7′-DCF diacetate to measure intracellular ROS production. H9c2
cells were treated with 1% O2 for 2, 4, 8, 16, and 24 h. Fluorescence
of DCF was measured using a microplate reader and normalized to
the cell count. As shown in Figure 2A, ROS levels were significantly
elevated at the 2 h treatment. At the 4 h time point, ROS levels
peaked and gradually declined afterwards until the 16 h mark,
when it continued to increase again (Figure 2A). We further assessed
the effect of ROS scavengers, NAC, and tempol on hypoxia-induced
ROS production at the 4 h time point. As shown in Figure 2B, in the
presence of NAC or tempol, the hypoxia-induced ROS production
was blocked. Figure 2C shows a significant increase in mitochondrial
ROS production under the hypoxic condition in H9c2 cells. In
agreement with the findings in H9c2 cells, isolated foetal hearts
treated ex vivo with 1% O2 showed a significant increase in ROS pro-
duction, which was blocked by NAC (Figure 2D). Additionally, the
in vivo treatment of maternal hypoxia resulted in a comparable in-
crease in ROS in the foetal heart, which was abrogated by NAC
(Figure 2E and F ).

3.3 ROS scavengers abrogated
hypoxia-induced decrease in PKC1
expression
To determine the role of ROS in hypoxia-induced decrease in PKC1

expression, H9c2 cells were treated with 1% O2 for 24 h in the
absence or presence of NAC (0.5, 0.75, 1 mM) or tempol (1, 2.5,
5 mM). Additionally, apocynin (0.5 mM) was used to determine the
role of NADPH oxidase in the hypoxic effect. Hypoxia significantly
decreased PKC1 protein and mRNA abundance (Figure 3A and B).
NAC produced a dose-dependent inhibition of the hypoxic effect
on PKC1 mRNA repression (Figure 3A). Similar findings of blockade
of the hypoxic effect were obtained with tempol (Figure 3A). In con-
trast, apocynin had no significant effect on the hypoxia-mediated
down-regulation of PKC1 expression (Figure 3A). Consistent with
the results of mRNA, both NAC and tempol blocked the
hypoxia-induced reduction in PKC1 protein expression in H9c2
cells (Figure 3B). Similar results were obtained in isolated foetal
hearts treated ex vivo with 1% O2, showing the reversal of
hypoxia-induced down-regulation of PKC1 gene expression by NAC
(Figure 3C). In agreement with the findings in H9c2 cells and ex vivo
foetal hearts, maternal hypoxia-mediated down-regulation of PKC1

mRNA and protein expression in the foetal heart was inhibited by
NAC (Figure 3D).

3.4 ROS scavengers abolished
hypoxia-induced methylation of PKC1
promoter
Previous studies have demonstrated that prolonged hypoxic treat-
ment significantly increases methylation of the SP1-binding sites
2346 and 2268 at the PKC1 promoter in foetal hearts and H9c2
cells.7 We, therefore, determined whether the inhibition of ROS sig-
nificantly altered the methylation status of SP1-binding sites at the
PKC1 promoter. Genomic DNA was isolated and methylation-

Figure 1 HIF-1a inhibitors have no effect on hypoxia-mediated PKC1 gene repression. H9c2 cells (A and B) and isolated foetal hearts (C and D)
were treated with 21% O2 (control, C) or 1% O2 (hypoxia, H) for 24 or 48 h, respectively, in the absence or presence of YC-1 or 2-ME2. HIF-1a
protein abundance in nuclear extracts was measured by western blots. PKC1 mRNA abundance was determined by real-time RT–PCR. Data are
means+ SEM. *P , 0.05, hypoxia vs. control; n ¼ 5–8.
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specific PCR was performed using primers that had been previously
designed for the SP1 sites 2346 and 2268.7,16 Consistent with pre-
vious findings, maternal hypoxia significantly increased the methyla-
tion status of both SP1-binding sites in foetal hearts in the absence
of ROS scavengers (Figure 4A). This hypoxia-induced promoter
methylation was abrogated in the presence of NAC (Figure 4A).
Similar results were obtained in H9c2 cells. In the absence of NAC
or tempol, hypoxia significantly increased the methylation status of
both SP1-binding sites in H9c2 cells (Figure 4B). NAC and tempol
blocked the hypoxia-induced increase in CpG methylation of both
SP1-binding sites 2346 and 2268 at the PKC1 promoter (Figure 4B).

3.5 ROS scavengers restored SP1 binding
to PKC1 promoter
Previous studies have demonstrated that methylation of the
SP1-binding sites 2346 and 2268 decreases SP1 binding to the
PKC1 promoter resulting in the reduced transcription activity.7,15

To evaluate further whether the inhibition of ROS restored the
binding of SP1 protein to the SP1-binding sites at the proximal
PKC1 promoter in the context of intact chromatin, ChIP assays
were performed using the SP1 antibody. Figure 4C shows the
binding of SP1 to both SP1 elements at 2346 and 2268 at the
PKC1 promoter in intact chromatin in H9c2 cells. Hypoxia significant-
ly decreased SP1 binding to both SP1-binding sites (Figure 4C). In the
presence of NAC or tempol, the SP1 binding was restored to the
control values for both the SP1-binding sites (Figure 4C).

3.6 ROS scavenger reversed the
hypoxia-mediated increase in susceptibility
of the heart to ischaemic injury in offspring
The causal role of PKC1 gene repression in hypoxia-mediated and
sex-dependent programming of increased susceptibility of the heart
to ischaemia and reperfusion injury in adult male offspring has been
previously demonstrated.6,7 To determine further the

Figure 2 Hypoxia increases ROS production. ROS were measured in H9c2 cells (A, B, and C) and isolated foetal hearts (D) treated with 21% O2

(control) or 1% O2 (hypoxia), and in the hearts isolated from near-term foetuses of pregnant rats treated with normoxic control and hypoxia (E and
F). (A) Time course of hypoxia-induced ROS production in H9c2 cells; (B) ROS production in H9c2 cells at the 4 h hypoxic-treatment in the absence
or presence of NAC or tempol; (C) mitochondrial ROS production in H9c2 cells at the 4 h hypoxic-treatment; scale bar: 20 mm (D) ROS production
in isolated foetal hearts at 4 and 48 h hypoxic treatments in the absence or presence of 1 mM NAC; (E) ROS production in the foetal hearts from
pregnant rats treated with normoxic control and hypoxia in the absence or presence of NAC; (F) ROS production, measured with confocal micros-
copy, in the foetal hearts from pregnant rats treated with normoxic control and hypoxia in the absence or presence of NAC. Scale bar: 50 mm Data
are means+ SEM. *P , 0.05, hypoxia vs. control; n ¼ 4–8.
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cause-and-effect relation between hypoxia-mediated ROS production
in the developing heart and the heightened susceptibility of the heart
to ischaemic injury in offspring, hearts were isolated from adult male
offspring treated with hypoxia before birth in the absence or presence
of NAC, and were studied in a Langendorff preparation. There were
no significant differences in the left ventricle developed pressure
(LVDP), heart rate (HR), dP/dtmax, dP/dtmin, and coronary flow rate
at the baseline among all groups (Table 1). In the absence of NAC,
foetal hypoxia caused a significant decrease in post-ischaemic recov-
ery of LVDP and increases in the left ventricle end-diastolic pressure
(LVEDP) and release of LDH (Figure 5), as previously reported.6,7

NAC had no significant effect on post-ischaemic recovery of left ven-
tricular function in the control animals, but abolished the effect of
hypoxia (Figure 5).

4. Discussion
The present study presents evidence for the first time that prolonged
hypoxic treatment mediates epigenetic repression of the PKC1 gene
in the foetal heart through an ROS, but not HIF-1a, dependent
pathway. The studies demonstrate that the inhibition of hypoxia-

derived ROS restores PKC1 protein and mRNA expression by block-
ing CpG methylation of the SP1-binding sites and restoring SP1
binding to the PKC1 promoter. In contrast, the inhibition of HIF-1a
did not affect the hypoxic effect on re-pression of the PKC1 gene.
Previous studies have demonstrated the cause-and-effect relation
between foetal hypoxia-mediated PKC1 gene repression and
increased susceptibility of the heart to ischaemia and reperfusion
injury in adult male offspring in a sex-dependent manner.6,7 The
present finding that ROS scavenger NAC abrogated the hypoxia-
mediated increase in susceptibility of the heart to ischaemic injury
provides further functional evidence of a causal role of ROS in
hypoxia-mediated programming of heightened heart ischaemic vulner-
ability in offspring.

The previous study demonstrated the heightened susceptibility of
the heart to ischaemia and reperfusion injury in offspring that had
been experienced prolonged hypoxia before birth.5,6 Interestingly,
the ventricles of these offspring showed significantly less PKC1 abun-
dance compared with the control animals.6 It has been shown that
acute exposure to hypoxia increases the activity of PKC1 in the
adult heart.22 We have demonstrated that chronic gestational
hypoxia decreases the expression of PKC1 in the foetal heart,

Figure 3 ROS scavengers abrogate hypoxia-mediated PKC1 gene repression. (A and B) H9c2 cells were treated with 21% O2 (control, C) or 1% O2

(hypoxia, H) in the absence or presence of apocynin, NAC, or tempol for 24 h. (C) Isolated foetal hearts were treated ex vivo with control (C) and
hypoxia (H) in the absence or presence of 1 mM NAC. (D) Hearts were isolated from near-term foetuses of pregnant rats treated with control (C)
and hypoxia (H) in the absence or presence of NAC. PKC1 mRNA and protein abundance was determined by real-time RT–PCR and western blots,
respectively. Data are means+ SEM. *P , 0.05, hypoxia vs. control; †P , 0.05, +NAC vs. –NAC; n ¼ 4–9.
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suggesting that prolonged in utero hypoxia suppresses PKC1 gene
activity.7 Further investigation has revealed that chronic hypoxia dir-
ectly regulates PKC1 gene expression through increased methylation
of two SP1-binding sites at the PKC1 promoter.7 This pattern of
increased promoter methylation presents in the foetal heart and per-
sists into adulthood.6,7 Consistent with increased methylation, SP1
binding to the PKC1 promoter in the context of intact chromatin
was significantly decreased.7,15,16 Site-directed methylation of PKC1

promoter-luciferase constructs for both SP1 sites, but not either
site alone, caused a significant decrease in the promoter activity in
H9c2 cells, demonstrating an important epigenetic mechanism involv-
ing the two SP1-binding sites in regulating PKC1 gene transcription
activity.7,15 Furthermore, the causal role of DNA methylation in the
hypoxia-induced PKC1 gene repression was demonstrated using a
methylation inhibitor, 5-aza-2-deoxycytdine that blocked the
hypoxic effect on down-regulation of PKC1 gene expression,
thereby restoring PKC1 protein and mRNA to the control values.7

The present findings add new insights into the hypoxia-mediated
regulation of PKC1 expression in cardiomyocytes and demonstrate
that hypoxia-derived ROS mediates the epigenetic repression of
PKC1 gene in the foetal heart. The finding that NAC and tempol,
but not apocynin, blocked the hypoxic effect on PKC1 repression is
intriguing and suggests a role of NADPH oxidase-independent ROS
in the hypoxia-mediated effect in the foetal heart. While NADPH
oxidase has been shown to play a role in regulating the ROS produc-
tion under chronic hypoxic conditions in some cell types, particularly
in the pulmonary vasculature and carotid body, its involvement in

hypoxia-mediated ROS production and hypoxia-related gene regula-
tion appears to be tissue and organ selective. Consistent with the
finding of a minimal role of NADPH oxidase in the hypoxia-mediated
effect in the present study, previous studies in guinea pig ventricular
myocytes demonstrated that NADPH oxidase did not appear to con-
tribute substantially in the hypoxia-induced ROS production and
myocyte dysfunction.23 The present findings that ROS scavengers
NAC and tempol inhibited hypoxia-mediated methylation of the
SP1-binding sites and restored SP1 binding to the PKC1 promoter
indicate that hypoxia-derived ROS plays a vital role in causing DNA
methylation of the PKC1 promoter in the foetal heart. Similar findings
showed that NAC significantly reduced global DNA methylation
during anchorage blockade in murine non-tumourigenic melanocyte,
supporting the notion that ROS plays an important role in regulating
DNA methylation.24 Consistent with these findings, previous studies
demonstrated that prolonged exposure to ROS caused significant
hypermethylation of the E-cadherin promoter.14 ROS-mediated
methylation of E-cadherin promoter involved up-regulation of Snail,
which recruited epigenetic effectors (i.e. DNA methyltransferase 1)
to suppress gene transcription. Interestingly, Snail over-expression
alone was sufficient to induce hypermethylation of E-cadherin pro-
moter, suggesting that Snail regulation was a key factor in mediating
epigenetic modification of gene promoters.14 Determining whether
Snail activity is important in hypoxia-induced increase in methylation
of CpG dinucleotides at transcription factor-binding sites of the
PKC1 promoter deserves further investigation. Furthermore, under-
standing whether the mechanisms by which hypoxia via ROS mediates

Figure 4 ROS scavengers inhibit hypoxia-induced methylation and restore SP1 binding to PKC1 promoter. (A) Hearts were isolated from near-term
foetuses of pregnant rats treated with control and hypoxia in the absence or presence of NAC. (B and C ) H9c2 cells were treated with 21% O2

(control) or 1% O2 (hypoxia) in the absence (C) or presence of 1 mM NAC (N) or 5 mM tempol (T) for 24 h. Methylation of the SP1-binding
sites at 2346 and 2268 was determined by methylation-specific PCR. SP1 binding to the PKC1 promoter at 2346 and 2268 in the context of
intact chromatin was determined by ChIP assays. Data are means+ SEM. *P , 0.05, hypoxia vs. control; n ¼ 4–9.
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Table 1 Pre-ischaemic left ventricle functional parameters

HR (b.p.m.) LVEDP (mmHg) LVDP (mmHg) dP/dtmax (mmHg/s) dP/dtmin (mmHg/s) CF (mL/min)

Control, 2NAC 281+5 9+1 101+2 2538+129 1909+80 16+1

Hypoxia, 2NAC 287+6 11+1 100+2 2396+126 1768+75 14+1

Control, +NAC 280+4 9+1 101+3 2558+166 1848+123 14+1

Hypoxia, +NAC 286+5 9+0 102+3 2724+156 1925+123 14+0

HR, heart rate; LVDP, left ventricular developed pressure; LVEDP, left ventricular end-diastolic pressure; dP/dtmax, maximal rate of contraction; dP/dtmin, maximal rate of relaxation; CF,
coronary flow. n ¼ 7–12 rats.
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methylation of the SP1-binding sites is a broad event (occurring in
many genes) or selective (occurring in a few genes) warrants future
research.

Previous studies in myocardial and non-myocardial tissues and
H9c2 cell line have found that hypoxia increases ROS.11,25,26 Consist-
ent with these findings, we demonstrate that hypoxia significantly
increases ROS in H9c2 cells using 2′7′-DCF diacetate. Time course
studies revealed a biphasic production of ROS in H9c2 cells with an
initial peak at the 4 h treatment, which declined to the 16 h mark, fol-
lowed by a significant increase at 24 h. Time course studies by Chen
et al.27 showed a similar biphasic elevation of ROS in human embry-
onic kidney and glioma cell lines treated with mitochondria complex
inhibitor I rotenone or mitochondria complex II inhibitor TTFA.
The present study demonstrates that mitochondria are an important
source of hypoxia-induced ROS production in H9c2 cells. The pro-
longed hypoxic treatment for 24 h maintained significantly higher
levels of ROS and produced heightened and prolonged oxidative
stress. Similar findings of hypoxia-mediated increase in ROS in
foetal hearts in vivo and ex vivo as that observed in H9c2 cells in the
present study demonstrate a comparable model of H9c2 cells in
the study of hypoxia-induced ROS production in the foetal heart.
Although acute exposure to ROS increases the activity of PKC1

and promotes a cardioprotective phenotype often observed in the
acute ischaemia and reperfusion setting in the adult heart,22 the
present study demonstrates that prolonged hypoxia causes a
sustained increase in ROS, which results in the down-regulation of
PKC1 gene expression in H9c2 cells. These findings suggest differen-
tial regulations of the PKC1 activity and gene expression patterns in
response to acute or chronic hypoxia. This difference may represent
a negative feedback loop in which short-term hypoxia enhances the
PKC1 activity to promote a cardioprotective phenotype, whereas
long-term exposure to hypoxia-derived ROS promotes adaptive
changes that include the down-regulation of PKC1 gene expression.

It has been demonstrated that the treatment of pregnant rats with an
ambient oxygen level of 10.5% lowers maternal arterial pO2 by half to
�50 mmHg.28 This maternal hypoxia resulted in foetal hypoxia and
increased HIF-1a protein levels in the foetal heart,29 albeit normal
foetal arterial blood pO2 is substantially lower than that of the
mother and is close to �20 mmHg or 3% O2. In in vitro studies of
foetal tissues or cells, it is common to use 1% O2 (�7 mmHg) to

induce hypoxia.30– 33 Our previous study in H9c2 cells demonstrated
that exposure to 21, 10.5, or 3% O2 had no significantly different
effects on PKC1 expression, but 1% O2 down-regulated PKC1 expres-
sion, suggesting modification in gene expression patterns as a mode of
adaptation to oxygen insufficiency in cardiomyocytes.7 Consistent with
the in vivo study of maternal hypoxia showing increased HIF-1a protein
abundance in the foetal heart,29 the present study found that H9c2 cells
exposed to 1% O2 for 24 h resulted in significant nuclear accumulation
of HIF-1a that is a marker of hypoxia. Other studies have demonstrated
that similar oxygen levels and exposure are sufficient to induce HIF-1a
stabilization and nuclear accumulation.34 YC-1 and 2-ME have been
widely used to inhibit HIF-1a nuclear accumulation. Previous studies
suggested that YC-1 inhibited HIF-1a protein by enhancing its degrad-
ation through FIH-dependent COOH-terminal transactivation domain
inactivation.20 2-Methoxyestradiol inhibits HIF-1a independent of
oxygen and proteasome pathways by disrupting microtubules and
the translocation of HIF-1a into the nuclear compartment, thus pre-
venting the HIF-1 activity.21 Interestingly, both YC-1 and 2-ME have
been shown to block HIF-2a nuclear accumulation as well, thereby
inhibiting the HIF-2 activity. Although HIF-2a is not the focus of this
study, the use of YC-1 and 2-ME may also provide clues as to the
role of HIF-2a in hypoxia-induced PKC1 gene repression.

Little is known concerning the role of HIF-1a in the methylation of
specific gene promoters.35 HIF-1a regulates the expression of epigen-
etic effectors, namely histone deacetylases and demethylase,36 but it is
unclear whether HIF-1a directly or indirectly regulates DNA methyl-
transferase. HIF-1a can regulate the c-myc activity and c-myc has
been shown to recruit DNA methyltransferase resulting in promoter
hypermethylation for some genes,37 suggesting a possible mechanism
whereby HIF-1a may influence methylation of promoter regions.
Interestingly, Watson et al.38 reported that chronic hypoxia increased
global methylation patterns and expression of DNA methyltransferase
3b in prostate cell lines absent of HIF-1a protein expression, suggest-
ing that chronic hypoxia can influence DNA methylation independent
of HIF-1a. In the present study, we found that the inhibition of HIF-1a
with YC-1 or 2-ME had no significant effect on hypoxia-induced re-
pression of PKC1 mRNA, suggesting that HIF-1a does not play a sig-
nificant role in altering PKC1 promoter methylation. Importantly, it
has been demonstrated that hypoxia induces the stabilization of
HIF-1a protein through alterations in the redox state. The mechanism

Figure 5 ROS scavenger abrogates hypoxia-induced increase in susceptibility of the heart to ischaemia and reperfusion injury in offspring. Hearts were
isolated from 3-month-old male offspring that had been exposed to normoxia (control) or hypoxia before birth in the absence or presence of NAC, and
were subjected to 20 min of ischaemia and 45 min of reperfusion in a Langendorff preparation. Post-ischaemic recovery of the left ventricular developed
pressure (LVDP, A) and the left ventricular end-diastolic pressure (LVEDP, B) were determined. Lactate dehydrogenase (LDH, C) release over 45 min of
reperfusion was measured as the area under the curve (AUC). Data are means+ SEM. *P , 0.05, hypoxia vs. control; n ¼ 7–2.
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is thought to be through mitochondrial-derived ROS from complex III
that regulates the prolyl hydroxylase activity.13,39 Other studies
contend that oxygen availability instead of ROS production is the
main stimulus altering prolyl hydroxylase activity and therefore
HIF-1a stabilization.40 In the present study, we demonstrate that
attenuation of ROS, but not HIF-1a, plays a major role in
hypoxia-induced reduction in PKC1 expression.

A model used in the present study was the embryonic rat ventricu-
lar myocyte cell line H9c2, which is a widely used system for studying
cardiomyocytes, including cell death, differentiation, and foetal pro-
gramming.7,25,34 Electrophysically, H9c2 cells are similar to primary
cardiomyocytes, but differ phenotypically.41,42 Although differences
exist, recent studies using the H9c2 cell line to study the effects of
hypoxia on PKC1 abundance have found consistent results with
freshly isolated foetal cardiomyocytes and intact hearts.7 Thus,
H9c2 cells exposed to 1% O2 for 24 h displayed a similar pattern of
decreased PKC1 protein and mRNA as those seen in freshly isolated
foetal rat cardiomyocytes and intact foetal hearts exposed to 1% O2.

7

Furthermore, both models found increased methylation of CpG dinu-
cleotides at SP1-binding sites at the PKC1 promoter. This suggests
that the underlying mechanisms for hypoxia-induced decrease in
PKC1 gene expression are similar in both foetal rat hearts and
H9c2 cells. Other studies also demonstrated that prolonged
hypoxia in the presence of low or high glucose significantly decreased
PKC1 protein abundance in H9c2 cells.43,44 Consistent with these
findings, the present study demonstrates a congruent underlying
mechanism of the heightened ROS in hypoxia-mediated PKC1 gene
repression in foetal hearts and H9c2 cells, further supporting the
use of H9c2 cells in investigating the epigenetic mechanisms of
PKC1 gene expression patterns.

In addition to PKC1, our previous study demonstrated that PKCdwas
also significantly decreased in the hearts of male offspring that had been
exposed to hypoxia before birth.6 Unlike PKC1 whose active form of
p-PKC1 was significantly decreased, the active form of PKCd, p-PKCd

was not changed.6 The role of PKCd in ischaemia and reperfusion
injury is less clear and is somewhat controversial. Inhibition of PKCd

during reperfusion has been shown to decrease reperfusion-induced
injury.45 Other studies demonstrated the cardioprotective effects of
PKCd.46–48 The role of ROS in epigenetic regulation of PKCd gene
expression in the heart remains to be investigated.

In summary, the present study identifies a novel mechanism of
hypoxia-derived ROS in inducing CpG methylation of sequence-
specific transcription factor-binding sites at the PKC1 promoter and
its gene repression in the foetal heart, leading to the increased
susceptibility of the heart to ischaemic injury in offspring. Although
it is difficult to translate directly these findings into humans, linking
chronic exposure to hypoxia-derived ROS with epigenetic repression
of a cardioprotective gene in the developing heart and the heightened
susceptibility of the heart to ischaemic injury has the significant in clin-
ical implications. This is because hypoxia is a common form of foetal
stress and large epidemiological studies have indicated a clear link
between foetal stress and increased risk of ischaemic heart disease
in offspring. Elevated levels of ROS have been implicated in numerous
disease models and, thus, may initiate epigenetic modification of car-
dioprotective genes in the long term leading to increased susceptibil-
ity to ischaemic heart disease. Potentially, this knowledge may lead to
interventions involving antioxidants defence during gestation, which
may prevent the long-term adverse effects of chronic intrauterine
hypoxia.
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