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Key points

� The mechanisms underlying long-term (30 days) intermittent hypoxia (LT-IH)-evoked DNA
methylation of anti-oxidant enzyme (AOE) gene repression in the carotid body (CB) reflex
pathway were examined.

� LT-IH-treated rats showed increased reactive oxygen species (ROS) levels in the CB reflex
pathway.

� Administration of a ROS scavenger or CB ablation blocked LT-IH-evoked DNA methylation
and AOE gene repression in the central and efferent limbs of the CB reflex.

� LT-IH increased DNA methyltransferase (Dnmt) activity through upregulation of Dnmt1 and
3b proteins by ROS-dependent inactivation of glycogen synthase kinase 3β (GSK3β) by Akt.

� A pan-Akt inhibitor prevented LT-IH-induced GSK3β inactivation, elevated Dnmt protein
expression and activity, AOE gene methylation, sympathetic activation and hypertension.

Abstract Long-term exposure to intermittent hypoxia (LT-IH; 30 days), simulating blood
O2 profiles during sleep apnoea, has been shown to repress anti-oxidant enzyme (AOE) gene
expression by DNA methylation in the carotid body (CB) reflex pathway, resulting in persistent
elevation of plasma catecholamine levels and blood pressure. The present study examined the
mechanisms by which LT-IH induces DNA methylation. Adult rats exposed to LT-IH showed
elevated reactive oxygen species (ROS) in the CB, nucleus tractus solitarius (nTS) and rostro-
ventrolateral medulla (RVLM) and adrenal medulla (AM), which represent the central and
efferent limbs of the CB reflex, respectively. ROS scavenger treatment during the first ten days
of IH exposure prevented ROS accumulation, blocked DNA methylation, and normalized AOE
gene expression, suggesting that ROS generated during the early stages of IH activate DNA
methylation. CB ablation prevented the ROS accumulation, normalized AOE gene expression in
the nTS, RVLM, and AM and blocked DNA methylation, suggesting that LT-IH-induced DNA
methylation in the central and efferent limbs of the CB reflex is indirect and requires CB neural
activity. LT-IH increased DNA methyl transferase (Dnmt) activity through upregulation of Dnmt1
and 3b protein expression due to ROS-dependent inactivation of glycogen synthase kinase 3β

(GSK3β) by protein kinase B (Akt). Treating rats with the pan-Akt inhibitor GSK690693 blocked
the induction of Dnmt activity, Dnmt protein expression, and DNA methylation, leading to
normalization of AOE gene expression as well as plasma catecholamine levels and blood pressure.
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Introduction

Sleep apnoea (SA) is a highly prevalent respiratory
disorder, affecting an estimated 10–15% of adults in the US
(Peppard et al. 2013). SA is characterized by brief (10–40 s),
repetitive cessation of breathing during sleep which is
either due to obstruction of the upper airway (obstructive
sleep apnoea, OSA) or due to defective respiratory rhythm
generation by the central nervous system (central SA).
Patients with SA exhibit heightened sympathetic nerve
activity, often leading to hypertension (Lavie et al. 2000;
Nieto et al. 2000; Peppard et al. 2000; Dempsey et al. 2010).
Exposing rodents to intermittent hypoxia (IH), simulating
the O2 profiles encountered during SA, also increases
sympathetic nerve activity, plasma catecholamines and
blood pressure (BP) (Fletcher, 1995; Peng et al. 2014;
Iturriaga et al. 2016). It was proposed that IH activates
the carotid body (CB), which is the major sensory
organ for monitoring O2 levels in the arterial blood
and thereby causes reflex activation of the sympathetic
nervous system in SA patients (Cistulli & Sullivan, 1994).
Consistent with this possibility, the CB reflex is augmented
in SA patients as evidenced by exaggerated sympathetic
nerve and ventilatory responses to acute hypoxia (Hedner
et al. 1992; Narkiewicz et al. 1999; Kara et al. 2003). In
IH exposed rodents, disrupting the CB reflex either by
sectioning the carotid sinus nerves (Fletcher et al. 1992;
Lesske et al. 1997) or by selective ablation of the CB or by
denervating the adrenal gland, a major sympathetic end
organ (Peng et al. 2014), prevents hypertension. Together
these findings suggest that a heightened CB reflex is
the major mechanism mediating sympathetic activation
and hypertension in SA patients and in IH-exposed
rodents.

IH has been shown to increase levels of reactive oxygen
species (ROS) in the CB reflex pathway including the CB
(Peng et al. 2003b, 2014), nucleus tractus solitarius (nTS)
and rostral ventrolateral medulla (RVLM) (Zhan et al.
2005; Peng et al. 2014), and adrenal medulla (AM) (Kumar
et al. 2006; Peng et al. 2014). The IH-evoked increase
in ROS is in part due to up-regulation of pro-oxidant
enzymes (e.g. NADPH oxidases or Nox; Zhan et al.
2005; Peng et al. 2009); as well as down-regulation of
anti-oxidant enzymes (AOEs; e.g. superoxide dismutase
or Sod; Nanduri et al. 2009). Increased ROS generation in
the CB is due to direct effects of IH (i.e. repeated cycles of
hypoxia and reoxygenation), whereas the effects of IH in
the nTS, RVLM and AM are indirect and require increased
CB neural activity (Peng et al. 2014). Rodents treated with a
ROS scavenger exhibit a remarkable absence of increased
ROS levels, hypertension and sympathetic activation in
response to IH (Peng et al. 2003a, 2006; Iturriaga et al.
2016). These studies suggest that ROS signalling is a
major cellular mechanism underlying IH-evoked CB
reflex-dependent hypertension.

Reversal of sympathetic activation and hypertension
caused by heightened CB reflex depends on the duration
of IH exposure (Nanduri et al. 2017). The increased
sympathetic tone, hypertension and ROS levels caused
by short-term-IH (10 days; ST-IH) are reversed by
recovery in room air for 10 days, whereas those caused
by long-term-IH (30 days; LT-IH) persist even after a
30 day recovery in room air (Nanduri et al. 2017). The
long-lasting effects of LT-IH are reminiscent of continuous
positive airway pressure (CPAP) treatment-resistant
hypertension reported in a subset of OSA patients
(Mulgrew et al. 2010; Dudenbostel & Calhoun, 2012).
The persistent effects of LT-IH are associated with a
long-lasting increase in ROS levels in the CB reflex
pathway, which is in part due to repression of several
AOE genes (Nanduri et al. 2017). AOE gene repression
in the CB of rodents exposed to LT-IH is mediated by
DNA methylation, which is an epigenetic mechanism
that regulates gene expression by altering accessibility
of the DNA to transcription factors without changes
in the coding sequence of DNA per se (Feinberg, 2007;
Sharma et al. 2010). Treating rats with decitabine, a
DNA hypomethylating agent, either during LT-IH or
during the 30 day recovery period, normalized ROS levels
in the CB reflex pathway and restored BP as well as
sympathetic activity (Nanduri et al. 2017). While these
studies suggest that epigenetic regulation of AOE genes by
DNA methylation is an important molecular mechanism
underlying the long-lasting effects of LT-IH, how LT-IH
activates DNA methylation is not known.

Emerging evidence suggests that ROS activates DNA
methylation (Campos et al. 2007; Wu & Ni, 2015). We
tested the hypothesis that ROS mediates LT-IH-evoked
DNA methylation of AOE genes in the CB reflex
pathway. This possibility was tested in adult rats
exposed to LT-IH. Our results demonstrate that ROS
increases DNA methylation through stabilization of DNA
methyltransferase (Dnmt) proteins, which catalyse DNA
methylation. The ROS-mediated stabilization of Dnmts
requires protein kinase B (Akt)-dependent inactivation of
glycogen synthase kinase (GSK)-3β. Our results further
demonstrate a previously uncharacterized role for CB
neural activity in activating DNA methylation in the
central and efferent limbs of the CB reflex.

Methods

Ethical approval. Experimental protocols (no. 71810)
were approved by the Institutional Animal Care and
Use Committee of the University of Chicago and studies
were performed in accordance with National Institutes of
Health (NIH) guidelines. Studies were conducted on adult,
male Sprague-Dawley rats (200–300 gm) obtained from
commercial vendor (Charles-River, USA). All studies were
performed with ethical principles outlined by The Journal
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Table 1. Sequence of primers

Gene Sequence Gene Bank no.

18S For: CGC CGC TAG AGG TGA AAT TC
Rev: CGA ACC TCC GAC TTT CGT TCT

NR 046237.1

Sod-1 For: GCG GTG AAC CAG TTG TGG TG
Rev: GCT GGA CCG CCA TGT TTC TT

NM 017050.1

Sod-2 For: AGG AGA GTT GCT GGA GGC TA
Rev: AGC GGA ATA AGG CCT GTT GTT

NM 017051.2

Catalase For: CGA CCG AGG GAT TCC AGA TG
Rev: CCT GCC TCT TCA ACA GGC AA

NM 012520.2

Txnrd2 For: TCG TGT CCA ACT GCA GGA CAG
Rev: CAC TTG TGA TTC CGT GTT CCA GG

NM 022584.2

Prdx4 For: CCT CGA AGA CAA GGA GGA CTG G
Rev: GTG TCT CAT CCA CTG ATC TAC CCA

NM 053512.2

Gpx2 For: CCT CAA GTA TGT CCG CCC TG
Rev: CTG CAT AAG GGT AGG GCA GC

NM 183403.2

Dnmt1 For: TGG TGT CTG TGA GGT CTG TCA
Rev: GCC AAG TTA GGA CAC CTC CTC

NM 053354.3

Dnmt3a For: CAC AGA AGC ATA TCC AGG AG
Rev: GGC GGT AGA ACT CAA AGA AG

NM 001003958.1

Dnmt3b For: GGA GTT CAG TAG GAC AGC AA
Rev: AGA TCC TTT CGA GCT CAG TG

NM 001003959.1

of Physiology and ensure this work complies with the
journal’s animal ethics checklist. The details of anaesthesia
are described under appropriate sections described below.
Rats were killed with an overdose of anaesthesia (urethane
3 g kg−1; I.P.) after termination of the experiment.

Exposure to LT-IH. Adult male Sprague-Dawley rats were
exposed to IH on a daily basis between 09.00 h and 17.00 h
for 30 days as described previously (Peng et al. 2003b;
Nanduri et al. 2017). The IH protocol consisted of 15 s
of 5% O2 followed by 5 min room air, 9 episodes h−1,
and 8 h day−1. Control experiments were performed on
age-matched rats exposed to alternating cycles of room air
instead of hypoxia. Experiments were conducted on freely
mobile rats fed ad libitum. All measurements were made
within 2 days after completion of the 30 day IH exposure.
Manganese (III) tetrakis (1-methyl-4-pyridyl)porphyrin
pentachloride (MnTmPyP; 5 mg kg−1 day−1) and
GSK690693 (10 mg kg−1 day−1) were administered I.P.
every day during the first 10 days of IH exposure.

Carotid body ablation (CBA). Rats were anaesthetized
with a mixture of ketamine and xylazine mixture
(70 mg kg−1 and 9 mg kg−1 I.P.). The carotid artery
bifurcation was exposed, and CBs were cryocoagulated
with liquid nitrogen as described previously (Verna
et al. 1975; Peng et al. 2014). Sham-operated rats
served as controls. Four weeks were allowed for recovery
from surgery. Subsequently breathing was monitored by
plethysmography and the effect of CBA was confirmed
by the absence of breathing stimulation in response to

hypoxia (12% O2). Thereafter, rats were exposed to either
30 day IH or normoxia.

Measurement of BP and plasma noradrenaline (nore-
pinephrine). BP was measured in conscious rats between
09.00 h and 11.00 h by tail-cuff method using a
non-invasive BP system (IITC Life Science Inc., Woodland
Hills, CA, USA) as described (Peng et al. 2006; Nanduri
et al. 2017). Arterial blood samples were collected in vials
containing heparin (30 IU ml−1) from rats anaesthetized
with urethane (1.2 g kg−1 I.P.). Plasma was separated and
noradrenaline (NA) was extracted with cis-diol-specific
affinity gel, acetylated and quantitated by competitive
ELISA kit (Labor-Diagnostika, Nord Gmbh & Co. KG,
Nordhorn, Germany).

Isolation of tissues. Carotid bodies, adrenal glands and
brainstem were removed from urethane-anaesthetized
rats, frozen in liquid nitrogen and stored at –80°C for
further analysis. The AM was dissected under ice-cold
conditions to remove the cortical region. Coronal brain-
stem sections (300 μm thick) were cut with a cryostat at
–20°C, and rostral ventrolateral medulla (RVLM), nucleus
tractus solitarius (nTS) and control brainstem regions
were excised with a chilled micro-punch needle.

Reverse transcription (RT) and quantitative real-time
PCR (qPCR) assay. Anti-oxidant enzyme (AOE) gene
expression in the AM, nTS, and RVLM was analysed by
RT-qPCR assay using SYBR GreenER (Life Technologies,
Grand Island, NY, USA) as previously described (Nanduri

C© 2017 The Authors. The Journal of Physiology C© 2017 The Physiological Society
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et al. 2012). Briefly, RNA was extracted from one CB,
one AM and 2 micropunches of nTS, RVLM and control
region using Direct-zol RNA MicroPrep (Zymoresearch
no. R2060) and reverse-transcribed using SuperScript
III (Thermo Fisher). Relative mRNA quantification,
expressed as fold change (F) was calculated using the
formula F = 2−��CT where �CT is the difference between
the threshold cycles of the given target cDNA and 18S
rRNA, and �(�CT) is the difference between the �CT

values under normoxia and IH. PCR specificity was
confirmed by omitting the template and by performing a
standard melting curve analysis. The nucleotide sequences
of primers used for qPCR are given in Table 1.

DNA methylation assay. Genomic DNA was purified
from 4 CBs and one AM in genomic lysis buffer
provided in the Quick-gDNA Miniprep kit (Zymoresearch
no. D3006). Typical yields from tissue from 4 CBs
and one AM were 0.5 μg and 2 μg, respectively.
DNA purity was analysed by measuring the ratio of
A260/A280 by the nanodrop approach. Samples with ratio

value >1.8 were used for all subsequent analysis. DNA
methylation of the AOE genes was analysed using Epitect
Methyl II custom PCR array (Qiagen Inc., Valencia,
CA, USA) as described (Nanduri et al. 2012). Briefly
methylation-sensitive and insensitive restriction enzymes
were used to selectively digest unmethylated or methylated
genomic DNA (0.25 μg) isolated from the CB and AM,
respectively. The relative amount of DNA remaining after
each digestion was quantified by real-time qPCR using
primers that flanked CpG islands near the target promoter
region. Gene methylation status, expressed as percentage
of cytosine residues methylated, was analysed by the
software provided by Qiagen along with the kit. The values
represent the fraction of input genomic DNA containing
two or more methylated CpG sites in the targeted region
of a gene.

Immunoblot assay. Nuclear extracts were prepared from
AM using nuclear extraction kit (Active Motif no. 40010)
Briefly, one AM was homogenized in 200 μl of hypotonic
buffer provided in the kit and centrifuged at 850 g for
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Figure 1. ROS scavenger prevents LT-IH-induced ROS, AOE gene methylation and repression in the CB
Top panel in A, rats were exposed to room air or exposed to LT-IH and were treated with vehicle or MnTMPyP, a
ROS scavenger during the first 10 days of IH exposure. A–C, analysis of malondialdehyde (MDA) levels (index of
ROS levels; A), DNA methylation of AOE genes expressed as percentage of total cytosines that were methylated
(methylated C; B), and AOE gene expression analysed by qRT-PCR assay was normalized to 18S rRNA, and
expressed as fold change from room air controls (C). Sod1, Sod2, superoxide dismutase 1 and 2; Cat, catalase;
Txnrd2, thioredoxin reductase; Prdx4, peroxiredoxin 4; Gpx2, glutathione peroxidase 2. Data are presented as
means ± SEM from 7 independent experiments for each treatment. ∗∗P < 0.01; ∗P < 0.05; ns, not significant,
P > 0.05.
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10 min at 4°C. The pellet was re-suspended in 200 μl
of hypotonic buffer and small sample is checked under
the microscope to verify that cells have been efficiently
lysed and that nulcei have been released. The suspension
is centrifuged at 14,000 g for 30 s. The nuclear pellet was
re-suspended in 40 μl of complete lysis buffer provided.
Protein yield estimated using BioRad protein assay kit
(no. 500001) from a single AM was 20–25 μg. Nuclear
extract (10 μg) was fractionated by 6% polyacrylamide-
SDS gel electrophoresis and immunoblot assays were per-
formed with antibodies against Dnmt1 (Novus Bio-
logicals; 1:2000 dilution), Dnmt3a and Dnmt3b (Cell
Signaling Technology; 1:2000 dilution) using TATA
binding protein (TBP) (Abcam; 1:2000 dilution) as
loading control.

Akt kinase assay. Akt kinase activity was measured by an
in vitro kinase assay kit (Cell Signaling: no. 9840) using

glutathione-S-transferase-GSK3β fusion protein as sub-
strate. Briefly, two AM were lysed in 200 μl of lysis buffer
provided. 600 μg of cell lysate was incubated with 30 μl of
immobilized (bead conjugate) rabbit anti phospho-AKT
(ser473) antibody. The immunoprecipitated pellet was
incubated with GSK3β fusion protein in kinase buffer for
30 min at 30°C. The reaction is terminated by adding
25 μl of SDS- sample buffer and boiled for 5 min.
Samples are loaded on gradient (4–15%) SDS-PAGE gels.
Phosphorylation of GSK3β was measured by immuno-
blot assay using anti-phospho-GSK3β antibody (Cell
Signaling).

Measurement of malondialdehyde (MDA) levels and
enzyme activities. Two AM were homogenized and cen-
trifuged at 500 g for 5 min at 4°C. Mitochondrial and
cytosolic fractions were isolated from the AM by Ficoll
gradient method and differential centrifugation (Lai &
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Figure 2. ROS scavenger prevents LT-IH-evoked increase in ROS and AOE gene repression in the nTS
and RVLM
Micro-punches of nTS, RVLM and a control region in the brainstem were obtained from rats exposed to room air,
vehicle-treated rats exposed to 30 days of IH (LT-IH + vehicle), and MnTmPyP-treated rats exposed to 30 days of IH
(LT-IH + MnTmPyP). A, anatomical localization of nTS (red), RVLM (red), and a control brainstem region (Control,
blue) based on adult rat brain atlas (Paxinos & Watson, 2006). B and C, effect of LT-IH on malondialdehyde (MDA)
levels (index of ROS) (B), AOE gene expression (Sod1, Sod2, superoxide dismutase 1 and 2; Cat, catalase; Txnrd2,
thioredoxin reductase; Prdx4, peroxiredoxin 4; Gpx2, glutathione peroxidase 2) in the control brainstem region
(control area), nTS and RVLM (C). D and E, effects of MnTmPyP on LT-IH-induced AOE gene repression in nTS (D)
and RVLM (E). Data presented as means ± SEM, n = 9 rats per group; ∗∗P < 0.01; ∗P < 0.05; ns, not significant,
P > 0.05.
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Clark, 1979; Khan et al. 2011). Aconitase enzyme activity
was measured in 25 μg of the mitochondrial and cyto-
solic fractions by monitoring the increase in absorbance
at 340 nm associated with the formation of NADPH
during the conversion of isocitrate to α-ketoglutarate. The
rate of NADPH production is proportional to aconitase
activity and expressed as nanomoles of isocitrate formed
per minute per milligram of protein (Khan et al. 2011).
For measurement of MDA levels 4CBs, 2 punches of NTS
and 4 punches of RVLM and control regions were homo-
genized in 60 μl of 20 mM phosphate buffer (pH 7.4).
MDA levels were analysed in 5 μg of the lysate as
previously described (Peng et al. 2006) and were pre-
sented as nanomoles of MDA formed per milligram
of protein. Dnmt activity was analysed in the nuclear
extracts (4μg) using a commercially available kit (EpiQuik
DNMT activity/Inhibition Assay Ultra Kit (Epigentek: n0.
P-3009).

Data analysis. Data were expressed as means ± SEM.
Statistical analysis was performed by analysis of variance

(ANOVA). The Wilcoxon-Mann-Whitney test was used
for analysis of normalized data. P values <0.05 were
considered significant.

Results

ROS scavenger blocks DNA methylation and AOE gene
repression induced by LT-IH. We determined whether
ROS contribute to DNA methylation of AOE genes in the
CB reflex pathway. To this end, rats were exposed to LT-IH
and during the first ten days of IH exposure, they were
treated with vehicle or MnTmPyP, a membrane-permeable
ROS scavenger (Gardner et al. 1996) Fig. 1A, top panel).
DNA methylation and mRNA expression of AOE genes
along with ROS levels were analysed in the CB, nTS,
RVLM and AM, which represent the afferent, central
and efferent limbs of the CB reflex. The following AOE
genes were analysed: superoxide dismutase 1 and 2 (Sod1,
Sod2), catalase (Cat), thioredoxin reductase 2 (Txnrd2),
peroxiredoxin 4 (Prdx4), and glutathione peroxidase 2
(Gpx2).
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Figure 3. ROS scavenger prevents LT-IH-induced ROS, AOE gene methylation and repression in the AM
AMs were harvested from rats exposed to room air or exposed to LT-IH and were treated with either vehicle
(LT-IH + vehicle) or MnTmPyP (LT-IH + MnTmPyP), a ROS scavenger during the first 10 days of IH exposure.
A, aconitase activity in cytosolic and membrane fractions (index of ROS). B, DNA methylation of AOE genes
expressed as percentage of total cytosines that were methylated (methylated C). C, AOE gene expression analysed
by qRT-PCR assay was normalized to 18S rRNA, and expressed as fold change from room air controls. Sod1,
Sod2, superoxide dismutase 1 and 2; Cat, catalase; Txnrd2, thioredoxin reductase; Prdx4, peroxiredoxin 4; Gpx2,
glutathione peroxidase 2. Data presented as means ± SEM, n = 6 rats per group; ∗P < 0.05; ns, not significant,
P > 0.05.
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CBs from vehicle-treated, LT-IH-exposed rats showed
increased malondialdehyde (MDA) levels, which reflect
lipid oxidation as a measure of ROS (Ramanathan et al.
2005). DNA methylation was significantly increased at
the Sod1, Sod2, Txnrd2, and Prdx4 (but not the Cat or
Gpx2) loci and mRNA expression of all six AOE genes was
reduced (Fig. 1A–C). Treatment of rats with MnTmPyP
blocked the effects of IH on ROS levels, DNA methylation
and AOE gene expression (Fig. 1A–C).

CB sensory axons course through the carotid sinus
nerve to the brainstem and synapse with neurons in
the nTS and RVLM. Micro-punches of the nTS, RVLM
and an adjacent brainstem area unrelated to the CB
reflex were harvested from vehicle or MnTmPyP-treated
LT-IH rats (for coordinates see Fig. 2A). Vehicle-treated
rats showed increased ROS abundance (as indicated by
increased MDA levels) in the nTS and RVLM, but not
in the control brainstem region that does not receive
CB sensory input (Fig. 2B). Despite pooling from three
rats, the amount of tissue obtained from micro-punches
was inadequate for monitoring DNA methylation of AOE
genes. Therefore, mRNA expression of AOE genes was
analysed by RT-qPCR assay. Vehicle-treated LT-IH rats

showed reduced abundance of mRNA transcribed from
all six AOE genes in the RVLM and four genes (Sod1,
Sod2, Txnrd2, and Prdx4) in the nTS but not in the control
region unrelated to CB reflex (Fig. 2C). MnTmPyP-treated
LT-IH rats showed an absence of AOE gene repression in
the nTS and RVLM (Fig. 2D and E).

The AM is an end organ of the sympathetic nervous
system representing the efferent limb of the CB reflex.
Aconitase enzyme activity was monitored in cytosolic and
mitochondrial fractions as an index of ROS generation
(Khan et al. 2011), along with measurements of DNA
methylation and AOE mRNA expression. Vehicle-treated
LT-IH rats showed elevated ROS as indicated by decreased
aconitase enzyme activity, and increased DNA methylation
of Sod1, Sod2, Txnrd2, and Prdx4 (but not Cat or
Gpx2), as well as decreased expression of Sod1, Sod2,
Txnrd2, and Prdx4 (but not Cat or Gpx2), and all of
these effects were absent in MnTmPyP-treated LT-IH rats
(Fig. 3A–C).

CB ablation (CBA) prevents DNA methylation and AOE
gene repression induced by LT-IH. Selective ablation of
the CB prevents IH-induced ROS generation in the central
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Figure 4. Carotid body ablation (CBA) prevents LT-IH-evoked ROS and AOE gene repression in the nTS
and RVLM
Micro-punches of nTS, RVLM were obtained from sham-operated rats exposed to room air; sham-operated rats
exposed to 30 days of IH with intact CB (LT-IH), and CBA rats exposed to 30 days of IH (LT-IH + CBA). A,
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significant, P > 0.05.
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and efferent limbs of the CB reflex (Peng et al. 2014). We
hypothesized that, in the absence of the CB, LT-IH would
not induce DNA methylation in the nTS, RVLM and AM
representing the central and efferent limbs of the CB reflex
because of a lack of ROS generation. This possibility was

examined in rats exposed to LT-IH with an intact CB
or after ablation of the CB (CBA). Hypoxic ventilatory
response (HVR) was determined by monitoring breathing
in response to 12% inspired O2 4 weeks after CBA. Rats
with intact CB exhibited 145 ± 4% increase in minute
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Figure 5. Carotid body ablation (CBA) prevents LT-IH-induced ROS, DNA methylation and repression of
AOE genes in the AM
AMs were harvested from sham-operated rats exposed to room air; sham-operated rats exposed to 30 days of
IH with intact CB (LT-IH); and CB-ablated rats exposed to 30 days of IH (LT-IH + CBA). A, aconitase activity in
cytosolic and membrane fractions (index of ROS). B, DNA methylation of AOE genes expressed as percentage
of total cytosines that were methylated (methylated C). C, AOE gene expression analysed by qRT-PCR assay was
normalized to 18S rRNA, and expressed as fold change from room air controls. Sod1, Sod2, superoxide dismutase
1 and 2; Cat, catalase; Txnrd2, thioredoxin reductase; Prdx4, peroxiredoxin 4; Gpx2, glutathione peroxidase 2.
Data presented as means ± SEM, n = 6 rats per group; ∗P < 0.05; ns, not significant, P > 0.05.
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ventilation from baseline whereas CBA rats showed only
113 ± 8% increase in breathing in response to 12%
O2 (P < 0.01), suggesting CBA markedly attenuated the
magnitude of HVR. CBA blocked LT-IH-induced changes
in ROS abundance and AOE gene expression in the nTS
and RVLM as compared to LT-IH rats with intact CBs
(Fig. 4A–C). Likewise, AMs of CBA rats also showed
absence of increased ROS generation in cytosolic and
mitochondrial fractions, DNA methylation and repression
of AOE genes compared to LT-IH rats with intact CBs
(Fig. 5A–C).

ROS mediate increased Dnmt protein expression in
response to LT-IH. We next investigated the mechanism
by which ROS contribute to LT-IH-evoked DNA

methylation. LT-IH increases the expression of Dnmt1 and
Dnmt3b, which catalyse DNA methylation (Nanduri et al.
2017). Previous studies suggested that ROS contributes
to increased expression of Dnmt proteins (Campos et al.
2007; Wu & Ni, 2015). To determine the role of ROS
in LT-IH induced increase in Dnmt protein expression,
rats were exposed to LT-IH and were treated with vehicle
or MnTmPyP during the first 10 days of IH treatment.
After completion of the LT-IH exposure, Dnmt enzyme
activity and protein levels were determined. The AM
was analysed in these experiments because it provided
adequate protein for immunoblot and biochemical assays.
AMs of vehicle-treated LT-IH rats showed elevated Dnmt
enzyme activity, and increased expression of Dnmt1
and Dnmt3b proteins, and these effects were absent in
MnTmPyP-treated rats (Fig. 6A–C).
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Figure 7. ROS-dependent Akt activation and GSK3β inactivation in LT-IH-treated rats
AMs were harvested from LT-IH rats treated with either vehicle or MnTMPyP during the first 10 days of IH
exposure and phosphorylation of Akt (pAkt) at Thr-308 and Ser-473 was monitored as an index of Akt activation
and phosphorylation of GSK3β at Ser-9 as index of its inactivation by immunoblot assay. A, representative
immunoblots of total Akt protein, pAkt Thr-308, pSer-473, and tubulin (loading control). B, quantitation by
densitometric analysis. C, representative blots of AKT kinase assay. AKT was immunoprecipitated from cell lysates
by immobilized pAkt Ser-473, followed by an in vitro kinase assay using GSK3β fusion protein as substrate as
described in Methods. Phosphorylation of GSK-3β fusion protein was measured by immunoblot using pGSK3β

(Ser21/9) antibody. Tubulin is shown as input control for cell lysates taken for immunoprecipitation. D, quantitation
by densitometric analysis. Molecular weights of proteins are represented by kilodaltons (kDa). Data are presented
as means ± SEM from 5 independent experiments. ∗P < 0.05; ns, not significant, P > 0.05 compared to room air
exposed control rats.
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ROS-dependent GSK3β inactivation by Akt mediates
increased Dnmt protein expression. We then sought
to determine the mechanism by which ROS increase
Dnmt protein abundance. Recent studies suggested that
inactivation of glycogen synthase (GSK)3β leads to
increased Dnmt protein stability (Lin et al. 2010; Li et al.
2013; Lin & Wang, 2014). Akt-dependent phosphorylation
of Serine-9 inactivates GSK3β (Sharma et al. 2002;
Taketo, 2004). Given that ROS are potent activators of
Akt (Kitagishi & Matsuda, 2013), we hypothesized that
IH-induced ROS activates Akt, which in turn inactivates
GSK3β by phosphorylating Serine-9, leading to increased
Dnmt protein accumulation. Since Akt activation requires
phosphorylation at Threonine-308 and Serine-473 (Hart
& Vogt, 2011), we monitored Akt phosphorylation
by immunoblot assays in AM tissues of vehicle- or
MnTMPyP-treated LT-IH rats. AMs of vehicle-treated
LT-IH rats showed increased Akt phosphorylation at
Threonine-308 and Serine-473, without changes in total
Akt protein levels, and these effects were absent in
MnTMPyP-treated LT-IH rats (Fig. 7A and B). We then
examined whether Akt activation leads to inactivation
of GSK3β. Immunoprecipitation assays of AM lysates
showed increased phosphorylation of GSK3β at Serine-9,
along with activation of Akt, as evidenced by Serine-473
phosphorylation, in LT-IH rats treated with vehicle, and
these effects were absent in MnTMPyP-treated LT-IH rats
(Fig. 7C and D).

We next determined whether blocking GSK3β inacti-
vation normalizes Dnmt protein levels in the AM of
LT-IH rats. Previous studies reported that systemic
administration of GSK690693 prevents GSK3β phospho-
rylation at Serine-9 in a dose- and time-dependent manner
(Rhodes et al. 2008; Altomare et al. 2010). Therefore, rats
were treated with GSK690693 (10 mg kg−1 I.P.) every
day during the first 10 days of IH exposure. GSK690693
treatment blocked IH-induced GSK3β phosphorylation
at Serine-9, and prevented the increased Dnmt protein
expression and enzyme activity (Fig. 8A–C).

Akt inhibitor prevents LT-IH-induced DNA methylation
and hypertension. Because GSK690693 prevented
increased Dnmt protein expression and enzyme activity
in LT-IH rats, we further determined whether it also
prevents LT-IH-induced AOE gene methylation, as well
as sympathetic activation and hypertension. LT-IH rats
treated with GSK690693 during the first 10 days of LT-IH
showed neither increased methylation nor AOE gene
repression in the AM, nor did they show sympathetic
activation, as indicated by elevated plasma noradrenaline
levels, or hypertension (Fig. 9A–D).

Discussion

The new findings of the present study are: (a) ROS
mediate LT-IH-evoked DNA methylation and AOE gene
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Figure 8. GSK 690693, a pan Akt-inhibitor prevents GSK3β inactivation, upregulation of Dnmt proteins,
and Dnmt activity in LT-IH rats
Top panel in A, AMs were harvested from rats exposed to room air or exposed to LT-IH and were treated with
either vehicle (LT-IH + vehicle) or GSK 690693 (LT-IH + GSK690693), a pan-Akt inhibitor during the first 10 days
of IH exposure. A, representative immunoblots of pGSK3β-Serine-9 (Ser9), tubulin (loading control for pGSK3β),
Dnmt1, Dnmt3a, Dnmt3b, and TATA binding protein (TBP) as loading control. B, quantitation by densitometric
analysis of pGSK3β protein normalized to tubulin and Dnmt1, 3a and 3b proteins normalized to TBP. C, Dnmt
enzyme activity. Molecular weights of proteins are presented as kilodaltons (kDa). Data in bar graphs are presented
as means ± SEM from 5 independent experiments. ∗P < 0.05; ns, not significant, P > 0.05 compared to room air
exposed control rats.
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repression in the CB reflex pathway; (b) CBA pre-
vents LT-IH-induced DNA methylation and AOE gene
repression in the central and efferent limbs of the CB
reflex, and (c) Lt-IH-induced DNA methylation involves
stabilization of Dnmt proteins through ROS-dependent
inactivation of GSK3β by Akt. LT-IH increased DNA
methylation and AOE gene repression in the CB and
AM, representing the afferent and efferent limbs of the
CB reflex, a finding consistent with our previous study
(Peng et al. 2014). Although insufficient tissue precluded
the analysis of DNA methylation, our results further
demonstrate LT-IH-induced AOE gene repression in the
nTS and RVLM, which represent the central limb of the
CB reflex. Besides nTS and RVLM, the paraventricular
nucleus (PVN) of the hypothalamus is also an important
component of the central limb of the CB reflex (Reddy
et al. 2005). It remains to be established whether the PVN

also exhibits DNA methylation of AOE genes in response
to LT-IH.

Treating rats with a ROS scavenger during the first
10 days of IH was sufficient to block LT-IH-evoked DNA
methylation and AOE gene repression, suggesting that
ROS generated during initial stages of IH exposure triggers
DNA methylation by LT-IH. The reduced Sod1, Sod2,
Txnrd2 and Prdx4 mRNA expression in response to LT-IH
was associated with DNA methylation, whereas Cat or
Gpx2, which were not methylated in response to LT-IH,
exhibited no changes in mRNA abundance, demonstrating
that DNA methylation mediates AOE gene repression. The
RVLM, which showed relatively higher ROS abundance
compared to the nTS (Fig. 4A), showed repression of all
six AOE genes analysed (Fig. 4C), whereas nTS showed
repression of only four out of six (Fig. 4B). These findings
suggest that: (a) AOE gene repression is cell selective, and
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Figure 9. Effect of GSK 690693 on DNA methylation, AOE mRNAs, plasma noradrenaline (NA) and mean
blood pressures (MBP) in rats exposed to LT-IH
Rats exposed to room air or exposed to LT-IH and were treated with either vehicle (LT-IH + vehicle) or GSK 690693
(LT-IH + GSK690693), a pan-Akt inhibitor during the first 10 days of IH exposure. A, DNA methylation of AOE
genes expressed as percentage of methylated cytosines (methylated C). B, mRNA abundances of AOE genes
normalized to 18S rRNA and expressed as relative change from room air controls. C, plasma NA levels. D, mean
blood pressure (MBP). Data are presented as means ± SEM from 9 independent experiments. ∗P < 0.05; ns, not
significant, P > 0.05 compared to room air exposed control rats.
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(b) a causal relationship between the magnitude of ROS
generated by IH and the degree of AOE gene repression
by DNA methylation. We previously reported that LT-IH
leads to long-lasting elevation of ROS levels in the CB
reflex pathway (Peng et al. 2014). Remarkably, the LT-IH
induced increase in ROS levels was blocked by treating
rats with a ROS scavenger only during first the first few
days of IH. These findings indicate that ROS generated
during early IH exposure lead to a long-lasting increase in
ROS by LT-IH by a feed-forward mechanism involving
AOE gene repression by DNA methylation. However,
the precise nature of the ROS (hydrogen peroxide,
superoxide anion, and hydroxyl radical) responsible for
activating DNA methylation by LT-IH remains to be
established.

An intriguing finding of the present study is the demo-
nstration that CBA prevents LT-IH-evoked AOE gene
repression and DNA methylation in the AM, nTS and
RVLM. CB neural activity increases ROS generation
in the AM, nTS and RVLM through transcriptional
activation of pro-oxidant enzymes (e.g. NADPH oxidases)
by hypoxia-inducible factor (HIF)-1 and insufficient
transcription of AOE genes (Sod2) by HIF-2 (Peng et al.
2014). We attribute the absence of LT-IH-evoked DNA
methylation and AOE gene repression in CBA rats to lack
of increased ROS generation. DNA methylation in the CB
is likely due to a direct effect of IH, whereas in the nTS,
RVLM and AM the effects of IH are indirect and require
neural input from the CB. These findings suggest a hitherto
uncharacterized role for CB neural activity in activating
epigenetic changes such as DNA methylation in the central
and efferent limbs of the CB reflex.

How might ROS increase DNA methylation in
response to LT-IH? DNA methylation is catalysed by
Dnmt proteins. LT-IH exposed rats showed increased
Dnmt protein expression and enzyme activity. Our pre-
vious study showed that post-translational, rather than
transcriptional, mechanisms mediate increased Dnmt
protein expression in response to LT-IH (Nanduri et al.
2017). The following observations demonstrated that
ROS-dependent activation of Akt and the resulting
inactivation of GSK3β were required for upregulation of
Dnmt1 and Dnmt3b protein expression: (a) LT-IH led to
Akt activation, as indicated by increased phosphorylation
at Threonine-308 and Serine-473, and this effect was
blocked by a ROS scavenger; (b) Akt activation was
associated with GSK3β inactivation, as evidenced by
Serine-9 phosphorylation, which was also prevented
by a ROS scavenger; and (c) GSK690693, which pre-
vented GSK3βphosphorylation at Serine-9, blocked Dnmt
protein expression and enzyme activity. The inhibition
of Dnmt protein expression by GSK690693 was also
reflected in the absence of methylation and repression
of AOE genes. The signalling mechanisms associated with
ROS-dependent activation of DNA methylation by LT-IH

in the central and efferent limbs of the CB reflex are
summarized in Fig. 10.

Our previous study suggested that DNA methylation
is a major molecular mechanism underlying persistent
sympathetic activation and hypertension caused by LT-IH
(Nanduri et al. 2017). This conclusion was further
supported by the current finding that GSK690693
treatment, which prevented AOE gene methylation, also
normalized plasma NA levels and blood pressure in
LT-IH rats. Akt is negatively regulated by the phosphatase
PTEN, which has a cysteine residue in its active site
that makes it inherently sensitive to ROS (Kwon et al.
2004). Further studies are necessary to determine whether
ROS-dependent inhibition of PTEN contributes to Akt
activation by LT-IH.

Recurrent apnoea with IH is also a major clinical
problem in preterm infants. Recent studies suggest
that apnoea of prematurity predisposes to autonomic
dysfunction in adulthood (Santos & Dean, 2004; Anway
et al. 2005; Dolinoy et al. 2007; Nanduri & Prabhakar,
2013). We previously reported that adult rats, which
were exposed to IH as neonates, exhibited an exaggerated
CB reflex, irregular breathing with apnoeas and hyper-
tension, and these effects were associated with increased
DNA methylation of the Sod2 gene (Nanduri et al.
2012). Treating neonatal rats with decitabine, an inhibitor

CB neural act.

ROS

Akt

GSK3β

Increased Dnmt protein stability

AOE DNA hypermethylation

IH

Figure 10. Schematic representation of signalling mechanisms
associated with DNA methylation by LT-IH
IH, intermittent hypoxia; CB neural act., carotid body neural activity;
ROS, reactive oxygen species; Akt, protein kinase B; GSK3β,
glycogen synthase kinase 3β; Dnmt, DNA methyltransferase
proteins; AOE DNA hypermethylation, DNA methylation status of
antioxidant enzyme genes.
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of DNA methylation, during IH exposure prevented
oxidative stress and autonomic dysfunction in adult rats.
Since IH leads to more pronounced ROS generation in
the CB reflex pathway in neonates as compared to adult
rats (Pawar et al. 2008; Souvannakitti et al. 2009), it will
be of interest in future studies to investigate whether
blocking ROS generation prevents neonatal IH-evoked
DNA methylation in the CB reflex pathway and its
adverse cardio-respiratory consequences in adulthood.
Besides DNA methylation, epigenetic regulation of gene
expression is mediated by histone modifications and
microRNAs (Chuang & Jones, 2007; Audia & Campbell,
2016). Whether IH also activates histone modifications
and/or microRNAs remains to be studied.
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