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Abstract

Sleep-disordered breathing with recurrent apnea produces chronic intermittent hypoxia (IH). We previously reported that IH
leads to down-regulation of HIF-2a protein via a calpain-dependent signaling pathway resulting in oxidative stress. In the
present study, we delineated the signaling pathways associated with calpain-dependent HIF-2a degradation in cell cultures
and rats subjected to chronic IH. Reactive oxygen species (ROS) scavengers prevented HIF-2a degradation by IH and ROS
mimetic decreased HIF-2a protein levels in rat pheochromocytoma PC12 cell cultures, suggesting that ROS mediate IH-
induced HIF-2a degradation. IH activated xanthine oxidase (XO) by increased proteolytic conversion of xanthine
dehydrogenase to XO. ROS generated by XO activated calpains, which contributed to HIF-2a degradation by IH. Calpain-
induced HIF-2a degradation involves C-terminus but not the N-terminus of the HIF-2a protein. Pharmacological blockade as
well as genetic knock down of XO prevented IH induced calpain activation and HIF-2a degradation in PC12 cells. Systemic
administration of allopurinol to rats prevented IH-induced hypertension, oxidative stress and XO activation in adrenal
medulla. These results demonstrate that ROS generated by XO activation mediates IH-induced HIF-2a degradation via
activation of calpains.
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Introduction

Sleep disordered breathing with recurrent apnea (periodic

cessation of breathing) produce periodic decreases in arterial blood

oxygen levels or chronic intermittent hypoxia (IH). 4–5% of adult

males and 2–4% of females after menopause [1] and 50% of

infants born preterm [2] are prone to recurrent apnea. Co-

morbidities associated with recurrent apnea include hypertension,

ventilatory abnormalities, and elevated sympathetic nerve activity

[3]. Rodents exposed to chronic IH exhibit autonomic dysfunction

similar to that seen in recurrent apnea patients [4]. Recent studies

have shown that recurrent apnea patients and chronic IH exposed

rodents exhibit elevated levels of reactive oxygen species (ROS)

[5–8]. Antioxidant treatment prevents chronic IH-induced hyper-

tension and the elevated sympathetic activity in rodents [9] and

improves vascular reactivity in recurrent apnea patients [10].

These findings suggest that oxidative stress resulting from elevated

ROS levels is a major contributor to the autonomic dysfunction

caused by chronic IH.

Recent studies provide important insights into the molecular

mechanisms by which chronic IH increases the oxidative stress.

Hypoxia-inducible factors (HIFs) are a family of transcriptional

activators, which mediate transcriptional responses to decreased

availability of oxygen or hypoxia [11]. HIF-1 is the first identified

and extensively studied member of the HIF family. HIF-1 is

comprised of an O2-regulated a subunit and a constitutively

expressed b subunit [12]. Chronic IH increases HIF-1a protein

levels in rodents and in cell cultures via reactive oxygen species

(ROS)-dependent activation of mammalian target of rapamycin

(mTOR) and inhibition of HIF-1a hydroxylation [13]. HIF-1

regulates genes encoding pro-oxidant enzymes (NADPH oxidases)

[14,15]. It was proposed that HIF-1 by up regulating the pro-

oxidant enzymes contribute in part to the oxidative stress caused

by chronic IH [16].

HIF-2, also known as endothelial PAS domain protein-1 (EPAS-

1) is another member of the HIF family. HIF-2a subunit shares

48% amino acid sequence identity with HIF-1a [17]. Recent

studies showed that HIF-2a expression is differentially regulated

by continuous and intermittent hypoxia [18]. While continuous

hypoxia increases, IH decreases HIF-2a expression in cell cultures

and rodents. The IH-induced HIF-2a degradation is mediated by

calpains, especially calpain 1, which is a Ca2+-dependent protease

[18]. HIF-2a is a potent regulator of the genes encoding anti-

oxidant enzymes (AOE) [19]. IH exposed cells exhibit decreased

expression of AOEs and oxidative stress. Normalizing HIF-2a
levels corrected the AOE expression and prevented IH-induced

oxidative stress. Although these findings emphasize an important

role for HIF-2a in mediating the IH-evoked oxidative stress, the

signaling mechanisms associated with calpain-mediated HIF-2a
degradation by IH have not been investigated. In the present

study, we delineated the signaling pathways associated with
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calpain-dependent HIF-2a degradation in cell cultures and in rats

subjected to chronic IH.

Materials and Methods

Ethics Statement
All animal experiments were approved by the Institutional

Animal Care and Use Committee of the University of Chicago

(IACUC) (Protocol # 71810).

Exposure of Cell Cultures to IH
PC12 cells (original clone from Dr. Lloyd Greene, Columbia

University Medical Centre, New York, U.S.A) were cultured in

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with

10% horse serum, 5% fetal bovine serum (FBS), penicillin (100 U/

ml), and streptomycin (100 mg/ml) under 10% CO2 and 90% air

(20% O2) at 37uC [6]. Experiments were performed on cells serum

starved for 16 h in antibiotic free medium. In the experiments

involving treatment with drugs, cells were pre-incubated for

30 min with either drug or vehicle. Cell cultures were exposed to

IH (1.5% O2 for 30 sec followed by 20% O2 for 5 min at 37uC) as
described previously [20]. Ambient O2 levels in the IH chamber

were monitored by an O2 analyzer (Alpha Omega Instruments).

Exposure of Rats to IH
Adult male rats (Sprague-Dawley, 150–200 gm) were exposed

to chronic IH as described previously [21]. Briefly, unrestrained,

freely moving rats housed in feeding cages were exposed to 10 days

of IH (5% O2 for 30 sec followed by 20% O2 for 5 min) for 8 h

per day. In the experiments involving XO inhibitor, rats were

treated with Allopurinol (Calbiochem, 65 mg/kg/day) or vehicle

(controls) via oral gavage every day before exposure to daily

regimen of IH. Allopurinol suspension was prepared by mixing

2,000 mg allopurinol into a 1% (w/v) methylcellulose suspension

to achieve a 20-mg/ml concentration. Placebo was 1%(w/v)

methylcellulose suspension.

Transient Transfections and siRNA Studies
Full length human HIF-2a DNA (pcDNA3.1) was used to

generate bHLH and PAS deleted HIF-2a constructs. DUR and

DUR+DCTAD HIF-2a constructs were gift from Dr. J.A. Garcia

(South Western Medical School, Dallas, TX). Cells were

transfected with plasmid DNA using Lipofectamine Plus (Invitro-

gen) reagent. Transiently transfected cells were starved in serum-

free growth medium for 16 h, and then were exposed to IH.

Following protocol was employed in experiments involving siRNA

approach. PC12 cells (56105) were plated on collagen type IV (BD

Biosciences, Bedford, MA) coated culture dishes and cultured for

24 h before transfection with siRNA (Santa Cruz) specific for

XDH, Nox2, Nox4 or a scrambled (control) sequence at a

concentration of 100 pmol/ml using DharmaFECT 2 (Dharma-

con Research) transfection reagent. Transfected cells were

cultured in complete medium for 48 h before exposure to IH.

Immunoblot Assay
Cell or tissue extracts (20 mg) were fractionated by polyacryl-

amide-SDS gel electrophoresis and immunoblotted with anti-HIF-

2a (Novus Biologicals; NB100-122; 1/1000), (Acris Antibodies;

AP23352PU-N; 1/1000), XDH (Santa Cruz; #sc-20991; 1/300),

Nox2 (Santa Cruz, #sc-5827; 1/1000), Nox4 (Novus Biologicals,

# NB110-58849; 1/1000), and tubulin (Sigma, # T 6199; 1/

3000) antibodies as described [13].

Measurements of XO Activity
Amplex Red Xanthine/Xanthine oxidase assay kit (Molecular

Probes) was used to monitor to XO activity. Cell/tissue lysates

were incubated with a reaction mixture containing hypoxanthine,

Horse readish Peroxidase (HRP) and Amplex Red. H2O2

generated reacts with Amplex Red in the presence of HRP to

generate red-fluorescent oxidation product resorufin. The fluro-

sence was measured by excitation at 530 and emission at 590 nm.

Concentration of XO in the samples is determined from a

standard curve and expressed as XO mU/mg protein.

Measurements of Calpain Activity
Calpain activity was measured using InnozymeTM calpain1/2

Kit (Calbiochem # CBA054) as per manufacturer’s instructions.

Briefly, following IH exposure, cells were lysed in 50 mM Tris-Cl

(pH 7.4), 0.5 mM EDTA, 0.05% b-mercaptoethanol, 1 mm

PMSF and protease inhibitor cocktail (Sigma, MO) and calpain

activity was measured using purified calpain as standard. Enzyme

activity was normalized to protein content and expressed as

percent of normoxic controls.

Measurement of [Ca2+]i
[Ca2+]i was monitored in PC12 cells using Fura-2 AM as

described previously [21]. Background fluorescence was subtract-

ed from signals. Image intensity at 340 nm was divided by 380-nm

image intensity to obtain the ratiometric image. Ratios were

converted to free [Ca2+]i using calibration curves constructed

in vitro by adding Fura-2 (50 mM, free acid) to solutions containing

known concentrations of Ca2+ (0–2000 nM).

Measurements of Aconitase Activity
Mitochondrial and cytosol fractions were isolated from cells or

adrenal medullary extracts by differential centrifugation as

described [22]. Aconitase activity was measured in both the

fractions using aconitase assay kit (Cayman chemical company; #
705502) as described. Protein concentration was estimated using

Bio-Rad protein assay kit. The enzyme activities were expressed as

nanomoles per minute per milligram of protein.

Real Time RT-PCR Assay
PC12 cells exposed to normoxia, or IH were used to generate

total RNA followed by first-strand cDNA. Aliquots of cDNA were

used in quantitative real-time reverse transcription polymerase

chain reaction (rt RT-PCR) with rat-specific primers detecting

either XDH a or b-actin using SYBR as a fluorogenic binding dye

as described previously [18].

Measurements of Blood Pressure (BP) and Plasma
Norepinephrine (NE)
Arterial blood pressure was monitored non-invasively by the

‘‘tail-cuff’’ method in unsedated rats as described previously [23].

Blood pressures were recorded before and after IH exposure, each

animal serving as its own control. Arterial blood samples were

collected from urethane anesthetized rats (1.2 gm/Kg; IP) in

heparinized vials (heparin, 30 IU per ml; n= 6). Plasma was

separated and NE was extracted with cis-diol-specific affinity gel,

acylated and quantitated by competitive ELISA kit (Labor-

Diagnostika Nord Gmbh & Co.KG).

Statistical Analysis
Data were expressed as mean 6 S.E.M from 3–5 independent

experiments each performed in triplicate. Statistical analysis was

HIF-2a Degradation by Intermittent Hypoxia
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performed by analysis of variance (ANOVA) and p values ,0.05

were considered significant.

Results

HIF-2a Degradation by IH Requires ROS
HIF-1a activation by IH requires ROS signaling [13]. We

therefore hypothesized that ROS also contribute to HIF-2a
degradation by IH. PC12 cells were exposed to 60 cycles of IH

consisting alternating cycles of hypoxia (1.5% O2 for 30 s) and re-

oxygenation (20% O2 for 4 min). ROS generation was determined

by monitoring the aconitase enzyme activity in cytosolic and

mitochondrial fractions and HIF-2a protein levels were deter-

mined by western blots as described previously [18]. In IH

exposed cells, aconitase activity decreased in cytosolic and

mitochondrial fractions, and HIF-2a protein levels decreased

(Fig. 1A–B). MnTmPyP, a membrane permeable ROS scavenger

prevented IH-induced changes in the aconitase activity and HIF-

2a degradation (Fig. 1A–B). Conversely, treating control PC12

cells with H2O2, an established ROS mimetic, decreased HIF-2a
protein expression and PEG-catalase, which degrades H2O2

prevented this effect (Fig. 1C).

NADPH Oxidases (Nox) are Not Required for IH-evoked
HIF-2a Degradation
We then examined the source of ROS generation contributing

to HIF-2a degradation by IH. NADPH oxidases (Nox), especially

Nox2 and Nox4 are one of the major sources of IH-induced ROS

generation in PC12 cells [24]. To assess the role of Nox-derived

ROS, cells were exposed to IH in presence of either apocynin, or

4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF),

two structurally distinct inhibitors of Nox isoforms. Neither

apocynin nor AEBSF were able to prevent HIF-2a degradation

by IH (Fig. 2A). To further assess the role of Nox isoforms, PC12

cells were transfected with a small interfering RNA (siRNA)

targeted against either Nox2 (siNox2) or Nox4 (siNox4). IH-

induced HIF-2a degradation was not inhibited in cells transfected

with either siNox2 or siNox4 RNA (Fig. 2B).

Xanthine Oxidase (XO) Mediates HIF-2a Degradation by
IH
Xanthine oxidoreductase system is another major source of

cellular ROS [25–27]. It is comprised of xanthine dehydrogenase

(XDH) and xanthine oxidase (XO), and catalyze the oxidation of

purines generating superoxide radicals as by product. XDH

utilizes NAD+ as an electron acceptor, whereas molecular oxygen

is a preferred electron acceptor for XO. Given that IH leads to

changes in O2 levels, we hypothesized that ROS generated by XO

contributes to HIF-2a degradation by IH. To test this possibility,

we first determined the effect of IH on XO activity. XO activity

increased in a stimulus-dependent manner as the duration of IH

was increased from 10 to 30 to 60 cycles and returned to base line

values within 4 hrs after terminating IH (Fig. 3A). IH-induced XO

activity was prevented by allopurinol (ALLO), an inhibitor of XO

(Fig. 3B) and was absent in cells transfected with siRNA targeted to

xanthine dehydrogenease (XDH), the precursor of XO (Fig. 3C).

Figure 1. Reactive oxygen species (ROS) mediates IH-induced HIF-2a degradation. A. Acontiase activity levels were monitored as an index
of ROS generation in cells exposed to normoxia (N) or IH with and without MnTmPyP (50 mM), an anti-oxidant. B. Representative immunoblot of HIF-
2a in PC12 cells exposed to normoxia (N) or to 60 cycles of intermittent hypoxia (IH) with and without MnTmPyP. C. Effect of H2O2 on HIF-2a
expression in PC12 cells exposed to normoxia with and without PEG-catalase (300 U/ml). *p,0.05. n.s. not significant p.0.05.
doi:10.1371/journal.pone.0075838.g001

Figure 2. Role of NADPH oxidases in IH-induced HIF-2a
degradation. A. Effect of NADPH oxidase (Nox) inhibitors Apocynin
(Apo, 1 mM) and AEBSF (15 mM) on HIF-2a protein following exposure
to IH. B. HIF-2a expression in PC12 cells transfected with Nox2 and
Nox4 siRNA and exposed to normoxia (N) or IH. Tubulin expression was
monitored as control for protein loading. Bottom panels of A and B
represent average data of densitometric analysis of the immunoblots
presented as mean 6 S.E.M from three independent experiments.
*p,0.05; n.s. not significant, p.0.05.
doi:10.1371/journal.pone.0075838.g002
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IH-induced ROS generation was prevented in cells treated with

ALLO (Fig. 3D).

To determine the contribution of XO to IH-induced HIF-2a
degradation, cells were treated with ALLO and then were exposed

to IH. ALLO prevented IH-evoked HIF-2a degradation in a dose-

dependent manner (Fig. 4A). HIF-2a degradation by IH was

absent in cells transfected with siRNA targeted to XDH (Fig. 4B).

Conversely, activating XO with Xa/XO (250 mM/0.01 U/ml)

markedly decreased HIF-2a protein in control PC12 cells,

mimicking the effects of IH, and this effect was prevented by

either ALLO, an inhibitor XO or by MnTmPyP, a ROS

scavenger (Fig. 4C).

Mechanisms Mediating XO Activation by IH
The above results suggest that ROS generated by XO is critical

for HIF-2a degradation by IH. We then investigated the

mechanisms by which IH activates XO. To determine whether

IH leads to transcriptional activation of XDH, the precursor of

XO, quantitative real–time PCR (rt RT-PCR) analysis was

performed on control and IH exposed cells. No significant change

was observed in the XDH mRNA levels in IH exposed cells as

compared to control cells (P.0.05; Fig. 5A).

Trypsin-like proteases mediate proteolytic conversion of XDH

to XO [26]. Analysis of XO protein by western blot assay showed

increased expression of three proteolytically processed products of

XDH (25, 45 and 75 kDa) in lysates from IH exposed cells

(Fig. 5B). Trypsin inhibitor (ATi) prevented the expression of

XDH proteolytic products as well as XO activation by IH (Fig. 5B–

C). Measurements of trypsin-like endoprotease activity revealed a

3-fold increase in IH exposed cells as compared to control cells

and this effect was prevented by trypsin inhibitor ATi (Fig. 5D).

Treating control PC 12 cells with trypsin increased the expression

of XDH proteolytic products with concomitant increase in XO

activity, and these effects were prevented by ATi (Fig. 5E–F).

XO Mediates Calpain Activation by IH
We previously reported activation of calpains, which are Ca2+-

dependent proteases mediate HIF-2a degradation by IH [18]. We

therefore examined whether XO contributes to IH-evoked calpain

activation. The effect of IH on [Ca2+]i levels, a requisite for

calpain activation along with calpain enzyme activity were

determined in control and IH exposed cells in the presence of

vehicle or ALLO. IH exposed cells exhibited elevated levels of

basal [Ca2+]i and increased calpain activity and these effects were

absent in the presence of ALLO (Fig. 6 A–B).

C-terminus is Required for HIF-2a Degradation by IH
The N-terminus of HIF-2a protein is composed of basic helix-

loop-helix (bHLH) and PER-ARNT-SIM (PAS) domain, and the

C-terminus comprises of a unique region (UR) of highly divergent

sequence and C-terminal transactivation domain (CTAD). Cal-

pain cleavage prediction using multiple Kernel learning [28] from

Calpain Modulatory Proteolysis Data Base (CaMPDB) identified

three potential calpain binding sites in HIF-2a protein, one at the

amino-terminus (N-terminus) and the other two at the carboxy-

terminus (C-terminus). The contribution of N-terminus and C-

terminus to IH-induced HIF-2a degradation by calpains was

determined. PC12 cells transfected with full length HIF-2a
plasmid or plasmids with bHLH or bHLH +PAS domain deletions

at the N- terminus or UR +CTAD or CTD deletions at the C-

terminus (Fig. 7A). HIF-2a degradation by IH was seen in cells

expressing full length HIF-2a, and DbHLH or DbHLH +PAS at

the N-terminus (Fig. 7B). In striking contrast, HIF-2a degradation

by IH was absent in cells transfected with plasmids with C-

terminus deletion of UR +CTAD or CTD (Fig. 7B), suggesting

that CTAD contributes to HIF-2a degradation by IH.

To further establish that CTAD of HIF-2a protein is a substrate

for calpain 1, cell lysates from normoxic PC12 cells transfected

with UR +CTAD or CTD deleted plasmids of the C-terminus of

HIF-2a were incubated with purified calpain 1 (3 mg/ml) in

presence of CaCl2 (1 mM) with and without the Ca2+ chelator

EDTA (2 mM). Control experiments were performed on cells

transfected with either full length or bHLH or bHLH +PAS
deleted N- terminus plasmids. HIF-2a was completely degraded

when cell lysates expressing full length HIF-2a were incubated as

brief as 15 min with calpain 1 and CaCl2. Addition of EDTA

prevented this effect (Fig. 7C). Similar proteolytic degradation of

HIF-2a was also observed with the two N-terminus deleted HIF-

2a constructs. However, cell lysates from C-terminus deleted HIF-

2a plasmids were resistant to degradation by exogenous calpain

(Fig. 7C).

Role of XO Activity in IH-induced Autonomic Dysfunction
HIF-2a degradation increases oxidative stress, which contribute

to autonomic dysfunction in rodents exposed to IH [18]. We

examined whether blocking HIF-2a degradation by XO inhibitor

restore autonomic function in IH exposed rats. Adult rats were

treated with daily oral gavage of either ALLO (65 mg/Kg/day) or

vehicle for 10 days prior to exposing them to daily regimen of 8 h

of IH. Blood pressures were monitored in conscious rats before

(pre) and after 10 days of CIH (post). Vehicle treated IH rats

exhibited significantly increased mean blood pressures (Fig. 8A),

which was due to significant elevations in systolic and diastolic

blood pressures (P,0.01), and was associated with elevated plasma

norepinephrine levels, an index of sympathetic activation (Fig. 8B).

Figure 3. Xanthine oxidase activation by IH contributes to
increased ROS levels. A. Effect of IH on XO activity. XO activity was
determined in PC12 cells exposed to increasing cycles of intermittent
hypoxia (IH10,30,60) and after re-oxygenation following exposure to IH60.
B–C. Effect of allopurinol (ALLO), a XO inhibitor and silencing of XO by
siRNA on XO activity in cells exposed to IH. D. Acontiase activity levels
were monitored as an index of ROS generation in cells exposed to
normoxia (N) or IH with and without ALLO (20 mM) treatment. *p,0.05;
n.s. not significant, p.0.05.
doi:10.1371/journal.pone.0075838.g003

HIF-2a Degradation by Intermittent Hypoxia
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Adrenal medulla is a major source of catecholamines, and adrenal

medullectomy prevents IH-induced hypertension [29]. Therefore,

cytosolic and mitochondrial aconitase activity (index of ROS

levels), XO activity and HIF-2a protein expressions were

determined in adrenal medullae from vehicle and ALLO treated

rats exposed to IH. Adrenal medulla from vehicle treated rats

Figure 4. Xanthine Oxidase (XO) activity mediates HIF-2a degradation by IH. A–B Representative immunoblot of HIF-2a expression in cells
exposed to IH in the presence of ALLO (A), and in cells transfected with XDH siRNA (B). C HIF-2a degradation in PC12cells treated with Xanthine (Xa)/
XO (250 uM/0.01 U/ml) under normoxia, and the effect of MnTmPyP or ALLO co-treatment, respectively. Bottom panels of A, B and C show
quantitative data of densitometric analysis presented as mean 6 S.E.M. from 4 experiments, *p,0.05. n.s. not significant p.0.05.
doi:10.1371/journal.pone.0075838.g004

Figure 5. Mechanisms involved in IH-augmented XO activity. A. Xanthine dehydrogeanse (XDH) mRNA levels in PC12 cells exposed to
normoxia (N) or IH. B. Representative immunoblot showing effect of trypsin protease inhibitor (ATi; 0.1 mg/ml) on IH-evoked XO protein expression.
Tubulin expression was loaded as control for protein loading. C. XO activity in PC12 cells treated with trypsin inhibitor (ATi) and exposed to IH. D.
Endoproteolytic activity expressed as relative fluoresence units (RFU)/mg protein in control and IH exposed cells with and ATi treatment. E & F. Effect
of trypsin (0.1 ng/ml) on XO protein (E) and activity (F) with and without ATi treatment under normoxic conditions. *p,0.05. n.s. not significant.
p.0.05.
doi:10.1371/journal.pone.0075838.g005

HIF-2a Degradation by Intermittent Hypoxia
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exposed to IH exhibited elevated ROS levels as evidenced by

decreased cytosolic and mitochondrial aconitase activity, with

concomitant increase in XO activity and decreased HIF-2a
protein expression (Fig. 8C–E). ALLO treatment restored blood

pressures, normalized plasma norepinephrine levels prevented the

increased ROS levels as well as XO activity and HIF-2a
degradation in adrenal medullae from IH exposed rats (Fig. 8A–

E).

Discussion

Present study delineated the signaling mechanisms mediating

HIF-2a protein degradation by IH. Consistent with previous

reports [18], we found decreased HIF-2a protein expression in cell

cultures and in adrenal medulla from rats exposed to IH. Our

results further demonstrate that HIF-2a degradation by IH was

prevented by ROS scavengers and a ROS mimetic decreased

HIF-2a expression in control cells exposed to normoxia. These

findings demonstrate that ROS signaling is critical for mediating

the effects IH on HIF-2a protein. Although IH activates Nox2 and

Nox4 in cell cultures and in rodents [13], neither pharmacological

blockade of Nox isoforms nor selective genetic knock down of

Nox2 or Nox4 by siRNA approach were able to block HIF-2a
degradation by IH. These observations suggest that ROS

generated by sources other than Nox2 or Nox4 contribute to

HIF-2a degradation by IH.

The following findings demonstrate that activation of XO and

the resulting ROS mediate HIF-2a degradation by IH. First, IH

activated XO and pharmacological blockade of XO prevented

ROS generation by IH. Second, genetic silencing of XO or

blockade of XO by ALLO prevented IH-induced HIF-2a
degradation. Third, activation of XO decreased HIF-2a expres-

sion in control cells, mimicking the effects of IH. Our results

further provide insights into the mechanism of XO activation by

IH. mRNA expression of XDH, the precursor of XO was

unaltered by IH, suggesting that transcriptional regulation does

not account for XO activation. The following findings suggest that

proteolytic processing of XDH contributes to XO activation. First,

IH exposure resulted in increased proteolytic products of XO.

Second, trypsin inhibitor blocked the generation of proteolytic

products and XO activation by IH. Third, treatment of PC12 cells

Figure 6. IH-induced changes in [Ca2+]i and calpain activity are
mediated by XO. A. Effect of ALLO treatment on IH augmented basal
[Ca2+]i levels in PC12 cells. B. Treatment of cells with ALLO prevents
calpains activation by IH in PC12 cells. Data are presented as mean 6
S.E.M from 3 independent experiments. *p,0.05; n.s. not significant.
p.0.05.
doi:10.1371/journal.pone.0075838.g006

Figure 7. Involvement of N- terminus and C- terminus HIF-2a in IH-induced HIF-2a degradation by calpains. A. Schematic diagram
showing the full length, N-terminus (DbHLH and DbHLH+DPAS) and C-terminus (DUR, DUR +DCTAD) deleted constructs. B. Western blot showing
HIF-2a protein in PC12 cells transiently transfected with the HIF-2a full length and the two N- and C-terminus truncated constructs and exposed to
normoxia (N) or IH. The N-terminus and C-terminus deleted HIF-2a proteins were detected with antibody raised against HIF-2a N-terminus (Acris
Antibodies; AP23352PU-N) and C-terminus (Novus Biologicals; NB100-122) respectively. C. PC12 cell lysates expressing the N- and C-terminus deleted
protein were incubated for 15 min with purified calpain-1 (3 mg/ml) in presence of 1 mM CaCl2 or 1 mM CaCl2+2 mM EDTA and HIF-2a protein was
analyzed by western blot.
doi:10.1371/journal.pone.0075838.g007

HIF-2a Degradation by Intermittent Hypoxia
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under normoxic conditions with trypsin mimicked the effects of

IH. Fourth, IH increased trypsin-like endoprotease activity, which

was blocked by trypsin inhibitor. These findings are reminiscent of

an early study showing that XDH is converted to XO within

minutes in response to ischemia, which is blocked by inhibiting

proteolysis with a trypsin inhibitor [30,31]. In addition to

proteolytic processing, IH might also activate XO via sulphydryl

oxidation, a possibility that requires further study.

How might XO contribute to HIF-2a degradation by IH?

Based on our previous study [18], we hypothesized that ROS

generated by XO increases [Ca2+]i levels leading to calpain

activation resulting in HIF-2a degradation. Consistent with this

possibility, we found that inhibition of XO prevented IH-induced

calpain activity and this effect was associated with the absence of

increase in [Ca2+]i levels. Calpain Modulatory Proteolysis Data

Base identified three potential calpain binding sites in HIF-2a
protein, one at the amino-terminus (N-terminus) and the other two

at the carboxy-terminus (C-terminus). The C-terminus transctiva-

tion domain (CTAD) controls the transcriptional activity of HIF-

2a by recruiting histone acetyl transferases p300 and CBP which

act as transcriptional activators. Our data with forced expression

of plasmids with N-terminus and C-terminus deletions demon-

strated that CTAD is the target for calpain-mediated HIF-2a
degradation.

It is interesting to note that HIF-2a regulates genes encoding

anti-oxidant enzymes, notably SOD-2 and preventing HIF-2a
degradation blocks IH-induced oxidative stress. Since, ROS

generated by XO are required for IH-induced HIF-2a degrada-

tion, it is likely that transient ROS generation by XO triggers a

more persistent ROS production by HIF-2-dependent insufficient

transcriptional activation of anti-oxidant enzyme genes i.e., ROS-

induced ROS mechanism (Fig. 9). This novel positive feed-forward

Figure 8. Effect of XO inhibitor allopurinol (ALLO) on IH-induced autonomic dysfunction. Adult rats were exposed to 10 days of IH and
were treated daily with either vehicle (IH) or ALLO (65 mg/Kg/day; oral gavage; IH+ALLO). Control experiments were performed on rats exposed to
normoxia (N). A–B Increases in mean arterial blood pressure and plasma norepinephrine levels. C. Decreased aconitase activity (index of ROS
generation) levels, D Increased XO activity and E. HIF-2a degradation in adrenal medullae. Data presented in A–E are mean 6 S.E.M. from 8 rats in
each group. *p,0.05. n.s. not significant p.0.05.
doi:10.1371/journal.pone.0075838.g008

Figure 9. Schematic representation of IH effects on XO activity
which mediates IH-induced HIF-2a degradation leading to
positive feed forward ROS-induced ROS mechanism.
doi:10.1371/journal.pone.0075838.g009
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mechanism identified in this study might explain how IH induces

long-lasting oxidative stress.

Our results further demonstrate that XO initiated ROS-

dependent degradation of HIF-2a occurs not only in cell cultures

but also in tissues (adrenal medulla) of IH exposed rodents. IH

activated XO, as well as elevated ROS levels in adrenal medulla

with concomitant decrease in HIF-2a, and all these effects were

effectively blocked by ALLO, a XO inhibitor. Previous studies

showed that IH-induced oxidative stress contributes to autonomic

dysfunction including hypertension in rodents [18]. Remarkably,

ALLO prevented IH-induced hypertension and elevated plasma

norepinephrine levels in rats. These finding suggest that activation

of XO triggers a sequel leading to autonomic dysfunction

associated with IH. Indeed, XO has been implicated in mediating

pathologies associated with pulmonary [32] and salt-induced

hypertension [33] as well as in ischemia/re-perfusion injury [34].

In addition to cardiovascular abnormalities, IH associated with

OSA leads to inflammation [35]. Recent studies have shown that

HIF-1 contribute to continuous hypoxia-induced inflammation

[36,37]. Down regulation of HIF-2a increases HIF-1a expression

[16]. It is likely that XO-dependent down regulation of HIF-2a
either directly or indirectly via HIF-1a might contribute to IH-

induced inflammatory responses, a possibility that remains to be

investigated. Besides HIF’s, IH is also known to regulate other

transcription factors like NF-kB [38] and possibly Nrf2 [39,40].

Whether ROS plays a role in their activation or their contribution

to IH-induced oxidative stress, need to be examined.

Acknowledgments

The authors would like to thank Brain Kinsman for exposure of rats to IH

and Allopurinol injections.

Author Contributions

Conceived and designed the experiments: JN. Performed the experiments:

DRV SK NW VM. Analyzed the data: DRV SK NW VM. Contributed

reagents/materials/analysis tools: NRP. Wrote the paper: JN NRP.

References

1. Nieto FJ, Young TB, Lind BK, Shahar E, Samet JM, et al. (2000) Association of

sleep-disordered breathing, sleep apnea, and hypertension in a large community-

based study. Sleep Heart Health Study. JAMA 283: 1829–1836.

2. Poets CF, Samuels MP, Southall DP (1994) Epidemiology and pathophysiology

of apnoea of prematurity. Biol Neonate 65: 211–219.

3. Shahar E, Whitney CW, Redline S, Lee ET, Newman AB, et al. (2001) Sleep-

disordered breathing and cardiovascular disease: cross-sectional results of the

Sleep Heart Health Study. Am J Respir Crit Care Med 163: 19–25.

4. Prabhakar NR, Kumar GK (2010) Mechanisms of sympathetic activation and

blood pressure elevation by intermittent hypoxia. Respir Physiol Neurobiol 174:

156–161.

5. Peng YJ, Prabhakar NR (2003) Reactive oxygen species in the plasticity of

respiratory behavior elicited by chronic intermittent hypoxia. J Appl Physiol 94:

2342–2349.

6. Yuan G, Adhikary G, McCormick AA, Holcroft JJ, Kumar GK, et al. (2004)

Role of oxidative stress in intermittent hypoxia-induced immediate early gene

activation in rat PC12 cells. J Physiol 557: 773–783.

7. Ramanathan L, Gozal D, Siegel JM (2005) Antioxidant responses to chronic

hypoxia in the rat cerebellum and pons. J Neurochem 93: 47–52.

8. Kumar GK, Rai V, Sharma SD, Ramakrishnan DP, Peng YJ, et al. (2006)

Chronic intermittent hypoxia induces hypoxia-evoked catecholamine efflux in

adult rat adrenal medulla via oxidative stress. J Physiol 575: 229–239.

9. Peng Y, Yuan G, Overholt JL, Kumar GK, Prabhakar NR (2003) Systemic and

cellular responses to intermittent hypoxia: evidence for oxidative stress and

mitochondrial dysfunction. Adv Exp Med Biol 536: 559–564.

10. Grebe M, Eisele HJ, Weissmann N, Schaefer C, Tillmanns H, et al. (2006)

Antioxidant vitamin C improves endothelial function in obstructive sleep apnea.

Am J Respir Crit Care Med 173: 897–901.

11. Semenza GL (2010) Oxygen homeostasis. Wiley Interdiscip Rev Syst Biol Med

2: 336–361.

12. Wang GL, Jiang BH, Rue EA, Semenza GL (1995) Hypoxia-inducible factor 1 is

a basic-helix-loop-helix-PAS heterodimer regulated by cellular O2 tension. Proc

Natl Acad Sci U S A 92: 5510–5514.

13. Yuan G, Nanduri J, Khan S, Semenza GL, Prabhakar NR (2008) Induction of

HIF-1alpha expression by intermittent hypoxia: involvement of NADPH

oxidase, Ca2+ signaling, prolyl hydroxylases, and mTOR. J Cell Physiol 217:

674–685.

14. Diebold I, Petry A, Djordjevic T, Belaiba RS, Fineman J, et al. (2010)

Reciprocal regulation of Rac1 and PAK-1 by HIF-1alpha: a positive-feedback

loop promoting pulmonary vascular remodeling. Antioxid Redox Signal 13:

399–412.

15. Yuan G, Khan SA, Luo W, Nanduri J, Semenza GL, et al. (2011) Hypoxia-

inducible factor 1 mediates increased expression of NADPH oxidase-2 in

response to intermittent hypoxia. J Cell Physiol 226: 2925–2933.

16. Yuan G, Peng YJ, Reddy VD, Makarenko VV, Nanduri J, et al. (2013) Mutual

antagonism between hypoxia-inducible factors 1a and 2a regulates oxygen

sensing and cardio-respiratory homeostasis. Proc Natl Acad Sci U S A 110:

E1788–1796.

17. Tian H, McKnight SL, Russell DW (1997) Endothelial PAS domain protein 1

(EPAS1), a transcription factor selectively expressed in endothelial cells. Genes

Dev 11: 72–82.

18. Nanduri J, Wang N, Yuan G, Khan SA, Souvannakitti D, et al. (2009)

Intermittent hypoxia degrades HIF-2alpha via calpains resulting in oxidative

stress: implications for recurrent apnea-induced morbidities. Proc Natl Acad

Sci U S A 106: 1199–1204.

19. Scortegagna M, Ding K, Oktay Y, Gaur A, Thurmond F, et al. (2003) Multiple

organ pathology, metabolic abnormalities and impaired homeostasis of reactive
oxygen species in Epas12/2 mice. Nat Genet 35: 331–340.

20. Yuan G, Nanduri J, Bhasker CR, Semenza GL, Prabhakar NR (2005) Ca2+/
calmodulin kinase-dependent activation of hypoxia inducible factor 1 transcrip-
tional activity in cells subjected to intermittent hypoxia. J Biol Chem 280: 4321–

4328.

21. Makarenko VV, Nanduri J, Raghuraman G, Fox AP, Gadalla MM, et al. (2012)

Endogenous H2S is required for Hypoxic Sensing by Carotid Body Glomus
Cells. Am J Physiol Cell Physiol.

22. Khan SA, Nanduri J, Yuan G, Kinsman B, Kumar GK, et al. (2011) NADPH
oxidase 2 mediates intermittent hypoxia-induced mitochondrial complex I

inhibition: relevance to blood pressure changes in rats. Antioxid Redox Signal

14: 533–542.

23. Kline DD, Peng YJ, Manalo DJ, Semenza GL, Prabhakar NR (2002) Defective

carotid body function and impaired ventilatory responses to chronic hypoxia in
mice partially deficient for hypoxia-inducible factor 1 alpha. Proc Natl Acad

Sci U S A 99: 821–826.

24. Yuan G, Khan SA, Luo W, Nanduri J, Semenza GL, et al. (2011) Hypoxia-

inducible factor 1 mediates increased expression of NADPH oxidase-2 in
response to intermittent hypoxia. J Cell Physiol 226: 2925–2933.

25. McCord JM, Roy RS, Schaffer SW (1985) Free radicals and myocardial

ischemia. The role of xanthine oxidase. Adv Myocardiol 5: 183–189.

26. Nishino T (1994) The conversion of xanthine dehydrogenase to xanthine oxidase

and the role of the enzyme in reperfusion injury. J Biochem 116: 1–6.

27. Meneshian A, Bulkley GB (2002) The physiology of endothelial xanthine

oxidase: from urate catabolism to reperfusion injury to inflammatory signal
transduction. Microcirculation 9: 161–175.

28. DuVerle DA, Ono Y, Sorimachi H, Mamitsuka H (2011) Calpain cleavage
prediction using multiple kernel learning. PLoS One 6: e19035.

29. Prabhakar NR, Kumar GK, Peng YJ (2012) Sympatho-adrenal activation by
chronic intermittent hypoxia. J Appl Physiol 113: 1304–1310.

30. McCord JM, Roy RS (1982) The pathophysiology of superoxide: roles in
inflammation and ischemia. Can J Physiol Pharmacol 60: 1346–1352.

31. Parks DA, Granger DN, Bulkley GB, Shah AK (1985) Soybean trypsin inhibitor
attenuates ischemic injury to the feline small intestine. Gastroenterology 89: 6–

12.

32. Hoshikawa Y, Ono S, Suzuki S, Tanita T, Chida M, et al. (2001) Generation of
oxidative stress contributes to the development of pulmonary hypertension

induced by hypoxia. J Appl Physiol 90: 1299–1306.

33. Swei A, Lacy F, Delano FA, Parks DA, Schmid-Schönbein GW (1999) A

mechanism of oxygen free radical production in the Dahl hypertensive rat.
Microcirculation 6: 179–187.

34. Granger DN (1988) Role of xanthine oxidase and granulocytes in ischemia-
reperfusion injury. Am J Physiol 255: H1269–1275.

35. Lavie L (2012) Oxidative stress inflammation and endothelial dysfunction in
obstructive sleep apnea. Front Biosci (Elite Ed) 4: 1391–1403.

36. Eltzschig HK, Carmeliet P (2011) Hypoxia and inflammation. N Engl J Med

364: 656–665.

37. Clambey ET, McNamee EN, Westrich JA, Glover LE, Campbell EL, et al.

(2012) Hypoxia-inducible factor-1 alpha-dependent induction of FoxP3 drives
regulatory T-cell abundance and function during inflammatory hypoxia of the

mucosa. Proc Natl Acad Sci U S A 109: E2784–2793.

38. Nanduri J, Yuan G, Kumar GK, Semenza GL, Prabhakar NR (2008)

Transcriptional responses to intermittent hypoxia. Respir Physiol Neurobiol
164: 277–281.

HIF-2a Degradation by Intermittent Hypoxia

PLOS ONE | www.plosone.org 8 October 2013 | Volume 8 | Issue 10 | e75838



39. Malec V, Gottschald OR, Li S, Rose F, Seeger W, et al. (2010) HIF-1 alpha

signaling is augmented during intermittent hypoxia by induction of the Nrf2
pathway in NOX1-expressing adenocarcinoma A549 cells. Free Radic Biol Med

48: 1626–1635.

40. Han Q, Yeung SC, Ip MS, Mak JC (2013) Intermittent Hypoxia-Induced NF-

kB and HO-1 Regulation in Human Endothelial EA.hy926 Cells. Cell Biochem

Biophys 66: 431–441.

HIF-2a Degradation by Intermittent Hypoxia

PLOS ONE | www.plosone.org 9 October 2013 | Volume 8 | Issue 10 | e75838


