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Abstract

Sleep-disordered breathing with recurrent apnea is associated with intermittent hypoxia (IH). 

Cardiovascular morbidities caused by IH are triggered by increased generation of reactive oxygen 

species (ROS) by pro-oxidant enzymes, especially NADPH oxidase-2 (Nox2). Previous studies 

showed that (i) IH activates hypoxia-inducible factor 1 (HIF-1) in a ROS-dependent manner and 

(ii) HIF-1 is required for IH-induced ROS generation, indicating the existence of a feed-forward 

mechanism. In the present study, using multiple pharmacological and genetic approaches, we 

investigated whether IH-induced expression of Nox2 is mediated by HIF-1 in the central and 

peripheral nervous system of mice as well as in cultured cells. IH increased Nox2 mRNA, protein, 

and enzyme activity in PC12 pheochromocytoma cells as well as in wild-type mouse embryonic 

fibroblasts (MEFs). This effect was abolished or attenuated by blocking HIF-1 activity through 

RNA interference or pharmacologic inhibition (digoxin or YC-1) or by genetic knockout of 

HIF-1α in MEFs. Increasing HIF-1α expression by treating PC 12 cells with the iron chelator 

deferoxamine for 20 h or by transfecting them with HIF-1alpha expression vector increased Nox2 

expression and enzyme activity. Exposure of wild-type mice to IH (8 h/day for 10 days) up-

regulated Nox2 mRNA expression in brain cortex, brain stem, and carotid body but not in 

cerebellum. IH did not induce Nox2 expression in cortex, brainstem, carotid body, or cerebellum 

of Hif1a+/− mice, which do not manifest increased ROS or cardiovascular morbidities in response 

to IH. These results establish a pathogenic mechanism linking HIF-1, ROS generation, and 

cardiovascular pathology in response to IH.

Sleep disordered breathing with recurrent apnea (transient, repetitive cessation of breathing) 

is a major cause of morbidity and mortality in adult humans (Nieto et al., 2000) and pre-term 

infants (Poets et al., 1994). Recurrent apneas are associated with periodic decreases in 

arterial blood oxygen or intermittent hypoxia (IH). Humans with recurrent apnea and rodents 
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exposed to IH exhibit autonomic morbidities including persistent sympathetic activation, 

hypertension, and elevated circulating catecholamines (Narkiewicz and Somers, 1997; 

Peppard et al., 2000; Prabhakar and Kumar, 2010). Studies on humans (Narkiewicz and 

Somers, 1997) and rodent models of IH (Fletcher et al., 1992; Peng et al., 2006) have shown 

that the carotid body, which is the primary chemoreceptor for detecting changes in arterial 

PO2, responds to IH by triggering reflex activation of the sympathetic nervous system and 

enhanced catecholamine secretion from adrenal medullary chromaffin cells (AMC), leading 

to elevated circulating catecholamines and elevated blood pressure (Bao et al., 1997; Kumar 

et al., 2006; Souvannakitti et al., 2009). IH increases the levels of reactive oxygen species 

(ROS) in the carotid body (Peng et al., 2003) and adrenal medulla (Kumar et al., 2006; 

Souvannakitti et al., 2009). Anti-oxidant treatment prevents increased carotid body function 

(Peng et al., 2003; Peng and Prabhakar, 2004; Del Rio et al., 2010), augmented 

catecholamine secretion from AMC (Kumar et al., 2006; Kuri et al., 2007; Souvannakitti et 

al., 2009), and elevated blood pressure (Peng et al., 2006; Troncoso Brindeiro et al., 2007), 

indicating that ROS signaling is a critical cellular mechanism underlying IH-evoked 

autonomic morbidities.

NADPH oxidase (Nox) activity is a major source of cellular ROS (Bedard and Krause, 

2007). IH leads to increased expression of several Nox isoforms in the carotid body (Peng et 

al., 2009), AMC (Souvannakitti et al., 2010), and central nervous system (CNS; Zhan et al., 

2005) as well as in cultured PC12 rat pheochromocytoma cells, which are derived from 

AMC (Yuan et al., 2008). Of the various Nox isoforms, Nox2 has been implicated in 

mediating the effects of IH on carotid body function (Peng et al., 2009), catecholamine 

secretion from AMC (Souvannakitti et al., 2010), and sleep behavior (Zhan et al., 2005). 

However, mechanisms underlying increased Nox2 gene expression in response to IH have 

not been elucidated.

The transcriptional activator hypoxia-inducible factor 1 (HIF-1) is a master regulator of O2 

homeostasis that controls multiple physiological processes by regulating the expression of 

hundreds of genes (Mole et al., 2009; Semenza, 2009). HIF-1 is a heterodimeric protein 

composed of a constitutively expressed HIF-1β subunit and an O2-regulated HIF-1α subunit 

(Wang et al., 1995). We previously reported that IH increases HIF-1α protein levels in PC12 

cell cultures (Yuan et al., 2005, 2008) and in mice (Peng et al., 2006). In catecholamine-

producing PC12 cells, the induction of HIF-1α protein levels by IH requires ROS-dependent 

activation of phospholipase Cγ (PLCγ), protein kinase C (PKC), and mammalian target of 

rapamycin (mTOR; Yuan et al., 2008). Physiological studies of wild-type (WT) mice 

exposed to IH revealed striking autonomic morbidities, including heightened carotid body 

activity, elevated plasma catecholamines, exaggerated hypoxic ventilatory response, and 

hypertension (Peng et al., 2006). In contrast, littermate Hif1a+/− mice, which are 

heterozygous for a null [knockout (KO)] allele at the locus encoding HIF-1α, do not display 

any of these IH-induced autonomic responses (Peng et al., 2006). Furthermore, ROS levels 

were significantly increased in the CNS of IH-exposed WT mice, but not in Hif1a+/− mice 

(Peng et al., 2006). Taken together, these results indicated that IH-induced ROS leads to 

HIF-1 activation, which leads to further ROS generation, thereby creating a feed-forward 

mechanism that is essential for the pathogenesis of cardiovascular and respiratory 
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abnormalities. Establishing the molecular mechanism by which HIF-1 increases ROS 

generation is the critical next step in understanding the pathobiology of IH. Based on the 

observations described above, we tested the hypothesis that in response to IH, HIF-1 

increases ROS generation by activation of the Nox2 gene.

Materials and Methods

Cell culture

PC12 cells (original clone from Dr. L. Green) 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 µg/ml) under 90% air and 10% CO2 at 37°C. 

Prior to all experiments, the cells were placed in antibioticfree medium and serum starved 

for 16 h to avoid any confounding effects of serum on HIF-1 activity. In the experiments 

involving treatment with drugs, cells were pre-treated for 30 min with either drug or vehicle. 

Immortalized fibroblasts were derived from WT and Hif1a−/− mouse embryos as previously 

reported (Feldser et al., 1999).

Exposure of cells to IH

Cell cultures were exposed to IH as described previously (Yuan et al., 2005). Cells were 

exposed to alternating cycles of 1.5% O2 for 30 sec followed by 20% O2 for 5 min at 37°C. 

Gas flows were controlled by timer-controlled solenoid valves. O2 levels were monitored by 

an electrode (Lazar Research Laboratories Inc, Los Angeles, CA) placed in the tissue culture 

medium and ambient O2 levels were monitored by an O2 analyzer (Alpha Omega 

Instruments, Cumberland, RI).

Exposure of mice to IH

Experiments involving mice were approved by the Institutional Animal Care and Use 

Committee of the University of Chicago and were performed on age- and gender-matched 

WT (Hif1a+/+) and Hif1a+/− mice (Iyer et al., 1998). Unrestrained, freely moving mice 

(body weight, 20–25 g) housed in feeding cages were exposed to IH for 8 h per day for 10 

days as previously described (Peng et al., 2006). Briefly, mice were placed in a specialized 

chamber, which was flushed with alternating cycles of pure nitrogen and compressed air. 

During hypoxia, inspired O2 levels rapidly reached a nadir of 5% O2. The gas flows were 

regulated by timer-controlled solenoid valves. Ambient O2 and CO2 levels in the chamber 

were continuously monitored by an O2/CO2 analyzer (Alpha Omega Instrument, 

Cumberland, RI; Series 9500). Control experiments were performed on animals exposed to 

alternating cycles of compressed room air instead of hypoxia in the same chamber.

Chemicals

All chemicals and reagents were of analytical grade and obtained from Sigma Chemical Co. 

(St. Louis, MO) unless otherwise stated.
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Immunoblot assays

Immunoblot assays were performed as described previously (Yuan et al., 2005). Briefly, cell 

extracts (25 µg) were fractionated by 7.5% PAGE–SDS gel electrophoresis and transferred 

to a polyvinylpyrrolidone difluoride membrane (Immobilon-P, Millipore, Bedford, MA). 

The membrane was blocked with Tris-buffered saline (TBS-T) containing 5% non-fat milk 

and incubated with anti-HIF-1α monoclonal antibody (Novus Biologicalsm, Littleton, CO) 

at 1:500 dilution in blocking buffer. Membranes were treated with goat anti-rabbit secondary 

antibody conjugated with horseradish peroxidase (Chemicon, Temecula, CA; 1:2,000 

dilution) and immune complexes were visualized using enhanced chemiluminescence 

detection system (Amersham BioSciences, Piscataway, NJ). Similar procedures were 

employed for immunoblot analysis of Nox2 (Santa Cruz, Santa Cruz, CA, dilution 1:2,000), 

α-tubulin (Sigma, St. Louis, MO; 1:3,000), PLCγ1 (Cell Signaling, Danvers, MA; 1:1,000), 

phosphorylated PLCγ1 (Cell Signaling; 1:2,000), mTOR (Cell Signaling; 1:1,000), 

phosphorylated mTOR (Cell Signaling; 1:1,000), and phosphorylated PKC (anti-pan 

PKCγThr514; Cell Signaling; 1:1,000).

Transient transfection and reporter gene assay

To analyze HIF-1 transcriptional activity, cells were co-transfected with two reporter 

plasmids: p2.1, which contains firefly luciferase coding sequences downstream of a basal 

SV40 promoter and a 68 bp hypoxia response element (HRE) from the human ENO1 gene 

(Semenza et al., 1996); and pRSV-LacZ, containing RSV promoter and β-galactosidase (β-

gal) coding sequences. The ratio of luciferase to β-gal activity is a measure of HIF-1 

transcriptional activity. Cells were transfected with plasmid DNA using Lipofectamine 

(Invitrogen, Carlsbad, CA) as described (Yuan et al., 2005). Briefly, cells were plated in 60 

mm tissue culture plates at a density of 1 × 105 cells/plate in serum containing growth 

medium. After 24 h, the DNA–liposome mixture containing 1 µg of p2.1 and 0.25 µg of 

pRSV-LacZ with 10 µg of Lipofectamine in 2 ml of serum-free medium was added to cells 

and incubated for 4 h, followed by addition of 2 ml of complete (serum-containing) medium. 

After 24 h, cells were starved in serum-free growth medium for 18 h, and exposed to either 

20% O2 or IH. The Bright-Glo™ Luciferase Assay System (Promega, Madison, WI) was 

used to measure luciferase activity in cell lysates. Protein analysis was performed using a 

protein assay kit (Bio-Rad, Richmond, CA). We verified that all reporter gene assays were 

in the linear range. The protocols for transient transfection with HA3-HIF-1α plasmid were 

the same as with p2.1 plasmid.

Measurements of NOX and HIF-1α mRNA expression

Real-time reverse transcriptase (RT)-PCR was performed using a MiniOpticon system (Bio-

Rad) with SYBR GreenER two-step qRT-PCR kit (Invitrogen) as previously described 

(Peng et al., 2009). Briefly, RNA was extracted from PC12 cells, mouse carotid bodies, 

cerebral cortex, and brain stem using TRIZOL and a 1 µg aliquot was reverse transcribed 

using Superscript III (Bio-Rad). Primer sequences for real-time RT-PCR amplification are 

shown in Table 1. Relative mRNA level (R) was calculated based on the comparative 

threshold (CT) method using the formula R = 2−ΔCT, where ΔCT is the difference between 

the threshold cycle of the given target mRNA in normoxia and IH. The CT value was taken 
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as a fractional cycle number at which the emitted fluorescence of the sample passes a fixed 

threshold above the baseline and the values were normalized to an internal standard (18S 

rRNA). Purity and specificity of all products were confirmed by omitting the template and 

by performing a standard melting curve analysis.

Measurement of NADPH oxidase (Nox) activity

Membrane-enriched protein fractions from PC12 cells and various tissues were isolated (Li 

and Shah, 2002) and Nox activity was measured using a cytochrome c reduction assay (Li et 

al., 2001; Khan et al., 2010). Briefly, 100 µg aliquots of membrane proteins were incubated 

in 25 mM HEPES buffer (pH 7.0) with 150 µm cytochrome c, 100 µm NADPH for 30 min 

at 37°C in the presence and absence of superoxide dismutase (Sod; 200 U/ml). Cytochrome 

c reduction was measured by determining absorbance at 550 nm. The amount of SOD-

inhibitable Nox activity expressed in nmol/min/mg protein was calculated using an 

extinction coefficient of 21 mM−1 cm−1.

Studies with short interfering RNAs (siRNAs)

PC12 cells (5 × 105) 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 HIF-1α, Nox2, or a scrambled (control) sequence at a concentration of 100 

pmol/ml using DharmaFECT 2 (Dharmacon Research). Transfected cells were cultured in 

complete medium for 48 h before exposure to 60 cycles of IH or normoxia.

Data analysis

The data are expressed as mean ± SEM from 3 to 5 independent experiments each 

performed in triplicate. Statistical analysis was performed by analysis of variance (ANOVA) 

and P-values <0.05 were considered significant.

Results

IH increases Nox2 expression and activity in cultured PC12 cells

PC12 cells, which represent a cell culture model system for O2-sensitive catecholamine-

producing cells such as those in the carotid body and adrenal medulla (Yuan et al., 2005, 

2008), were exposed to IH consisting of alternating cycles of hypoxia (1.5% O2 for 30 sec) 

and re-oxygenation (20% O2 for 5 min). Under these conditions, Nox2 mRNA (Fig. 1A), 

Nox2 protein (Fig. 1B), and Nox enzyme activity (Fig. 1C) increased progressively as the 

duration of IH was increased from 10 to 30 to 60 cycles. An siRNA-mediated loss-of-

function approach was employed to ascertain the contribution of Nox2 to the IH-induced 

increase in Nox activity. Cells were transfected with Nox2 siRNA or control scrambled 

siRNA and then were exposed to 60 cycles of IH (IH60) or normoxia. The IH60-elicited 

increases in Nox2 protein expression and Nox enzyme activity were blocked in cells 

transfected with Nox2 siRNA but not in cells transfected with the scrambled siRNA (Fig. 

1D,E). These results indicate that Nox2 is the major isoform responsible for the increased 

Nox activity that is induced by IH in PC12 cells. In the following experiments, we therefore 

investigated the molecular mechanisms underlying increased Nox2 expression in response to 

IH.
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Pharmacological inhibition of HIF-1 blocks Nox2 expression in response to IH

To investigate whether HIF-1 is required for IH-induced Nox2 expression, a 

pharmacological approach was first employed. Digoxin and other cardiac glycosides have 

been shown to inhibit HIF-1α protein synthesis (Zhang et al., 2008b). We therefore 

examined the effects of digoxin on HIF-1 activation, Nox2 mRNA expression, and Nox 

enzyme activity in IH60-exposed PC12 cells. IH60 increased HIF-1α accumulation and 

digoxin prevented this response in a concentration-dependent manner (Fig. 2A). To 

demonstrate the effects of digoxin on HIF-1 transcriptional activity, PC12 cells were 

transfected with reporter gene p2.1, in which the expression of firefly luciferase was driven 

by a HIF-1-dependent HRE upstream of an SV40 promoter (Semenza et al., 1996). We 

previously reported that in PC12 cells the induction of HRE-dependent transcriptional 

activity requires 120 cycles of IH (Yuan et al., 2005). As shown in Figure 2B, digoxin 

inhibited HIF-1-mediated transcriptional activation of the HIF-1 reporter gene in response to 

IH. Finally, digoxin, at the same concentration that blocked HIF-1 activation, significantly 

attenuated IH-induced Nox2 mRNA expression (Fig. 2C) and Nox enzyme activity (Fig. 

2D).

To further demonstrate the validity of the pharmacological approach, we exposed PC12 cells 

to YC-1, a structurally distinct inhibitor of HIF-1 that induces the degradation of HIF-1α 

(Yeo et al., 2003). Like digoxin, YC-1 blocked IH-induced HIF-1α accumulation (Fig. 3A) 

and HIF-1 transcriptional activity (Fig. 3B). YC-1 also significantly attenuated the induction 

of Nox2 mRNA expression (Fig. 3C) and Nox enzyme activity (Fig. 3D).

Genetic ablation of HIF-1α blocks induction of Nox2 expression by IH

Expression of siRNA was employed to further establish a role for HIF-1 in Nox2 up-

regulation by IH. PC12 cells were transfected with siRNA targeting HIF-1α and then 

exposed to IH60. In cells transfected with HIF-1α siRNA, IH-induced increases in HIF-1α 

mRNA, HIF-1α protein, and HIF-1 transcriptional activity were absent (Fig. 4A–C). IH-

evoked induction of Nox2 mRNA expression and enzyme activity were markedly reduced in 

cells transfected with HIF-1α siRNA but not in control cells treated with scrambled siRNA 

(Fig. 4D,E).

To determine whether the effects of IH are observed in other cell types, experiments were 

performed with HIF-1α-deficient (KO) mouse embryonic fibroblast (MEFs; Feldser et al., 

1999). Basal HIF-1-dependent reporter activity was significantly less in KO MEFs 

compared to WT MEFs (P < 0.01; n = 5) and IH120 increased HIF-1-dependent 

transcriptional activity in WT, but not in KO, MEFs (Fig. 5A). Basal Nox2 mRNA 

expression was significantly less in KO compared to WT MEFs (P < 0.01; n = 5). WT 

MEFs, like PC12 cells, responded to IH with increased Nox2 mRNA, protein, and enzyme 

activity, and these responses were absent in KO MEFs (Fig. 5B–D). Thus, two different 

pharmacological inhibitors and two different genetic strategies for HIF-1α loss-of-function 

in two different cell types demonstrated that HIF-1 activation is required for induction of 

Nox2 expression and activity in response to IH.
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Increased HIF-1α up-regulates Nox2 expression and activity

The effect of increasing HIF-1α expression (gain of function) was examined to further 

establish a link between HIF-1α and Nox2 expression and activity. To this end, PC12 cells 

were treated with either deferoxamine (DFO; 1 mM) an iron chelator for 20 h or transfected 

with a HIF-1α expression vector. The levels of HIF-1α protein and HRE activity were 

significantly increased in cells treated with DFO (Fig. 6A,B). Increased HIF-1 activation 

was associated with significant increases in Nox2 mRNA expression and Nox2 enzyme 

activity (Fig. 6C,D). Similar results were obtained in PC12 following overexpression of 

HIF-1α (Fig. 6E,H). Taken together, the studies in Figures 2–6 demonstrate that increased 

HIF-1α levels are necessary to increase Nox2 expression in cells subjected to IH and 

sufficient to increase Nox2 in cells transfected with HIF-1α expression vector.

Effects of IH on Nox2 expression in WT and Hif1a+/− mice

Previous studies demonstrated increased ROS in the cerebral cortex of IH-exposed WT, but 

not Hif1a+/− mice (Peng et al., 2006). We therefore exposed mice to IH for 10 days and 

analyzed Nox2 expression in various regions of the CNS and carotid bodies. IH increased 

Nox2 mRNA, Nox2 protein, Nox enzyme activity, and HIF-1α protein in cerebral cortex 

and brain stem, but not in cerebellum of WT mice (Fig. 7A–C). IH also increased Nox2 

mRNA levels in carotid bodies (Fig. 7A). Nox2 protein and enzyme activity were not 

determined in carotid bodies because of limited quantities of tissue (wet weight, 25 µg). 

Intraperitoneal injection of digoxin (1 mg/kg/day) blocked the effects of IH on HIF-1α 

protein and Nox2 mRNA, protein, and enzyme activity in WT mice (Fig. 7A–C). In IH-

exposed Hif1a+/− mice, increased accumulation of HIF-1α protein and up-regulation of 

Nox2 expression were not observed (Fig. 7A–C).

We previously reported that ROS-dependent phosphorylation and activation of PLCγ, PKC, 

and mTOR are critical for HIF-1α accumulation in PC12 cells exposed to IH (Yuan et al., 

2008). As shown in Figure 8, IH increased phospho-PLCγ, phospho-PKC, and phospho-

mTOR levels in cerebral cortex and brainstem, but not in cerebellum, from IH-exposed 

mice. These results are consistent with the lack of IH-induced HIF-1α protein and IH-

induced Nox2 mRNA, protein, and enzyme activity in the cerebellum of IH-exposed mice 

(Fig. 7). Because of the presence of a feed-forward mechanism, it is not clear at what point 

the IH-induced ROS → PLCγ/PKC/mTOR → HIF-1 → NOX2 → ROS pathway is blocked 

in the cerebellum. Nevertheless, the coordinate induction (or not) of HIF-1α and Nox2 in 

different regions of the brain and in WT versus Hif1a+/− mice provide strong support for the 

critical role of HIF-1 in activating Nox2 expression in response to IH.

Discussion

We previously reported that (i) IH increases oxidant stress and HIF-1α expression in the 

carotid body and CNS and (ii) treatment with free radical scavengers blocks IH-induced 

HIF-1α expression, hypertension, and augmented ventilatory response to hypoxia. These 

results indicated that IH-induced ROS, leading to HIF-1 activation, is required for carotid 

body responses that result in alterations in cardiovascular and respiratory physiology, that is, 

HIF-1 acts downstream of ROS. We subsequently delineated the PLCγ/PKC/mTOR signal 
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transduction pathway by which IH-induced ROS lead to HIF-1 activation in PC12 cells 

(Yuan et al., 2005, 2008). However, we also found that IH increased oxidant stress in the 

cerebral cortex and induced hypertension in WT, but not Hif1a+/−, mice (Peng et al., 2006), 

which indicated that HIF-1 acts upstream of ROS production. These findings suggested a 

feed-forward mechanism by which ROS induces HIF-1, leading to further increases in ROS 

production and downstream pathogenic sequelae. Nox2 mRNA, protein expression, and 

enzyme activity were induced by IH, both in PC12 cells (Yuan et al., 2008) and in carotid 

bodies of rodents, and Nox2−/− mice were deficient in carotid body responses to IH (Peng et 

al., 2009). In the present study, using genetic and pharmacological approaches to effect loss 

or gain of HIF-1α function, we demonstrate that HIF-1 mediates increased Nox2 expression 

in response to IH, thereby providing a molecular mechanism for the feed-forward 

relationship between ROS and HIF-1 in IH. Additional studies are required to determine 

whether HIF-1 binds directly to the Nox2 gene and activates its transcription in response to 

IH.

Taken together, the results of the present study and previously published work (Peng et al., 

2006) demonstrate that HIF-1α plays a pro-oxidant role in the setting of IH by increasing 

Nox activity. In contrast, HIF-2α plays an anti-oxidant role by mediating the expression of 

Sod2 and HIF-2α levels decline in response to IH (Nanduri et al., 2009). Thus, the combined 

effects of increased HIF-1α-dependent Nox2 expression and decreased HIF-2α-dependent 

Sod2 expression are responsible for the dramatic increase in ROS levels observed in 

response to IH. The pro-oxidant role of HIF-1 in the maladaptive (pathological) setting of IH 

is also in contrast to the anti-oxidant role of HIF-1 in the adaptive (physiological) response 

to continuous hypoxia, in which HIF-1 mediates the expression of multiple pathways that 

modulate or decrease mitochondrial respiration and ROS generation (Kim et al., 2006; 

Fukuda et al., 2007; Zhang et al., 2008a; Chan et al., 2009; Chen et al., 2010; Favaro et al., 

2010).

In the present study, we also found that IH induces ROS and HIF-1α in the cerebral cortex 

and brain stem, but not in the cerebellum. Two important conclusions can be drawn from 

these data. First, in addition to the peripheral nervous system (i.e., carotid body), the HIF-1α 

→ Nox2 → ROS pathway is likely to mediate responses to IH in the CNS as well. Second, 

activation of the HIF-1α → Nox2 → ROS pathway appears to be anatomically selective in 

the CNS. The lack of HIF-1 activation in cerebellum by IH is associated with the lack of 

phosphorylation of PLCγ, PKC, and mTOR (upstream activators of HIF-1) as well as the 

absence of Nox2 expression (downstream HIF-1 target gene). Delineating the molecular 

basis and functional consequences of tissue-specific HIF-1 activation and Nox2 expression 

in response to IH represent important goals for future research. Finally, just as HIF-1 

activation in the CNS in addition to the carotid body may play a critical role in mediating 

autonomic morbidities associated with IH, other HIF-1 target genes in addition to Nox2 may 

also be involved as downstream effectors. Further studies are needed to test the hypothesis 

that HIF-1 plays a central role not only in the initiation but also in the systems integration of 

autonomic responses to IH.
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Fig. 1. 
Nox2 up-regulation by IH in PC12 cells. A: Analysis of Nox2 mRNA expression. Cells 

were exposed to 20% O2 (N) or to 10–60 cycles of IH (30 sec at 1.5% O2 alternated with 5 

min at 20% O2). Real-time reverse-transcription PCR assay was performed to determine the 

ratio of Nox2 mRNA to 18S rRNA. The results were normalized to those obtained from 

normoxic cells. B: Nox2 protein expression. Western blot assay was performed on lysates 

from cells exposed to 0–60 cycles of IH. Top part, representative Nox2 immunoblot. Bottom 

part, densitometric analysis of Nox2 protein normalized to tubulin expression and expressed 

as percent change from normoxic control (N).C: Analysis of Nox enzyme activity. Nox 

activity was analyzed in membrane fractions from cells exposed to 0–60 cycles of IH as 

described in Materials and Methods. Apocynin (500 µM) and AEBSF (300 µM), inhibitors 

of Nox, added to cells before IH exposure prevented increased Nox activity in IH60-exposed 

cells. D: Nox2 siRNA prevents IH60-induced up-regulation of Nox2 protein. Cells were 

transfected with either Nox2 or scrambled siRNA and then exposed to IH60. Top part, 

representative Nox2 and tubulin (control protein) immunoblot assays. Bottom part, 

densitometric analysis of Nox2 protein normalized to tubulin expression and expressed as 

percent of normoxic control (N).E: Analysis of Nox enzyme activity in siRNA-transfected 
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PC12 cells exposed to IH60. Mean ± SEM (n = 3–5) are shown, **P < 0.01 compared with 

control (N).
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Fig. 2. 
Digoxin blocks HIF-1 activation and Nox2 up-regulation by IH. A: Digoxin inhibits IH60-

evoked HIF-1α accumulation in a concentration-dependent manner. Top part, representative 

HIF-1α immunoblot. Bottom part, densitometric analysis of HIF-1α protein levels 

normalized to tubulin protein levels and expressed as percent change from normoxic control 

(N). B: Digoxin inhibits HIF-1-dependent reporter gene expression by IH. PC12 cells were 

cotransfected with p2.1, containing an HRE upstream of SV40 promoter and luciferase 

coding sequences, and pRSV-LacZ, containing RSV promoter and β-gal coding sequences. 

Transfected cells were exposed to either 20% O2 (N) or 120 cycles of IH (IH 120). C,D: 

Digoxin inhibits up-regulation of Nox2 mRNA expression (C) and Nox enzyme activity (D) 

in response to IH. Mean ± SEM (n = 3–5) are shown, **P < 0.01 compared with control (N).
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Fig. 3. 
YC-1 inhibits HIF-1 activation and Nox2 up-regulation in PC12 cells exposed to IH. A: 

YC-1 blocks IH60-evoked HIF-1α accumulation in a concentration-dependent manner. Top 

part, representative HIF-1α immunoblot. Bottom part, densitometric analysis of HIF-1α 

protein levels normalized to tubulin levels and expressed as percent change from normoxic 

control (N). B: YC-1 inhibits HIF-1-dependent reporter gene expression in response to IH. 

C,D: YC-1 blocks up-regulation of Nox2 mRNA expression (C) and Nox enzyme activity 

(D) by IH. Mean ± SEM (n = 3–5) are shown, **P < 0.01 compared with control (N).
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Fig. 4. 
Silencing of HIF-1α by siRNA abolishes Nox2 up-regulation in IH-exposed cells. A–C: 

Absence of HIF-1α mRNA up-regulation (A), protein accumulation (B), and HRE reporter 

gene expression (C) in IH-exposed PC12 cells transfected with HIF-1α siRNA. Cells were 

transfected with either HIF-1α or control scrambled (Scr) siRNA and then were exposed to 

IH. Upper parts in B, representative examples of HIF-1α and tubulin immunoblots. Lower 

parts in B, densitometric analysis of HIF-1α protein normalized to tubulin expression and 

presented as percent of normoxic control, respectively. D,E: IH60-induced up-regulation of 

Nox2 mRNA expression (D) and Nox2 activity (E) were significantly attenuated in cells 

transfected with HIF-1α, but not with Scr, siRNA. Mean ± SEM (n = 5) are shown. **P < 

0.01 compared with control (N).
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Fig. 5. 
Absence of Nox2 activation in HIF-1α-deficient mouse embryonic fibroblasts (MEFs) 

exposed to IH. A: Activation of HRE reporter gene expression by IH120 in wild-type (WT) 

MEFs and absence of this response in HIF-1α knockout (KO) MEFs. B–D: Absence of 

IH60-induced up-regulation of Nox2 mRNA (B) and protein (C) expression and enzyme 

activity (D) in KO MEFs. Mean ± SEM (n = 5) are shown. **P < 0.01; #P < 0.05; and N.S., 

not significant (P > 0.05) compared with normoxic controls (N).
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Fig. 6. 
HIF-1α overexpression increases Nox2 expression and activity. A: Deferoxamine (1 mM; 

DFO) treatment for 20 h increases HIF-1α accumulation in PC12 cells. Top part, 

representative HIF-1α immunoblot. Bottom part, densitometric analysis of HIF-1α protein 

levels normalized to tubulin levels and expressed as percent change from control (C). B–D: 

DFO increases HIF-1-dependent gene expression (B) Nox2 mRNA expression (C) and Nox 

enzyme activity (D). E: PC12 cells were transfected with 1 µg of either basic vector (pBS) or 

HIF-1α plasmid (HA3-HIF-1α). Top part, representative HIF-1α immunoblot. Bottom part, 

densitometric analysis of HIF-1α protein levels normalized to tubulin levels. F–H: 

Overexpression of HIF-1α increases HIF-1-dependent gene expression (F), Nox2 mRNA 

expression (G), and Nox enzyme activity (H). Mean ± SEM (n = 4) are shown; **P < 0.01 

compared with control (C) or pBS.

Yuan et al. Page 18

J Cell Physiol. Author manuscript; available in PMC 2015 December 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. 
Effect of IH on Nox2 expression in the central nervous system and carotid bodies in 

Hif1α+/+ wild-type (WT) and Hif1α+/− heterozygous-knockout mice. A–C: Age and sex-

matched WT mice were exposed to normoxia (N) or IH (8 h/day × 10 days) and 

concurrently treated with vehicle (IH) ordigoxin (IH + D;1 mg/kg/day IP) and littermate 

Hif1α+/− mice were exposed to Nor IH. Nox2 mRNA (A), HIF-1α and Nox2 proteins (B), 

and Nox enzyme activity (C) were analyzed in brain cortex, brain stem, and cerebellum. 

Nox2 mRNA levels in the carotid body were determined in the same mice (A). Mean ± SEM 

(n = 5 mice in each group) are shown. **P < 0.01 and N.S., not significant (P > 0.05) 

compared with normoxic controls (N).
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Fig. 8. 
Effect of IH on phosphorylated PLCγ, PKC, and mTOR levels in the brain cortex, brain 

stem, and cerebellum of mice. Adult male BALB/c mice were exposed to normoxia (N) or 

IH (8 h/day × 10 days). Levels of phospho-PLCγ (p-PLCγ), total PLCγ (PLCγ), phospho-

PKC (p-PKC), total PKC (PKC), phosphorylated mTOR (p-mTOR), and total mTOR 

(mTOR) were determined by immunoblot assays of tissue lysates prepared from cerebral 

cortex, brain stem, and cerebellum.
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TABLE 1

Primers for quantitative real-time RT-PCR assays

Name
Nucleotide
sequence Size GeneBank #

rNox2-FWD GTGGAGTGGTGTGAATG 219 NM_023965

rNox2-REV TTTGGTGGAGGATGTGATGA

rHIF-1α-FWD CCACAGGACAGTACAGGAG 150 NM_024359

rHIF-1α-REV TCAAGTCGTGCTGAATAATC

r18S-FWD GTAACCCGTTGAACCCCATT 151 X01117

r18S-REV CCATCCAATCGGTAGTAGCG

mNox2-FWD AGCTATGAGGTGGTGATGTTAGTGG 88 NM_007807

mNox2-REV CACAATATTTGTACCAGACAGACTTGAG

J Cell Physiol. Author manuscript; available in PMC 2015 December 30.


