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Abstract
Objective—Dual specificity phosphatase 1 (DUSP1) inhibits mitogen activated protein kinase
activity, and is activated by several stimuli such as sustained hypoxia, oxidative stress, and
hormones. However, the effect of intermittent hypoxia is not known. The aim of this study was to
evaluate the role of intermittent hypoxia on DUSP1 expression, and to validate its role in a human
model of intermittent hypoxia, as seen in obstructive sleep apnea (OSA). OSA is characterized by
recurrent episodes of hypoxemia/reoxygenation and is a known risk factor for cardiovascular
morbidity.

Methods—In-vitro studies using human coronary artery endothelial cells (HCAEC) and ex-vivo
studies using white blood cells isolated from healthy and OSA subjects.

Results—Intermittent hypoxia induced DUSP1 expression in human coronary artery endothelial
cells (HCAEC), and in granulocytes isolated from healthy human subjects. Functionally, DUSP1
increased the expression and activity of manganese superoxide dismutase (MnSOD) in HCAEC.
Further, significant increases in DUSP1 mRNA from total blood, and in DUSP1 protein in
mononuclear cells and granulocytes isolated from OSA subjects, was observed in the early
morning hours after one night of intermittent hypoxemia due to untreated OSA. This early-
morning OSA-induced augmentation of DUSP1 gene expression was attenuated by continuous
positive airway pressure (CPAP) treatment of OSA.

Conclusion—Intermittent hypoxia increases MnSOD activity via increased DUSP1 expression
in HCAEC. Similarly, overnight intermittent hypoxemia in patients with OSA induces expression
of DUSP1, which may mediate increases of MnSOD expression and activity. This may contribute
significantly to neutralizing the effects of reactive oxygen species, a consequence of the
intermittent hypoxemia/reperfusion elicited by OSA.
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Introduction
Dual specificity phosphatase 1 (DUSP1) belongs to a family of mitogen activated protein
kinase (MAPK) phosphatases and is closely involved in the regulation of intracellular
signaling. DUSP1 is a nuclear enzyme encoded by an immediate-early gene and its
transcription is rapidly induced by stimuli such as growth factors, oxidative stresses and
continuous hypoxia [1–3]. DUSP1 inactivates several members of the MAPK family
including JNK, p38 and ERK through dephosphorylation of threonine and tyrosine residues
within their activation site [4]. These kinases play an important regulatory role in cellular
apoptosis, proliferation, and proinflammatory responses which are critical to the
pathophysiology of cardiovascular disease.

Obstructive sleep apnea (OSA) is the commonest form of sleep disordered breathing, and is
characterized by recurrent episodes of cessation of respiratory airflow during sleep leading
to periods of intermittent hypoxia (IH) and sleep fragmentation. Apnea duration of greater
than 10 seconds is commonly accompanied by significant decreases in systemic oxygen
concentrations, with consequent myocardial and systemic hypoxemia. OSA has been
independently linked to increased cardiovascular morbidity and mortality [5–7]. Clinical
studies have shown that the association between OSA and coronary artery disease may be
via nocturnal hypoxemia [8–10]. Some studies have also reported a link between apnea
index and incidence of myocardial infarction, myocardial ischemia and stroke in OSA
patients [11, 12]. However, while the molecular mechanisms linking OSA to cardiovascular
diseases are poorly understood, oxidative stress and free radical generation in response to
repetitive hypoxemic stress have been implicated [13].

DUSP1 is increased in response to sustained hypoxia [1, 2] but how DUSP1 expression
changes in intermittent hypoxia (IH) is not known. Intermittent hypoxia experienced by
OSA patients has been implicated in the development of cardiovascular pathophysiology in
this patient population [14]. Therefore, we tested the hypothesis that IH would increase
DUSP1 expression in vascular endothelial cells and granulocytes in-vitro, and that this
increase in DUSP1 would also be evident in an in-vivo human model of IH, as seen in
patients with OSA. These findings would provide important insights regarding the signaling
mechanisms involved in OSA-related oxidative stress.

Materials and Methods
Effect of intermittent hypoxia (IH) in cultured human coronary artery endothelial cells
(HCAEC) and granulocytes

Vascular endothelial cells in conjunction with cells of the immune system play an important
role in the genesis of cardiovascular disease. Initiation, development, and progression of
atherosclerotic lesions are orchestrated by interactions between granulocytes, lymphocytes,
and the endothelium [15]. Granulocytes play an important regulatory role in the
inflammatory process and are likely to be modulated by oxidative stress. Since both
inflammation and oxidative stress constitute putative elements of sleep apnea
pathophysiology, we studied the effects of intermittent hypoxia in coronary artery
endothelial cells and granulocytes. Further, accessibility of white blood cells from humans
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would enable validation of our in-vitro findings in OSA subjects before and after episodes of
overnight intermittent hypoxemia.

Human coronary artery endothelial cells (HCAEC; Clonetics, USA) were grown in EBM-2
media supplemented with growth factors and 2% FBS. All experiments were performed at
3–5 passages with 70–80% confluence. We optimized the time and oxygen concentrations
required to achieve deoxygenation of the cell media to the level observed in severe OSA
patients. pO2 was measured after each hypoxia exposure using i- STAT EG7+ (Abbott,
USA). A 30–40% decreases in pO2, mimicking the degree of hypoxemia observed in severe
OSA patients during sleep, were achieved in the conditioned media by 25 min of continuous
exposure of cells to 0% O2 + 5% CO2. Intermittent hypoxia was achieved by repeated 25
min exposure to 21% O2 + 5% CO2 followed by 25 min exposure to 0% O2 + 5% CO2, 7
hours each day for 4 days. Cells grown in continuous 21% O2 + 5% CO2 were used as
normoxic controls for these experiments. After the 4 days of IH treatment, the cells were
lysed in buffer containing 50 mM sodium pyrophosphate, 50 mM sodium fluoride, 50 mM
sodium chloride, 5 mM EDTA, 5 mM EGTA, 100 uM sodium vanadate, 10 mM HEPES,
0.1% Triton and 2% proteases inhibitor cocktail (Sigma, USA). Western blot analysis was
done to determine the expression of DUSP1 and β-actin was used as loading control (anti-
human DUSP1, Santa Cruz Biotech, USA; anti-human β-actin, Sigma, USA). Since
manganese superoxide dismutase (MnSOD) is an important enzyme involved in neutralizing
the effects of reactive oxygen species and is likely increased with intermittent hypoxia, cell
lysates were used to determine MnSOD expression as well (anti-MnSOD, Stressgen,
Canada).

To determine the role of DUSP1 in intermittent hypoxia, we inhibited DUSP1 expression by
RNAi. Transfection studies were done using a mixture of DUSP1 Stealth RNAi oligo
(HSS1029830 and HSS1029840), recommended Control Stealth RNAi oligo and
Lipofectamine™ RNAi MAX (Invitrogen, USA). Transfection was performed according to
the manufacturer’s recommendations in 6 well plates using OptiMEM I serum reduced
medium and 80 pmol of each oligo. Transfected cells were exposed to intermittent hypoxia
for two days and protein analyzed by western blot. Total SOD activity was measured in the
experimental cell lysate using SOD assay kit (Sigma-Aldrich, Japan) according to the
manufacturer’s instructions.

Similarly, to examine the effect of IH on granulocytes, cells were isolated from healthy
human subjects by standard protocol using Histopaque (Sigma, USA) gradient. The isolated
cells were aliquoted into two 100 mm dishes (2×106 cells/ml) in serum free RPMI media.
Group 1 was the control group and incubated at 21% O2 + 5% CO2 for 48 hours, and group
2 was exposed to intermittent hypoxia (25 min exposure to 21% O2 + 5% CO2 followed by
25 min exposure to 0% O2 + 5% CO2), 7 hours each day for two days. We restricted the IH
treatment for two days in these cells to balance viability and maximize the effects of IH.
After 48h of intermittent hypoxia treatment, the cells were lysed and Western blot analysis
was done to determine the expression of DUSP1.

Human subjects
16 subjects were enrolled in the study. We compared subjects with severe OSA (apnea
hypopnea index [AHI] >30) to whose without OSA (AHI<5). The OSA patients were newly
diagnosed and free of other diseases, had never been treated for OSA and were taking no
medications. They were age, BMI and gender matched with 8 healthy subjects in whom
occult OSA was excluded. All subjects underwent full polysomnography. Of the OSA
patients, four underwent a subsequent polysomnography study with CPAP treatment. Blood
was collected at three time points, before sleep (9 pm, 4 hours after last meal), immediately
after arousal (at 6 am), and five hours after waking from sleep (11 am). Written informed
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consent was obtained from all subjects. The study was approved by the Institutional Human
Subjects Review Committee.

DUSP1 mRNA quantization from total blood
RNA was isolated from the blood and quantified for the DUSP1 expression. The blood
containing tubes were initially incubated at room temperature for 3 hours to stabilize cellular
RNA followed by its isolation using PAX Gene RNA isolation kit (Qiagen, Chatsworth,
CA) according to manufacturer’s instructions. cDNA was synthesized using total RNA
(1μg/reaction) with high capacity cDNA Archive kit (Applied Biosystems, Foster City, CA).
DUSP1 TaqMan probe and β-actin RNA TaqMan probe (endogenous control) (Applied
Biosystems, Foster City, CA) were used in standard conditions (as determined by the
manufacturer) to determine the level of DUSP1 transcription in the isolated cells. Absolute
values of DUSP1 and β-actin RNA transcripts were calculated using standards. The DUSP1
value obtained from the standard curve was divided by the value for endogenous control to
obtain a normalized target value ratio.

DUSP1 protein analysis in mononuclear cells and granulocytes from human subjects
The blood samples were collected at three time-points in tubes containing citrate, diluted in
PBS-citrate buffer, layered with Histopaque 1077 (Sigma, USA) and centrifuged to separate
the mononuclear cells and granulocytes. The mononuclear layer and the granulocyte
containing pellet were collected and washed with RBC lysis buffer and PBS citrate. The
cells were lysed and proteins analyzed by western blots.

Statistical analysis
The differences between the groups were assessed using Student’s T-Test and two-way
analysis of variance (ANOVA) for repeated measures. All western blots and in vitro
experiments were repeated at least three times.

Results
Intermittent hypoxia induces DUSP1 and MnSOD protein expression

Increased expression and nuclear localization of DUSP1 was seen in HCAEC treated with
intermittent hypoxia (Figure 1A; Figure 1C, control). The effect of IH on DUSP1 expression
was also determined in granulocytes isolated from healthy human subjects. An increased
expression of DUSP1 was observed in cells treated with IH as compared to untreated cells
(Figure 1B). Further, intermittent hypoxia increased MnSOD expression (Figure 1C,
control) as well as superoxide dismutase (SOD) activity (Figure 1D, light grey bars).

Increased MnSOD expression and activity with IH treatment is mediated by increased
DUSP1 expression

The role of DUSP1 in induction of MnSOD was determined using RNAi specific for
DUSP1. Cells transfected with DUSP1 RNAi did not show any significant changes in
expression of MnSOD after the IH treatment (Figure 1C, DUSP1 transfected) indicating that
the increases in MnSOD expression with IH treatment were dependent on increases in
DUSP1 protein expression. Similarly, IH dependent increases in total SOD activity were
inhibited by DUSP1 RNAi transfection (Figure 1D, dark grey bars).

Increased DUSP1 expression in OSA subjects after sleep
The baseline characteristics and sleep profiles of the control subjects and OSA patients are
shown in Table 1. All variables associated with sleep profiles differed significantly between
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the two groups, specifically nocturnal oxygen saturation, apnea/hypopnea index (AHI) and
arousal index.

The effect of overnight intermittent hypoxia experienced by OSA subjects on DUSP1
expression was determined at the mRNA level in whole blood (Figure 2) and at the protein
level in isolated white blood cells (Figure 3). DUSP1 gene expression and protein level did
not differ between healthy controls (white bars) and OSA subjects (black bars) at baseline
(before the sleep). A significant increase in DUSP1 transcripts in total blood, as determined
by the quantitative RNA analysis, was seen only at the second time point of the OSA
patients, namely at 6:00 am, after waking from a night of untreated OSA (Figure 2A).
DUSP1 mRNA tended to decrease at the third time point in OSA patients at 11 am, after
about 5 hours of normoxic wakefulness. Control subjects did not show any significant
differences across the three time points. The increase in DUSP1 mRNA as seen in OSA
patients during the second time point, however, was attenuated by CPAP treatment (Figure
2B, grey bars). The increased transcription of DUSP1 mRNA resulted in increased
expression of DUSP1 protein during the early morning hours in the granulocytes (Figure
3A) and mononuclear cells (Figure 3B) isolated from the OSA patients. Similar to mRNA
results, the healthy control subjects did not show any changes in DUSP1 protein expression
at any time points.

Discussion
The most important finding of our study is that there is a marked increase in DUSP1 gene
transcription and translation in white blood cells of OSA patients. This increased expression
is observed in the early morning hours immediately after waking from a night of untreated
obstructive apnea, and decreases later during daytime wakefulness. The increase of DUSP1
expression seems to be an early acute response to intermittent hypoxemic episodes occurring
during sleep. We also demonstrate that OSA patients undergoing CPAP treatment, and
healthy subjects free of OSA, do not show any increase in DUSP1, further confirming the
role of intermittent hypoxia during sleep apnea in mediating DUSP1 expression. In-vitro
studies in vascular endothelial cells and granulocytes isolated from healthy subjects further
validate the concept that recurrent episodes of hypoxia induce the expression of DUSP1.

OSA patients are exposed to intermittent hypoxemia which is a putative source of oxidative
stress. However, objective evidence of oxidative stress in these patients has been
inconsistent [16–23]. Any available evidence of oxidative stress is indirect and suggests that
there exists a very effective mechanism which manages the increased reactive oxygen
species (ROS) [24]. Oxidative stress is a strong stimulus for DUSP1 induction [1–3]; hence
we hypothesized that over-expression of DUSP1 may itself contribute to attenuation of
oxidative stress. We investigated the effect of DUSP1 in regulation of MnSOD, a key
protein involved in oxidative stress management, and demonstrate that DUSP1 regulates the
expression of MnSOD in HCAEC. MnSOD is one of three isoenzymes of superoxide
dismutase that are present in mitochondria. These enzymes react directly with reactive
oxygen species converting superoxide anion to comparatively less reactive hydrogen
superoxide. MnSOD might also play an important role in the endothelial cell life cycle, such
as by promoting endothelial wound healing [25]. Therefore, IH-induced DUSP1 mediated
activation of MnSOD in HCAEC through anti-oxidative and anti-aging properties might
protect against certain adverse processes occurring during intermittent hypoxia. It has been
previously reported that MnSOD appears to act as a signaling mediator for the activation of
survival genes following hypoxia/reoxygenation injury [26]. These observations, in the
context of our studies, give new insight into the role of MnSOD in endothelial cells in
obstructive sleep apnea, with a potential role for DUSP1 as the oxidative stress controlling
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agent. This role of DUSP1 in reducing oxidative stress is consistent with findings from other
studies [27].

The major role of DUSP1 is inhibition of mitogen activated protein kinases (MAPK)
dependent downstream cellular signal transmission. MAPKs are crucial cellular signaling
mechanisms. Cellular responses to oxidative stress, hypoxia, inflammation, and other
stresses are mediated via this pathway. When activated, the MAPK pathway leads to
increased expression of downstream transcription factors involved in regulating the cell
cycle, inflammation, apoptosis, and cell differentiation. The role of MAPK has been widely
implicated in the pathophysiology of cardiovascular disease, including in cardio-protection
against ischemia/reperfusion injury and ischemic preconditioning [28–30], as well as anti-
apoptotic mechanisms, and activation of inflammatory processes (activation of E-selectin,
cyclooxygenase COX-2, IL-6, IL-1, TNF alpha and macrophage colony stimulating factor)
[31–34]. In other words, while MAPKs are crucial for sustaining the most important cell
functions, hyperactivation of these molecules could disrupt normal cell cycle activities and
contribute to development of pathology. DUSP1 is involved in inactivation of the MAPK
pathway as part of a negative feedback mechanism which may contribute to regulating and
limiting stress-induced cellular responses. Increased activity of DUSP1 in OSA might play a
crucial role in adaptation to hypoxemia–reoxygenation, and may be protective in acute
conditions. We have demonstrated the role of DUSP1 in induction of MnSOD in HCAEC,
suggesting a protective role of DUSP1 in intermittent hypoxia and sleep apnea. Increased
expression of DUSP1 in response to OSA, with consequent induction of MnSOD and
attenuation of ROS, may help explain the absence of overt oxidative stress in otherwise
healthy patients with OSA [16–18, 23, 27].

OSA has been linked to systemic inflammation with evidence of leukocyte activation,
production of adhesion molecules, leukocyte binding to endothelial cells, and increased
levels of C-reactive protein, IL-6, TNF alpha, IFN gamma [7]. White blood cells are known
to be activated in OSA [35, 36]. Several studies have demonstrated that DUSP1 modulates
inflammatory immune responses, acting as an anti-inflammatory agent [37–39]. Therefore
the changes in DUSP1 activity in white blood cells might play a significant role in
modulating activity of the immune system in OSA.

Our present findings are consistent with microarray data from OSA vs. healthy control
subjects, which suggest that transcription of genes encoding several proteins involved in
cellular cycle and cell proliferation are up-regulated in OSA subjects [24]. Expression of
DUSP1 as the direct transcriptional target of p53 has been shown to prevent cells from
entering into the cell cycle [40]. Hence further investigation of the role of DUSP1 in OSA in
terms of this potentially beneficial response, protecting the most vulnerable phase of the cell
cycle from the stresses associated with apnea and hypoxemia, is warranted.

However the role of DUSP1 is somewhat controversial. DUSP1, via deactivation of p38 or
JNK, can contribute to adaptation to hostile conditions. Recent studies confirm a significant
protective role of DUSP1 in attenuation of both acute inflammatory responses [41], and
cardiac remodeling associated with chronic elevation in blood pressure [42]. On the other
hand, decreased DUSP1 activity has been linked to a reduction of atherosclerosis and
atherosclerotic lesion development [43–45]. DUSP1 is also activated by intermittent
hypoxemia in OSA. This diversity of outcomes might depend on the severity and duration of
DUSP1 activation, polymorphisms which influence its activity, co-morbidities, unique
individual-specific phenotypes, or other factors regulating intracellular MAPK signaling.
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Conclusion
Intermittent hypoxemia during OSA elicits increases in DUSP1 expression, an effect that is
attenuated by treatment of OSA with CPAP. DUSP1 increases MnSOD, hence modulating
ROS, a likely key mediator of cardiovascular pathophysiology. We suggest that acute
increases in DUSP1 activity during apneic sleep in OSA patients might contribute to
attenuating the potential harmful effects of hypoxemia-reoxygenation, i.e. oxidative stress
and inflammation. DUSP1 activation in OSA may help explain the absence of overt
increases in oxidative stress in OSA patients [16–18, 23]. However, it is not known if
recurrent nightly increases of DUSP1 over a long duration, as in chronically untreated OSA,
may contribute to acceleration of atherosclerosis. The response of DUSP1 to intermittent
hypoxemia in OSA, as well as differential protective versus pathologic effects of DUSP1,
may be implicated in the development of cardiovascular complications in some but not all
OSA patients.
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Highlights

• Obstructive sleep apnea is associated with increased DUSP1 expression

• Treatment of sleep apnea with CPAP prevents overnight increases in DUSP1
expression

• Intermittent hypoxia induces DUSP1 expression

• Role of DUSP1 in increasing expression and activity of MnSOD

• Molecular insight into initiation and progression of cardiovascular diseases in
OSA
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Figure 1.
Effect of IH treatment in human coronary artery endothelial cells (HCAEC) and
granulocytes. (A) Confocal images showing increased expression and nuclear (blue)
localization of DUSP1 (red) in intermittent hypoxia treated HCEAC. (B) Representative
Western blot showing increased DUSP1 expression in cultured granulocytes after IH
treatment. (C) Representative Western blots showing increased expression of DUSP1 and
MnSOD in control-RNAi transfected cells after IH treatment. The cells transfected with
DUSP1 RNAi failed to show any increase in DUSP1 or MnSOD after IH treatment. (D)
Graphical representation of SOD activity in HCAEC cells from Control RNAi (light grey
bars) and DUSP1 RNAi (dark grey bars) treated cells after IH treatment. IH increased SOD
activity in control, however cells transfected with DUSP1 RNAi did not show any increase
in SOD activity after IH exposure. Data presented as mean ± SD of three independent
experiments. Statistical significance was determined by unpaired t-tests. †is P<0.05 N vs. IH
treatment in control-RNAi transfected cells. $ is P<0.005 control vs. DUSP1 RNAi
transfected cells in IH condition. N: Normoxia; IH: Intermittent hypoxia.
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Figure 2.
Effect of overnight IH on whole blood DUSP1 mRNA from control and OSA subjects. (A)
Graphical representation of whole blood DUSP1 mRNA before sleep (9:00 pm), after sleep
(6:00 am) and during day (11:00 am) in healthy controls (white bars; n=8) and OSA subjects
(black bars; n=8). Increased DUSP1 mRNA was seen in OSA subjects at 6:00 am after a
night of IH episodes (*is P≤ 0.05, 6:00 am vs. 9:00 pm OSA group; $ is P≤ 0.05, 6:00 am
control vs. OSA group). DUSP1 mRNA showed no differences over the three time points in
the control group. (B) Increases in early morning DUSP1 mRNA in OSA subjects is
attenuated by nCPAP treatment. The black bars represent OSA subjects without nCPAP
(n=4) and the grey bars represent OSA subjects with nCPAP treatment (n=4). No change in
DUSP1 mRNA was observed in OSA subjects with nCPAP treatment in all three time points
whereas patients naïve to treatment were characterized by evident DUSP1 mRNA increases
at 6:00 am (*is P≤0.05, 6:00 am vs. 9:00 pm OSA group without nCPAP treatment; $ is
P≤0.05, 6:00 am OSA group with vs. without nCPAP treatment). Data are presented as
mean ± SD. Statistical significance was determined by unpaired student t-test for direct
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comparisons between groups, and ANOVA with repeated measurements for time-related
assessment.
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Figure 3.
Effect of overnight IH on DUSP1 protein expression in white blood cells from control and
OSA subjects. Representative western blot and graph showing expression of DUSP1 protein
in (A) granulocytes and (B) lymphocytes from control (white bars, n=8) and OSA subject
(black bar, n=8) before sleep (9:00 pm), after sleep (6:00 am) and during day (11:00 am).
DUSP1 protein expression was increased only in OSA subjects after sleep (6:00 am) in both
granulocytes and lymphocytes. Statistical significance was determined by unpaired student
t-test *P < 0.05, 9.00 pm vs. 6.00 am OSA group; $ p<0.04, 6:00 am Control vs. OSA
group.
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Table 1

Anthropometrics and sleep profiles of study population.

Variable Controls (N=8) OSA (N=8) P value

Age (yrs) 36.5 ± 4.8 39.7 ± 10.8 NS

BMI (kg/m2) 30.0 ± 4.07 33.0 ± 3.7 NS

Baseline SpO2 96.9 ± 0.8 97.14 ± 1.06 NS

AHI (events/hr) 0.6 ± 0.7 47.9 ± 23.8 <0.0001

Mean nocturnal SpO2 96.0 ± 0.92 93.8 ± 1.86 0.01

Lowest nocturnal SpO2 90.16 ± 3.68 67.42 ± 19.07 0.005

% of sleep time with SpO2>90% 99.95 ± 0.07 91.62 ± 9.94 0.03

Arousal Index (events/hr) 15.87 ± 6.02 45.87 ± 15.52 <0.0001

Data presented as mean values ± SD. P-values for unpaired t-tests. BMI – body mass index; SpO2 – blood oxygen saturation; AHI – apnea/

hypopnea index.
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