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Abstract: Obstructive sleep apnea (OSA) is a disease with great cardiovascular risk. Interleukin-8
(IL-8), an important chemokine for monocyte chemotactic migration, was studied under intermittent
hypoxia condition and in OSA patients. Monocytic THP-1 cells were used to investigate the effect
of intermittent hypoxia on the regulation of IL-8 by an intermittent hypoxic culture system. The
secreted protein and mRNA levels were studied by means of enzyme-linked immunosorbent assay
and RT/real-time PCR. The chemotactic migration of monocytes toward a conditioned medium
containing IL-8 was performed by means of the transwell filter migration assay. Peripheral venous
blood was collected from 31 adult OSA patients and RNA was extracted from the monocytes for the
analysis of IL-8 expression. The result revealed that intermittent hypoxia enhanced the monocytic
THP-1 cells to actively express IL-8 at both the secreted protein and mRNA levels, which subsequently
increased the migration ability of monocytes toward IL-8. The ERK, PI3K and PKC pathways were
demonstrated to contribute to the activation of IL-8 expression by intermittent hypoxia. In addition,
increased monocytic IL-8 expression was found in OSA patients, with disease severity dependence
and diurnal changes. This study concluded the monocytic IL-8 gene expression can be activated by
intermittent hypoxia and increased in OSA patients.

Keywords: chemotaxis; interleukin 8; intermittent hypoxia; monocyte; obstructive sleep apnea

1. Introduction

Obstructive sleep apnea (OSA) is a highly prevalent clinical disease affecting more
than 10% of the adult population [1]. It is characterized by repetitive episodes of partial or
total upper airway obstruction during sleep, resulting in subsequent sleep fragmentation
and intermittent hypoxia [2]. Accumulating studies reveal that OSA is an independent risk
factor for hypertension and consequent cardiovascular morbidities, such as myocardial
infarction, heart failure, nocturnal dysrhythmias and pulmonary hypertension [3]. Cur-
rently, OSA can be treated by means of positive airway pressure therapy, oxygen therapy
and pharmacological therapy [4]. Surgical intervention should be considered in patients
who are noncompliant with the above treatments or in whom they fail [5]. Barbed suture
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pharyngoplasty, one of the updated surgical technique, has been shown to be effective in
OSA patients in controlling the autonomic function of the heart, demonstrating a decrease
in sympathetic activity after surgery significantly associated with surgical success and a
decrease in AHI (p = 0.033 and p = 0.001, respectively) [6,7].

Coronary heart disease, one of those sequelae of OSA, results from the accumulation
of atheromatous plaques in the walls of coronary arteries [8]. Some studies have shown
high prevalence of coronary heart disease among patients with OSA and vice versa [9,10].
Current evidence demonstrates the activation of inflammatory pathways in circulating
monocytes by intermittent hypoxia, the important characteristic of OSA, which is a critical
step that induces injury of the endothelium [11,12]. The adhesion and transmigration of
monocytes through the vascular endothelial layer are initiated by attraction by chemokines,
resulting in the development of atherosclerosis [13].

Interleukin-8 (IL-8) is a well-known chemoattractant response to the chemotaxis
of circulating leukocytes [14]. IL-8 can mediate the accumulation of macrophages in
atherosclerotic lesions [15]. One study reported that IL-8 is involved in the initial contact
of monocytes with the endothelium and another study reported that IL-8 is involved in
the adhesion of monocytes to the endothelium [16,17]. Although it has been known that
macrophages can produce IL-8, macrophages in the atherosclerotic lesions of mice robustly
express its receptor, CXCR2 [18]. The IL-8/CXCR2 pathway plays an important role in
the trafficking and accumulation of macrophages in the vessel wall, which was proven
by the reduced macrophage content of the atherosclerotic plaque in mice lacking CXCR2
compared with normal CXCR2 mice [18].

Although some literature sources have shown the increased circulating IL-8 levels
in OSA patients [19–21], there are still puzzles in understanding the possible source and
mechanism leading to this phenomenon. Furthermore, no currently published literature
has mentioned whether “intermittent hypoxia” can activate monocytes to express more IL-
8, which facilitates the subsequent formation of atherosclerosis. Therefore, we conducted
this study to evaluate the effect of intermittent hypoxia on monocytic IL-8 expression
and the related signal pathways involved in this regulation. We also examined the IL-8
expression in the monocytes isolated from OSA patients to investigate the diurnal changes
of the sleep apnea effect. We hypothesized that intermittent hypoxia could activate mono-
cytes to enhance IL-8 production which contributes to the increased plasma IL-8 level in
OSA patients.

2. Results
2.1. Intermittent Hypoxia Promoted the IL-8 Protein Production and mRNA Expression in the
Monocytic THP-1 Cells

Monocytic THP-1 cells were treated with normoxia or intermittent hypoxia for one,
three and six cycles. Results of the ELISA analysis comparing the secreted proteins isolated
from the culture medium of THP-1 cells with or without intermittent hypoxia revealed an
increase in the IL-8 protein level by intermittent hypoxia (Figure 1a). Besides that, as shown
in Figure 1b, intermittent hypoxia also increased the IL-8 mRNA expression in the mono-
cytic THP-1 cells. The increased expression of IL-8 at both the protein and mRNA levels in
monocytes was positively well-correlated with the cycle number of intermittent hypoxia.
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Figure 1. Intermittent hypoxia enhanced IL-8 protein secretion and gene expression in monocytes. THP-1 cells were treated 
with normoxia or intermittent hypoxia for one, three and six cycles as described in the Methods. (a) Secreted IL-8 protein 
was detected in the culture medium using the enzyme-linked immunosorbent assay. (b) RNA was isolated for the analysis 
of IL-8 gene expression by RT/real-time PCR. Note: The data are presented as the means and the standard errors of three 
independent experiments, * p < 0.05 vs. normoxia; † p < 0.05 vs. one IH cycle; ‡ p < 0.05 vs. three IH cycles. Abbreviations: 
IH = intermittent hypoxia; IL = interleukin. 

2.2. Increased IL-8 in the Conditioned Medium of the Intermittent Hypoxia-Treated Cells 
Promoted the Chemotactic Migration of Monocytes 

THP-1 cells were treated with normoxia or intermittent hypoxia for one, three and 
six cycles, and the culture medium was collected as the attractant for the following chem-
otactic migration assay. The chemotactic migration of the monocytic THP-1 cells toward 
the lower chamber which contained the conditioned medium of the intermittent hypoxia-
treated cells was analyzed by means of the transwell migration assay for 1 h. The number 
of the THP-1 cells that migrated through the transwell filter was significantly increased 
when the lower chamber contained the medium collected from the intermittent hypoxia-
treated cells, and this chemotactic effect was positively well-correlated with the number 
of IH cycles (Figure 2a,b). The IH-induced chemotactic migration described above was 
diminished when the conditioned medium was pretreated with the anti-IL-8 antibody 
(Figure 2a,b). 
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Figure 1. Intermittent hypoxia enhanced IL-8 protein secretion and gene expression in monocytes. THP-1 cells were treated
with normoxia or intermittent hypoxia for one, three and six cycles as described in the Methods. (a) Secreted IL-8 protein
was detected in the culture medium using the enzyme-linked immunosorbent assay. (b) RNA was isolated for the analysis
of IL-8 gene expression by RT/real-time PCR. Note: The data are presented as the means and the standard errors of three
independent experiments, * p < 0.05 vs. normoxia; † p < 0.05 vs. one IH cycle; ‡ p < 0.05 vs. three IH cycles. Abbreviations:
IH = intermittent hypoxia; IL = interleukin.

2.2. Increased IL-8 in the Conditioned Medium of the Intermittent Hypoxia-Treated Cells Promoted
the Chemotactic Migration of Monocytes

THP-1 cells were treated with normoxia or intermittent hypoxia for one, three and six
cycles, and the culture medium was collected as the attractant for the following chemotactic
migration assay. The chemotactic migration of the monocytic THP-1 cells toward the lower
chamber which contained the conditioned medium of the intermittent hypoxia-treated
cells was analyzed by means of the transwell migration assay for 1 h. The number of the
THP-1 cells that migrated through the transwell filter was significantly increased when the
lower chamber contained the medium collected from the intermittent hypoxia-treated cells,
and this chemotactic effect was positively well-correlated with the number of IH cycles
(Figure 2a,b). The IH-induced chemotactic migration described above was diminished
when the conditioned medium was pretreated with the anti-IL-8 antibody (Figure 2a,b).
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Figure 2. Intermittent hypoxia increased chemotaxis of monocytes with IL-8 dependence. THP-1 cells were treated with 
normoxia or intermittent hypoxia for one, three and six cycles, and the culture medium was collected as the attractant for 
the following chemotaxis process. Chemotaxis of the monocytic THP-1 cells toward IL-8 was analyzed by means of the 
transwell migration assay for 1 h toward the condition medium of the IH-treated THP-1 cells. (a,b) The number of THP-1 
cells that were attracted by IL-8 and migrated through the transwell filter was increased by intermittent hypoxia and 
diminished by the anti-IL-8 antibody-pretreated conditioned medium. A control experiment to exclude the pure IgG effect 
with an unspecific antibody “mouse IgG1, Kappa Monoclonal (NCG01)-Isotype Control-BSA and Azide Free” was con-
ducted, which showed no effect on the IL-8-induced migration. Note: The data were presented as the means and the 
standard errors from three independent experiments, * p < 0.05 vs. normoxia; † p < 0.05 vs. six IH cycles with anti-IL-8; ‡ p 
< 0.05 vs. one IH cycle; § p < 0.05 vs. three IH cycles. Abbreviations: IH = intermittent hypoxia; IL = interleukin. 

2.3. Intermittent Hypoxia Induced IL-8 Production through the ERK, PI3K, PKC and NF-κB 
Signal Pathways in the Monocytic THP-1 Cells 

We further examined the possible pathway involved in the upregulation of IL-8 pro-
duction in the monocytic THP-1 cells by intermittent hypoxia. Before the stimulation of 
intermittent hypoxia, the THP-1 cells were treated for one hour with PD98059, LY294002, 
bisindolylmaleimide I hydrochloride and Bay11-7082, specific for inhibiting the activation 
of ERK, PI3K, PKC and NF-κB, respectively. The results demonstrated that pretreatment 
with either 10 μM PD98059, 20 μM LY294002, 2 μM bisindolylmaleimide I hydrochloride 
or 5 μM Bay11-7082 significantly suppressed the induction of IL-8 induced by intermittent 
hypoxia (Figure 3). Pretreatment with PX-478, a specific inhibitor of HIF-1α, did not affect 
the induction of IL-8 by intermittent hypoxia in the THP-1 cells. 

Figure 2. Intermittent hypoxia increased chemotaxis of monocytes with IL-8 dependence. THP-1 cells were treated with
normoxia or intermittent hypoxia for one, three and six cycles, and the culture medium was collected as the attractant
for the following chemotaxis process. Chemotaxis of the monocytic THP-1 cells toward IL-8 was analyzed by means of
the transwell migration assay for 1 h toward the condition medium of the IH-treated THP-1 cells. (a,b) The number of
THP-1 cells that were attracted by IL-8 and migrated through the transwell filter was increased by intermittent hypoxia
and diminished by the anti-IL-8 antibody-pretreated conditioned medium. A control experiment to exclude the pure IgG
effect with an unspecific antibody “mouse IgG1, Kappa Monoclonal (NCG01)-Isotype Control-BSA and Azide Free” was
conducted, which showed no effect on the IL-8-induced migration. Note: The data were presented as the means and the
standard errors from three independent experiments, * p < 0.05 vs. normoxia; † p < 0.05 vs. six IH cycles with anti-IL-8;
‡ p < 0.05 vs. one IH cycle; § p < 0.05 vs. three IH cycles. Abbreviations: IH = intermittent hypoxia; IL = interleukin.

2.3. Intermittent Hypoxia Induced IL-8 Production through the ERK, PI3K, PKC and NF-κB
Signal Pathways in the Monocytic THP-1 Cells

We further examined the possible pathway involved in the upregulation of IL-8
production in the monocytic THP-1 cells by intermittent hypoxia. Before the stimulation of
intermittent hypoxia, the THP-1 cells were treated for one hour with PD98059, LY294002,
bisindolylmaleimide I hydrochloride and Bay11-7082, specific for inhibiting the activation
of ERK, PI3K, PKC and NF-κB, respectively. The results demonstrated that pretreatment
with either 10 µM PD98059, 20 µM LY294002, 2 µM bisindolylmaleimide I hydrochloride
or 5 µM Bay11-7082 significantly suppressed the induction of IL-8 induced by intermittent
hypoxia (Figure 3). Pretreatment with PX-478, a specific inhibitor of HIF-1α, did not affect
the induction of IL-8 by intermittent hypoxia in the THP-1 cells.
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Figure 3. Intermittent hypoxia induced activation of the ERK, PI3K, PKC and NF-κB signal pathways in the THP-1 cells. 
The THP-1 cells were treated with normoxia or six cycles of intermittent hypoxia and the culture medium was collected 
for the enzyme-linked immunosorbent assay. PD98059, LY294002, bisindolylmaleimide I hydrochloride, Bay11-7082 and 
PX-478, inhibitors specific for the ERK, PI3K, PKC, NF-κB and HIF-1α pathways, respectively, were then used to pretreat 
the monocytic THP-1 cells one hour before the condition of intermittent hypoxia. The results demonstrated that pretreat-
ment with either 10 μM PD98059, 20 μM LY294002, 2 μM bisindolylmaleimide I hydrochloride and 5 μM Bay11-7082 
diminished the IL-8 production induced by intermittent hypoxia. Note: The data were presented as the means and the 
standard errors from three independent experiments, * p < 0.05 vs. normoxia; † p < 0.05 vs. six IH cycles; ‡ p < 0.05 vs. six 
IH cycles + PX 10 μM. Abbreviations: BAY = Bay11-7082; BH = bisindolylmaleimide I hydrochloride; IH = intermittent 
hypoxia; IL = interleukin; LY = LY294002; PD = PD98059; PX = PX-478. 

2.4. Increase in the Plasma IL-8 Level and Monocytic IL-8 mRNA Expression after One Night's 
Sleep in OSA Patients 

The demographic data of the thirty-one recruited patients are shown in Table 1. 
Blood was collected before and after the night PSG study, then submitted for monocyte 
isolation. The plasma IL-8 levels in the patients are shown in Figure 4a. The difference 
(ΔIL-8) in the plasma IL-8 levels before and after one night’s sleep showed a significant 
correlation with the severity of OSA (p = 0.003, r = 0.520) (Figure 4b). The monocytes’ IL-8 
mRNA expression was also found to be increased along the severity of the OSA patients’ 
condition (Figure 4c) with statistical significance comparing the expression before and af-
ter one night’s sleep, p = 0.044 (Figure 4d). 
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Age, years 44.3 ± 4.8 
BMI, kg/m2 26.9 ± 2.5 

AHI, events/hour 42.8 ± 10.5 
Sleep efficiency, % 71.2 ± 5.9 
ODI, events/hour 39.6 ± 6.7 
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Time with SpO2 < 85%, minutes 12.9 ± 9.8 
Note: The data were presented as the means and the standard errors. Abbreviations: BMI = body 
mass index; AHI = apnea–hypopnea index; ODI = 3% oxygen desaturation index; SpO2 = oxygen 
saturation. 

Figure 3. Intermittent hypoxia induced activation of the ERK, PI3K, PKC and NF-κB signal pathways in the THP-1 cells.
The THP-1 cells were treated with normoxia or six cycles of intermittent hypoxia and the culture medium was collected
for the enzyme-linked immunosorbent assay. PD98059, LY294002, bisindolylmaleimide I hydrochloride, Bay11-7082 and
PX-478, inhibitors specific for the ERK, PI3K, PKC, NF-κB and HIF-1α pathways, respectively, were then used to pretreat the
monocytic THP-1 cells one hour before the condition of intermittent hypoxia. The results demonstrated that pretreatment
with either 10 µM PD98059, 20 µM LY294002, 2 µM bisindolylmaleimide I hydrochloride and 5 µM Bay11-7082 diminished
the IL-8 production induced by intermittent hypoxia. Note: The data were presented as the means and the standard
errors from three independent experiments, * p < 0.05 vs. normoxia; † p < 0.05 vs. six IH cycles; ‡ p < 0.05 vs. six IH
cycles + PX 10 µM. Abbreviations: BAY = Bay11-7082; BH = bisindolylmaleimide I hydrochloride; IH = intermittent hypoxia;
IL = interleukin; LY = LY294002; PD = PD98059; PX = PX-478.

2.4. Increase in the Plasma IL-8 Level and Monocytic IL-8 mRNA Expression after One Night’s
Sleep in OSA Patients

The demographic data of the thirty-one recruited patients are shown in Table 1. Blood
was collected before and after the night PSG study, then submitted for monocyte isolation.
The plasma IL-8 levels in the patients are shown in Figure 4a. The difference (∆IL-8) in the
plasma IL-8 levels before and after one night’s sleep showed a significant correlation with
the severity of OSA (p = 0.003, r = 0.520) (Figure 4b). The monocytes’ IL-8 mRNA expression
was also found to be increased along the severity of the OSA patients’ condition (Figure 4c)
with statistical significance comparing the expression before and after one night’s sleep,
p = 0.044 (Figure 4d).

Table 1. Demographic data and polysomnography parameters of the enrolled OSA patients.

Number of subjects (male) 31 (25)
Age, years 44.3 ± 4.8

BMI, kg/m2 26.9 ± 2.5
AHI, events/h 42.8 ± 10.5

Sleep efficiency, % 71.2 ± 5.9
ODI, events/h 39.6 ± 6.7
Mean SpO2, % 88.4 ± 5.2

Lowest SpO2, % 75.1 ± 8.8
Time with SpO2 < 85%, minutes 12.9 ± 9.8

Note: The data were presented as the means and the standard errors. Abbreviations: BMI = body mass index;
AHI = apnea–hypopnea index; ODI = 3% oxygen desaturation index; SpO2 = oxygen saturation.
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Figure 4. IL-8 expression significantly increased in the plasma and the monocytes of the OSA patients. Plasma was collected
before and after the night PSG study, then submitted for monocyte isolation. (a) The levels of plasma IL-8 from each
patient before and after the PSG study. (b) The difference in the plasma IL-8 levels before and after one night’s sleep
was presented with ∆IL-8 which showed significant correlation with the severity of OSA (p = 0.003, r = 0.520). (c) The
monocytes IL-8 mRNA expression was also found to be increased along the severity of the OSA patients’ condition. (d) The
expression of the monocytes’ IL-8 mRNA was elevated with statistical significance comparing the expression before and
after one night’s sleep (p = 0.044). Note: The data were presented as the means and the standard errors. Abbreviations:
AHI = apnea–hypopnea index; IL = interleukin.

3. Discussion

In this study, we demonstrated that intermittent hypoxia can upregulate the expression
of IL-8 in monocytic THP-1 cells at both the secreted protein and mRNA levels, which
subsequently increases the chemotactic migration of monocytic THP-1 cells. Besides, the
ERK, PI3K, PKC and NF-κB pathways were revealed to contribute to the activation of
monocytic THP-1 cells induced by intermittent hypoxia. Furthermore, monocytic IL-8
expression at both the protein and mRNA levels in OSA patients were increased overnight
and positively correlated well with disease severity.
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IL-8 has been considered to be a chemoattractant for neutrophils, which are cells that
actively participate in the first line of defense in the immune system [22]. Nevertheless, IL-8
has also been documented to be responsible for the attraction, adhesion and migration of
monocytes and mediate the accumulation of macrophages in atherosclerotic lesions [15,23].
By cooperation with other chemokines, IL-8 was reported to be involved in the initial
contact of monocytes with the endothelium and MCP-1 participated in transmigration,
whereas both MCP-1 and IL-8 are involved in the adhesion of monocytes to the endothe-
lium [16,17]. Although some literature sources have demonstrated the increased circulating
IL-8 levels in OSA patients [17–19], one study published by Kim et al. showed that the
serum concentrations of IL-8 did not differ between the OSA patients and the normal
controls while the plasma MCP-1 and adiponectin levels differed between the OSA patients
and the normal controls [24]. In our study, we demonstrated the increase in the plasma IL-8
levels and mRNA expression in monocytes of OSA patients. Together with our previous
finding that MCP-1 expression is significantly higher in OSA patients [25], the increase in
IL-8 could synergistically enhances the chemotactic migration and adhesion of monocytes
to vascular endothelial cells.

Although the increased circulating IL-8 levels in OSA patients were documented
in some literature sources [19–21], the possible pathophysiologic mechanism related to
intermittent hypoxia has not been proven yet [26,27]. One study demonstrated the levels of
proinflammatory cytokines IL-8 secreted from human aortic endothelial cells was elevated
under the intermittent hypoxia condition [28]. Another study showed the increase in
inflammatory signals including IL-8 in lymphocytes from intermittent hypoxia-exposed
rats [29]. A recent study revealed enhanced IL-8 production in mononuclear cells in young
children with severe obstructive sleep apnea which was speculated to be associated with
sleep-related chronic intermittent hypoxia [30]. Our study is the first one to demonstrate
that in vitro intermittent hypoxia can promote the IL-8 expression in monocytes at both the
secreted protein and mRNA levels. The pro-atherosclerotic effect of intermittent hypoxia
was also investigated in terms of modulating the IL-8-induced chemotactic migration of
monocytes. In addition, we further examined the changes of monocytic IL-8 expression in
OSA patients and found that apnea events occurring during overnight sleep can enhance
the expression of IL-8 in monocytes.

The activation of IL-8 gene expression in monocytes has been reported to be dependent
on the regulation of signal pathways including ERK and PI3K [31]. Pretreatment with
PD98059 and LY294002 to inhibit ERK and PI3K in monocytes decreased the IL-8 gene
expression induced by different stimulators [31,32]. The IL-8 production was also proved
to be regulated by PKC in human keratinocytes, synovial fibroblasts and breast cancer
cells [33–35]. However, the regulatory pathway of monocytic IL-8 gene expression under
intermittent hypoxia conditions has not been investigated. In our study, pretreatment with
PD98059, LY294002 and bisindolylmaleimide I hydrochloride which inhibit the ERK, PI3K
and PKC pathways, respectively, suppressed the monocytic IL-8 expression induced by
intermittent hypoxia. The results demonstrated the activation of ERK, PI3K and PKC was
required for the increased IL-8 expression in monocytes induced by intermittent hypoxia.

Our study also showed that Bay11-7082, an NF-κB inhibitor, can significantly reduce
the IH-induced IL-8 elevation, which means the activation of NF-κB is required for the IH-
induced IL-8 upregulation. Together with the activation of ERK, it suggests that oxidative
stress in monocytes is likely involved in this mechanism [36]. The syndrome of obstructive
sleep apnea during hypopnea/apnea events, poor alveolar ventilation reduce the oxygen
saturation in arterial blood and lead to a consequent oxidative imbalance as a result of
intermittent hypoxia, with production of reactive oxygen species, the factors of tumor
necrosis, inflammatory cytokines (IL-2, IL-4, IL-6), lipid peroxidation and cell-free DNA.
Such molecules could act as severity biomarkers [37]. An oxidative/reductive imbalance
was noted in the uvula mucosa of individuals with OSA and the total antioxidant status of
the uvula mucosa suppressed in the uvular mucosa is associated with the onset of OSA [38].
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Hypoxia indicator HIF-1α is known to play an important role in hypoxia response [39].
However, the pretreatment of the THP-1 cells with PX-478, a specific HIF-1α inhibitor, did
not interfere with the increase in IL-8 under IH condition. A previous study demonstrated
selective activation of inflammatory overadaptive pathways in the intermittent hypoxia
condition and OSA [40]. They found in vitro intermittent hypoxia selectively activates NF-
κB-dependent transcription, but not that hypoxia activates HIF-1α-dependent transcription.
This finding might explain the results of a recently published study of OSA patients. Serum
HIF-1α protein levels remained chronically upregulated through sustained hypoxia, but
had no difference between the evening and the morning values through intermittent
hypoxia [41]. The same reason can be applied to the fact that one-night CPAP treatment
cannot decrease the elevated serum HIF-1-alpha levels but long-term, e.g., 2-month-long,
CPAP treatment can significantly decrease the elevated serum HIF-1-alpha levels [42,43].

The severity-dependent increased IL-8 gene expression in monocytes of OSA patients
was confirmed in this study. More importantly, we spent effort on collecting and purifying
the monocytes immediately from fresh blood before and after PSG which lead us to find
out that one night’s sleep with intermittent hypoxia can result in the upregulation of IL-8
production in monocytes. We also established a well-controlled chamber for culturing cells
under the intermittent hypoxia condition and the IH setting could successfully induce
the IL-8 gene expression in monocytes which nicely mimics the in vivo condition. By
using this in vitro cell model, one can directly study the potential effect of intermittent
hypoxia on cells and the underlying mechanism. However, some limitations still need
to be mentioned in this study. The relatively small OSA case numbers in our study were
due to the stringent inclusion criteria. The possible confounders, such as ischemic heart
disease and other inflammatory disease, that could influence the IL-8 expression were
excluded during enrollment. In addition, the lack of the normal controls comparing to
the OSA patients was due to the fact that individuals with relatively high BMI tend to
have some respiratory events during sleep. As we know, sleep-disordered breathing is a
spectrum of disorders, from simple snoring and upper airway resistance to obstructive
sleep apnea [44]. Even in the mildest form of simple snoring, intermittent hypoxia did
happen and lead to subsequent sequelae [45]. Our study, although without perfect normal
controls, still confirmed the positive linear regression between the elevated plasma IL-8
levels, monocytic IL-8 expression and severity of OSA.

In conclusion, this study for the first time demonstrates that intermittent hypoxia
can enhance the IL-8 gene expression, protein secretion and the subsequent chemotactic
migration ability of monocytes. The ERK, PI3K, PKC and NF-κB signaling pathways are
documented to be involved in the IL-8 expression of monocytes upregulated by intermittent
hypoxia. Furthermore, monocytic IL-8 expression in the OSA patients was found to be
elevated after one night’s sleep and positively dependent on disease severity. These findings
point out the important role of IL-8 which is responsible for the increased chemotactic
migration of monocytes under the intermittent hypoxia condition. It is possible that
blocking the IL-8 function with antagonists to reduce the intermittent hypoxia-induced
chemotactic migration of monocytes, an early inflammatory process of atherosclerosis,
could be one potential strategy to reduce the progression of atherosclerosis in patients
with OSA.

4. Materials and Methods
4.1. Materials

The monoclonal antibody against IL-8 was obtained from Epitomics Inc. (Burlingame,
CA, USA). Recombinant IL-8 was purchased from R&D Systems Inc. (Minneapolis, MO,
USA). PI3K inhibitor LY294002 and ERK inhibitor PD98059 were purchased from SIGMA
Inc. (Marlborough, MO, USA). PKC inhibitor bisindolylmaleimide I hydrochloride was
purchased from SIGMA Inc. (Marlborough, MO, USA). NF-κB inhibitor Bay11-7082 was
purchased from SIGMA Inc. (Marlborough, MO, USA), and HIF-1 inhibitor PX-478 was
purchased from Cayman Chemical Co. (Jamestown, MI, USA). The unspecific antibody for
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the control experiment, mouse IgG1, Kappa Monoclonal (NCG01)-Isotype Control-BSA
and Azide Free, was purchased from Abcam PLC. (Cambridge, UK).

4.2. Monocyte Culture

THP-1, the human monocytic leukemia cell line, was obtained from ATCC (Taiwan).
The THP-1 cells were grown in the suspension culture of the RPMI 1640 medium supple-
mented with antibiotics and 10% fetal bovine serum. The cells were grown at 37 ◦C in a
humidified atmosphere with 5% CO2/95% air and subcultured by diluting the medium
with a fresh growth medium in a 1:4 ratio.

4.3. Intermittent Hypoxia Culture Conditions

Monocytic THP-1 cells (1 × 106 cells/mL) were resuspended in a 5 cm culture dish
containing 5 mL RPMI 1640 medium. The condition of intermittent hypoxia was per-
formed in a customized gas flow chamber modified from the Hypo-Hyper Oxygen System,
NexBioxy Inc. (Hsinchu County, Taiwan). As described previously [46], the monocytic
THP-1 cells were placed in either condition of normoxia (21% O2 with 5% CO2 and balance
with N2) or intermittent hypoxia (35 min of hypoxia (0.1% O2 with 5% CO2 and balance
with N2) followed by 25 min of returned normoxia (21% O2 with 5% CO2 and balance
with N2) for one cycle) for up to six cycles. The cells in the intermittent hypoxia chamber
were then maintained in a standard incubator (21% O2 with 5% CO2 and balance with N2),
Thermo Inc. (Waltham, OH, USA), at 37 ◦C for another 18 h before the following analysis.

4.4. RNA Extraction and RT/Real-Time PCR

As described previously [25], total cellular RNA was isolated by means of lysis in
a guanidinium isothiocyanate buffer, followed by a single step of phenol–chloroform–
isoamyl alcohol extraction. The cDNA was synthesized from total RNA using the M-MLV
reverse transcriptase, USB Corporation (Cleveland, OH, USA). The PCR primers used were
as follows: GAPDH forward primer 5′-GACCTGACCTGCCGTCTA-3′ and reverse primer
5′-AGGAGTGGGTGTCGCTGT-3′ and IL-8 forward primer 5′-GCTGTGTTTGCGTCTCTC-
CCAGGA-3′ and IL-8 reverse primer 5′-CTCACAGCCCTGTGCCTCTTCTTC-3′. Quantita-
tive real-time PCR was performed with the universal cycling conditions (15 min at 95 ◦C,
followed by 40 cycles of 30 s at 95 ◦C, 1 min at 55 ◦C and 30 s at 72 ◦C). The cycle threshold
(CT) values were determined by means of automated threshold analysis with the Mx-Pro
Mx3005P v4.00 software, Agilent Tech. (Santa Clara, CA, USA).

4.5. Enzyme-Linked Immunosorbent Assay (ELISA)

The levels of IL-8 in the plasma and the culture medium were determined using the
ELISA kits obtained from R&D System, Inc. (Minneapolis, MO, USA). A 96-well microplate
was coated with the diluted capture antibody overnight at room temperature. After
washing, the microplate was blocked with 300 µL of a reagent diluent for 1 h. The samples
and the standards, after dilution with the diluent reagent, were added to the microplate
and incubated for 2 h. After washing, 100 µL of the detection antibody was added and
incubated for 2 h. Thereafter, 100 µL of streptavidin–HRP (horseradish peroxidase) was
added and incubated for 20 min. Then, 100 µL of the substrate solution were added and
incubated for 20 min. The final reaction was stopped by adding 50 µL stop solution. Using
a microplate reader, the concentration of IL-8 was determined by absorbance at 450 nm.

4.6. Cell Migration Assay

Microporous membrane transwell inserts (8 µm pore size, Costar, Washington, DC,
USA) were used for the chemotaxis assay; 2 × 105 THP-1 cells in 200 µL RPMI were added
to the upper chamber and the lower chamber containing the conditioned medium obtained
from the THP-1 cell cultures after different cycles of intermittent hypoxia as attractants.
The cells were allowed to migrate for 1 h and the nonmigratory cells were removed before
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the membrane was mounted. The number of migratory cells was revealed by Liu’s stain
and counted under a microscope as described previously [25].

4.7. Clinical Patients

In this study, 60 adult (>20 years old) patients, under the suspicion of possible OSA,
were included from our sleep center initially. The sample size was calculated based on
the changes of IL-8 in OSA patients from the published literature [20]. We used G*power
(Version 3.1.9.7 for Windows) with the setting for power = 0.8, two-tailed alpha error = 0.05
and the calculated effect size = 0.518 (mean H0 = 3.124, mean H1 = 5.308 and SD = 4.216
from [20]) and obtained the total sample size of 32 subjects. We estimated the sample size
missing rate at 40%, therefore, we needed at least 54 subjects enrolled in this study. The
exclusion criteria included recent (<1 month) or chronic significant infectious or inflamma-
tory condition, including trauma, invasive medical/surgical/dental procedure; coexistence
of ischemic heart disease, hypertension, diabetes, hyperlipidemia, cerebrovascular disease,
liver disease or renal disease; recent use (<1 month) of antibiotics or anti-inflammatory
drugs. Finally, 31 patients underwent the study protocols. The flow chart of our patients’
selection and study protocol is shown in Figure 5. The Institutional Review Board of Chang
Gung Memorial Hospital (Nos. 104-9739B and 201601727A3) approved this study, and
written informed consent was obtained from every participant before the study.
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4.8. Polysomnography

All the patients were examined by means of standard in-laboratory overnight
polysomnography (PSG) with Embla N7000 (Medcare, Reykjavik, Iceland). The vari-
ables recorded were four channels of the electroencephalogram (C3/A2, C4/A1, O1/A2,
O2/A1); bilateral electrooculogram; chin, left and right anterior tibial electromyogram;
electrocardiogram; airflow (measured by flow sensors and thermistors); chest and abdomi-
nal wall movement (measured by inductive plethysmographic bands); snoring (measured
using a neck microphone); and arterial oxygen saturation (SpO2) (measured by finger
pulse oximetry). All the measurements were collected in a computerized sleep system with
Somnologica Studio 3.0 (Medcare, Reykjavik, Iceland). Apnea was defined as cessation of
airflow for at least 10 s, and hypopnea was defined as an abnormal respiratory event with
at least a 30% reduction in airflow (relative to the baseline) for at least 10 s, with at least
3% oxygen desaturation and/or arousal. The apnea–hypopnea index (AHI) is the number
of events of apnea plus hypopnea per hour of total sleep time. The oxygen desaturation
index (ODI) was the number of times per hour during sleep that the blood oxygen level
dropped by 3% or more from the baseline [47].
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4.9. Blood Sampling and Monocyte Isolation

Peripheral venous blood (20 mL) was sampled at 10 pm, just before the PSG study,
and at 6 am the next morning when the patients woke up after PSG was finished, in
supine position under the fasting condition. Tubes rinsed with heparin were used to collect
peripheral blood samples and centrifugation at 3000× g rpm was immediately carried out
for 20 min and the plasma was used for the analysis of secreted IL-8. Mononuclear cells in
the blood cells were then isolated by means of Ficoll–Hypaque centrifugation and CD14+
monocytes were enriched by using an autoMACS magnetic cell sorting system (Miltenyi
Biotec, Bergisch Gladbach, Germany) as described previously [48].

4.10. Statistical Analysis

A t-test was used to compare the mean value of the IL-8 protein or gene expression
between the two groups, such as different cycles of intermittent hypoxia or diurnal changes.
Linear regression was used to test the relationship between the IL-8 protein or gene expres-
sion and the AHI, to see the changes in IL-8 expression with the severity of OSA. All the
statistical tests were performed with the use of the SPSS software (SPSS Institute, Chicago,
IL, USA). A p-value of 0.05 or less was considered to indicate statistical significance, and all
the data were expressed as the means ± SEM.
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