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BACKGROUND: This study aimed to develop an overlap syndrome rat model with intermittent
hypoxia (IH) exposure as seen in obstructive sleep apnea, on a base of preexisting emphysema
caused by 16 wk of smoke exposure to determine whether IH and emphysema existing simultane-
ously play overlapped roles on systematic/endothelial inflammation and endothelial damage.
METHODS: Sixty male Wistar rats were divided into 4 groups of 15 each, labeled according to
exposure conditions as control, IH, emphysema, and overlap groups. In these animals, electroen-
cephalogram monitoring and preliminary experiments to obtain arterial blood gas values were
performed. Serum concentrations of tumor necrosis factor (TNF)-� and interleukin (IL)-6, TNF-�
and IL-6 concentrations in the culture medium, Ras homology A mRNA expression levels of
endothelial cells from right common carotid artery, and ratio of carotid intima-media thickness of
whole thickness of vascular wall expressed in percent (C-IMT) (%) values were evaluated. Subse-
quently, circulating endothelial progenitor cells (EPCs) within rat peripheral blood and bone mar-
row were measured with flow cytometry. RESULTS: The serum and endothelial concentrations of
TNF-� and IL-6 and the levels of endothelial Ras homology A mRNA have statistically significant
results described as overlap > emphysema > IH > control. The levels of EPCs in rat peripheral
blood and bone marrow have statistically significant results described as overlap > IH > emphy-
sema > control. C-IMT (%) values from right common carotid artery are the highest in the overlap
group and the lowest in the control group. There is no statistical difference when comparing the IH
and the emphysema groups. CONCLUSIONS: Regardless of whether IH and emphysema exposure
are mechanistically synergistic, this overlap elicits a more severe systematic/endothelial inflammation
and endothelial damage; meanwhile, a robust mobilization of EPCs is demonstrated, which is not to
mean a robust adherent and repairing capability. Key words: intermittent hypoxia; emphysema; inflam-
mation; endothelial dysfunction; endothelial progenitor cell. [RespirCare2015;60(2):279–289.© 2015Daeda-
lus Enterprises]

Introduction

Obstructive sleep apnea (OSA) and COPD are 2 of the
most prevalent chronic respiratory disorders. COPD oc-
curs in �10–20% of patients with OSA,1 whereas there is

considerable controversy regarding the prevalence of OSA
in patients with COPD, with reported values ranging up to
approximately 15% of COPD patients.2 The coexistence
of OSA and COPD is referred to as the respiratory overlap
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syndrome (OS).3 Epidemiologic studies show a prevalence
of OS of approximately 1% in adult males, but the coex-
istence of asymptomatic COPD and OSA is probably much
higher.4 COPD includes 2 major subtypes, chronic bron-
chitis and emphysema. The emphysema subtype, compos-
ing most of the pathophysiologic components of COPD,
seems to present more obvious systemic inflammation,
suggesting that it may be more prone to systemic conse-
quences of COPD compared with subtypes without em-
physema. Because of simultaneous occurrence, it is very
difficult to differentiate the effects of its 2 main pathologic
traits, which are intermittent hypoxia (IH) and sleep frag-
mentation, in clinical and bench studies of OSA. Many
OSA studies utilize IH, a major initiator of OSA inflam-
matory pathways, as the only exposure factor. These ap-
proaches simplify the research process and attain most of
the academic goals.5-9

Cardiovascular diseases represent a major comorbidity
in each disorder of OS. Both COPD and OSA are associ-
ated with increased activation of many inflammatory cells
and molecular mechanisms associated with atherosclero-
sis, which provide basic mechanisms to support the clin-
ical and epidemiological data demonstrating COPD and
OSA as independent risk factors for cardiovascular dis-
eases.10 Endothelial dysfunction from systemic and endo-
thelial inflammation develops at early stages involving
tumor necrosis factor-� (TNF-�) and interleukin-6 (IL-6).
This process promotes rolling and adherence of leukocytes
to the endothelium. Assisted by endothelial cell Ras ho-
mology A (RhoA),11 monocytes and T cells penetrate the
vascular wall, where monocytes transform into macro-
phages and ingest oxidized lipids to form foam cells, which
is a key process of early atherosclerosis and subsequent
cardiovascular diseases.10 Circulating endothelial progen-
itor cells (EPCs), which are thought to originate from my-
eloid pluripotent stem cells, after being mobilized from
bone marrow into circulating blood, provide an endoge-
nous repair mechanism to counteract ongoing endothelial
cell injury, replace dysfunctional endothelium, and enhance
tissue repair after ischemic vascular injury.12

OSA and COPD are associated with systemic and en-
dothelial inflammation, and both are independent risk fac-
tors for the development of cardiovascular disease.13 Thus,
the question of whether having OSA or COPD simultane-
ously plays overlapped roles on systematic/endothelial in-
flammation and endothelial dysfunction is an interesting

one.14 To shine some insight on that point, in this study, an
OS rat model was developed with IH exposure in addition
to preexisting emphysema caused by 16 wk of smoke ex-
posure. In different rat groups, systemic inflammation, en-
dothelial inflammation, endothelial RhoA mRNA, and the
ratio of carotid intima-media thickness to whole thickness
of the vascular wall (C-IMT) were evaluated. Next, EPCs
within rat bone marrow and peripheral blood, a reservoir
of cells that could be home to sites of injury and restore
endothelial integrity or normal function,15 were measured
to assess the repairing competence after potential inflam-
matory damage.

Methods

Overall Rat Model Experimental Protocol

The overall rat model experimental protocol (overlap
exposure) was IH exposure in addition to preexisting em-
physema, which was caused by 16 wk of smoke exposure
followed by the bench studies on these animals. To min-
imize the suffering of animals during the experiment and
maximize the information from our animal study, we de-
signed, analyzed, and reported this research referring to
the ARRIVE Guidelines.16,17 Nine 9 AM to 5 PM is the
sleeping time for Wistar rats, which were used in our
study. According to our previous studies,7,8 hypoxia treat-
ment from 9 AM to 5 PM in mild to moderate severity will
not stress Wistar rats, and cigarette smoke exposure is not
uncomfortable for rats. The institutional review board of
Tianjin Medical University General Hospital approved the
ethical and methodological aspects of the investigation
(approval EA-20120002.). Sixty male Wistar rats weigh-
ing �120–150 g at 4 wk of age (provided by the Model
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QUICK LOOK

Current knowledge

COPD and obstructive sleep apnea co-exist in 15–20%
of patients. The impact of intermittent hypoxia (IH)
associated with sleep apnea on systemic inflammation
and progression of disease is difficult to study in hu-
mans and is not well described.

What this paper contributes to our knowledge

In a rat model, regardless of whether the IH and em-
physema exposure are mechanistically synergistic, this
overlap elicits a more severe systematic/endothelial in-
flammation and endothelial damage. Mobilization of
circulating endothelial progenitor cells was seen, which
may explain pulmonary vascular changes in this
population.
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Animal Center, Radiological Medicine Research Institute,
Chinese Academy of Medical Science, Tianjin, People’s
Republic of China; license SCXK Tianjin 2010-0002) were
divided into 4 groups of 15 each according to exposure
conditions as follows: (1) control group (n � 15), sham
smoke exposure and sham IH exposure; (2) IH group
(n � 15), sham smoke exposure and true IH exposure; (3)
emphysema group (n � 15), true smoke exposure and
sham IH exposure; and (4) overlap group (n � 15), true
smoke exposure and true IH exposure.

Animal Cigarette Smoke Exposure

Animals were housed in standard laboratory cages (5
per cage) and allowed food and water ad libitum. We used
a cigarette smoke exposure device similar to those used in
our previous studies.7,8

Animal IH Exposure

Model rats were exposed to IH for 4 wk, from 9 AM to
5 PM daily, from the start of wk 13 of cigarette smoke
exposure; meanwhile, cigarette smoke exposure was con-
tinued for model rats. This means that rats were exposed to
smoke exposure and IH simultaneously from the start of
wk 13 to the end of wk 16 (4 wk). We used an IH exposure
device similar to those used in our previous studies.6,8

Briefly, a gas control delivery system was designed to
regulate the flow (5 L/min) of nitrogen (N2, IH phase) or
clean air (air, normoxia phase) alternatively into a custom-
ized IH housing chamber (23 cm � 20 cm � 12 cm �
5,520 cm3 � 5.5 L) to maintain a designated IH or nor-
moxia environment. A series of programmable solenoids
and flow regulators altered the fractional concentration of
inspired oxygen that controlled the durations of hypoxia
(30 s) or normoxia phase (90 s) and produced 30 cycles of
alternations/h, and the nadir oxygen concentration in the
IH housing chamber was approximately 5%. O2 and CO2

concentration analyzers (Hamilton, Bonaduz, Switzerland)
were used to monitor the environment in the housing cham-
ber for rats. The sham IH exposure rats were exposed to a
sham environment; otherwise, conditions were the same
except that the nitrogen source was changed to a clean air
source.

Animal Electroencephalogram Monitoring and
Preliminary Experiments to Obtain Arterial Blood
Gas Values

One week before the experimental exposure, 5 rats were
selected randomly from each group. Two stainless steel
screws attached to insulated wires were implanted in the
skull of each rat (from bregma: anteroposterior, �2 mm,
mediolateral, �2 mm; and anteroposterior, �3 mm, me-

diolateral, �2 mm) to record electroencephalogram.18 For
electrophysiological recording, a lightweight shielded ca-
ble was connected to the plug on the rats’ heads, allowing
free movement of the rats within the cage. The signals
were routed to an electroencephalograph (Nicolet Bravo,
Natus Medical, San Carlos, California) so that sleep stages
could be monitored conveniently and continuously.

Two days before the end of exposure period (end of wk
16 – 2 d), these rats with wires were cannulated to obtain
arterial blood gas (ABG) data with the method used in our
previous studies.7 Briefly, after light anesthetization (10%
chloral hydrate, 0.1 mL/100 g body weight intraperitone-
ally), the right femoral artery of selected rats was cannu-
lated to obtain blood samples for ABG testing at any time
as necessary. At the end of treatment (end of wk 16),
arterial blood samples (0.7 mL each) were drawn under the
following conditions:

1. Slow wave sleep period in the control group with
clean air exposure

2. Slow wave sleep period in the emphysema group with
clean air exposure

3. Nadir partial oxygen pressure (PaO2
) point during hyp-

oxia phase of slow wave sleep period in the IH group with
IH exposure

4. Zenith PaO2
point during normoxia phase of slow

wave sleep period in the IH group with IH exposure
5. Nadir PaO2

point during hypoxia phase of slow wave
sleep period in the overlap group with IH exposure

6. Zenith PaO2
point during normoxia phase of slow

wave sleep period in the overlap group with IH exposure
For each blood sample collected, ABG analysis included

measurements of PaO2
, partial carbon dioxide pressure

(PaCO2
), arterial oxygen saturation, and pH value.

Anesthetization and Blood Collection

At the end of exposure, for the other 10 rats of each
group, animals were anesthetized intraperitoneally with
10% chloral hydrate at a dose of 0.3 mL/100 g of body
weight. Rats were killed by carbon dioxide inhalation and
exsanguination. During the operation, the body was fixed
on the operation table in supine position, and temperature
was maintained at 37°C with a heat lamp or a heating pad
as required. Blood (approximately 8–10 mL/rat) was col-
lected (exsanguination) from the caudal vena cava into a
10-mL syringe containing 200 �L of 10% weight/volume
disodium ethylenediaminetetraacetic acid (VWR Scientific
Products, West Chester, Pennsylvania). Syringes were
rocked at room temperature until processed (� 1 h).7

TNF-� and IL-6 Concentrations in Rat Peripheral
Blood

TNF-� and IL-6 protein levels in 2 mL of ethylenedi-
aminetetraacetic acid-treated rat peripheral bloodweremea-
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sured with an enzyme-linked immunosorbent assay kit
(Jingmei, Shenzhen, People’s Republic of China). The re-
maining rat peripheral blood was kept for the isolation of
peripheral blood mononuclear cells.

TNF-� and IL-6 Concentrations in the Culture
Medium and RhoA mRNA Expression Levels of
Endothelial Cells From Right Common Carotid
Artery

The right common carotid artery of each rat was har-
vested after systematic exposure, and endothelial cell lay-
ers were obtained with a cell scraper from longitudinally-
cut outspread vessels. Endothelial cells scraped from each
preparation were washed twice with ice-cold phosphate-
buffered saline, the cells were resuspended with RPMI-
1640 medium, and cell concentration was adjusted to 3 �
106/mL. Endothelial cells were then transplanted to Petri
dishes with 1 mL/well and cultured for 2 h in a standard
incubator. TNF-� and IL-6 protein levels in the culture me-
dium were measured with an enzyme-linked immunosorbent
assay kit (Jingmei). Total RNA was extracted from adherent
cells pellet centrifuged after resuspending, and phosphate-
buffered saline washing. Reverse transcription polymerase
chain reaction was used to analyze endothelial cell RhoA
mRNA expression levels (RhoA: sense primer, 5	-ATGT-
GCCCACAGTGTTTGAGAAC-3	, antisense primer, 5	-
TCAGTTCGTAAAGACAGGGTTGC-3	; glyceraldehyde-
3-phosphate dehydrogenase: sense primer, 5	-
TATTGGGCGCCTGGTCACCA-3	, antisense primer, 5	-
CCACCTTCTTGATGTCATCA-3	 [Invitrogen]; RhoA
cDNA product, 345 bp; glyceraldehyde-3-phosphate dehy-
drogenase cDNA product, 726 bp). Optical density values of
reverse transcription polymerase chain reaction results were
standardized with the results of the control group.6

Histological Evaluation of the Lung and Right
Common Carotid Artery

All right lungs were inflated intrabronchially (from the
right primary bronchus) with 10% formalin at a constant
transpulmonary pressure of 25 cm of formalin for at least
18 h with the right lungs impregnated wholly in the for-
malin at the same time. Next, a little part of right common
carotid artery of each rat was fixed. The fixed tissues were
embedded in paraffin wax after tissue processing. Sections
(4-�m thickness) were cut from the paraffin block and
stained with hematoxylin/eosin. Images of each section
were captured at 40 � (lung) and 40 � (right carotid
artery), with a Baumer Optronic digital camera through an
Olympus BX40 microscope (Olympus Optical, Tokyo, Ja-
pan) and were saved as JPEG files with Zeiss KS300
image-processing software (Imaging Associates, Bicester,
United Kingdom).8 Ratio of carotid intima-media thick-

ness of whole thickness of vascular wall expressed in per-
cent (C-IMT) (%) was evaluated.

Measurement of EPCs From Rat Peripheral Blood
and Bone Marrow

Peripheral blood mononuclear cells were isolated from
rat peripheral blood by light density separation using His-
topaque 1083 (Sigma-Aldrich, Thermo Fisher Scientific,
Waltham, Massachusetts; 1.083 g/mL at 25°C) according
to the instructions supplied by the manufacturer. Isolation
and culture of mononuclear cells from rat bone marrow
were also performed.19 The EPCs from rat peripheral blood
and bone marrow were measured by a FACScalibur flow
cytometer (Becton Dickinson, San Jose, California) and
analyzed using Cell-Quest and Paint-a-Gate software (Bec-
ton Dickinson). EPCs from peripheral blood are expressed
as the number of collected peripheral blood mononuclear
cells/�L of whole blood � EPC percentage (cells/�L),
namely, the concentrations of EPC in rat peripheral blood,
when EPCs of bone marrow are expressed as percentages
of mononuclear cells (%).

Statistical Analysis

SPSS 18.0 (SPSS, Chicago, Illinois) software package
was used for statistical analysis and illustration. One-way
analysis of variance was performed for whole difference
among groups, and Bonferroni post hoc multiple compar-
isons were used to evaluate differences between internal
groups. Unless otherwise stated, values were reported as
mean 
 SD, and P � .05 is considered statistically sig-
nificant.

Results

Table 1 summarizes the ABG results obtained from pre-
liminary experiments at the end of exposure period. The
values in this table are descriptive, not for data comparison
among groups. In the control group, the PaO2

in slow wave
sleep period is 94.3 
 2.6 mm Hg as expected, and the
PaO2

value of the IH group in hypoxia phase or normoxia
phase of slow wave sleep period is 51.5 
 1.2 or 90.2 

4.0 mm Hg, respectively. Accordingly, the PaO2

of the
emphysema group in slow wave sleep period is 73.0 

2.2 mm Hg, and the PaO2

value of the overlap group in
hypoxia phase or normoxia phase is 45.4 
 2.3 or 73.0 

2.1 mm Hg, respectively.

Histological Evaluation of the Lung

Figure 1A shows the pathologic images of lung section
randomly selected from various groups. Pathologic char-
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acteristics of emphysema were obvious in those rats from
the emphysema and overlap groups, including inflamma-
tory cell infiltration, increased mean linear intercept, and
decreased mean alveolar number per microscope field. For
details, see the supplementary materials at http://www.
rcjournal.com.

Serum Concentrations of TNF-� and IL-6

TNF-� and IL-6 serum concentrations in ethylenedi-
aminetetraacetic acid-treated rat peripheral blood are high-
est in the overlap group (76.9 
 7.8 and 683.5 
 20.2
pg/mL, respectively, all P values � .001) and lowest in the
control group (16.5 
 2.3 and 109.7 
 7.8 pg/mL, respec-
tively, all P values � .001). When comparing the emphy-
sema and IH groups, serum TNF-� and IL-6 levels in the
emphysema group are higher (62.6 
 4.8 vs 48.6 
 3.2
pg/mL for TNF-� and 478.6 
 12.2 vs 264.6 
 16.7
pg/mL for IL-6, respectively, all P values � .001). See
Figure 2.

TNF-� and IL-6 Relative Concentrations in the
Culture Medium of Endothelial Cells From Right
Common Carotid Artery

TNF-� and IL-6 relative concentrations in the culture
medium of endothelial cells from the right common ca-
rotid artery are highest in the overlap group (188.5 
 11.4
and 1268.7 
 35.6 pg/mL/100 mg of protein, respectively,
all P values � .001) and lowest in the control group
(37.6 
 4.0 and 434.6 
 16.1 pg/mL/100 mg of protein,
respectively, all P values � .001). When comparing the
emphysema and IH group, medium TNF-� and IL-6 levels
in the emphysema group are higher (143.6 
 5.6 vs
112.9 
 13.9 pg/mL/100 mg of protein for TNF-� and
779.5 
 21.0 vs 675.3 
 15.0 pg/mL/100 mg of protein,
respectively, all P values � .001). See Figure 3.

RhoA mRNA Expression Levels of Endothelial Cells
From Right Common Carotid Artery

RhoA mRNA expression levels shown as standardized
optical density values in endothelial cells from right com-

Table 1. Descriptive ABG Results From Preliminary Tests

Control Emphysema
IH Overlap

IH-H IH-R Overlap-H Overlap-R

PaO2
(mm Hg) 94.3 
 2.6 73.0 
 2.2 51.5 
 1.2 90.2 
 4.0 45.4 
 2.3 73.0 
 2.1

PaCO2
(mm Hg) 41.9 
 2.3 48.9 
 2.9 37.0 
 0.9 40.7 
 3.2 42.3 
 3.2 48.4 
 2.4

SaO2
(%) 97.1 
 0.3 91.8 
 0.6 86.9 
 1.8 95.3 
 1.6 83.7 
 2.8 91.8 
 0.6

pH 7.41 
 0.01 7.36 
 0.01 7.42 
 0.01 7.42 
 0.01 7.41 
 0.01 7.36 
 0.01

ABG � arterial blood gas
IH � intermittent hypoxia
H � hypoxia phase
R � reoxygenation phase
SaO2 � arterial oxyhemoglobin saturation

Fig. 1. Histological photographs from different groups. A and B are histological photographs from lung and right carotid artery, stained with
hematoxylin and eosin and captured with 40� light microscopy. IH � intermittent hypoxia.
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mon carotid artery are the highest in the overlap group
(2.8 
 0.1, all P values � .001) and the lowest in the
control group (1.0 
 0.1, all P values � .001). When
comparing the emphysema and IH group, RhoA mRNA
expression levels in the emphysema group (2.1 
 0.2) are
higher (1.6 
 0.1, P � .001). See Figure 4.

C-IMT (%) of Right Carotid Artery

C-IMT (%) values from right common carotid artery are
the highest in the overlap group (62.5 
 3.6%, all P val-
ues � .001) and the lowest in the control group
(48.8 
 1.3%, P values � .003, � .001, and � .001 when
compared with IH, the emphysema, and overlap groups,
respectively.). There is no statistical difference when com-
paring IH (53.4 
 2.0%) and the emphysema group
(56.6 
 3.1%, P � .061). See Figure 5.

The Concentrations of EPC in Rat Peripheral Blood

The concentrations of EPC in peripheral blood are the
most in the overlap group (8.89 
 0.59 cells/�L, all P val-
ues � .001) and the least in the control group (4.50 
 0.43
cells/�L, all P values � .001). When comparing the IH and
emphysema groups, concentrations of EPC are higher in the
IH group (7.21 
 0.59) than the emphysema group (5.85

 0.43, P � .001). See Figure 6, A and C.

EPC Percentages of Mononuclear Cells in Rat Bone
Marrow

EPC percentages of mononuclear cells in rat bone mar-
row are the highest in the overlap group (0.63 
 0.05, P val-
ues � .001, � .05, and � .001 when compared with the
control, IH, and emphysema groups, respectively.) and the

Fig. 2. Serum concentrations of TNF-� and IL-6 from different groups. *P � .05 compared with other group. TNF-� � tumor necrosis factor
�; IL-6 � interleukin-6; IH � intermittent hypoxia.

Fig. 3. TNF-� and IL-6 relative concentrations in the culture medium of endothelial cells from the right common carotid artery of different
groups. *P � .05 compared with other group. TNF-� � tumor necrosis factor �; IL-6 � interleukin-6; IH � intermittent hypoxia.
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lowest in the control group (0.13 
 0.06, all P � .001),
and those percentages were higher in the IH (0.57 
 0.07)
group when compared with the emphysema group
(0.23 
 0.06, P � .001). See Figure 6, B and D.

Discussion

Both COPD and OSA are independent risk factors for
atherosclerosis and cardiovascular diseases, and their co-
existence in OS probably increases this risk. The under-
lying mechanisms are still unclear, but may involve sys-
tematic inflammation, endothelial dysfunction, and tonic
elevation of sympathetic neural activity.20 Inflammation
plays a key role in atherosclerotic plaque formation, from

initiation of the fatty streak to the later stages of plaque
rupture.10

Systematic inflammation in OS may launch nuclear fac-
tor-�B-dependent pathways involving TNF-� and IL-6,
providing insight into potential interactions between both
disorders. TNF-� and IL-6 are main pro-inflammatory cy-
tokines associated with atherosclerosis and consequent car-
diovascular diseases.21 Circulating IL-6 and TNF-� levels
correlate well with early atherosclerosis, and are predictive
of coronary heart disease and congestive heart failure.22

Various pro-inflammatory cytokines have been reported to
induce monocyte migration into the endothelium and sub-
endothelial spaces, and induce the release of related fac-
tors that promote smooth muscle cell migration and pro-
liferation, which may synthesize and deposit extracellular
matrix.22 Through this process, monocytes become foam
cells and contribute to the progression of atherosclerosis.
Therefore, the endothelial dysfunction associated with OS
is most probably the result of initiation and propagation of
oxidative stress and inflammatory responses within the
microvasculature.23 Studies found increased IL-6 and
TNF-� levels in OSA.10 Additionally, in COPD, IL-6 and
TNF-� levels are also increased, particularly during exac-
erbations.20 From our study, overlap exposure may elicit a
more severe systematic inflammatory response, which is
consistent with one of our previous reports assessing sys-
tematic inflammation and oxidative stress in the liver of a
model of sleep-related hypoxemia in emphysematous rats.14

Systematic hypoxemia contributes to TNF-� elevations
in COPD and OSA, and these elevations are independent
from obesity.24 It may be particularly relevant in OS, where
hypoxemia is more pronounced. Furthermore, circulating
TNF-� levels are higher in COPD patients with pulmonary
hypertension, who are more hypoxemic.25 Thus, TNF-�
and related pro-inflammatory cytokine levels should be

Fig. 4. RhoA mRNA expression levels of endothelial cells from right common carotid artery performed with reverse transcription polymerase
chain reaction. *P � .05 compared with other group. IH � intermittent hypoxia; bp, base pair; RhoA � Ras homology A; GAPDH, glycer-
aldehyde-3-phosphate dehydrogenase.

Fig. 5. C-IMT (%) of right carotid artery from animals. *P � .05
compared with other group. † No statistical difference between
control and IH groups. C-IMT (%) � ratio of carotid intima-media
thickness to whole thickness of the vessel; IH � intermittent hyp-
oxia.
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Fig. 6. Flow cytometric analysis of surface markers of EPCs from rat peripheral blood (A and C) and rat bone marrow (B and D). *P � .05
compared with other group. PerCP � peridinin chlorophyll protein; Cy5 � cyanidin 5; FITC � fluorescein isothiocyanate; PE � phycoeryth-
rin; FSC � forward scatter; EPC � endothelial progenitor cell; IH � intermittent hypoxia.
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particularly elevated in patients with the OS,10 where noc-
turnal tonic desaturations associated with IH may have
overlapped effects on increased TNF-� levels.24

From our results, IH and smoking exposure, overlapped
directly or synergistically, cause a more severe RhoA ac-
tivation in the overlap group, which may result in a more
obvious transendothelial migration of monocytes as its clin-
ical implication. The hallmark for the development of ath-
erosclerosis is the adhesion of monocytes to endothelium,
followed by transendothelial migration of monocytes.23

There is growing evidence that the RhoA/Rho-associated
kinase (ROCK) pathway has an important pathophysio-
logical role in vascular endothelial dysfunction.26 Acti-
vated RhoA shrinks endothelial cells and increases cell
permeability, making it more feasible for inflammatory
cells, like leukocytes, to pass through the endothelial bar-
rier when it combines with elevated adhesive capability
caused by cellular inflammation.6 One of our previous
studies suggests that IH may cause endothelial damage
through activated IL-6 and RhoA in OSA patients.6 More-
over, in another study, it has been demonstrated that the
RhoA, with its downstream effector Rho kinase, has been
involved in systematic endothelial dysfunction in smokers
with normal lung function. The authors found GTP-RhoA
protein expression was significantly increased in patients
with COPD.27 Hypoxia might play a potential role in the
upregulation of RhoA/ROCK pathway in COPD, and the
increase in RhoA/ROCK activity associated with chronic
hypoxia has already been demonstrated in animal models
of pulmonary hypertension.28 Although the mechanisms
through which the RhoA/ROCK pathway is activated in
chronic hypoxia have not been well understood, reactive
oxygen species are involved in the activation of multiple
intracellular signaling cascades including the RhoA/ROCK
pathway, where the precise mechanisms require further
investigation.27

Subclinical carotid atherosclerosis is reported to corre-
late well with coronary and intracranial atherosclerosis
and is therefore a predictor of future cardiovascular events.
An important tool for evaluating early impairment of the
vascular structures leading toward a systemic atheroscle-
rotic process is the IMT evaluation.29 In our study, C-IMT
values are increased in the IH and the emphysema group,
whereas those in the overlap group are the highest, which
suggests clinically that patients with the combination of
COPD and OSA may have a worse vascular prognosis
than patients who have only one of these diseases. Within
the vasculature, the release of pro-inflammatory cytokines,
chemokines, and growth factors by inflammatory cells
causes proliferation and migration of smooth muscle cells
from the media to the intima, as well as recruitment of new
immunoinflammatory cells from circulation. Mariani et al30

found a significant correlation between C-IMT and OSA
severity, and patients with more severe OSA have higher

C-IMT compared with mild and moderate OSA. In OSA,
IH, hypercapnia, micro-arousals, sympathetic hyperactiv-
ity, oxidative stress, systematic inflammation, and hyper-
coagulability are all potential mechanisms that may play
roles in the development of increased C-IMT and endo-
thelial dysfunction, although only IH was simulated in our
model rats.30 One of our previous studies suggests that IH
may cause the increase of IMT,6 and there is substantial
evidence that IH in rodents plays a specific role in pro-
moting cellular changes at the vascular wall, thus trigger-
ing atherosclerosis.30,31 Furthermore, Ozgen Alpaydin
et al32 observed increased C-IMT in patients with COPD
compared with controls after adjusting for smoking, hy-
pertension, fasting plasma glucose, triglyceride, and high
density lipoprotein cholesterol levels. This finding might
suggest that patients with air flow obstruction are more
prone to atherogenesis due to some other mechanisms apart
from smoking.32 This emphasizes the importance of timely
diagnosis and treatment of coexistent COPD and OSA for
preventing the development of severe cardiovascular com-
plications.

The discovery of EPC has revolutionized the horizons
of regenerative cardiovascular medicine. EPC is believed
to reflect another aspect of endothelial function and refers
to the group of circulating cells that mediate endothelial
repair at sites of vascular injury directly by differentiation
into mature endothelial cells, or indirectly by secreting
vasoactive substances promoting repair or mediating an-
giogenesis at sites of ischemia. It is believed that, under
homeostatic conditions, these cells are released from the
bone marrow, circulate in the blood, and contribute to the
repairing of endothelium in response to general wear and
tear.33 For some diseases, such as vascular injury in ath-
erosclerosis and ischemia, EPCs isolated from autologous
bone marrow could be induced to differentiate in vitro and
could be transplanted into the diseased lesion, which would
eliminate the risk of rejection.19 EPC levels, both in bone
marrow or in peripheral blood circulation, are highest in
the overlap group, indicating a robust mobilization when
these rats are exposed to overlap treatment. However, this
robust mobilization does not mean a robust repairing ca-
pability. The actual population of circulating EPCs repre-
sents between 0.0001% and 0.05% of total white blood
cells in the peripheral blood. Such diversity can result
from differences in antibody affinity or the health status of
an individual.34 In contrast, under inflammatory condi-
tions, their enforced mobilization and activation may tip
the balance from stimulating tissue repair to promoting
tissue remodeling and fibrosis. After being released from
bone marrow, they undergo further differentiation with a
sequence of changes in their surface antigen (cluster of
differentiation, CD), the pattern of which forms the basis
of identifying circulating EPC by fluorescence-activated
cell sorting analysis. CD133� and kinase insert domain
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receptor (KDR)� or vascular endothelial growth factor
receptor (VEGFR)2� cells represent the pool of early plu-
ripotent stem cells, which have angiogenic potential and
show good correlation with cardiovascular risk estimates.33

Several previous studies have investigated the associa-
tion between OSA and EPC. Findings have been contro-
versial, with negative,35 neutral,36 and positive results.33 A
possible reason for this discrepancy may be that these
studies were performed on only a small number of partic-
ipants and/or different markers were used to characterize
these cells. EPCs may be mobilized endogenously in re-
sponse to tissue ischemia and hypoxia, as well as by
mediators and signaling pathways such as vascular endo-
thelial growth factor (VEGF) and hypoxia-inducible fac-
tor-1�, which could be activated by IH. IH may contribute
to cardioprotection and the development of collateral ves-
sels by mobilizing progenitor cells to the circulation and
damaged myocardium.34 Additionally, several studies dem-
onstrate that both pulmonary and systematic vascular al-
terations in patients with COPD closely relate to endothe-
lial dysfunction and inflammation.37,38 In patients with
COPD, levels of circulating CD34� cells are reduced com-
pared with normal control subjects, and it has been sug-
gested, although not proven, that this may reflect the in-
creased trafficking of progenitor cells into the lungs. Levels
of circulating CD34� cells appear to increase during ex-
acerbations of COPD, which has been correlated with an
elevation in the plasma levels of VEGF from these pa-
tients. As it is known that VEGF can stimulate the mobi-
lization of EPCs from the bone marrow into the circula-
tion, these 2 observations may be functionally related.39

According to ABG results obtained from preliminary
experiments and pathologic characteristics of smoke ex-
posure rats, we have made a rat model of IH in emphyse-
matous rats (caused by exposure to cigarette smoke for a
long period of time and identified with pathologic crite-
ria).8 One advantage of the animal model used in this
study is that, by noninvasively applying recurrent IH in
healthy animals, the rats were subjected to periodic stimuli
very similar (in magnitude, duration, and frequency) to the
ones experienced by patients with OSA. As a partial model
of sleep apnea, IH allows testing of the specific role of IH
on endothelial dysfunction and assessment of both plasma
and tissue alterations that may contribute to atherosclero-
sis development and progression. This acute model al-
lowed us to study the early effects of these injurious stim-
uli while avoiding other confounding factors found in OSA
patients, which also cause inflammation and endothelial
dysfunction (such as metabolic syndrome, obesity, hyper-
tension). Our OS model, in fact, is the combination of
emphysema and IH, not a real overlap syndrome, and can-
not mimic the OS patients completely, which is a short-
coming of our experiment. This limitation does not, how-
ever, affect the aim of this study. It should also be pointed

out that investigators in different studies assessed circu-
lating EPCs through different methods. Whereas some stud-
ies assessed circulating EPCs using flow cytometry
alone,35,40 another study assessed circulating EPCs by the
assay of endothelial colony-forming units.35 In addition,
the EPCs studied by one group are not necessarily the
same cell type as those of another. One of the major lim-
itations in studying EPCs is the lack of unifying pheno-
typic markers that are employed by different investigators.
Thus, different investigators employ different marker com-
binations for the assessment of EPCs: CD34� VEGFR2�,
CD34� 133�, or CD34� CD133� VEGFR2�.15 A more
feasible and readily applicable method to investigate po-
tential adaptation mechanisms in response to a long-term
challenge as in OS patients and to study the role of EPCs
in vascular repair remains to be studied.

Conclusions

Regardless of whether the 2 diseases are mechanisti-
cally linked, OS patients have more severe nocturnal hy-
poxemia and pulmonary hypertension than patients with
OSA or COPD alone, which probably has important clin-
ical consequences. It was reported that OS patients have
greater mortality compared with patients who have either
OSA or COPD alone.10 These clinical findings may be the
implications of our bench study. Understanding EPC bi-
ology in OS would contribute to the knowledge of vascu-
lar pathogenesis, as well as potential therapeutic interven-
tions to treat cardiovascular complications in patients with
OS.
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