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transforming growth factor-p and vascular endothelial growth
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Background: Both transforming growth factor p (TGF-B) and vascular endothelial growth factor (VEGF)
are master regulators of airway remodeling; however, their pathological roles in obstructive sleep apnea (OSA)
remain unclear. The aim of the present study was to evaluate the expression of TGF-B and VEGF protein in
the serum and exhaled breath condensate (EBC) before and after continuous positive airway pressure (CPAP)
treatment in OSA patients.

Methods: Forty patients with moderate to severe OSA requiring CPAP and 20 healthy subjects were
prospectively recruited. The concentrations of TGF-p and VEGF protein in the serum and EBC were
evaluated by enzyme-linked immunosorbent assay. All OSA patients underwent a sleep study that was
repeated 3 months after receiving CPAP therapy.

Results: Protein concentrations of TGF-B and VEGF in the serum did not differ between healthy controls
and OSA patients before CPAP treatment. There was also no difference in the serum protein concentrations
of TGF-p and VEGF of the OSA patients before and after CPAP treatment. However, both the TGF-p and
VEGEF protein concentrations in the EBC were higher in the OSA patients than those in control subjects,
and recovered to normal levels after CPAP.

Conclusions: Successful treatment of OSA by CPAP can restore the TGF-B and VEGF protein

concentrations in the EBC.
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Introduction the upper airways of OSA patients (2-4). Many pathological

. . . mechanisms have been postulated for the airway oxidative
Severe obstructive sleep apnea (OSA) is characterized p Y

by repeated upper airway obstructions (1), intermittent stress and inflammation in OSA, including hypoxemia and

hypoxia, increase sympathetic tone and a significant
reduction in rapid eye movement (REM) sleep (1). Previous
studies have also shown that oxidative stress is increased in
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reoxygenation-induced ischemia-reperfusion injury caused
by repeated obstructive reopening during sleep, repeated

trauma secondary to recurring episodes of obstructive
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apnea, adipose tissue serving as a reservoir of cytokines, and
leptin-mediated systemic inflammation (2-4).

Transforming growth factor p (TGF-B) is a multifunctional
growth factor, a master regulator of immune responses
and a powerful anti-inflammatory factor. TGF-p are
synthesized mainly from epithelial cells, myofibroblasts and
inflammatory cells. TGF-p regulates inflammation, as well
as anti-inflammation, and activate fibroblasts to synthesize
extracellular matrix proteins involved in fibrosis, tissue
repair and remodeling. In addition, TGF-B inhibits the
production of matrix metalloproteinases (MMPs, matrix-
degrading enzymes), and promotes the production of tissue
inhibitors of metalloproteinases (TIMPs). TGF-p has also
been recognized as a ‘master switch’ in the induction of the
epithelial-mesenchymal transition, involving the conversion
of differentiated epithelial cells into fibroblasts. This results
in collagen deposition and thickening of the affected tissue
5-7).

Vascular endothelial growth factor (VEGF) is an
angiogenic factor. VEGF induces angiogenesis by
promoting the proliferation and differentiation of
endothelial cells; increasing the number, size, and area of
blood vessels; and increasing vascular permeability (8).
VEGTF also upregulates Th2-type inflammatory reactions
and chemotaxis for monocytes and eosinophils, and
enhances allergic inflammation (9,10). VEGF can also
promote the proliferation of airway smooth muscle cells
(9,10). Under hypoxic conditions, VEGF expression is
stimulated to allow new blood vessels to grow and bring in
more oxygen. But VEGF also plays a crucial role in cancer
growth. Cancer cells express VEGF to induce angiogenesis
in order to grow and metastasize. Most tumors show higher
levels of VEGF (11).

There is ample evidence showing that upper airway
inflammation causes changes in the airway structure in
OSA patients (2-4). However, direct analysis of the upper
airway by means of biopsy is invasive and difficult. As an
alternative, airway oxidative stress and inflammation are
generally detected by examination of the exhaled breath
condensate (EBC), representing a simple and non-invasive
technique for many respiratory diseases (2).

Although continuous positive airway pressure (CPAP)
has proven to be very effective in the treatment of patients
with moderate or severe OSA (12), to the best of our
knowledge, the effect of CPAP treatment on the levels of
TGF-B and VEGF protein in the EBC of OSA patients has
not been evaluated to date. Therefore, we determined the

baseline EBC levels of TGF- and VEGF in patients with
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OSA and healthy controls, and explored their relationship
with the severity of OSA and the changes after 3 months of
CPAP treatment.

Methods
Selection of subjects and study protocol

Patients visiting the sleep laboratory of our hospital
for sleep studies were considered for enrollment in the
study. They came either by referral from a physician who
determined that they had a clinical problem meriting
overnight sleep polysomnographic evaluation or by their
own request. From March 2014 to January 2016, a total of
868 overnight sleep studies were performed in our sleep
laboratory. A total of 387 patients had moderately severe or
severe OSA (as defined below); of these 125 patients who
were newly diagnosed with moderately severe to severe
OSA—proven by overnight sleep study—and can tolerate
CPAP treatment and desired CPAP treatment for at least
3 months, and who had not yet started CPAP treatment
were prospectively recruited for this study. Seventy-nine
patients were ineligible for the study because of one or
more of the exclusion criteria, 5 declined to participate, and
1 was lost during follow up; this left 40 patients who were
enrolled in the study. During the same period, 38 healthy
individuals who were snorers referred to the sleep disorder
center, who were found after polysomnography to have
an apnea-hypopnea index (AHI) of less than 5 and were
not hypersomnolent, were recruited as control group; of
these, 13 were excluded because of one or more exclusion
criteria and 5 declined to participate, leaving 20 patients,
who agreed to serve as control group. Patients aged
>65 years, smokers (>10 pack-years), and with diabetes
mellitus (fasting blood glucose >120 mg/dL or postprandial
blood glucose >200 mg/dL), moderate or severe dyslipidemia
(cholesterol >230 mg/dL or triglycerides >250 mg/dL),
hypertension (two separate measurements of blood pressure
>140/85), heart disease, and recent acute infection were
excluded from the study. The control group included 20
healthy people without OSA (AHI <5 events/h plus absence
of daytime sleepiness). To match subjects in the two groups
for body weight, only individuals with a body mass index
(BMI) >25 (kg/m’) were included in the control group, and
the OSA group included only subjects with a BMI <32.
This study was approved by the Ethics Review Committees
of our hospital (approval number: 04-XD39-106) and all
participants provided written informed consent.
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All participants in this study were evaluated based on a
medical history interview, physical examination, and blood
tests (including hematocrit, pre-and post-prandial blood
glucose, cholesterol, and triglycerides). All subjects received
a pulmonary function test and a full-night polysomnography
examination. After resting for at least 15 min in the sleep
lab, blood pressure was measured at 7 am, 8 pm, and 10 pm.
Peripheral blood and EBC samples were collected for
TGF-B and VEGF protein level analysis at 7 am after the
full-night polysomnography examination. In the OSA
group, these examinations were repeated 3 months after
CPAP treatment.

Sleep study

All participants underwent a full-night polysomnography
examination at the sleep laboratory of our hospital using
the Embla N7000 system (Embla, Woodbridge, UK). Sleep
scores and respiratory events were manually calculated
according to previously defined standard criteria (13). In
brief, apnea was defined as an airflow amplitude (determined
by an oronasal thermal sensor) less than 10% the baseline
amplitude during apnea. The amplitude criteria for apnea
were an event lasting at least 10 s and the amplitude criteria
were met for at least 9 s of the event’s duration. Hypopnea
was defined as a >50% reduction in one of three respiratory
signals: airflow signal (detected by a nasal air pressure
transducer) or either respiratory or abdominal signals of
respiratory inductance plethysmography for more than
10 s associated with an oxygen desaturation of >3% or an
arousal (12). At least 90% of the event duration had to meet
the amplitude criteria. The AHI was defined as the mean
number of the sum of episodes of apneas and hypopneas per
hour of sleep. Oxygen desaturation index (ODI) was defined
as the mean number of SpO, drops >3% per hour of total
sleep time (TST) (number/h). The arousal index (Al) was
defined as the mean number of arousals per hour of sleep,
while sleep efficiency was calculated as the percentage of
TST divided by the total time in bed (13). OSA was defined
as an AHI score >5, and an AHI score >20 was considered
to indicate moderate or severe OSA. Central apnea—
defined as the cessation of airflow at the nose and mouth
(oronasal thermal sensor signal) for a period >10 s in the
absence of any effort—is identified either through the chest
or abdomen respiratory inductance plethysmography signal
and via the absence of flattening of the inspiratory portion
of the nasal pressure.

© Journal of Thoracic Disease. All rights reserved.
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Hypersommnolence

Daytime hypersomnolence was assessed by using the
Epworth sleepiness scale (ESS). Scores range from 0 (least
likely) to 24 (most likely). A score of 11 or higher is defined
to be an abnormal degree of daytime hypersomnolence (14).

Collection of EBC and measurement of TGF-f and VEGF
protein concentrations in the serum and EBC

EBC samples were collected using a TURBO-DECCS
apparatus (Medivac, Parma, Italy) at a fixed collection
temperature of -5 °C. Subjects were requested to breathe
into the collection system for 15-30 min under normal tidal
volume conditions, and the EBC (2-3 mL) was collected
in disposable tubes. These solutions were stored at 80 °C
immediately until the assay.

A 3 mL peripheral blood sample was collected in EDTA
tubes and set aside for 15-30 min. The clot was then removed
by centrifuging at 1,500 xg for 10 min in a refrigerated
centrifuge. The liquid component (serum) was immediately
transferred into a clean polypropylene tube using a
Pasteur pipette. The samples were maintained at 2-8 °C
while handling.

The TGF-p and VEGF protein levels in the serum and
EBC were determined by enzyme-linked immunosorbent
assay (ELISA) with Human TGF-p and VEGF Instant
ELISA kits (eBioscience, San Diego, CA, USA).

Pre-post CPAP change of TGF-f and VEGF protein
concentrations in the EBC, AHI, and minimum arterial
oxybemoglobin saturation (Sa0,)

The degree of improvement in TGF-B and VEGF protein
concentrations in the EBC, along with the AHI and
minimum SaO, were calculated by subtracting the values
obtained before CPAP treatment from those obtained after
the treatment.

Data analysis

Student’s z-test was used for comparisons between the
control and OSA groups before CPAP treatment and a
paired #-test was applied for comparisons before and after
CPAP treatment within the OSA group. All values are
expressed as the mean + standard deviation. Significance was
defined at P<0.05. For controlling potential confounding
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variables including age, gender, and BMI, we used partial
correlation to evaluate linear relationship between
variables. Simple linear regression was used to evaluate the
correlations between TGF-p and VEGF protein levels in
the EBC with AHI and minimum SaQ,.

Results
Subject characteristics

The basic characteristics and lung function test results
did not differ between the patient and control subjects
at baseline, or in the 3-month interval before CPAP
treatment (Zable 1). There were no significant differences
in the BMI, systolic and diastolic blood pressure, and
triglyceride and cholesterol levels before and after 3 months
of CPAP treatment. The OSA group had an abnormal
sleep architecture and breathing parameters before
CPAP treatment when compared to those of the control
subjects (Table 2). After CPAP treatment, in addition to
the percentage of stage 2 sleep, the OSA patients showed
significant improvement in all sleep and respiratory
parameters (1able 2). There were no significant differences
in the TST between the patient and control subjects at
baseline and between before and after 3 months of CPAP
treatment.

TGF-f and VEGF protein levels in the serum and EBC

The serum concentrations of TGF-B and VEGF protein
did not differ between the OSA and control groups before
CPAP treatment. There was also no difference in the serum
concentrations of TGF-p and VEGF in the OSA group
before and after CPAP treatment (Figure 14,B). In contrast,
the OSA group had significantly higher TGF-p and VEGF
protein concentrations in the EBC before CPAP treatment
than those of the control group (P<0.05), which recovered
to normal levels after 3 months of CPAP treatment (P<0.05;
Figure 1C,D).

Relationships between TGF-f and VEGF protein
concentrations in the EBC with AHI and minimum SaO,

TGF-p protein levels in the EBC were positively correlated
with AHI (R=0.44, P<0.05; Figure 24) and VEGF
protein levels in the EBC (R=0.41, P<0.05; Figure 2B),
but negatively correlated with minimum SaO, (R=-0.45,
P<0.05) before CPAP treatment in OSA patients. Similarly,
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VEGF protein levels in the EBC were positively correlated
with AHI (R=0.41, P<0.05; Figure 2C) and negatively
correlated with minimum SaO, (R=-0.49, P<0.05) before
the CPAP treatment in OSA patients. After controlling age,
gender, and BMI, the results of partial correlation between
TGF-p and VEGEF protein concentrations in the EBC with

AHI and minimum SaO, were similarly significant.

Relationships between pre-post changes of TGF-f and
VEGF protein levels in the EBC with pre-post changes of
AHI and minimum SaQ,

The pre-post changes of TGF-B protein levels in the
EBC positively correlated with the pre-post changes of
AHI (R=0.44, P<0.05; Figure 34) and VEGF protein
concentrations in the EBC (R=0.47, P<0.05; Figure 3B), and
negatively correlated with the pre-post changes of minimum
Sa0, (R=-0.42, P<0.05) after CPAP treatment. The pre-
post changes of EBC VEGF protein concentrations were
positively correlated with the pre-post changes of AHI
(R=0.41, P<0.05; Figure 3C) and negatively correlated with
the pre-post changes of minimum SaO, (R=-0.47, P<0.05).
After controlling age, gender, and BMI, the results of partial
correlation between pre-post changes of TGF-B and VEGF
protein levels in the EBC with pre-post changes of AHI and
minimum SaO, were similarly significant.

Relationship between the 3-month mean duration/night
of CPAP treatment and the pre-post changes in the TGF-f
and VEGF levels in the EBC

The 3-month mean duration/night of CPAP treatment was
403.2+71.0 min for the OSA group. After CPAP treatment,
the 3-month mean duration/night of CPAP treatment were
negatively correlated with pre-post changes in TGF-f
(R=-0.43, P<0.05; Figure 44) and VEGF protein in EBC
(R=-0.44, P<0.05; Figure 4B). After controlling for age, sex,
and BMI, the results of partial correlation between pre-post
changes in TGF-B and VEGF protein levels in the EBC
with the 3-month mean duration/night of CPAP treatment
showed similar significance.

Discussion

In this study, we found that the serum concentrations of
TGF-B and VEGF had no difference between normal
subjects and OSA subjects before CPAP treatment. The
serum concentrations of TGF- and VEGF in the OSA
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Table 1 Characteristics and pulmonary function tests results before and after CPAP treatment

OSA group (n=40)

Characteristics Control (n=20)

Before CPAP After CPAP
Age, years 47+9 49+10 -
Sex (male/female) 17/3 33/7 -
Systolic pressure, mmHg 123.7+8.1 126.9+5.9 126.4+5.0
Diastolic pressure, mmHg 73.3+6.7 75.5+5.7 74.5+4.9
BMI, kg/m® 271+1.7 27.7+1.8 27.3+1.9
FVC, % predicted 89.2+6.9 91.9+6.3 91.6+7.0
FEV1/FVC 78.4+3.5 78.8+3.1 79.0+3.7
Hematocrit 43.8+2.3 43.8+2.8 44.2+2.0
Cholesterol, mg/dL 202.3+19.3 199.1+25.0 197.4+24.4
Triglyceride, mg/dL 209.2+25.4 213.0+29.3 210.1+33.3

Student’s t-test was applied for comparison between control and OSA group before CPAP and paired t-test was used for comparison
between before and after CPAP treatment within OSA group. CPAP, continuous positive airway pressure; OSA, obstructive sleep apnea;
BMI, body mass index; FVC, forced vital capacity; FEV1, forced expiratory volume in 1 second.

Table 2 Results of sleep study before and after CPAP treatment

OSA group (n=40)

Variables Control (n=20)
Before CPAP After CPAP

AHI, times/hour 3.7+1.2 55.7+16.5* 3.7+2.5
ODI, times/hour 2.8+1.2 49.5+15.8* 2.7+2.0
Baseline Sa0,, % 98.2+0.8 97.0+£0.9* 97.9+0.7
Minimum SaO,, % 90.7+1.9 73.1+8.0* 90.9+2.0
Sleep architecture, %

Stage 1 13.5+4.1 28.2+7.1* 16+3.1

Stage 2 50.2+4.3 50.8+6.3 49.3+3.9

Stage 3 18.0+3.0 10.2+£3.4* 17.1£3.3
REM 18.324.0 10.8+3.6* 17.6+3.2
TST, min 420.9+34.9 397.4+38.1 415.1+33.6
Sleep efficiency, % 85.9+6.3 76.4+6.7 88.7+4.0
Al, times/hour 5.1£0.8 59.5+22.0* 4.1+3.7

Student’s t-test was applied for comparison between control and OSA group before CPAP and paired t-test was used for comparison
between before and after CPAP treatment within OSA group. *, P<0.05, for difference before and after CPAP. CPAP, continuous
positive airway pressure; OSA, obstructive sleep apnea; AHI, apnea-hypopnea index; ODI, oxygen desaturation index; SaO,, arterial
oxyhemoglobin saturation; REM, rapid eye movement; TST, total sleep time; Al, arousal index.
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Figure 1 TGF-B and VEGF protein levels in the serum and EBC. (A) Serum levels of TGF-p between healthy subjects and OSA patients,
and before and after CPAP treatment in OSA patients; (B) serum levels of VEGF between healthy subjects and OSA patients, and before
and after CPAP treatment in OSA patients; (C) TGF-p protein levels in the EBC in patients with OSA before and after CPAP treatment;
(D) VEGF protein levels in the EBC in patients with OSA before and after CPAP treatment. *, significantly different from CPAP treatment
(P<0.05). TGF-B, transforming growth factor ; OSA, obstructive sleep apnea; CPAP, continuous positive airway pressure; VEGE, vascular

endothelial growth factor; EBC, exhaled breath condensate.

subjects had no difference between before and after CPAP
treatment. In contrast, the concentrations of TGF-f and
VEGF in EBC in the subjects with OSA before CPAP
treatment were higher than those of the normal controls.
These levels returned to normal after CPAP treatment.
Previous studies showed that there was no direct evidence
of increased oxidative stress in patients experiencing a
short-term return of their moderate-to-severe OSA (15,16).
The effect of systemic hypoxia on the circulating levels of
TGF-B and VEGE, and the correlation between the serum
concentrations of TGF-p and VEGF with OSA severity
remain controversial (17-22). Some studies reported no
significant differences between OSA and control subjects
(17-20), and short-term CPAP had no impact on the serum
concentrations of TGF-p and VEGF (19-20). By contrast,
other studies reported that serum TGF-B and VEGF
concentrations were significantly higher in OSA patients
than in control subjects and were decreased after CPAP
treatment (21,22). In this study, we found no difference in
the serum concentrations of TGF-B and VEGF between

© Journal of Thoracic Disease. All rights reserved.

healthy control subjects and OSA patients before CPAP
treatment. There were also no differences in these levels
in the serum of OSA patients before and after CPAP
treatment.

A previous study demonstrated that OSA patients
had significantly increased infiltration of inflammatory
cells (mainly T lymphocytes) in the mucosa layer, along
with significant structural changes of the upper airway
epithelial layer, and differences in the expression pattern
of cytokeratin (3). Another study showed a significant
increase in the expressions of cytokines in the upper airway
epithelial layer in patients with severe OSA (4). Moreover,
the OSA patients were reported to show higher numbers of
neutrophils in induced sputum and higher levels of exhaled
breath markers (such as nitric oxide, carbon monoxide,
pentane, hydrogen peroxide, homocysteine, 8-isoprostane,
IL-6, IL-8, and leukotriene B4) in EBC. The pH of the
EBC was also lower in patients with OSA compared to that
of the control group (3,23-25). Moreover, the neutrophil
cellularity in induced sputum and levels of markers in the
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Figure 2 Relationships between AHI and TGF-B, VEGF protein levels in the EBC. (A) Correlation of TGF-B protein concentrations in
the EBC with AHI and (B) VEGF protein concentrations in the EBC in the OSA patients before CPAP treatment; (C) correlation of VEGF
protein concentrations in the EBC with AHI in the OSA patients before CPAP treatment. TGF-B, transforming growth factor B; EBC,

exhaled breath condensate; AHI, apnea-hypopnea index; VEGE, vascular endothelial growth factor; OSA, obstructive sleep apnea; CPAP,

continuous positive airway pressure.

EBC were positively correlated with the severity of OSA,
but improved after CPAP treatment (23-24).

Chronic airway disease is a combination of chronic
airway inflammation and airway remodeling. Both TGF-f
and VEGF are master regulators of airway remodeling.
Greulich et al. (26) found that the concentrations of
extracellular remodeling markers (MMP9/TIMP1 ratio)
in pharyngeal washings were significantly higher in OSA
patients than those in healthy controls. Ding et 2l (27)
showed ultrastructure changes characterized by lamellar
body degeneration, mitochondrial swelling, and remodeling
around the peribonchial and perivascular space in the lungs
of a canine OSA model, which were driven by TGF-p/miR-
185/CoL ALl signaling. Chronic intermittent hypoxia was
found to activate the TGF-B/SMAD2/3 pathway, thereby
increasing the levels of collagen I, collagen III, and the
ratio of MMP2/TIMP2 mRNA, inducing left ventricular
fibrosis (28). Wahlin-Larsson et /. (29) reported higher
expression levels of VEGF in the skeletal muscle of patients
with sleep disorders.

© Journal of Thoracic Disease. All rights reserved.

Intermittent hypoxia, increased oxidative stress,
increased sympathetic activity may interfere the balance
of metabolic interactions between gut microbiota and
the host in OSA leading to an accumulation of significant
compounds in blood and hence increased levels of these
compounds in breath in OSA. Schwarz ez 4/. (30) found that
CPAP withdrawal led to a recurrence of OSA which was
accompanied by a significant change in exhaled molecular
breath profile. The essential compounds identified in
exhaled molecular breath profile are a family of aldehydes, a
series of furans phenolic compounds and sulphur-containing
compounds. The most significant compounds identified
belong to the closely related family of Peroxide molecules
(e.g., aldehydes) which implies increased oxidative stress in
OSA. As oxidative stress can lead to chronic inflammation
by activating a variety of factors such as TGF-p and VEGE it
is expected that these factors will be elevated in OSA patients.
In this study, we found that the concentrations of TGF-p and
VEGF in the EBC of patients with OSA were higher before
CPAP treatment than those of the control group, and returned
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to normal after 3 months of CPAP treatment.

Many factors have been reported to influence the level of
TGF-p and VEGF. These include age, sex, BMI, smoking
history, coexisting systemic diseases, medications and so forth.
They may affect oxidative stress which in turn will affect
TGF-p and VEGF protein concentrations in body. Therefore,
subject’s age, BMI, smoking status and comorbidities were
controlled in our study and partial correlation was used to
evaluate the relationship between variables that seem to adjust
for these important confounders (31).

We did not really know the reason why AHI in the
OSA group is so high whereas the BMI is relatively low for
overweight. It is probable that during recruitment our subjects
had been selected. Subjects with moderate to severe OSA,
i.e., those with AHI >20 events/hour, were recruited in the
study. Patients with diabetes mellitus, moderate to severe
dyslipidemia, hypertension, and BMI >32 were excluded.
These factors such as diabetes mellitus, severe dyslipidemia,
hypertension, age, and BMI are confounders of body weight.

The main limitations of our study are the short
observation period of 3 months, small sample size, and a
lack of histological examination. There are factors that
may also have caused reductions on the levels of the CPAP
effectors but were not taken into considerations at the
time of experiment. For example, patients coming to a
sleep clinic could have other impacts on life-style, sleep
habits and medications that could alter the levels of these
biomolecules. Moreover, confounders were not eliminated
or adjusted in our model and it is possible that the observed
relationships between OSA and CPAP were driven by
confounders and not by CPAP alone. We did not exclude
patients with known airway disease which might influence
our results. We do not have any data, beyond spirometry,
on whether these individuals had airways diseases such as
asthma. Our control subjects were recruited from the sleep
clinic with AHI of <5 who do not have hypersomnolence.
The control group in this study were not healthy volunteers
and may not ideally represent a healthy control group.
The experimental design also suffers from not including a
follow-up assessment in the control group. Nevertheless,
these results can serve as preliminary evidence from a pilot
study for a method of identifying changes in chronic airway
inflammation and airway remodeling markers as a result of
therapeutic intervention.
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