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Study Objectives: Obstructive sleep apnea (OSA) is a chronic condition that is characterized by recurrent pauses in breathing during sleep causing
intermittent hypoxia. The main factor responsible for oxygen metabolism homeostasis is hypoxia-inducible factor 1 (HIF-1), comprised of 2 subunits: o, (oxygen
sensitive) and B. The aim of the study was to investigate the HIF-1a serum protein level and mRNA HIF-1a expression in patients with OSA and a healthy control
group and determine their evening-morning variation and association with polysomnography parameters.

Methods: Eighty-four individuals were enrolled in the study. All patients underwent polysomnography examination and based on the results were divided
into 2 groups: OSA group (n =60) and control group (n = 24). Peripheral blood was collected in the evening before and in the morning after the polysomnography.
HIF-1a expression was evaluated on protein in blood serum and mRNA level in peripheral blood leukocytes.

Results: HIF-1a. serum protein concentration was higher in patients with OSA compared with control patients in both the evening (1,490.1 vs. 727.0 pg/mL;

P <.001) and the morning (1,368.9 vs. 702.1 pg/mL; P <.001) samples. There was no difference between evening and morning HIF-1a. serum protein level in either
group. No differences were observed in HIF-10. mRNA expression between the OSA and control group. Additionally, evening and morning HIF-1a. serum protein
level correlated with number of desaturations during sleep (r = .384, P <.001 and r = .433, P <.001, respectively).

Conclusions: Observed differences in HIF-1a serum protein level between the OSA and the control groups without difference between evening and morning
measurements suggest chronic increase in this protein concentration by intermittent nocturnal hypoxia in OSA.
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BRIEF SUMMARY

Current Knowledge/Study Rationale: One of the typical symptoms of obstructive sleep apnea is recurrent intermittent nocturnal hypoxia. However, not
much is known how it translates into mRNA and protein expression of hypoxia-inducible factor 1a (HIF-1a), a key regulator of oxygen metabolism in hypoxia
states. Therefore, we analyzed HIF-1a mRNA and serum protein expression before (in the evening) and after (in the morning)

polysomnography examination.

Study Impact: We found that patients with obstructive sleep apnea have increased HIF-1a. protein levels at both time points compared with those in the
control group. At the same time, there was no difference between evening and morning HIF-1a serum protein levels in either group. This suggests that in
OSA intermittent nocturnal hypoxia leads to a chronic increase in HIF-1a concentration.

INTRODUCTION

Obstructive sleep apnea (OSA) is a chronic disorder charac-
terized by recurrent episodes of apneas or hypopneas during
sleep caused by narrowing or collapse of upper airways. The
main risk factor for OSA is obesity, especially visceral obesity,
which leads to an increased volume of soft tissue around the

(PSG), which allows for assessment of disorder severity based
on apnea-hypopnea index (AHI)."

One of the typical complications of sleep-disordered
breathing is recurrent hypoxia, which causes modifications
of gene transcription as well as posttranslational protein modi-
fication, including the ones regulating metabolism or cardiovas-
cular system. The main factor responsible for oxygen metabolism
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pharynx. Recent studies estimate that almost 50% of men and
24% of women have a moderate to severe form of sleep-
disordered breathing.! Furthermore, patients diagnosed with
OSA present with excessive daytime sleepiness® and more
often have immunological diseases that are associated with
systemic inflammation®~ and metabolic disorders®’ and have
increased risk of cardiovascular events.*'° The gold standard
examination for OSA diagnosis is nocturnal polysomnography
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homeostasis is the hypoxia-inducible factor (HIF). It is a hetero-
dimeric complex, which consists of 2 subunits: o (HIFa) and B
(HIFB). Both subunits belong to helix-loop-helix Per/Arnt/Sim
transcription factor family, which are constitutively produced
in cells.'? Subunit o is oxygen sensitive and, during normoxia,
is associated with von Hippel-Lindau protein, which is re-
sponsible for the induction of its proteasome degradation.'?
Therefore, in normoxia, the half lifetime of HIFa is greatly
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shorter than in hypoxia conditions,'* as low pressure of oxygen
is responsible for blocking the binding of von Hippel-Lindau
protein and HIFa and the degradation of HIFa is inhibited."’
Subunit f is produced continuously and is not oxygen sensitive.
In humans, HIF-1a has 3 izoforms: HIF-1acoded by HIFIA,
HIF-2a.coded by EPAS1,and HIF-3a coded by multiple splicing
variants of HIF3a.'¢

Since hypoxia is characteristic of quickly proliferating tis-
sues, such as tumor tissue, a considerable number of studies on
HIF-1a focused on its effect on the formation and growth of
neoplasms. Increased expression of HIF-1a was observed in
multiple cancers,'” and higher expression of HIF-1acorrelated
with worse prognosis.'®

It is estimated that HIF-1a is responsible for the activation of
over 100 different genes.'® Therefore HIF-1a is a crucial
transcription factor influencing many processes in organisms
involved, especially in the regulation of metabolism and car-
diovascular system.'”?° Nevertheless, many signaling path-
ways it takes part in are still not well described. For instance,
among many others, it activates genes connected with angio-
genesis (for example vascular endothelial growth factor) or
glucose uptake by cells (glucose transporter 1 and glucose
transporter 4).'%1°

The information about HIF-la in OSA is greatly based
on animal and cell models of the disorder, which show in-
creased HIF-la expression.*’** According to our knowl-
edge, a limited number of studies investigated HIF-1a in
patients with OSA.>*~%° One group observed increased HIF-1a
mRNA expression in skin biopsies of patients with OSA with
severe nocturnal desaturations (hemoglobin oxygen satura-
tion [SpO,] under 75%) compared with those in the OSA group
without desaturations during night.?® Other research showed
that patients with OSA had higher HIF-la serum protein
assessed semiquantitatively through Western blot.>” There-
fore, the aim of our study was to investigate the HIF-1a
serum protein level and mRNA HIF-a expression in patients
with OSA and those in a healthy control group to determine their
plausible evening-morning fluctuation and associations with
PSG variables.

METHODS

The study group consisted of 84 consecutive patients who were
referred to Sleep and Respiratory Disorders Centre in Lodz
(Poland) with a presumptive OSA diagnosis and underwent
a standard nocturnal PSG examination. Twenty-four individ-
uals with AHI < 5 events/h were assigned to the control group,
while those in the OSA group comprised 60 patients with
AHI>5 events/h. Inclusion criteria for this study were age within
18-75 years and body mass index between 20 and 45 kg/m?.
Individuals with an infection 1 month prior to PSG exami-
nation, history of or active cancer, total sleep time below
4 hours during PSG examination, or those with chronic re-
spiratory diseases (eg, bronchial asthma or chronic obstructive
pulmonary disease) were excluded. The study was approved
by the Ethical Committee of Medical University of Lodz
(RNN/77/18/KE). All participants provided written informed
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consent. All experiments were performed in accordance with
relevant guidelines and regulations.

Polysomnography

Patients were admitted to the sleep lab at 2100 hours (+ 0.5 hour)
and underwent physical examination (measurement of body
mass, height, heart rate, and blood pressure). A standard
nocturnal PSG was performed by recording the following
channels: electroencephalography (C4\A1l, C3\A2), chin
muscles and anterior tibialis electromyography, electro-
oculography, measurements of oronasal airflow (a thermis-
tor gauge), snoring, body position, respiratory movements
of chest and abdomen (piezoelectric gauges), unipolar electro-
cardiogram, and SpO, (Sleep Lab, Jaeger-Viasys, Hochberg,
Germany). Sleep stages were scored according to the criteria
based on 30-second epoch standard.'! Desaturation has been
defined in accordance with the American Academy of Sleep
Medicine'' as a > 3% oxygen desaturation from pre-event
baseline. The following PSG parameters were included in the
analysis: total sleep time, AHI, the total number of desatura-
tions, desaturation index, mean level of SpO, during sleep, the
mean SpO, of desaturations during sleep, minimal SpO, during
sleep, and number of desaturations below 90%.

Assessment of HIF-1a protein and mRNA level
Peripheral blood samples were collected in the evening before
and in the morning following PSG examination into collection
tubes with clot activator or with EDTA.

Blood samples with clot activator were centrifuged imme-
diately following blood draws at 4°C. Serum was collected and
stored at —80°C. The serum HIF-1a protein concentration was
assessed by ELISA kit (Invitrogen, Carlsbad, CA). The ab-
sorbance was measured at 1 =450 nm wavelength by GloMax-
Multi Detection System (Promega, Madison, WI).

RNA was isolated from peripheral blood leukocytes (PBL)
(EDTA collection tubes) with the TRI Reagent Solution
(Ambion; Thermo Fisher Scientific, Inc., Waltham, MA)
according to the standard acid guanidinium-phenol-chloroform
procedure.”® The quality of the isolated RNA was evaluated
with spectrometry at 260 nm using a Nanodrop ND-1000 an-
alyzer (Thermo Fisher Scientific, Inc., Waltham, MA). Then,
1 pg RNA was reversely transcribed using the ImProm-I1I™
Reverse Transcription system (Promega Corporation, Madison,
WI) according to the manufacturer’s protocol. Reaction con-
sisted of 3 steps, where annealing of assays was performed at
60°C in 60 seconds. Each quantitative real-time polymer-
ase chain reaction mixture consisted of nuclease-free water,
Master Mix TagMan Universal, TagMan HIF-1a assay (ID:
Hs00153153_m1) (or reference gene, TagMan glyceraldehyde
phosphate dehydrogenase [GAPDH] assay) and cDNA. Re-
actions were carried out in triplicate for each sample for both
HIF-1a and the reference GAPDH gene. For each sample, a
threshold cycle (C;) was calculated using Mx-Pro v4.10 soft-
ware (Agilent Technologies, Inc.), and the mean value of 3
measurements was obtained. Then, AC; was calculated and
used in mRNA expression analysis in accordance with the
following equation 274¢*°
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Table 1—Baseline characteristics of study groups.
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Parameter Control group (n = 24) OSA group (n = 60) P Value
Sex Women 7 (29.2%) 7 (11.7%) 103
Men 17 (70.8%) 53 (88.3%)
Age 50.5 (41.3-59.0) 56.5 (44.8-63.0) 139
BMI 274 £ 4.1 31.7+48 <.001
Total sleep time (h) 6.0+0.7 6.0+09 879
AHI, events/h 24 (1.2-4.0) 24.3 (14.3-50.1) .001
Total number of desaturations 14.0 (9.0-32.5) 122.0 (80.5-287.5) .001
Desaturation index 3.0(1.8-55) 27.0 (15.0-51.1) .001
Mean level of SpO, during sleep (%) 93.8 (92.5-94.7) 92.0 (90.2-93.3) <.001
Mean SpO, of desaturations during sleep (%) 90.7 (90.0-92.3) 87.0 (84.9-89.0) <.001
Minimal SpO, during sleep (%) 88.2 (85.7-90.9) 76.2 (71.3-82.3) <.001
Number of desaturations below 90% 5.0 (0-20.5) 98.0 (52.5-159.5) <.001

Variables with normal distribution are presented as mean + standard deviation; variables with a nonnormal distribution are shown as median interquartile
range. AHI = apnea-hypopnea index, BMI = body mass index, OSA = obstructive sleep apnea, SpO, = hemoglobin oxygen saturation.

Statistical analysis

Shapiro-Wilk test was used to test data distribution. Data with
normal distribution were presented as a mean and standard
deviation, otherwise amedian with interquartile range was used.
Two independent groups were compared using an unpaired ¢
test (normal distribution) or, otherwise, Mann—Whitney U test.
Dependent groups were compared with a paired  test or Wilcoxon
test, respectively. Correlations were determined using Spear-
man’s rank correlation. The statistical analysis was performed
using Statistica 13.1 (StatSoft, Tulsa, OK). P values <.05 were
considered significant.

RESULTS

Characteristics

The baseline characteristics of the study groups are shown in
Table 1. Control and OSA groups did not differ regarding sex
and total sleep time. Body mass index was higher in the OSA
group, while all SpO,-related parameters recorded during the
night with PSG examination differed between the study groups.

HIF-1a mRNA expression level

No differences were observed in HIF-lo mRNA expression
level between OSA and control groups, neither in the evening,
0.11 (0.03-0.77) vs 0.25 (0.10 — 0.49); P = .381, or in the
morning, 0.22 (0.05-0.87) vs 0.15 (0.07-0.29); P = .414, re-
spectively (Figure 1). Moreover, no differences were observed
in HIF-1lo mRNA expression between evening and morning
samples within both groups (P > .05).

HIF-1a serum protein level

Serum HIF-1la protein level in the OSA group was signifi-
cantly higher than in the control group, both in the evening,
1,490.1 (1,021.6-2,095.7) vs 727.8 (328.0-968.9) pg/mL;
P <.001, and in the morning, 1,368.9 (1,122.2-2,010.6) vs
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702.1(396.8—-1,008.1) pg/mL; P <.001, respectively (Figure 1).
Furthermore, no differences were observed in serum HIF-1a
protein levels between evening and morning samples within
both groups (P > .05).

Evening and morning HIF-la protein levels correlated
positively with AHI (R=.370, P<.001 and R =.362, P <.001,
respectively; Figure 2, A and B). Moreover, body mass index
disclosed positive correlations with both evening and morning
HIF-1laprotein levels (R=.251, P=.022 and R=.267, P=.014,
respectively; Figure 2, C and D).

The total number of desaturations correlated positively
with HIF-la protein concentrations both in the evening
(R =.444, P < .001; Figure 3A) and in the morning (R = .433,
P < .001; Figure 3B). Similar positive correlations were
observed for number of desaturations below 90% (R = .485,
P <.001 and R = 0.467, P < .001, respectively; Figure 3, C
and D). Furthermore, evening and morning HIF-1a protein level
negatively correlated with the mean SpO, of desaturations
during the night (R=-.315, P=.004 and R =—.280, P =.010,
respectively; Figure 3, E and F) as well as minimal saturation
(R=-.297, P=.006 and R = —.250, P = .022, respectively,
Figure 3, G and H). No significant correlations were found for
evening and morning HIF-1a protein levels and total sleep time
as well as the mean SpO, during sleep.

DISCUSSION

To the best of our knowledge, this is the first work that shows
absolute HIF-lo protein concentration in peripheral blood
samples of patients with OSA. Previously it was evaluated only
once using a semiquantitative Western blot method, in which
HIF-1a level was calculated in comparison to an endogenous
control (GAPDH).?” Similarly to our study, Lu et al*’ observed
significantly higher serum HIF-la protein concentration in
patients with OSA vs the control group.
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Figure 1—HIF-1a protein concentration in OSA and control groups.
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We observed this difference in both the evening and the morning
HIF-1a protein concentrations between the study groups.
At the same time, no differences were observed between the
evening and morning HIF-la protein concentration. This
suggests that a single night with the presence of apneas and,
consequently, a decrease in oxygen saturation of hemoglobin
does not directly affect the concentration of this protein, but
rather a chronic effect is observed for this protein upregulation
in OSA patients. There isno data in the available literature on the
daily variation in the concentration of HIF-la protein. Fur-
thermore, our study showed direct correlations between the
concentration of HIF-1a protein and hypoxia variables during
sleep, including the total number of desaturations, desatura-
tion index, mean oxygen saturation, mean SpO, of desatura-
tions during sleep, minimal oxygen saturation, and number of
desaturations below 90%. These results are in line with the ones
of Lu et al*’, who demonstrated an association between the
relative concentration of HIF-1a protein in blood serum and
the average level of saturation during sleep and the minimum
oxygen saturation during sleep. Additionally, we obtained a
positive correlation between the concentration of HIF-la
protein and the severity of OSA. Lu et al showed a difference in
the concentration of HIF-1a protein between severe OSA and a
group consisting of individuals with moderate and mild severity
of the disorder.?”’

Similar differences in the concentration of HIF-1a protein
were also observed in animal models simulating OSA. It has
been shown that in rats the severity of recurrent hypoxia
stimulated by a decrease in oxygen concentration in the ambient
air caused a gradual increase in the concentration of HIF-la
protein as well as HIF-lo mRNA and glucose transporter 1
protein.?! Another study in the rat OSA model also showed an
increased concentration of HIF-1a protein in rats exposed to
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chronic intermittent hypoxia (CIH), but it did not correlate with
the exposure time to CIH.** An increase in the concentration of
HIF-1a protein in rats following CIH has also been shown in
other organs, eg, brain*? and liver.*' The value of animal models
in which OSA is simulated only by a temporary reduction of
oxygen concentration in the ambient air has significant limi-
tations. Other factors, such as intrathoracic pressure swings,
chronic inflammation, or obesity present in patients with OSA,
often lasting for years, may initiate compensatory mechanisms
that are absent in the short-term animal model of OSA. Fur-
thermore, the difference in the concentration of HIF-1a protein
between the control group and OSA individuals in both evening
and morning measurements suggests a chronic effect. This is
also supported by the lack of difference between evening and
morning HIF-1a protein levels. To the best of our knowledge,
there are no studies assessing HIF-1a protein levels at different
time points of the day, neither in patients with OSA nor in OSA
animal models. This suggests the participation of compensatory
mechanisms that redirect oxygen metabolism into the HIF-1-
dependent pathway'*3? in patients with OSA causing chronic
HIF-1a protein level upregulation. According to Lu et al, this
increase returned to the level observed in the control group
following 2 months of continuous positive airway pressure
therapy. Possible engagement of posttranslational rather than
transcriptional processes may explain the lack of correlation
between HIF-10a expression at mRNA level and HIF-1a protein
concentration in blood serum. However, this is in contrast to the
lack of differences between mRNA HIF-10 expression between
patients with OSA and those in the control group and results
obtained by Kaczmarek et al.*® In their study, individuals with
OSA with AHI > 10 events/h were divided into 2 groups based
on the minimal hemoglobin oxygen saturation during PSG
examination over or under 75%. The selection of such study
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Figure 2—Correlations between both evening and morning HIF-1a protein level and AHI and BMI.
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groups might be one of the causes of observed differences in
mRNA HIF-1a expression, which were not present in our study.
Another factor that may affect this disparity is the fact that in our
study expression was evaluated in PBLs, while Kaczmarek et al
used skin biopsies for the measurements. Skin specimens are
characterized by more limited oxygen availability in comparison to
PBL due to the character of hypoxia: recurrent in PBL and chronic
in skin samples. This may promote a shift of oxygen homeostasis to
HIF-1-dependent via nuclear factor kappa-light-chain-enhancer of
activated B cells pathway.*> Another factor that might affect the
lack of correlation between HIF-1a protein concentration and
mRNA expression is the fact that in our study mRNA was only
evaluated in PBLs, while other cells, eg, vascular endothelium,
can also be the source of the protein in the blood serum.

The participation of HIF-1 in the etiopathogenesis of other
chronic respiratory diseases, such as chronic obstructive re-
spiratory disease (COPD), has been better understood than in
OSA, in which only a few papers have been published so far.>*?’
Several studies have shown an increased level of HIF-1a serum
protein in patients with COPD compared with a healthy
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control group,®*** which is in line with our results. Moreover,

in patients with COPD, HIF-1a protein concentration nega-
tively correlated with functional lung test results and severity of
the disorder assessed by Global Initiative for Chronic Obstructive
Lung Disease standards.**** Despite the different characteristics of
hypoxia present in COPD and OSA, ie, continuous vs intermittent,
respectively, its effect on the concentration of HIF-1a protein
seems to trigger the similar changes on the molecular level.
Increased HIF-1a protein levels in patients with OSA might
have direct clinical implications. In epidemiological studies,
one of the most common comorbidities in patients with OSA
are metabolic disorders, such as insulin resistance*~*° and type
2 diabetes.>’ The involvement of HIF-1o in disorders of glu-
cose metabolism has been partially understood as it increases
the expression of glucose transporters and leptin,'**? suggesting
a possible etiopathogenetic association.*® He et al*' demon-
strated a significantly higher concentration of both protein
and mRNA for HIF-1a and glucose transporter 1 under hyp-
oxia in the adipocyte cell model. These changes might be re-
versible as shown by Shin et al*® in mice with diet-induced
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Figure 3—Correlations between both evening and morning HIF-1a. protein level and oxygen saturation parameters.
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HIF-1a protein level and total number of desaturations. (C) Correlation between evening HIF-1a. protein level and number of desaturations below 90%.
(D) Correlation between morning HIF-1a protein level and number of desaturations below 90%. (E) Correlation between evening HIF-1a protein level and mean
hemoglobin oxygen saturation (SpO,) of desaturation during sleep. (F) Correlation between morning HIF-1a protein level and mean SpO, of desaturations
during sleep. (G) Correlation between evening HIF-1a protein level and minimal SpO,. (H) Correlation between morning HIF-10. protein level and mini-
mal SpO,.

obesity. Shin et al*° inhibited the action of HIF-1a by admin- result, they observed a significant reduction in fasting glucose
istering missense oligonucleotides, thereby significantly re- and plasma insulin, without changes in the amount of food
ducing the expression of HIF-1la in liver and fat cells. Asa  consumed and physical activity.
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Cardiovascular disease, in particular arterial hypertension, is
another complication often found in patients with OSA where HIF-
la may play a role.'%*° Atherosclerosis, which can be induced by
increased endothelin-1 expression, seems to have a significant
impact on the development of arterial hypertension in patients
with OSA.*” Gras etal*' demonstrated that HIF-1 transcription is
necessary to cause systemic and vascular inflammation under
the influence of CIH. Importantly, the severity of inflammatory
changes and an increase in the thickness of the inner aorta layer
was not observed in the group of mice with HIF-1 deficit, as
well as in the group of mice with no deficiency of this factor,
which was given an endothelin receptor antagonist, presenting a
key pathway in which HIF-1 and endothelin-1 are involved for
the development of CIH-induced cardiovascular complications.

The upregulation of HIF-1a protein and involvement of this
factor in common OSA complications suggests its consideration as a
possible therapeutic target, as nowadays great attention is paid to
more personalized treatment of OSA comorbidities.** One of these
drugs targeting HIF-1 is an antisense oligonucleotide, which caused
downregulation of genes regulated by HIF-1a.** Furthermore MiR-
210 molecule has been described as a prognostic factor and
therapeutic agent for both myocardial infarction and pulmonary
hypertension.** It is responsible for HIF-1o stabilization by
suppression of GAPDH and cullin-2. Therefore MiR-210 an-
tagonists might be considered as therapeutic agents for OSA
comorbidities. These drugs might be considered beneficial among
OSA patients, especially in control of comorbidities;***® however,
this first requires verification on animal models and in clinical trials.

In conclusion, patients with OSA present with increased HIF-
la serum protein concentration compared with healthy indi-
viduals, which even more interestingly did not reveal morning
to evening variability as could have been expected. This sug-
gests HIF-1a protein might be one of the mediators involved
in multiple comorbidities present in this group of patients.
However, further studies are needed to broaden our under-
standing of this possible pathogenic pathway involving a larger
group and long-term observation.

ABBREVIATIONS

AHI, apnea-hypopnea index

CIH, chronic intermittent hypoxia

COPD, chronic obstructive respiratory disease

Ct, cycle threshold

GAPDH, glyceraldehyde phosphate dehydrogenase
SpO,, hemoglobin oxygen saturation

HIF, hypoxia inducible factor

OSA, obstructive sleep apnea

PBL, peripheral blood leucocytes

PSG, polysomnography
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