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Abstract

Purpose Obstructive sleep apnea (OSA) is independently associated with increased risk for stroke and other cardiovascular
diseases. Since activated platelets play an important role in cardiovascular disease, the objective of this study was to determine
whether platelet reactivity was altered in OSA subjects with intermittent nocturnal hypoxemia.

Methods Thirty-one subjects, without hypertension or cardiovascular disease and not taking medication, participated in the
study. Subjects were stratified based on OSA-related oxygen desaturation index (ODI) recorded during overnight
polysomnography. Platelet reactivity to a broad panel of agonists (collagen, thrombin, protease-activated receptorl hexapeptide,
epinephrine, ADP) was measured by monitoring platelet aggregation and ATP secretion. Expression of platelet activation
markers CD154 (CD40L) and CD62P (P-selectin) and platelet-monocyte aggregates (PMA) was quantified by flow cytometry.
Results Epinephrine-induced platelet aggregation was substantially decreased in OSA subjects with significant intermittent
hypoxemia (ODI>15) compared with subjects with milder hypoxemia levels (ODI < 15) (area under curve, p=0.01). In
addition, OSA subjects with ODI > 15 exhibited decreased thrombin-induced platelet aggregation (p = 0.02) and CD40L platelet
surface expression (p = 0.05). Platelet responses to the other agonists, CD62P platelet surface expression, and PMA levels were
not significantly different between groups. Reduction in platelet responses to epinephrine and thrombin, and decreased CD40L
surface marker expression in significant hypoxemic OSA individuals, is consistent with their platelets being in an activated state.
Conclusions Increased platelet activation was present in otherwise healthy subjects with intermittent nocturnal hypoxemia due to
underlying OSA. This prothrombotic milieu in the vasculature is likely a key contributing factor toward development of
thrombosis and cardiovascular disease.

Trial registration NCT00859950

Keywords Obstructive sleep apnea - Intermittent hypoxemia - Platelet activation - Platelet aggregation - Stroke - Cardiovascular
disease

Introduction

Obstructive sleep apnea (OSA) is a prevalent condition found
to be an independent risk factor for stroke [1-3]. Micro- and
macro-vascular complications associated with untreated OSA
are often independent of other cardiovascular risk factors [1, 3,
4]. Large epidemiological studies have demonstrated the
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association of OSA with hypertension, atherosclerosis, and
vascular thrombosis. Several pathophysiological mechanisms
have been postulated, including hemodynamic, neural, circa-
dian rhythm, vascular, endothelial, metabolic, inflammatory,
and thrombotic changes [1-5]. Intermittent hypoxemia is of-
ten seen in OSA, consisting of recurrent drops in oxyhemo-
globin saturation due to reduced airflow during sleep. It is
frequently associated with increased oxidative stress and cel-
lular damage, shown to lead to endothelial dysfunction, vas-
cular inflammation, and increased platelet activation and ag-
gregability [1, 2, 4-6].

In keeping with the overarching hypothesis that platelet
dysfunction is a key mechanism leading to cardiovascular
disease in sleep apnea, we evaluated platelet function in
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otherwise healthy subjects with intermittent hypoxemia sec-
ondary to OSA by examining platelet responses to a broad
panel of prothrombotic agonists, surface markers of platelet
activation, and platelet-monocyte interactions. We hypothe-
sized that platelet activation and the aggregation response
would be increased in otherwise healthy subjects with signif-
icant intermittent hypoxemia due to underlying OSA. A
prothrombotic environment in the vasculature could predis-
pose these individuals to cardiovascular disease. Importantly,
this is the first study to investigate platelet responsiveness to a
broad panel of agonists as well as platelet activation in OSA
subjects with intermittent nocturnal hypoxemia.

Methods
Study population

A cross-sectional study design was used. Informed consent
was obtained from all participants under a protocol approved
by the Weill Cornell Medicine (WCM) and Rockefeller
University Hospital Institutional Review Boards (IRB). The
study was registered as Clinical Trial NCT00859950
(“Mechanisms of Endothelial Cell Dysfunction in Sleep
Apnea”). Participants with a clinical suspicion of OSA and
age-matched healthy controls (£ 5 years) without underlying
cardiovascular disease were offered participation. Control
subjects were chosen to be of similar age to those with suspi-
cion of OSA in order to minimize confounding by age.
Healthy controls were recruited using IRB-approved flyers
posted in designated research advertisement areas in the insti-
tution and through the clinical trials website. Inclusion criteria
for all participants were age > 21 years old, no previous diag-
nosis of sleep apnea, and absence of underlying diabetes or
cardiovascular disease including hypertension, coronary ar-
tery disease, stroke or peripheral vascular disease, as assessed
by review of past medical history and medication list.
Exclusion criteria were history of smoking, pregnancy, current
or previous treatment for sleep apnea, alcohol abuse, and use
of supplemental oxygen. Also excluded were subjects taking
prescription or over-the-counter sedatives, respiratory sup-
pressants, medications for cardiovascular disease, hyperlipid-
emia or hypertension, anticoagulants, and anti-platelet, non-
steroid anti-inflammatory drugs, or aspirin during the 3 months
preceding study enrollment.

Nocturnal polysomnography

A baseline full-night nocturnal polysomnography (NPSG)
was performed at approximately the subjects’ regular sleep
time after admission to the Clinical Translational Research
Center at Rockefeller University Hospital. The NPSG record-
ing consisted of four-channel electroencephalogram, bilateral
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electrooculogram, submental and anterior tibialis electromyo-
gram, two-lead electrocardiogram, rib cage and abdominal
movement by inductive plethysmography, body position,
pulse oximetry, and nasal pressure respiratory flow monitor-
ing. Scoring of all records was performed by a single experi-
enced registered polysomnographic technician. Respiratory
events were scored according to recommended rules by the
American Academy of Sleep Medicine [7, 8]. The oxygen
desaturation index (ODI) was used as a measure of the sever-
ity of OSA, calculated based on the hourly index of drops in
oxygen saturation (SaO,) during the sleep period (where a
desaturation event is defined as a decrease of >4% lasting >
6 s). Intermittent hypoxemia was classified based on events
per hour at a 4% ODI cutoff of 15. The conservative 4%
desaturation threshold was utilized in order to be more selec-
tive of hypoxemic events and created a well-defined distinc-
tion between groups. The minimum desaturation period was
included in the criteria to ensure that brief artificial drops in
oxygen saturation were not included in the event index. The
presence of OSA in the increased ODI group was asserted by
an increased obstructive apnea-hypopnea index (OAHI)
above the threshold of 5 events per hour. The percentage of
sleep time at Sa0, <90% (% TST <90%) and lowest satura-
tion level (lowest Sa0,) were also recorded and tabulated.

Blood sampling and processing for isolation
of platelets

Blood samples were collected during fasting in the morning
immediately after the overnight sleep study for measuring
fasting glucose, triglycerides, and high-density lipoprotein
(HDL) cholesterol in addition to a complete blood count
(CBC). Samples were also processed for the isolation of plate-
lets following the collection of 41 ml whole blood by free flow
into a tube containing 4.6 ml 3.8% trisodium citrate. For plate-
let aggregometry studies, platelet-rich plasma (PRP) and
platelet-poor plasma (PPP) were prepared by differential cen-
trifugation [9] at the Clinical and Translational Science Center
(WCM) within 3 h of collection, and platelet counts were
determined. PRP was prepared with an initial whole blood
centrifugation at 1000 RPM for 14 min (25 °C, no brake),
followed by removal of the PRP into new tubes. The PPP
was then prepared from the PRP by centrifugation at 5000
RPM for 5 min (25 °C) in a microcentrifuge.

Platelet aggregometry

Platelet activation and aggregation were measured by optical
lumi-aggregometry in a Chrono-Log model 700 4-channel
Lumi-aggregometer. Aliquots of 270 pl PRP (250,000 plate-
lets/pl) were used for aggregometry. Following equilibration
and addition of 30 pl luminescence reagent (“Chrono-Lume”,
Chrono-Log), baseline was adjusted using a 300 ul PPP
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sample as optical reference. PRP samples were stimulated
with the following agonists: collagen (0.5 and 5 pg/ml),
thrombin (1 U/ml), protease-activated receptorl (PAR1)-acti-
vating hexapeptide (SFLLRN) (50 uM), epinephrine (0.5 and
5 uM), and adenosine diphosphate (ADP) (0.5 and 5 uM).
Aggregation was observed for 5 min (7 min for collagen).
Platelet aggregation and adenosine triphosphate (ATP) secre-
tion parameters were calculated using AggroLink8 software
(Chrono-Log). Aggregation and secretion parameters are re-
ported as area under the curve (AUC) (percent times minute
(%*min) for aggregation and nanomoles times minute
(nanomoles*min) for ATP secretion), slope (rate of aggrega-
tion (percent per minute) or rate of secretion (nanomoles per
minute)), and amplitude (percent of maximum aggregation
and nanomoles for ATP secretion).

Fluorescence-activated cell sorter analysis

Antibodies against CD14 and CD41 were obtained from BD
Biosciences (San Jose, CA), and CD62P (P-selectin)-PE and
CD154 (CD40L)-Alexa Fluor 647 were from BioLegend (San
Diego, CA).

Platelet-monocyte aggregates For each fluorescence-
activated cell sorter (FACS) sample, 100 ul anticoagulated
whole blood was added to a FACS tube containing the
appropriate antibody (2 pl each). Following incubation
for 20 min at room temperature in the dark, erythrocytes
were lysed using FACS lysis buffer (BD Biosciences).
Cells were then washed with phosphate-buffered saline
(PBS), resuspended in 500 ul PBS, and analyzed with a
FACSCanto system using FACS Diva software (BD
Biosciences). Platelet-monocyte aggregates are a measure
of platelet activation in vivo. Cells were single-stained
with anti-CD14-FITC and anti-CD41a-APC, and also
double-stained with anti-CD14/CD41a. The percentage of
platelet-monocyte aggregates was determined.

Platelet activation markers For each FACS sample, 100 pl
PRP was added to a FACS tube containing 5 ul anti-
CDO62P-PE or 2.5 ul anti-CD154-Alexa Fluor 647.
Following incubation for 20 min at room temperature
in the dark, platelets were fixed using 100 ul 2% para-
formaldehyde. The cells were then washed and resus-
pended in PBS and analyzed with a FACSCanto system
using FACS Diva software (BD Biosciences). FACS
analysis identified the percentage of platelets that had
been activated and expressed CD62P (P-selectin) or
CD154 (CD40L) on their surface.

BD FACS 7-Color Setup Beads were used during
cytometer setup. These beads are used by the software to
adjust detector voltages and set up fluorescence compensation
by correcting for spectral overlap or spillover.

Statistical analyses

The sample size for the study was based on previous research
on epinephrine-induced platelet aggregation in patients with
cardiovascular disease and normal controls [10], using a pow-
er level of 80% to detect a minimally significant difference
between means in amplitude (%) of epinephrine-induced
platelet aggregation of 10 with a standard deviation of 4.6, at
an alpha level of 0.05, leading to a minimal group size of 4.

Intermittent hypoxemia as defined by ODI criteria was the
independent variable of severity used for the analyses.
Baseline sleep characteristics and platelet reactivity were com-
pared for groups stratified by ODI index at a cutoff of 15
events per hour. Data were presented using median and inter-
quartile ranges [IQR: 25th and 75th percentiles] and compared
between ODI groups using the non-parametric Wilcoxon
rank-sum test (also known as the Mann-Whitney U test).
Given the known association between ODI and body mass
index (BMI), blood pressure (BP), glucose levels, and high-
density lipoprotein (HDL) cholesterol levels, we also explored
associations after adjusting for these factors in a linear model.
The primary predictor was ODI > 15 (vs. ODI < 15) and the
outcome was the association in question, after checking that
the normality assumptions were sufficiently met using a
quantile-quantile plot and the Shapiro-Wilk test. Both BMI
and BP were chosen a priori as potential confounders since
obesity and hypertension have been previously shown to be
associated with increased platelet reactivity [11, 12].
Similarly, fasting glucose and HDL cholesterol were also cho-
sen as potential confounders based on their association with
platelet reactivity [13, 14]. All analyses are two-sided, with
statistical significance determined at the 0.05 level. 95% con-
fidence intervals reported where appropriate. Data analyses
were performed in R Version 3.5.0 (R Core Team, Vienna,
Austria).

Results

A total of 31 subjects (25 men and 6 women), free of under-
lying cardiovascular or metabolic disease or hypertension, and
taking no medications or supplements for the 3 months pre-
ceding their enrollment, participated in the study. Subjects
were classified in groups based on ODI levels that were re-
corded during the overnight polysomnography. Eight (26%)
subjects had an ODI> 15, and 23 subjects had an ODI < 15.
All subjects in the elevated ODI group had OSA based on
AHI criteria of over 5 events per hour. Subject characteristics
and polysomnographic data are shown in Table 1. Subjects
with elevated ODI (> 15) had a higher BMI, more apnea-
hypopnea index (AHI) events per hour, a higher obstructive
AHI, a lower percentage of lowest oxyhemoglobin saturation
(lowest Sa0,), and a higher percentage of sleep time at
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oxygen saturation less than 90% (% TST <90%), as expected.
Higher platelet counts, higher fasting glucose levels, and low-
er levels of HDL cholesterol were also seen in the subjects
with higher ODI levels.

Platelet activation in subjects with intermittent
hypoxemia

When platelets were treated with the prothrombotic agonist
epinephrine, a substantial decrease in platelet reactivity was
observed in the significant hypoxemia group (ODI>15) as
compared with the milder hypoxemia group (ODI < 15), as
shown in Table 2. Platelets from more severe hypoxemic sub-
jects, upon stimulation with epinephrine (5 uM), exhibited
decreased aggregation with a median AUC of 31.80%*min
[IQR 25.25, 55.82%*min] as compared with those with
milder hypoxemia levels with a median AUC of
117.40%*min [IQR 54.40, 211.95%*min], reaching statistical
significance (p =0.01) as shown in Fig. la. Moreover, the
median amplitude of aggregation in response to epinephrine
was 9.00% [IQR 8.00, 14.50%] in subjects with higher ODI
indices as compared with 51.00% [IQR 15.00, 71.50%] for
subjects with lower indices (p = 0.01), and the median rate of
platelet aggregation was 20.00%/min [IQR 16.00, 29.75%/
min] for the ODI>15 group vs. 51.00%/min [IQR 27.00,
65.50%/min] for the ODI< 15 group (p =0.02), as shown in

Fig. 1b, c, respectively. In addition, subjects with significant
intermittent hypoxemia displayed a decrease in platelet aggre-
gation when their platelets were stimulated with the agonist
thrombin (Table 2). The median AUC for platelet aggregation
in response to thrombin (1 U/ml) was 382.65%*min [IQR
277.52, 432.09%*min] for subjects with an ODI> 15 as com-
pared with 443.25%*min [IQR 433.50, 491.17%*min] for
subjects with an ODI< 15 (p =0.02), and the median ampli-
tude of aggregation was 95.00% [IQR 70.12, 98.00%] for the
ODI>15 group as compared with 101.00% [IQR 98.50,
108.75%] for the ODI< 15 group (p=0.02), as seen in
Fig. 2a, b, respectively. For all of the other platelet agonists
examined, differences in platelet responses were not statisti-
cally significant between ODI groups (Table 2).

We also examined platelets and whole blood for the expres-
sion of markers of platelet activation (CD154 (CD40L) and
CDG62P (P-selectin)) and the presence of platelet-monocyte
aggregates, as shown in Table 3. OSA subjects with higher
ODI indices exhibited a decrease in platelet surface expression
of CD40L as compared with those with milder hypoxemia
levels (ODI < 15). The median for CD40L-positive platelets
was 13.30% [IQR 11.85, 16.65%] in the ODI > 15 group vs.
18.50% [IQR 16.05, 25.95%] in the ODI< 15 group (p =
0.05). CD62P platelet surface expression had a tendency to-
ward decreased expression in the high ODI group with a me-
dian 22.20% [IQR 16.30, 24.70%] vs. 26.60% [IQR 21.20,

Table 1 Characteristics and

baseline polysomnographic data ODI<15 (n=23) ODI>15 (n=8) p value®

of recruited subjects®
Age (years) 40.00 [36.50, 54.00] 51.00 [42.00, 52.00] 0.461
BMI(kg/rnz) 26.62 [22.74, 28.98] 31.19[30.27, 35.35] 0.010
Total sleep time (min) 388.00 [349.50, 414.00] 434.75 [344.50, 440.25] 0.404
ODI (events/h) 3.00 [1.20, 7.00] 46.50 [29.58, 63.10] <0.001
AHI (events/h) 6.20 [1.75, 12.50] 75.25 [41.88, 87.10] <0.001
OAHI (events/h) 5.00 [1.40, 11.55] 48.30 [35.67,70.17] <0.001
Central AHI (events/h) 1.00 [0.35, 2.80] 1.80[0.78, 7.83] 0.239
Lowest SaO, (%) 88.00 [83.50, 91.50] 76.50 [69.75, 78.25] <0.001
TST <90% (%) 0.20 [0.00, 0.80] 37.85[18.85, 49.73] <0.001
Systolic BP (mmHg) 115.00 [112.00, 120.25] 116.00 [110.00, 131.00] 0.628
Diastolic BP (mmHg) 75.00 [70.00, 80.00] 81.00 [80.00, 83.25] 0.077
Heart rate (beats/min) 72.00 [67.50, 80.00] 78.00 [74.00, 84.00] 0.232
RBC (x 10° cells/ul) 4.80[4.45,5.01] 4.76 [4.73, 5.01] 0.718
Hematocrit (%) 41.90 [40.25, 44.25] 42.70 [42.08, 43.33] 0.484
Platelet count (x 10*/ul) 212.00 [196.00, 249.50] 246.50 [240.75, 274.50] 0.017
Fasting glucose (mg/dl) 90.00 [87.50, 94.50] 107.00 [94.75, 118.00] 0.003
Triglycerides (mg/dl) 81.00 [73.00, 126.25] 127.00 [118.00, 166.50] 0.120
HDL cholesterol (mg/dl) 47.00 [39.50, 63.00] 38.00 [34.50, 43.00] 0.044

BMI, body mass index; ODI, oxygen desaturation index; AHI, apnea-hypopnea index; OAHI, obstructive apnea-
hypopnea index; SaO,, oxyhemoglobin saturation; 7S7'< 90%, sleep time at SaO, <90%; BP, blood pressure;
RBC, red blood cell; HDL, high-density lipoprotein

#Values are expressed as median [25th, 75th percentile]

® p value from non-parametric Wilcoxon rank-sum test (Mann-Whitney U test)
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32.75%] in the low ODI group; however, it did not reach
statistical significance (p =0.174). No differences were noted
in platelet-monocyte aggregate levels, with a median 55.00%
[IQR 30.90, 64.30%] in the elevated ODI group vs. 48.50%
[IQR 40.20, 58.80%] in the low ODI group (p =0.931).

Adjusted analyses

The association between ODI and platelet reactivity after
adjusting for BMI, BP, fasting glucose, and HDL cholesterol
in a linear regression model is shown in Table 4. In response to
epinephrine, the amplitude and rate of platelet aggregation
remained significant after adjustment for fasting glucose and
HDL cholesterol (p =0.036) or for BMI and BP (p =0.037),
respectively, however, not significant when adjusting for all
four variables. Given that the quantile-quantile plots and
Shapiro-Wilk test revealed that non-normality of the residuals
was not detected, coefficient, confidence intervals, and p-
values were reported for these analyses. This was also the
case for thrombin-induced platelet aggregation after adjusting
for BMI and BP. However, after adjustment for fasting glu-
cose and HDL cholesterol or for all 4 factors, non-normality

Table 2

was detected, and thus, only coefficient values were reported.
While almost all associations maintained the same direction
after adjustment, no others maintained statistical significance.

Discussion

Our study shows an increase in platelet activation in subjects
with significant intermittent hypoxemia (ODI>15) free of
underlying cardiovascular or metabolic disease. The ODI is
a prime index of the severity of event-related nocturnal hyp-
oxemia, which is recognized as a key contributor to OSA
pathogenesis. Although studies have examined platelet acti-
vation and aggregability in subjects with OSA who have re-
petitive decreases in blood oxygenation [15-20], this is the
first study to investigate platelet responsiveness (platelet ag-
gregation and ATP secretion) to a broad panel of agonists as
well as quantify markers of platelet activation and platelet-
monocyte interactions in an otherwise disease-free population.
This is a critical factor, as subjects in this study were not
exposed to any type of medication nor had any preexisting
cardiovascular disease or cardiovascular risk factors that

Platelet reactivity in OSA subjects with significant and milder hypoxemia levels®

Agonist-induced platelet aggregation”

Agonist-induced ATP secretion from platelets®

ODI< 15 (n=23) ODI>15 (n=38) p value ODI< 15 (n=23) ODI>15 (n=38) p value

Epinephrine (5 uM)

AUC 117.40 [54.40, 211.95] 31.80 [25.25, 55.82] 0.014 0.10[0.00, 1.30] 0.00[0.00, 0.10] 0.107

amp 51.00 [15.00, 71.50] 9.00 [8.00, 14.50] 0.010 0.00 [0.00, 0.59] 0.00 [0.00, 0.00] 0.022

Rate 51.00 [27.00, 65.50] 20.00 [16.00, 29.75] 0.019 4.00 [2.00, 21.00] 2.00[2.00, 2.00] 0.014
Thrombin (1 U/ml)

AUC 443.25 [433.50, 491.17] 382.65 [277.52, 432.09] 0.020 2.70 [2.27, 4.15] 2.62 [2.14, 4.40] 0.857

amp 101.00 [98.50, 108.75] 95.00 [70.12, 98.00] 0.024 0.80[0.65, 1.10] 0.90 [0.60, 1.30] 0.769

Rate 383.00 [343.25, 400.75] 351.00 [255.00, 375.88] 0.142 70.00 [52.00, 85.50] 76.00 [72.00, 101.38] 0.250
Collagen (5 pg/ml)

AUC 434.30 [396.75, 462.40] 463.35 [423.50, 476.85] 0.362 3.10[2.30, 4.35] 3.80[3.25, 4.38] 0.443

amp 72.00 [61.00, 79.00] 66.50 [50.50, 71.75] 0.556 0.78 [0.60, 0.98] 0.91[0.80, 1.04] 0.377

Rate 121.00 [105.50, 135.00] 132.00 [120.00, 137.25] 0.470 29.00 [17.50, 42.00] 46.00 [31.75, 54.50] 0.114
PARI1 (50 uM)

AUC 309.00 [113.17, 333.65] 328.50 [308.23, 346.01] 0.275 1.50 [0.15, 2.95] 1.60 [0.97, 3.45] 0.650

amp 75.00 [44.00, 81.50] 77.00 [72.75, 81.25] 0.299 0.4710.07, 0.98] 0.61[0.42, 1.18] 0415

Rate 127.00 [74.50, 143.00] 129.00 [100.00, 151.12] 0.572 30.00 [6.25, 49.50] 34.00 [27.50, 68.88] 0.456
ADP (5 uM)

AUC 408.20 [347.00, 448.75] 385.10 [242.50, 419.93 0437 0.90[0.20, 2.00] 0.50[0.18, 1.30] 0.353

amp 72.00 [61.00, 79.00] 66.50 [50.50, 71.75] 0.354 0.24 10.00, 0.46] 0.09 [0.00, 0.33] 0.376

Rate 108.00 [99.00, 121.00] 100.00 [94.50, 106.75] 0.278 4.00 [4.00, 8.00] 4.00 [3.50, 6.25] 0.662

ODI, oxygen desaturation index; PARI, PAR1-activating hexapeptide (SFLLRN) agonist; ADP, adenosine diphosphate

#Values are expressed as median [25th, 75th percentile]. p value from non-parametric Wilcoxon rank-sum test (Mann-Whitney U test)

Y AUC, area under the curve (%*min); amp, amplitude (%); Rate, rate (slope) (%/min)

€ AUC, area under the curve (nanomoles*min); amp, amplitude (nanomoles); Rate, rate (slope) (nanomoles/min)
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might have influenced the platelet responses. Furthermore,
our study design included the gold standard for evaluation of
the presence of sleep apnea, overnight polysomnography, to
directly quantify respiratory events, to rule out other sleep
disorders, and confirm the presence of OSA instead of other
causes of hypoxemia. Importantly, ODI was used to classify
patients for this specific analysis because it provides a direct
measure of intermittent hypoxemia.

When platelets from our study subjects were treated with
the prothrombotic agonist epinephrine, a decrease in the plate-
let aggregation response was observed in the group with sig-
nificant intermittent hypoxemia (ODI > 15) as compared with
those with milder hypoxemia levels (ODI < 15). The differ-
ence in the rate and amplitude of epinephrine-induced platelet
aggregation remained significant after adjusting for BMI and
BP or for fasting glucose and HDL cholesterol, respectively.
One possible explanation for the observed decrease is desen-
sitization of the epinephrine receptor on platelets, specifically
the o2-adrenergic receptor, in response to prior epinephrine
stimulation. Motulsky et al. [21] demonstrated that
preincubation of unstirred platelets (from healthy individuals
on no medications) with epinephrine blunts the ensuing aggre-
gation response when the platelets are stirred. This desensitiza-
tion of epinephrine-induced aggregation was shown to not be
associated with any defect in overall platelet aggregation [21].
Moreover, Kjeldsen et al. [22] examined the effect of increased
circulating epinephrine within lower pathophysiological con-
centrations on platelet function in healthy young men, and
in vitro epinephrine-induced platelet aggregation was de-
creased. Importantly, ADP- and collagen-induced platelet ag-
gregation responses were not affected. The investigators con-
cluded that platelets guard themselves against overstimulation
by downregulation of receptor-dependent responses and aggre-
gation [22]. In response to hypoxemia and hypoxia, catechol-
amines (e.g., epinephrine and norepinephrine) are released di-
rectly into the circulation, activating peripheral adrenergic re-
ceptors with subsequent systemic effects. Several studies have
shown persistent elevated levels of catecholamines in both the
plasma and urine of OSA patients with intermittent nocturnal
hypoxemia, and the level of epinephrine and norepinephrine
correlated with polysomnography indices (Hakim et al.,
Review [23]). Moreover, Eisensehr et al. [20] showed that
6AM plasma epinephrine levels (after the polysomnogram)

correlated positively and independently with the apnea-
hypopnea index (AHI), a measure of the frequency of respira-
tory events during sleep, where the morning plasma epineph-
rine levels increased 2-fold in subjects with severe OSA
(AHI>50/h) as compared with the mild-to-moderate group
(AHI 5-50/h). Importantly, this would imply that our signifi-
cant hypoxemic OSA group, which had a median AHI of 75.25
events/h, could also have elevated morning plasma epinephrine
levels relative to the ODI < 15 group, which had a median AHI
of 6.20 events/h (Table 1). Collectively, this suggests that in-
creased morning epinephrine levels in the plasma of subjects
with significant intermittent hypoxemia may have resulted in
desensitization of the platelet «2-adrenergic receptor and a de-
crease in the aggregation response following our stimulation
with epinephrine.

Thrombin is the most potent platelet agonist, activating hu-
man platelets via the receptors PAR1 and PAR4 [24]. We found
that platelets from subjects with significant intermittent noctur-
nal hypoxemia exhibited a decrease in in vitro aggregation
when stimulated with thrombin. One possible explanation for
this observed decrease is that the platelets were desensitized to
thrombin stimulation, due to prior platelet activation related to
nocturnal vascular oxygen reduction in OSA subjects.
Interestingly, patients with acute cerebral ischemia, a condition
characterized by insufficient blood flow to the brain leading to
poor vascular oxygen supply and increased platelet activation,
showed similar changes in platelet responses to thrombin. Jurk
etal. [25] examined the role of thrombin in platelet activation in
patients with acute ischemic stroke. In contrast to healthy con-
trols, platelets from ischemic stroke patients were found to be
refractory to thrombin in vitro. Importantly, this was not the
case when their platelets were induced with collagen and the
PAR1-activating peptide SFLLRN. This suggested that throm-
bin desensitization results from increased quantities of throm-
bin generated in acute ischemic stroke patients. Thus, platelets
from these stroke patients were activated in response to prior
thrombin stimulation in vivo and therefore desensitized when
presented with thrombin in vitro. Notably, similar to platelets
from acute ischemic stroke patients, platelets from significant
hypoxemia OSA subjects displayed reduced thrombin sensitiv-
ity without changes in sensitivity to collagen and the PARI1-
activating peptide. Therefore, it is possible that the intermittent
hypoxemia in OSA subjects might be creating an environment

Table 3 Platelet activation
marker expression and platelet

aggregate levels®

ODI< 15 (n=23) ODI>15 (n =8) p value®
CD40L-positive platelets (%) 18.50 [16.05, 25.95] 13.30 [11.85, 16.65] 0.050
CD62P-positive platelets (%) 26.60 [21.20, 32.75] 22.20 [16.30, 24.70] 0.174
Plt-monocyte aggregates (%) 48.50 [40.20, 58.80] 55.00 [30.90, 64.30] 0.931

Plt-monocyte aggregates, platelet-monocyte aggregates

#Values are expressed as median [25th, 75th percentile]

® p value from non-parametric Wilcoxon rank-sum test (Mann-Whitney U test)
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in the circulation that is similar to that in ischemic stroke pa-
tients. Significantly, our study is the first study to report changes
in epinephrine- and thrombin-induced platelet aggregation re-
sponses in otherwise healthy subjects with significant intermit-
tent hypoxemia.

In contrast to our findings with epinephrine and thrombin,
none of the other platelet agonists tested (collagen, ADP, and
PAR1-activating hexapeptide) induced platelet responses that
were statistically different between the ODI groups examined
(Table 2). As aforementioned, studies have reported that in-
creased in vivo epinephrine and thrombin levels resulted in
desensitization to subsequent in vitro epinephrine- and
thrombin-induced platelet aggregation, respectively, yet no
changes in in vitro sensitivity of platelets to collagen-,
ADP-, and PARI1 hexapeptide—induced aggregation [22, 25].
The lack of observed significant differences in platelet re-
sponses to collagen, ADP, and PAR1 hexapeptide may also
be due to the sample size or the chosen ODI cutoff as these
subjects could have different sensitivities and responses to
intermittent hypoxemia.

To further investigate the role of intermittent hypoxemia on
platelet activation, we determined the expression levels of
activation markers CD40 ligand (CD40L) and P-selectin
(CD62P) on the platelet surface, and the presence of circulat-
ing platelet-monocyte aggregates in the whole blood of these
individuals. CD62P platelet surface expression and platelet-
monocyte aggregate levels were not significantly different be-
tween the ODI groups. However, a decrease in platelet surface
expression of CD40L was observed in OSA subjects with
higher indices of intermittent hypoxemia (ODI > 15), indicat-
ing an increase in platelet activation in these individuals.
CD40L is normally present within the platelet granules when
platelets are not activated, but upon platelet activation, CD40L
is rapidly secreted from the platelet x-granules to the cell
surface [24, 26]. Surface-expressed, platelet-bound CD40L
is then cleaved within minutes to hours of platelet stimulation
and released as soluble CD40L (sCD40L) [26]. Since activat-
ed platelets shed surface-expressed CD40L, our observed de-
crease in platelet surface expression of CD40L in OSA sub-
jects with ODI > 15 is indicative of increased platelet activa-
tion in these individuals. Importantly, our observations are
consistent with platelets being in an activated state in signifi-
cant hypoxemic OSA individuals and their platelets follow the
normal course of events of activation marker shedding.
Studies have shown that plasma soluble CD40L is significant-
ly elevated in moderate-to-severe OSA patients as compared
with subjects with mild OSA or controls [18, 19]. Plasma
sCD40L levels have also been shown to be higher in individ-
uals with cardiovascular disease [27-29]. Moreover, sCD40L
levels have been linked to increased cardiovascular risk in
healthy women [29].

Although the current study validated our main hypothesis,
our study has a few limitations. The subject sample size was

small and thus, our ability to detect associations was limited,
especially in multivariate models. Multivariate analysis
models were restricted to adjustment for BP, BMI, fasting
glucose, and HDL cholesterol as potential confounders based
on their association with platelet reactivity [11-14]. The fact
that some of the adjusted analyses did not reveal significant
associations in this small study does not equate for lack of
relationships present. In addition, the direction of the relation-
ship with the adjusted potential confounding variables and
platelet reactivity might not be the same. HDL cholesterol
might act as a potential protective factor while the other var-
iables would not. Furthermore, our findings may not be fully
generalizable to all subjects with intermittent hypoxemia and
OSA as our subject population was free from underlying car-
diovascular disease, hypertension, medication intake, or
chronic diseases. For example, prevalence for hypertension
in OSA patients is significant; therefore, exclusion based on
hypertension may have introduced some bias into our study.
However, differentiating the adverse effect of intermittent
hypoxemia on platelets unrelated to hypertension or other car-
diovascular disease was the unique perspective of this study,
as hypertension likely is a secondary factor developing in
OSA patients. In addition, the contribution of platelet dysfunc-
tion to cardiovascular disease in these patients is still unclear.
Another important limitation included the use of a 4% oxygen
desaturation threshold to define ODI in this study, which is
higher than the 3% threshold recommended by the American
Academy of Sleep Medicine. Given the fact that there is no
current consensus around this choice [30], the 4% selection
was utilized in order to be more selective of hypoxemic
events and put in evidence the differences between
groups. The use of this conservative criterion may have
affected the results.

In conclusion, our study evaluated platelet reactivity in
otherwise healthy subjects with intermittent hypoxemia sec-
ondary to OSA, and in controls, to identify potential determi-
nants underlying the high incidence of occlusive vascular
events in OSA. Importantly, a correlation between increased
platelet activation and the severity of intermittent hypoxemia
was observed, suggesting that platelet activation and response
is affected by intermittent hypoxemia at night in individuals
free of cardiovascular or metabolic disease. This would favor
a prothrombotic milieu in the vasculature of subjects with
intermittent hypoxemia during sleep, which could contribute
to the development of cardiovascular disease in OSA. Thus,
approaches to reduce platelet activation deserve further inves-
tigation to determine the effectiveness in attenuating unde-
sired cardiovascular outcomes in this population.
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