
1 3

Eur J Appl Physiol
DOI 10.1007/s00421-015-3309-3

ORIGINAL ARTICLE

Increased endothelial microparticles and oxidative stress 
at extreme altitude

Jacqueline Pichler Hefti1,2 · Alexander Leichtle3 · Monika Stutz4 · Urs Hefti5 · 
Thomas Geiser1 · Andreas R. Huber6 · Tobias M. Merz2 

Received: 9 July 2015 / Accepted: 8 December 2015 
© Springer-Verlag Berlin Heidelberg 2016

(phosphatidylserine+MP and CD31+MP) was performed 
using a standardized flow cytometry-based protocol.
Results 15 subjects reached all altitudes and were 
included in the final analysis. Oxidative stress increased 
significantly at altitude. No statistically significant changes 
were observed comparing baseline to altitude measure-
ments of phosphatidylserine expressing MP (p = 0.1718) 
and CD31+MP (p = 0.1305). Compared to baseline meas-
urements, a significant increase in CD62+MP (p = 0.0079) 
and of CD144+MP was detected (p = 0.0315) at high alti-
tudes. No significant difference in any MP level or oxida-
tive stress markers were found between the treatment and 
the control group.
Conclusion Hypobaric hypoxia is associated with 
increased oxidative stress and induces a signifi-
cant increase in CD62+ and CD144+MP, whereas 
phosphatidylserine+MP and CD31+MP remain 
unchanged. This indicates that endothelial activation rather 
than an apoptosis is the primary factor of hypoxia induced 
endothelial dysfunction.

Keywords Microparticles · Oxidative stress · Extreme 
altitude · Hypoxia · Endothelial dysfunction

Abbreviations
AMS  Acute mountain sickness
ANOVA  Analysis of variance
BH4  Tetrahydrobiopterin
CD31+MP  Cluster of differentiation 31 positive micro-

particle also known as platelet endothe-
lial cell adhesion molecule positive 
microparticle

CD62+MP  Cluster of differentiation 62 positive micro-
particle also known as endothelial-selectin 
positive microparticle

Abstract 
Purpose Hypoxia and oxidative stress affect endothelial 
function. Endothelial microparticles (MP) are established 
measures of endothelial dysfunction and influence vascular 
reactivity. To evaluate the effects of hypoxia and antioxi-
dant supplementation on endothelial MP profiles, a double-
blind, placebo-controlled trial, during a high altitude expe-
dition was performed.
Methods 29 participants were randomly assigned to 
a treatment group (n = 14), receiving vitamin E, C, A, 
and N-acetylcysteine daily, and a control group (n = 15), 
receiving placebo. Blood samples were obtained at 
490 m (baseline), 3530, 4590, and 6210 m. A sensitive 
tandem mass spectrometry method was used to meas-
ure 8-iso-prostaglandin F2α and hydroxyoctadecadi-
enoic acids as markers of oxidative stress. Assessment 
of MP profiles including endothelial activation markers 
(CD62+MP and CD144+MP) and cell apoptosis markers 

Communicated by Fabio Fischetti.

 * Jacqueline Pichler Hefti 
 Jacqueline.Pichler@Insel.ch

1 Department of Pneumology, University Hospital 
and University of Bern, Bern, Switzerland

2 Department of Intensive Care Medicine, University Hospital 
and University of Bern, Bern, Switzerland

3 University Institute of Clinical Chemistry, University 
Hospital and University of Bern, Bern, Switzerland

4 Department of Clinical Investigation, University Hospital 
and University of Bern, Bern, Switzerland

5 Swiss Sportsclinic, Bern, Switzerland
6 Center of Laboratory Medicine, Cantonal Hospital Aarau, 

Aarau, Switzerland

http://crossmark.crossref.org/dialog/?doi=10.1007/s00421-015-3309-3&domain=pdf


 Eur J Appl Physiol

1 3

CD144+MP  Cluster of differentiation 144 posi-
tive microparticle also known as vas-
cular endothelial-cadherin positive 
microparticle

HACE  High altitude cerebral edema
HAPE  High altitude pulmonary edema
HODE  Hydroxyoctadecadienoic acid
iPF2α-III  8-Iso-prostaglandin F2α

LLS  Lake Louise acute mountain sickness score
MP  Microparticles
NAC  N-acetylcysteine
NO  Nitric oxide
NOS  Nitric oxide synthase
PS  Phosphatidylserine
PS+MP  Phosphatidylserine positive microparticle
ROS  Reactive oxygen species
SpO2  Pulse oxymetric arterial oxygen saturation
9-HODE  (±)9-Hydroxy-10E,12Z-octadecadienoic 

acid
13-HODE  13(S)-Hydroxy-9Z,11E-octadecadienoic 

acid

Introduction

In human subjects, exposure to hypoxia in the context of 
a stay at high altitudes is associated with increased lev-
els of reactive oxygen species (ROS) (Pichler Hefti et al. 
2013; Dosek et al. 2007; Chao et al. 1999; Schmidt et al. 
2002) and altered activities of antioxidant systems (Chan-
del et al. 1998; Hoshikawa et al. 2001). Direct assessment 
of ROS is difficult due to their highly reactive and unstable 
nature. Lipid peroxidation markers such as isoprostanes are 
established markers of vascular oxidative stress, since they 
are produced by free radical induced peroxidation of the 
arachidonic acid backbone (Montuschi et al. 2004; Milne 
et al. 2007; Delanty et al. 1996; Montezano et al. 2015). 
Non-enzymatic ROS-induced formation of hydroxyocta-
decadienoic acid (HODE) species, originating from the 
linoleic acid pathway, also represent relevant markers of 
oxidative stress (Yoshida and Niki 2006). ROS are known 
to mediate and modulate endothelial function in vascular 
diseases by reducing the nitric oxide (NO) availability in 
multiple ways. First, by scavenging NO by superoxides 
(Wingler et al. 2001); or indirectly by uncoupling of the 
enzyme nitric oxide synthase (NOS) (Wohlfart et al. 2008) 
and scavenging of tetrahydrobiopterin (BH4), which is the 
essential cofactor for NOS (Vasquez-Vivar et al. 1999; Ihle-
mann et al. 2003). Hypoxia can compromise the ability of 
activated endothelium to regulate the adequate synthesis of 
NO. Additionally, ROS can induce an increase of vasocon-
strictive factors such as arachidonic acid metabolites, e.g., 
thromboxans (Delannoy et al. 2010; Fike et al. 2003) or 

hydroxyeicosatetraenoic acid compounds (Yu et al. 2015; 
Pichler Hefti et al. 2013).

Various pathophysiological conditions, e.g., pulmonary 
hypertension and shear stress, can lead to endothelial dys-
function (Budhiraja et al. 2004; Bull et al. 2003). Charac-
teristics of endothelial dysfunction are the expression of 
adhesion molecules and tissue factor, secretion of cytokines 
and changes in vessel tone promoting mediators (e.g., pros-
tacyclin derivates or NO). Clinically these changes may 
lead to an impairment of vessel tone regulation, increased 
procoagulatory activity, and altered vascular permeability 
(Deanfield et al. 2007). Relevant increases in ROS and sub-
sequent changes in endothelial function, e.g. vascular leak-
age (Bailey et al. 2006, 2010) have been associated with the 
occurrence of different forms of altitude-related diseases. 
The formation of free radicals leading to increased perme-
ability of the blood–brain barrier and subsequent vasogenic 
cerebral edema is a causative factor for the development of 
acute mountain sickness (AMS) and high altitude cerebral 
edema (HACE) (Bailey et al. 2009; Hooper et al. 2000). 
Similarly, increased capillary permeability due to endothe-
lial dysfunction in combination with hypoxia induced 
increased pulmonary capillary pressure, is the main causa-
tive factor in the development of high altitude pulmonary 
edema (HAPE) (Maggiorini et al. 2001; Berger et al. 
2005). Variations in individual ROS-levels and the resulting 
changes in pulmonary endothelial function have been asso-
ciated with the variability in individual susceptibility for 
HAPE development in subjects with exaggerated hypoxic 
pulmonary capillary vasoconstriction (Burhop et al. 1988; 
Connolly and Aaronson 2010).

Microparticles (MP) are small membrane vesicles (sizes 
ranging 100–1000 nm) that are released from different 
cell types by exocytic blebbing of the plasma membrane. 
MP are constitutively shed from the surface of cells, but 
their formation can be up regulated in response to cellu-
lar activation or apoptosis (Lynch and Ludlam 2007) or as 
a result of increased oxidative stress (Hjuler Nielsen et al. 
2015). MP contain bioactive phospholipids, cytoplasmic 
components, and various antigens originating from the 
parent cells and can influence vascular function—such 
as endothelium-dependent vasoregulation and endothe-
lial permeability (Boulanger et al. 2001; Marcos-Ramiro 
et al. 2014). Most MP in human blood originate from 
platelets and endothelial cells. They represent markers 
of endothelial dysfunction and vascular injury (VanWijk 
et al. 2003; Montoro-Garcia et al. 2011). Increased lev-
els are detectable in a variety of cardiovascular diseases, 
such as in diabetes (Tsimerman et al. 2011), pulmonary 
hypertension (Bakouboula et al. 2008), and in critically ill 
patients (Mastronardi et al. 2011). Elevated shear stress in 
vessel walls in the context of reduced NO-bioavailability 
(Vion et al. 2013) and increased oxidative stress affecting 
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endothelial antioxidant defense (Tushuizen et al. 2006; 
Mastronardi et al. 2011) induce shedding of MP into the 
blood stream. Different mechanisms leading to endothelial 
dysfunction are characterized by specific antigen expres-
sion on MP. Death and apoptosis of endothelial cells 
lead to the expression of platelet endothelial cell adhe-
sion molecules also known as cluster of differentiation 31 
(CD31+) and phosphatidylserine (PS) on the outer mem-
brane of MP (PS+MP) (Zwaal and Schroit 1997; Werner 
et al. 2006). The loss of the membrane asymmetry and 
subsequent expression of PS on the outer membrane of 
platelet, MP is induced by the exposure to collagen (Thia-
garajan and Tait 1991) and results in increased procoagu-
lant activity and vascular dysfunction. In contrast, the acti-
vation of endothelial cells is associated with a membrane 
skeleton breakdown, which does not result in DNA deg-
radation and consecutive cell death (VanWijk et al. 2003). 
Activated endothelium releases E-selectin (CD62+) posi-
tive MP (Jimenez et al. 2003). VE-cadherin (CD144+) is 
a calcium-dependent cell–cell adhesion glycoprotein and 
plays an important role in the cohesion and organization of 
the intercellular junctions and therefore regulates the tight-
ness of the endothelium (Chichger et al. 2014). CD 144+ 
is involved in a downstream signaling pathway in the shear 
stress induced activation of integrins and cytoskeleton 
activation (Tzima et al. 2005). Endothelial dysfunction 
and increased vascular permeability are associated with 
modification or blocking of CD144+ on endothelial cells 
(Corada et al. 2001; Yuan 2002). CD144+ MP levels have 
been shown to correlate with increased pulmonary artery 
pressure (Amabile et al. 2008). Only a few studies have 
addressed the effects of sustained hypoxia on specific MP. 
Ayers et al. reported changes in various MP at a moderate 
altitude of 2590 m during short-term exposure (48 h). Sub-
jects presented with mild hypoxemia (mean oxygen satu-
ration 91 %) and decreased PS+MP were found, whereas 
MP of endothelial origin (CD62+MP and CD144+MP) 
did not change significantly (Ayers et al. 2014). 
Lichtenauer et al. found MP of apoptotic origin (CD31+/
PS+MP) to be significantly increased during simulated 
hypoxia (5500 m) with a target oxygen saturation of 78 % 
(Lichtenauer et al. 2014). The protective effect of supple-
mentation of antioxidants on endothelial integrity has been 
studied in different cardiovascular diseases (Wray et al. 
2012; Chaumais et al. 2014; Traber and Stevens 2011; 
Kuiper et al. 2011). In the context of tissue hypoxia and 
increased oxidative stress, vitamin A and C have been pos-
tulated to offer enhanced protective effects (Palace et al. 
1999; Hoyos et al. 2012; Schofield and Ratcliffe 2004). 
Vitamin C stabilizes BH4, an oxidation-sensitive co-factor 
of NO synthase, which regulates NO availability for vaso-
motor response. Both vitamin C and E protect against lipid 
peroxidation and therefore provide a protective effect on 

the integrity of the endothelial membrane (Pratico et al. 
1998; Nunes et al. 1997).

The aim of this prospective, randomized, placebo-con-
trolled double-blind trial was to examine the changes in 
MP profiles associated with vascular dysfunction in the 
context of severe and sustained hypoxia, and oxidative 
stress in healthy individuals in the context of a high-altitude 
field study. Second, the effect of an antioxidant treatment 
on endothelial function and MP was to be determined. We 
hypothesized that prolonged hypobaric hypoxia would lead 
to an increase in markers of endothelial dysfunction and 
vascular injury which can be attenuated by supplementa-
tion of antioxidants.

Methods

Subjects

Twenty-nine low-land residents participating in the Swiss 
high altitude expedition to Pik Lenin (7145 m) in Kirgizstan 
were included in the study. Subjects had to be healthy and 
not been taking any long-term medication during the study 
period. Subjects had to abstain from any high altitude expo-
sure for a period of 6 weeks prior to the expedition.

Clinical parameters and procedures

Using a computer-based randomized allocation procedure, 
subjects were assigned in a double-blind fashion to receive 
either antioxidant dietary supplements or placebo over the 
period of 2 months prior to departure until completion of 
the climb. The antioxidant dietary supplements consisted of 
800 I.E. vitamin E, 1000 mg vitamin C, 200,000 I.E. vita-
min A, and 600 mg N-acetylcysteine (NAC) daily. Antioxi-
dant dietary supplements and placebo of identical appear-
ance were provided by the state pharmacy of the Canton of 
Aargau (Spitalapotheke, Kantonspital Aarau, Switzerland). 
Study group allocation was performed by the pharmacy; 
allocation was not revealed to the subjects or the investi-
gators until completion of the data collection and the pro-
cessing of the blood samples. Throughout the entire expe-
dition food and fluids were provided in unlimited amounts 
to the study subjects. Baseline assessment was performed 
at 490 m. Altitude study sites were located at camp 1 
(3550 m, expedition day 3), camp 2 (4590 m, day 6), and 
at camp 4 (6210 m, day 15). To assess signs and symptoms 
of AMS the Lake Louise AMS Score (LLS) was recorded 
at each study site (Roach et al. 1993). The participants had 
to rate their severity of symptoms of headache, gastrointes-
tinal upset, fatigue/weakness, dizziness, and sleeping diffi-
culties in a chart from 0 to 3. The LLS represents the sum 
of each of the five symptom classes. A LLS of minimum 3 
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and the presence of headache defines occurrence of AMS. 
Clinical examination of the study participants was per-
formed by the research physicians at each altitude. Diag-
nosis of HACE was based on findings of encephalopathic 
symptoms and signs, including ataxic gait, severe lassitude, 
and progressive decline of mental function and conscious-
ness. The diagnosis of HAPE was based on the typical 
clinical symptoms and lung auscultation. Pulse oximetry 
was performed in a sitting position with a finger pulse oxi-
meter (Onyx 9500 SportStat, Nonin Medical, Plymouth, 
USA) after having stable values during at least 3 min. AMS 
scores and oxygen saturation (SpO2) were recorded at each 
study site.

Blood samples and detection of microparticles

Venous blood samples were drawn at each study site with 
a 20 gauge needle (Butterfly Sarstedt, Seewelen, Switzer-
land) on 0.109 M citrate anticoagulant (vol. 9:1). Citrated 
plasma samples were centrifuged within 15 min after col-
lection for 15 min at 2000×g (Rotana, Hettich AG, Bäch, 
Switzerland). The supernatants were carefully collected 
and the aliquots were stored at −30 °C and transported to 
laboratory facilities in Switzerland.

To generate a MP pellet, thawed citrated plasma sam-
ples were centrifuged for a second time at 16,000×g for 
2 min at room temperature. 250 µl aliquots of the super-
natant were pelleted by centrifugation at 16,000×g for 
30 min at room temperature. 90 % of the supernatant was 
discarded and the pellets were washed with buffer (Tris–
HCl 0.05 M/PBS 0.01 M, pH 7.2), and centrifuged again 
at 16,000×g for 30 min. Thereafter 90 % of the super-
natant was discarded. The pellets were resuspended in 
100 µl of buffer. To 50 µl of the required dilution of the 
antibody 5 µl of the MP suspension was added and incu-
bated for 30 min. The number of PS+MP were determined 
by Annexin V labeling using Annexin binding buffer pH 
7.4 (HEPES 10 mM, NaCl 150 mM, KCl 5 mM, MgCl2 
1 mM, CaCl2 1.8 mM). For the detection of endothelial 
MP anti-CD62E-PE (Sigma, Saint Louis, USA), anti-
CD31-FITC (Sigma-Aldrich, St. Louis, USA), and anti-
CD144-FITC (BD Pharmingen, San Jose, USA) were 
used. Background fluorescence was compared with that of 
the isotype-control antibody. After addition of 900 µl PBS 
pH 7.2 samples were analyzed with a LSR II flow cytom-
eter with FACSDiva software (BD Biosciences, San Jose, 
California, USA). On the basis of the events counted per 
60 s MP concentration was calculated taking flow rate and 
dilution factor into account. Intra-assay and inter-assay 
variations were evaluated in ten independent experiments. 
Data sets were processed by FlowJo software 7.5 (Tree 
Star, Inc. Oregon, USA).

Markers of oxidative stress

Serum samples were used for the analysis of polyun-
saturated fatty acid products. After extraction in aque-
ous acetonitrile containing deuterated internal standards 
the metabolites were analyzed by reverse phase high-per-
formance liquid chromatography/electrospray ionization 
tandem mass spectrometry in negative Multiple Reac-
tion Monitoring detection mode using an API 4000 QTrap 
mass spectrometer (WO/2008/145384). Non-enzymatic 
ROS-generated linoleic acid derivatives (±)9-hydroxy-
10E,12Z-octadecadienoic acid (9-HODE), and 13(S)-
hydroxy-9Z,11E-octadecadienoic acid (13-HODE), and a 
prostaglandin F2-like compound, 8-iso-prostaglandin F2α 
(iPF2α-III) were used as markers of oxidative stress.

Statistics

The results are presented as mean and standard deviation or 
median and upper and lower limits of interquartile ranges 
(IQR) for parametric and non-parametric data, respectively. 
Normality testing was done using the D’Agostino & Pear-
son omnibus normality test. Factorial repeated measures 
analysis of variance (ANOVA) and post-hoc testing was 
used for data on MP-subtype data to test the differences 
between treatment groups and specific altitude-related 
changes in means. Standard statistical software packages 
were used for analysis of data (GraphPad Prism 5, Graph-
Pad Software, USA and SigmaPlot version 12.0, Systat 
Software Inc., USA).

Ethics

The study was approved by the institutional review board 
(Ethics Committee of the Canton of Aargau) and adheres to 
the tenants of the Declaration of Helsinki. Written informed 
consent was obtained from all the subjects before the study 
inclusion. The trial has been registered on clinical trials.gov 
(NCT01571687).

Results

Participants and base line characteristics

Twenty-nine subjects (21 male, 8 female) participated in 
the high altitude expedition. After initial enrolment sev-
eral subjects had to be excluded from the study. In the con-
trol group, one subject developed cardiogenic shock due 
to myocardial infarction, three subjects developed severe 
AMS, and one subject suffered from HACE, all these 
climbers had to abort the climb. In the treatment group, 
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three subjects had to be excluded due to musculoskeletal 
and other non-altitude-related problems. The remaining 15 
subjects (mean 48.8 years ± 6.7, 6 females, 9 treatment 
group, 6 control group), with a complete set of data and 
blood samples, were included in the final analysis.

Oxygen saturation and altitude illnesses

Mild AMS was seen in two-thirds of both groups on one 
examination day. Mean LLS increased from 0 ± 0 at 
base line to 1.0 ± 0.93 at camp 1, to 1.1 ± 0.70, and to 
2.7 ± 2.35 at camp 2 and 4. Severe AMS (≥5) was seen 
only in the control group (3 subjects, respectively, 50 %). 
HACE was diagnosed in two women (both control group): 
in one subject after ascent to camp 4, and in one after 
reaching the summit. Both subjects were treated accord-
ingly and descended to camp 1, leading to complete dis-
appearance of the symptoms. None of the subjects devel-
oped clinical overt HAPE. SpO2 significantly decreased 
from mean 98.0 % ± 1.16 to 91.9 % ± 2.42 at camp 1, to 
85.6 % ± 3.07 at camp 2, and to 73.1 % ± 5.13 at camp 
4 and did not differ between treatment groups. Oxygen 

saturation and AMS Scores of the study participants at dif-
ferent altitudes are shown in Fig. 1a, b.

Detection of microparticles

Assessment of PS+MP revealed median 919,650 (IQR 
502,690–1.592 × 106) events/ml at 490 m. No statisti-
cally significant difference between treatment groups 
(p = 0.751) and no statistically significant changes in alti-
tude measurements (p = 0.1718) were observed (Fig. 2a). 
Detection of CD31+MP yielded median 1.041 × 10−6 
(IQR 5.725 105–1.451 × 106) events/ml at base line with-
out any significant difference between treatment groups 
(p = 0.576) or changes at altitudes (p = 0.1305) (Fig. 2b). 
Median CD62+MP were at 17,620 (IQR 3390–127,846) 
events/ml during baseline testing and changed signifi-
cantly at altitude measurements (p = 0.0079), whereas 

Fig. 1  a, b Pulse oxymetric arterial oxygen saturation (SpO2) and 
acute mountain sickness scores at different altitudes stratified by 
treatment groups. A significant decrease in SpO2 and an increase 
in Lake Louise AMS scores occurred with increasing altitude (both 
p < 0.0001). No significant difference was found between subjects 
supplied with dietary antioxidant supplements and controls for SpO2 
and Lake Louise AMS Scores. Severe AMS (≥5) only occurred in the 
highest camp at 6210 m in subjects of the control group

Fig. 2  a, b Markers of endothelial apoptosis of all subjects at dif-
ferent altitudes. Assessment of levels of PS+MP (p = 0.1718, a) 
and CD31+MP (p = 0.1305, b) revealed no statistically significant 
changes in altitude measurements. The whiskers correspond to the 
5th and 95th percentile and the hinges reflect the 25th and 75th per-
centile, respectively
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no significant differences between treatment groups were 
detected (p = 0.102). At camp 1, CD62+MP first decreased 
by −17.1 %, and increased thereafter by +258.7 % at camp 
2, and by +219.4 % at camp 4 compared to the base line 
measurement (Fig. 3a). No significant difference between 
treatment groups was detected (p = 0.102). CD144+MP 
increased significantly from baseline median 8900 (IQR 
2340–35,870) events/ml by +64.4 % at camp 1, and 
+85.5 % at camp 4, CD144+MP was 24.3 % lower at 
camp 2 compared to base line (p = 0.0315) (Fig. 3b). No 
significant effect of antioxidant supplementation on MP 
levels was detected (p = 0.930).

Markers of oxidative stress

Levels of 9-HODE and 13-HODE differed significantly in 
high altitude measurements compared to the low-land base 
line (p = 0.0005 and p = 0.0003, respectively), whereas 
no significant differences were found between different 
altitude measurements. Levels of iPF2α-III differed signifi-
cantly between altitudes (p = 0012) and were higher at the 
altitudes of camp 1 and camp 4 when compared to base-
line values and significantly higher at the altitude of camp 
4 compared to all lower altitudes (Fig. 4). Markers of oxi-
dative stress did not differ between treatment groups (all 
p > 0.635).

Discussion

The results of the study at hand can be summarized as 
follows: At altitude, we found a significant increase in 
CD144+MP and CD62+MP, both markers of endothelial 
activation. Levels of PS+MP and CD31+MP—represent-
ing markers of cell death—did not differ significantly when 
comparing measurements at different altitudes. Our results 
did not show a significant difference in markers of oxida-
tive stress or MP levels between subjects supplied with 
antioxidant dietary supplements and subjects receiving a 
placebo preparation.

The main limitation of this trial is the relatively low num-
ber of subjects who reached all altitude study sites and were 
included in the final analysis. In high altitude field studies, a 
selection bias with a positive selection of the healthiest sub-
jects and drop-out of subjects with high-altitude illness occur-
ring at higher camps or insufficient physical fitness cannot 
be avoided. Conventional statistical imputation methods to 
account for missing data are based on the assumption that 
data are missing at random. These methods cannot be applied 
in the context of non-random subject drop-outs; therefore list 
wise deletion of subjects with missing values was applied. 
No statistically significant difference in AMS Scores, SpO2 
values, markers of oxidative stress, and MP levels was found 
between treatment groups in the subjects included in the 
final analysis. The lack of a significant effect of antioxidant 
supplementation on MP levels might be caused by a selec-
tion bias of healthy subjects at higher camps or by a lack of 
a protective effect, either due to insufficient mechanisms of 
action or inadequate supplement levels. The duration of anti-
oxidant supplementation before the expedition was relatively 
long compared to other studies in the setting of high altitude 
sojourns (Bailey and Davies 2001; Baillie et al. 2009) and 
provided a high dose of vitamin A, C, and E when compared 
to other large studies in humans (Bjelakovic et al. 2012; Boaz 
et al. 2000; Stephens et al. 1996). Additionally, nutritional 
effects of hypobaric hypoxia—such as altitude-associated 

Fig. 3  a, b Markers of endothelial activation of all subjects at dif-
ferent altitudes. Levels of CD62+MP changed significantly at alti-
tude measurements (p = 0.0079). Post-hoc analysis revealed a sig-
nificant difference between baseline and all altitude measurements 
and between altitude measurements, except between camp 2 and 
4 (a). CD144+MP changed significantly at altitude measurements 
(p = 0.0315). Post-hoc analysis showed a significant difference 
between baseline and all altitude measurements (b). Asterisks denotes 
statistically significant difference (p < 0.05) between altitudes in post-
hoc testing. The whiskers correspond to the 5th and 95th percentile. 
The hinges are the 25th and 75th percentile, respectively
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anorexia (Westerterp-Plantenga et al. 1999)—might have 
influenced the effects of antioxidant supplementation. Stand-
ardized preanalytic procedure and measurement of MP does 
not exist, limiting the comparability and interpretation of 
absolute MP level values of different studies (Chandler et al. 
2011; van der Pol et al. 2012). However, the preanalytic pro-
cedure was standardized throughout all study measurements 
and results are based on changes in MP levels at increasing 
altitudes and not on absolute values. The pathobiology of MP 
generation is not completely understood and there might be 
confounding factors which complicate the interpretation of 
the data. Lewis et al. examined the effects of hypobaric and 
normobaric hypoxia corresponding to 5050 m in 12 lowland-
ers on brachial endothelium-dependent flow-mediated dilata-
tion and reported a persistent impairment in vascular dilation, 
which was mediated partially via oxidative stress and sym-
pathoexcitation (Lewis et al. 2014). This effect was largely 
reversed following α1-adrenoreceptor blockade. Based on 
our data, we cannot exclude that sympathetic activation 
has an effect on endothelial cellular markers of activiation/
apotosis. Toth et al. described gender and menstrual cycle 
dependent generation of platelet derived MP generation (Toth 
et al. 2007), but did not find an effect on endothelial derived 
MP. Our study includes six female subjects and focused on 
endothelial MP. However, based on published studies we can-
not completely exclude the possibility that menstrual cycle 
induced hormonal effects influenced endothelial MP levels 
in our female subjects. Effects of altitude-associated hemo-
concentration and resulting shear stress on endothelial MP 
are matter of debate and contradictory results have been pub-
lished (Boulanger et al. 2007; Horigome et al. 2002). Based 
on previous work, we expect an increase of mean hematocrit 
values to 49 % at 6200 m compared to baseline values of 
44 % (Pichler Hefti et al. 2010) which is mainly caused by 
an increase in red cell blood volume. Whether an increase in 

hematocrit influences endothelial MP concentration has not 
been established yet.

Data on MP in hypoxic humans are scarce and show 
an association between levels of MP-subtypes and hypox-
emia. An increase in CD31+/Annexin+MP indicating 
apoptosis of endothelial cells during short-term exposure 
to normobaric hypoxia corresponding to an altitude of 
5500 m has been found in one study (Lichtenauer et al. 
2014). This result contrasts to our findings which shows 
unchanged CD31+MP and PS+MP, and increasing levels 
of CD62+MP suggesting that severe hypoxia in humans 
leads to an activation of the endothelial layer rather than 
to endothelial apoptosis. The shorter duration of hypoxic 
exposure in the former study, not allowing for sufficient 
altitude adaptation, as well as different molecular mecha-
nisms induced by normobaric versus hypobaric hypoxia 
might explain these differing findings. In contrast to our 
results, Ayers et al. found a statistically significant decrease 
of PS+MP in prolonged hypobaric hypoxic conditions at a 
lower altitude of 2590 m (Ayers et al. 2014).

The increase in CD62+ and CD144+MP levels in our 
study subjects might be explained as follows: Increasing lev-
els of CD62+ and CD144+MP have been shown to correlate 
with shear stress (Vion et al. 2013) and disease severity and 
outcome in pulmonary hypertension (Tual-Chalot et al. 2010; 
Akinnusi and El Solh 2009; Amabile et al. 2009). A hypoxia-
induced increase in pulmonary capillary pressure is invari-
ably found at higher altitude, potentially leading to increased 
CD62+MP and CD144+MP levels in this context by simi-
lar mechanisms. CD144 is known to be a key regulator of 
the endothelial permeability (Sidibe and Imhof 2014; Wallez 
and Huber 2008; Angelini et al. 2006). Not only internaliza-
tion, but also shedding and cleavage of the external domain 
of CD144 correlate with the loss of endothelial leak tightness 
(Herren et al. 1998; Schulz et al. 2008). In hypobaric hypoxic 

Fig. 4  Markers of oxidative stress of all subjects at different alti-
tudes. Levels of 9-HODE and 13-HODE differed significantly in 
high altitude measurements compared to the low-land base line 
(p = 0.0005 and p = 0.0003, respectively), whereas no significant 
differences were found between different altitude measurements. Lev-
els of iPF2α-III differed significantly between altitudes (p = 0012) 

and were higher at the altitudes of camp 1 and camp 4 when com-
pared to baseline values and significantly higher at the altitude of 
camp 4 compared to all lower altitudes. Markers of oxidative stress 
did not differ between treatment groups (p > 0.635). The whiskers 
correspond to the 5th and 95th percentile. The hinges are the 25th and 
75th percentile, respectively
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conditions, increased levels of CD144+MP might indicate 
an increased pulmonary vascular permeability in the context 
of HAPE. However, to answer the question if increased lev-
els of CD62+MP and CD144+MP correlate with the extent 
of hypoxic pulmonary vasoconstriction and/or pulmonary 
or cerebral vascular leakage would require measurement of 
pulmonary vascular hemodynamics and lung fluid content, 
as well as assessment for brain edema, a task not easily per-
formed at extreme altitudes.

Conclusions

In conclusion, our study shows a significant increase in lev-
els of CD62+MP and CD144+MP and unchanged levels 
of PS+MP and CD31+MP during hypobaric hypoxia indi-
cating that endothelial activation rather than an apoptosis is 
the primary factor of hypoxia induced endothelial dysfunc-
tion. The exocytosis of CD144+MP suggests an increase in 
vascular permeability, which would be in accordance with 
the understanding of the pathophysiology of HAPE and 
HACE. Further studies are needed to evaluate the poten-
tial associations of specific hypoxia induced MP profile 
changes and organ dysfunction and capillary leakage in the 
context of sojourns to extreme altitudes.
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