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Background: Acutemountain sickness (AMS) is themost common disease caused
by hypobaric hypoxia (HH) in high-altitude (HA) associated with high mortality
when progressing to high-altitude pulmonary edema (HAPE) and/or high-altitude
cerebral edema (HACE). There is evidence for a role of pro- and anti-inflammatory
cytokines in development of AMS, but biological pathways and molecular
mechanisms underlying AMS remain elusive. We aimed to measure changes in
blood cytokine levels and their possible association with the development of AMS.

Method: 15 healthy mountaineers were included into this prospective clinical trial.
All participants underwent baseline normoxic testing with venous EDTA blood
sampling at the Bangor University in United Kingdom (69 m). The participants
started from Beni at an altitude of 869 m and trekked same routes in four groups
the Dhaulagiri circuit in the Nepali Himalaya. Trekking a 14-day route, the
mountaineers reached the final HA of 5,050m at the Hidden Valley Base Camp
(HVBC). Venous EDTA blood samplingwas performed after active ascent to HA the
following morning after arrival at 5,050 m (HVBC). A panel of 21 cytokines,
chemokines and growth factors were assessed using Luminex system (IL-1β,
IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p40, IL-1ra, sIL-2Rα, IFN-γ, TNF-α, MCP-1,
MIP-1α, MIP-1β, IP-10, G-CSF, GM-CSF, EGF, FGF-2, VEGF, and TGF-β1).

Results: There was a significant main effect for the gradual ascent from sea-level
(SL) to HA on nearly all cytokines. Serum levels for TNF-α, sIL-2Rα, G-CSF, VEGF,
EGF, TGF-β1, IL-8, MCP-1, MIP-1β, and IP-10 were significantly increased at HA
compared to SL, whereas levels for IFN-γ andMIP-1αwere significantly decreased.
Serum VEGF was higher in AMS susceptible versus AMS resistant subjects (p <
0.027, main effect of AMS) and increased after ascent to HA in both AMS groups
(p < 0.011, main effect of HA). Serum VEGF increased more from SL values in the
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AMS susceptible group than in the AMS resistant group (p < 0.049, interaction
effect).

Conclusion: Cytokine concentrations are significantly altered in HA. Within short
interval after ascent, cytokine concentrations in HH normalize to values at SL. VEGF
is significantly increased in mountaineers suffering from AMS, indicating its
potential role as a biomarker for AMS.

KEYWORDS

cytokines, biomarker, high altitude, hypobaric environment, hypobaric hypoxia,
inflammation, acute mountain sickness

Introduction

Decades of research have been spent to investigate functions and
limits of the human body at high-altitude (HA) and hypobaric
hypoxia (HH) (Hackett and Roach, 2001; Wilson et al., 2009; West,
2015; Garrido et al., 2019). Research aimed for a better
understanding of immunologic and metabolic response during
HH and HA (Beidleman et al., 2018; Burtscher et al., 2021).
Mountains like the Everest are very popular, touristic
destinations with all its complications leading to pollution and a
notable number of deaths every year (Firth et al., 2008; Pun, 2009).
To prevent severe illness, mountaineers are advised to follow certain
preparations and recommendations upfront travelling (Flaherty and
Kennedy, 2016; Luks and Hackett, 2022). HA is characterized by a
hypoxic and hypobaric environment, which can lead to cellular
hypoxia and systemic inflammation through a modification of
immune response (Pham et al., 2021). Acute mountain sickness
(AMS) is a major threat to millions of people who live in or travel to
HA. AMS is the most common disease caused by lower pressure and
reduced oxygen amounts at HA (above 2,500 m) and can progress to
high-altitude pulmonary edema (HAPE) and/or high-altitude
cerebral edema (HACE) in severe cases associated with high
mortality (Hackett and Roach, 2004; Luks et al., 2017). AMS
development is the result of an interaction of several
physiological responses to hypoxia while initiating several
pathological processes (Lafuente J Bermudez et al., 2016;
Lundeberg et al., 2018; Burtscher et al., 2022). Insufficient
cerebrospinal compliance, alterations in fluid balance, activation
of nociceptors induced by free radicals, and vasogenic edema
induced by increased capillary permeability, have all been
affiliated with AMS development. The biological pathways and
exact molecular mechanisms underlying AMS remain elusive
(Davis and Hackett, 2017; Li et al., 2018; Cobb et al., 2021).
Cellular hypoxia, as well as cardiovascular and cerebrovascular
responses all together influence the course of a variety of
pulmonary and metabolic diseases and research within this field
gives insights about mechanisms in the critically ill (Grocott et al.,
2007; Heinonen et al., 2016). Understanding immunologic and
metabolic responses during HA and HH may help to treat and/
or prevent organic sequalae caused by HA and HH.

The influence of HH and HA on pro- and anti-inflammatory
cytokines has been investigated thoroughly. Recent research
supports the role of inflammatory processes in the development
of AMS. Pro-inflammatory cytokines and other inflammatory
markers like C-reactive protein (CRP) have been observed during
short-term HA exposure (Hartmann et al., 2000; Lundeberg et al.,

2018; Wang et al., 2018; Malacrida et al., 2019; Kammerer et al.,
2020). Cytokines like IL-1ra, IL-1β, IL-6, IP-10, TNF-α, and
transcription factors like nuclear factor kappa B (NF-κB) have
been demonstrated to be part of physiological adjustments with
changes in blood level during exposure to HA (Pedersen and
Steensberg, 2002; Lundby and Steensberg, 2004; Liu et al., 2017a;
Lundeberg et al., 2018). Inflammatory mediator expression appears
to differ though, in individuals susceptible for AMS and those not
susceptible for AMS. Those, developing AMS have been reported to
show increased levels of acute phase proteins and inflammatory
cytokines compared to non-AMS controls (Boos et al., 2016; Liu
et al., 2017a; Wang et al., 2018). As a response to decreased partial
oxygen pressures, hypoxia-inducible factor (HIF)-1α and HIF-2α
are stabilized and dimerize with the nuclear HIF-1β subunit. This
dimer interacts with hypoxia-response elements in promoter regions
to increase expression of specific genes, for example, encoding
erythropoietin and vascular endothelial growth factor (VEGF)
(Semenza, 2012). Recent data indicated a strong association
between VEGF and AMS susceptibility (Winter et al., 2021).

We hypothesize, that there is a significant influence of certain
cytokines as VEGF in the development of AMS. The aim of the
present study is to investigate changes of cytokines, chemokines, and
growth factors in blood of healthy native lowlanders during a period
of 2 weeks while trekking from sea-levels (SL) up to an altitude of
5050 m.Wemeasure changes in blood to better understand cytokine
regulation and their influence on the adaptation to a HA and HH
and the development of AMS.

Methods

Participants and ascent profile

This observational prospective cohort study was conducted as
part of the Hidden Valley Medical Expedition 2008. Healthy adults
free from immunosuppression, cardiovascular, respiratory, renal,
hepatic, neuromuscular or metabolic diseases were recruited for
the current study. None of participants were under any regular
medication. All participants were free to take any medication
desired during expedition in Nepal. In total 15 healthy non-
smokers and moderately active climbers were included for this
study (6 female, nine male, age 34.5 ± 14.2 years, range 20–61). All
study participants underwent baseline normoxic testing with blood
sampling at the Bangor University in United Kingdom (69 m),
from July to August 2008. To avoid hypoxic exposure, the
participants remained below 2000 m altitude until the departure
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to Nepal in October 2008. The participants started the active ascent
from Beni at an altitude of 869 m and trekked in four groups the
same route from the Dhaulagiri circuit in the Nepali Himalaya.
After a 14-day route, the mountaineers reached the final high-
altitude of 5,050 m at the Hidden Valley Base Camp (HVBC). They
remained there the following 6 days. Figure 1 illustrates timetable
and expedition route.

Blood sampling and processing

To assess plasma cytokines after active ascent to high-altitude
(HA) blood samples were taken the following morning after arrival
at 5,050 m (HVBC). Venous blood sampling was carried out
according to the same standardized protocol at sea-level as well
as at high-altitude. All blood samples were withdrawn from the
study participants after overnight fasting and resting for 15 min in a
sitting position. Samples were placed in EDTA tubes and centrifuged
at 12,000 g for 10 min (MiniSpin, Eppendorf AG, Hamburg,
Germany). Aliquots of obtained plasma were immediately frozen
and kept continuously at −10°C or below in a portable freezer during
the expedition and transport. On return to the United Kingdom, all
samples obtained from the trials at SL andHAwere shipped together
to the research laboratory in Germany, where they were stored
at −80°C and analysed within 3 months after expedition (January
2009).

Ethical approval

Both the Coventry Ethics Committee and the Nepal Health
Research Council approved the study. All participants provided
written informed consent.

Acute mountain sickness

Acute mountain sickness (AMS) was determined by the self-
assessment questionnaires of the Lake Louise scoring system (LLS)
during rest at SL and each morning throughout the expedition
(Roach et al., 1993). AMS was diagnosed, when participants were
above 2,500m altitude and had LLS total score ≥3 with headache
score ≥1. Those individuals without AMS over the expedition were
classified as AMS resistant (AMS-) otherwise as AMS susceptible
(AMS+), retrospectively. In addition, the percentage of trekking days
with AMS, mean and total cumulative LLS scores were also calculated.
LLS scoreswere used for correlationswith serumcytokine concentrations.

Blood count and peripheral oxygen
saturation

Leucocyte counting was performed using the microscopic
visualisation method in a Neubauer chamber. The concentration
of haemoglobin was determined using the HemoCue Plasma Low
Hb Analyser (Angelholm, Sweden). Haematocrit values were
measured with a graphic reading device (Hawksley
Microhematocrit Reader) after centrifugation (HaematoSpin
1,400, Hawksley, United Kingdom) of whole-blood samples in
heparinized capillary tubes. Resting peripheral oxygen saturation
(SpO2) was recorded in the mornings while seated for 10 min by
means of a pulse oximeter (Onyx II 9550; Nonin, Minnesota).

Cytokine analysis

The simultaneous quantification of cytokine levels in plasma was
performed as described before on a Luminex 100 (Luminex

FIGURE 1
Ascent profile for Hidden Valley Base Camp. Data are sleeping altitudes for the expedition. Time points of blood sampling at sea-level (SL 69 m) in
Bangor and at high-altitude (HA 5050 m) in the Hidden Valley Base Camp.
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Corporation, Austin, Texas, United States) with commercially
available multiplex bead-based sandwich immunoassay kits. The
Milliplex MPXHCYTO-60K assay (Millipore, Billerica, MA,
United States) was used to quantify interleukin (IL)-1β, IL-1
receptor antagonist (IL-1ra), IL-2, soluble IL-2 receptor α (sIL-
2Rα), IL-4, IL-6, IL-8, IL-10, IL-12p40, interferon γ (IFN-γ),
interferon gamma inducible protein-10 (IP-10), monocyte
chemoattractant protein-1 (MCP-1), macrophage inflammatory
protein (MIP)-1α, MIP-1β, tumor necrosis factor α (TNF-α),
granulocyte-macrophage colony-stimulating factor (GM-CSF),
granulocyte colony-stimulating factor (G-CSF), epidermal growth
factor (EGF), fibroblast growth factor (FGF-2), vascular endothelial
growth factor (VEGF) and the TGFB-64K-01 to measure the
transforming growth factor β1 (TGF-β1) according to the
instructions provided by the manufacturer. A minimum of
50 beads per analyte was acquired. The readout of cytokine
fluorescence intensities was analyzed with the standard version of
the Milliplex Analyst software (Merck Millipore). A five-parameter
logistic regression model was used to create standard curves and to
calculate the marker concentration of each sample, expressed as pg/
mL. Values of cytokine fluorescence intensities below background
were set to missing. The lower limit of quantification (LLOQ) was set
at the lowest standard concentration of 9.8 pg/mL for TGF-β1 and
3.2 pg/mL for other cytokines. For those samples whose cytokine
concentration was detected below the LLOQ, the value was set at
LLOQ for the statistical analysis. All Luminex measurements were
performed on the same day in the laboratory of the Children’s
University Hospital in Homburg/Saar, Germany. To minimize
analytical variability all samples were analyzed as single samples
in one-plate-run modus. An external pool control from healthy
donors ran in duplicate to calculate the coefficient of variance (CV).
The median intra-assay CV for the pooled replicate sample was 6.2%
across all analytes (TNF-α = 2.9%, sIL-2Rα = 6.0%, IFN-γ = 12.6%,
IL-1ra = 6.3%, G-CSF = 0.1%, VEGF = 9.7%, EGF = 10.3%, FGF-2 =
11.8%, TGF-β1 = 6.1%, IL-8 = 8.7%, MCP-1 = 10.0%, MIP-1α = 0%,
MIP-1β = 2.9%, IP-10 = 3.2%).

Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics
Version 19 (SPSS Inc, Chicago, IL, United States). All results are
presented in numbers, rates and as mean ± standard deviations.
Normal distribution of all continuous data was assessed by the
Shapiro-Wilks test and inspection of the data by QQ-plots.
Comparisons between AMS groups were assessed using the
Fisher’s Exact test for categorical data and the unpaired t-test for
continuous data. Paired t-test was used within the subjects to test for
an effect of exposure to high-altitude. Comparisons of cytokine
concentrations that were not normally distributed were followed by
Box–Cox transformations to make the data distribution more
normal. Differences between groups were assessed by a 2 ×
2 mixed-model analysis of variance (ANOVA) using one
dependent variable, one between-subject factor (AMS
susceptibility) and one within-subject factor (ascent from sea-
level to high-altitude). Correlation analyses were performed by
calculating the Pearson’s coefficient of correlation. A value of p <
0.05 was considered statistically significant and no correction was

performed for multiple testing. G*Power Version 3.1.3 was used to
assess the effect size detectable given the sample size of
15 participants. Our study had a 80% power to detect effect sizes
of Cohen’s f = 0.39 in the two-way repeated measures ANOVA using
an F-Test with alpha of 0.05.

Results

Characteristics of participants

All subject’s baseline resting SpO2, and haematological
parameters evaluated at SL were within normal limits. In total, 8
(53.3%) of 15 participants suffered at least once from clinically
defined AMS during the entire expedition above 2,500 m altitude.
None of mountaineers consumed drugs known to affect
acclimatization such as acetazolamide or dexamethasone until
arrival to the base camp at 5,050 m altitude. Neither participant’s
age, gender nor body mass index (BMI), SpO2 and hematological
values at sea-level were related to AMS susceptibility, days with
AMS, mean and total cumulative LLS scores. The main
characteristics and haematological markers of the mountaineers
according AMS groups at SL and HA are presented in Table 1.
Gender distribution and mean age were comparable between AMS
resistant and AMS susceptible groups. Similarly, there was no
difference in physiological and haematological parameters
between AMS groups at SL as well as at HA. Active gradual
ascent to the base camp at 5,050 m resulted in significant
changes in BMI, SpO2 and haemoglobin values (all p < 0.001).
As expected, we found a main effect for altitude, as SpO2 and BMI
were lowered at high-altitude compared to sea-level (both p < 0.001),
whereas there was no main effect for AMS susceptibility both on
SpO2 (p < 0.27) and on BMI (p < 0.41). Interestingly, there was a
statistically significant interaction between altitude and AMS
susceptibility, as mean SpO2 was lowered more in AMS
susceptible subjects by −5.1% ± 2.8% compared to AMS resistant
subjects at HA (p < 0.031).

Cytokine levels

Nearly all of 21 tested cytokines, chemokines and growth
factors were consistently detectable in the obtained samples
except for FGF-2, which was not measurable in 8% of samples.
No further analysis was done on following seven markers with
values below LLOQ in more than 50% of samples: IL-1β (53%), IL-
2 (83%), IL-4 (90%), IL-6 (60%), IL-10 (57%), IL-12p40 (60%) and
GM-CSF (60%). Cytokine levels according to altitude of sampling
and AMS groups are given in Table 2. At baseline, there was no
difference in resting cytokine concentrations between AMS
resistant and AMS susceptible groups. Furthermore, the
baseline (normoxic) values of cytokines were not related to
gender, age and BMI of study participants. The two-way mixed
ANOVA revealed a significant main effect for the gradual ascent
from SL to HA on nearly all cytokines. So, serum levels for TNF-α,
sIL-2Rα, G-CSF, VEGF, EGF, TGF-β1, IL-8, MCP-1, MIP-1β and
IP-10 were significantly enhanced at HA compared to SL, whereas
levels for IFN-γ and MIP-1α were significantly reduced. In
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contrast, we found no significant main effect for AMS
susceptibility or an interaction between altitude and AMS
susceptibility on tested cytokines, except for VEGF. VEGF was
higher in AMS susceptible versus AMS resistant subjects (p <
0.027, main effect of AMS) and increased after ascent to HA in
both AMS groups (p < 0.011, main effect of high-altitude). VEGF
increased more from SL values in AMS susceptible group than in
AMS resistant group (p < 0.049, interaction effect). Finally, we
found neither main effects of, nor interaction between high-
altitude and AMS susceptibility for IL-1ra and FGF-2.
Correlation analysis between and LLS scores, SpO2 and
cytokine concentrations revealed a significant inverse
association of SpO2 in the subgroup of individuals with AMS
susceptibility (Table 3).

Discussion

The development of AMS is a multifactorial incidence
characterized by elevated cerebral blood flow, an imbalance in
cerebral autoregulation and an increase in hypoxic mediators like
nitrite oxide, prostaglandins, and VEGF (Hackett and Roach, 2001;
Wilson et al., 2009). Some controversy exists about the underlying,
mostly inflammatory, mechanisms of HH and its impact on a variety
of immunologic processes (Halligan et al., 2016; Taylor and Colgan,
2017). Molecular mechanisms of HH like hypoxia-inducible factor
signal cascade are well investigated (Semenza, 2006; Semenza, 2009).
Hypoxia-induced inflammation can induce immune response
resulting in a variety of pathologies in the context of chronic
hypoxia (Walmsley et al., 2014; Krzywinska and Stockmann,

TABLE 1 Clinical characteristics of study participants at sea-level (Bangor) and 1 day after arrival at high-altitude in 5,050 m (Hidden Valley Base Camp, HVBC)
according to AMS groups. Data are given as number [%] or mean ± standard deviation. *p < 0.01 for intra-group comparisons (SL vs. HA) tested by paired t-test.
#inter-group comparison (AMS- vs. AMS+) at sea-level (SL) and at high-altitude (HA) using unpaired t-test test for continuous variables and Fisher exact test for
categorical variables.

Total AMS- AMS+ P #

Number 15 (100%) 7 (46.7%) 8 (53.3%) AMS- vs. AMS+

Gender [m:f] 9:6 4:3 5:3 n.s.

Age [years] 34.5 ± 14.2 33.6 ± 17.2 35.4 ± 12.1 n.s.

BMI [kg/m2]

SL 23.1 ± 2.7 22.4 ± 1.8 23.6 ± 3.4 n.s.

HA 22.3 ± 2.4* 21.8 ± 1.8* 22.8 ± 2.9* n.s.

diff [%] -3.0 ± 2.2 -2.8 ± 2.1 -3.2 ± 2.3 n.s.

SpO2 [%]

SL 96.4 ± 1.6 95.6 ± 1.5 97.1 ± 1.5 n.s.

HA 79.2 ± 5.8* 81.8 ± 5.7* 76.8 ± 5.1* n.s.

diff [%] -17.9 ± 6.2 -14.4 ± 5.9 -20.9 ± 5.0 <0.035

Hb [g/l]

SL 146 ± 13 151 ± 12 142 ± 13 n.s.

HA 159 ± 21* 167 ± 25 154 ± 17* n.s.

diff [%] +9.3 ± 10.8 +10.2 ± 13.5 +8.4 ± 9.2 n.s.

Hkt [%]

SL 41.4 ± 3.3 43.4 ± 3.3 40.3 ± 3.1 n.s.

HA 43.3 ± 4.1 44.6 ± 3.3 42.9 ± 4.2 n.s.

diff [%] +4.9 ± 11.2 +1.5 ± 5.7 +6.4 ± 13.1 n.s.

Leucocytes [1000/µl]

SL 3,347 ± 1,964 2,728 ± 2,356 3,887 ± 1,496 n.s.

HA 4,532 ± 2,443 4,204 ± 2,016 4,818 ± 2,872 n.s.

diff [%] +79.0 ± 9.5 +129.6 ± 203.3 +34.8 ± 75.4 n.s.

LLS mean score 1.3 ± 1.1 0.5 ± 0.3 1.9 ± 1.2 <0.01

LLS total cumulative score 20.4 ± 19.4 7.9 ± 4.8 31.4 ± 20.2 <0.01

Days with AMS [%] 10.4 ± 13.6 0 19.5 ± 13.0 <0.02
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TABLE 2 Serum levels of cytokines (pg/ml) at sea-level (SL) and one day after arrival at high-altitude in 5,050 m (HA) according to AMS groups. Cytokine levels are given as mean ± standard deviation (with minimum and
maximum values); *proportion of samples with values detected below the lower limit of quantification (LLOQ), biomarkers with values below LLOQ in >50% of samples were excluded from statistical analysis; **normally
distributed (tested by QQ-plots and Shapiro-Wilk); P a) AMS- vs. AMS+ compared by unpaired t-test; #based on Box-Cox transformation; P altitude, significance level for main effect of altitude; P interaction, significance level for
interaction between altitude and AMS susceptibility; P AMS, significance level for main effect of AMS susceptibility; n.s. not significant; SL sea-level, HA high-altitude.

SL HA 2x2 mixed-model ANOVA

<LLOQ* AMS- AMS+ P a) AMS- AMS+ P a) F-value P altitude P AMS P interaction

Pro-inflammatory TNF-α 0% 8.6 ± 2.4 (6.6-13.8) 8.9 ± 4.8 (5.3-20.1) n.s. 9.8 ± 3.3 (4.9-14.6) 17.1 ± 7.7 (7.5-28.4) n.s.# 238.3# <0.001 n.s. n.s.

sIL-2Rα 33% 59.9 ± 90.7 (3.2-253.2) 58.1 ± 144.9 (3.2-415.9) n.s. 99.8 ± 85.8 (3.2-227.9) 222.0 ± 308.2 (3.2-931.4) n.s.# 4.82# <0.047 n.s. n.s.

Th1 IFN-γ 10% 23.4 ± 22.5 (3.2-59.4) 20.8 ± 14.2 (3.2-45.1) n.s. 14.3 ± 13.9 (3.2-41.8) 10.5 ± 4.4 (3.2-17.3) n.s.# 5.09# <0.042 n.s. n.s.

Anti-inflammatory IL-1ra 27% 35.6 ± 80.6 (3.2-218.1) 7.4 ± 7.9 (3.2-25.2) n.s. 58.9 ± 140.9 (3.2-378.4) 37.2 ± 58.3 (5.9-176.9) n.s.# 1.92# n.s. n.s. n.s.

Growth factors G-CSF 0% 40.5 ± 16.3 (25.4-64.7) 40.2 ± 17.2 (21.9-77.2) n.s. 46.2 ± 13.7 (28.8-64.7) 90.6 ± 42.4 (42.1-161.3) n.s.# 6,720# <0.001 n.s. n.s.

VEGF** 0% 159.9 ± 226.4 (11.4-
616.1)

305.4 ± 193.7 (16.0-
529.6)

n.s. 196.6 ± 229.7 (11.4-472.4) 549.7 ± 210.7 (160.5-
880.5)

<0.009 8.7 <0.011 <0.027 <0.049

EGF 13% 12.4 ± 8.8 (3.2-25.9) 30.6 ± 44.7 (3.2-138.5) n.s. 222.6 ± 412.9 (3.2-1,101) 751.4 ± 290.1 (290.1-
1,060)

<0.011# 5.1# <0.043 n.s. n.s.

FGF-2** 10% 90.2 ± 44.5 (41.5-177.6) 247.8 ± 333.0 (3.2-
1,057)

n.s. 63.1 ± 49.6 (3.2-125.9) 251.4 ± 396.5 (25.3-
1222.2)

n.s. 0.26 n.s. n.s. n.s.

TGF-
β1**

0% 3,857 ± 3,030 (678-
9,265)

2,817 ± 2,321 (311-
5,989)

n.s. 25,846 ± 27,827 (5,695-
75,043)

40,705 ± 19,647 (294-
60,845)

n.s. 24.3 <0.001 n.s. n.s.

Chemokines IL-8** 3% 5.1 ± 2.5 (3.6-10.9) 5.8 ± 2.0 (3.2-9.1) n.s. 11.1 ± 7.3 (5.4-26.9) 11.7 ± 2.4 (7.7-14.6) n.s. 14.9 <0.002 n.s. n.s.

MCP-1 0% 253.7 ± 67.4 (180.6-
362.4)

244.8 ± 66.7 (174.8-
384.5)

n.s. 389.3 ± 176.1 (221.7-632.9) 271.1 ± 74.4 (166.6-373.9) n.s.# 155.3# <0.001 n.s. n.s.

MIP-
1α**

40% 29.6 ± 37.5 (3.2-98.5) 21.9 ± 18.6 (3.2-43.3) n.s. 17.5 ± 19.3 (3.2-47.1) 14.8 ± 12.3 (3.2-31.7) n.s. 5.6 <0.035 n.s. n.s.

MIP-1β 0% 25.0 ± 10.7 (9.7-41-5) 42.2 ± 31.2 (20.5-117.3) n.s. 41.7 ± 13.4 (15.5-54.5) 100.2 ± 67.7 (51.2-238.8) <0.011# 13.4# <0.003 n.s. n.s.

IP-10 0% 773.8 ± 376.1 (402.1-
1,560)

506.3 ± 105.7 (367.7-
674.3)

n.s. 665.8 ± 153.9 (436.6-868.4) 683.3 ± 310.6 (375.9-
1,268)

n.s.# 814.8# <0.001 n.s. n.s.
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2018). The individual physiological response to HA hypoxia
involves genetic and epigenetic factors besides condition and
training (MacInnis et al., 2011; MacInnis et al., 2015;
Childebayeva et al., 2021). AMS and its possible deterioration
including HAPE and/or HACE is mainly caused by increased
capillary pressure, i.e., a non-inflammatory phenomenon (Bärtsch
et al., 2003; Bärtsch et al., 2005; Bärtsch and Saltin, 2008). VEGF is a
hypoxia-induced protein inducing vascular permeability (Carmeliet
et al., 1996; Ferrara et al., 1996; Ferrara et al., 2003; Weis and
Cheresh, 2005). Evidence and research are still sparse about VEGF
and its pathophysiologic role in the development of AMS.

Changes in cytokines at hypobaric hypoxia

In this study we compared and analyzed changes in cytokine
levels of lowlanders at SL and HA with an emphasis on the
development of AMS. In our study the cytokine levels at baseline
showed no difference in resting cytokine concentrations between
AMS resistant and AMS susceptible groups. Serum levels for
TNF-α, sIL-2Rα, G-CSF, VEGF, EGF, TGF-β1, IL-8, MCP-1,
MIP-1β, and IP-10 were significantly increased at HA compared
to SL. In contrast to the latter, levels for IFN-γ and MIP-1α were
significantly reduced. Baseline levels of cytokines were not related
to gender, age, and BMI of the participating mountaineers. The
two-way mixed ANOVA revealed a significant main effect for the
gradual ascent from SL to HA on nearly all cytokines. The most
significant finding of our study is, that VEGF was higher in AMS
susceptible versus AMS resistant subjects and increased after
ascent to HA in both AMS groups. VEGF increased more

from SL values in AMS susceptible group than in AMS
resistant group (Figure 2).

Biomarkers for AMS

To investigate and study acclimatization in extreme
environments, most studies are performed with native lowlanders
ascending to HA under HH. AMS is experienced during ascent by
many mountaineers and characterized by headache, nausea, fatigue,
and gastrointestinal issues. The diagnosis depends on a self-
questionnaire based on the LLS (Roach et al., 1993; Roach et al.,
2018). Apart from a prior history of AMS, there are no routine
clinical biomarkers to detect the susceptibility to AMS raising an
urgent need for additional biomarkers for diagnosing and/or
detection of patients susceptible to develop AMS. There is strong
evidence for genetic factors and polymorphisms influencing HA
adaptation (MacInnis et al., 2011; Buroker et al., 2012a; Yu et al.,
2016; Zhang et al., 2020). There is also recent research focusing on
transcriptome and miRNA analysis to identify potential biomarkers
for AMS (Liu et al., 2017a; Liu et al., 2017b). Most research is
performed on blood samples, but urine samples and urine
metabolites as predictors for the development of AMS have been
investigated recently as well (Richalet et al., 2012). Some studies aim
to develop a risk prediction score to assess the likelihood for the
development of AMS (Canouï-Poitrine et al., 2014; Lu et al., 2018).
Longitudinal studies with multi-omics approach try to deal with the
challenge to identify possible new biomarker in the diagnosis of
AMS (Winter et al., 2021; Yang et al., 2022). One of the latter studies,
performed by Lu et al., identified the VEGF signal pathway being
suppressed in the AMS negative group after acute hypoxic exposure,
but not in the AMS positive group. Copine-3, a crucial regulator of
the VEGF signal pathway, is significantly decreased after exposure to
hypoxia in individuals without symptoms of AMS in comparison to
those suffering from AMS assuming that regulators of the VEGF
signal pathway may contribute to the development of AMS.

Data in scope of current research—VEGF
and AMS

Our study is in good accordance with recent research (Walter
et al., 2001). Some studies measured an increase of VEGF levels
during ascent to HA without an association to AMS (Palma et al.,
2006; Dorward et al., 2007), while other studies did not measure any
changes in VEGF levels during ascent to HA (Maloney et al., 2000;
Nilles et al., 2009; Schommer et al., 2011). Lower VEGF levels are
known to be related with a lower susceptibility to symptoms related
to AMS (Ding et al., 2011; Pham et al., 2021). The exact
pathophysiological mechanisms, why some climbers are more
susceptible to develop AMS while others remain unaffected
throughout their ascent remains elusive. Genetic predisposition
as polymorphisms in the VEGF-A gene may play an attributional
role here (MacInnis et al., 2011; Rabie et al., 2011; Buroker et al.,
2012b; Zhang et al., 2020). Possible VEGF upregulation through
hypobaric, hypoxic pre-conditioning must be considered as well (Shi
et al., 2001; Sen et al., 2011; Shao and Lu, 2012). Maintenance at SL
without travel to HA environments for at least 1 month upfront to

TABLE 3 Pearson’s correlation coefficients between cytokines and peripheral
oxygen saturation (SpO2) by AMS groups.

Variables SpO2 [%]

AMS- AMS+

Pro-inflammatory TNF-α −0.245 −0.575*

sIL-2Rα −0.346 −0.444

Th1 IFN-γ 0.138 0.463

Anti-inflammatory IL-1ra 0.030 −0.478

Growth factors G-CSF −0.051 −0.519*

VEGF 0.074 −0.605*

EGF −0.295 −0.841**

FGF-2 0.182 −0.083

TGF-β1 −0.212 −0.792**

Chemokines IL-8 −0.171 −0.696**

MCP-1 −0.164 −0.227

MIP-1α 0.068 0.229

MIP-1β −0.391 −0.579*

IP-10 0.233 −0.430

*p < 0.05 and **p < 0.01.
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expedition was an essential inclusion criterion for all participants of
our study. While interpreting higher VEGF levels it must be
considered, that VEGF mRNA half-life (t1/2) extends under
hypoxic circumstances up to 3.3 h affecting serum t1/2 VEGF
serum levels (Shi et al., 2001; Liu et al., 2002). High-altitude
VEGF levels measured in the non-AMS and AMS group are in
very good accordance to recently published data from Winter et al.
and early data fromTissot et al. (Tissot Van Patot et al., 2005;Winter
et al., 2021). Both studies used enzyme-linked immunosorbent assay
to analyze cytokine levels, whereas in our study we employed the
Luminex method. Some studies analyzing cytokine levels in HA did
not find any association between cytokine increase during ascent,
nor did they find any association between cytokine levels and AMS
(Nilles et al., 2009). In contrary to the latter, others did find an
increase of VEGF levels at HA without an association to AMS
though (Dorward et al., 2007; Patitucci et al., 2009; Schommer et al.,
2011). Maloney et al. described a sustained VEGF plasma level at HA
for those susceptible for AMS and a decrease of plasma VEGF in
those mountaineers without AMS symptoms compared to plasma
VEGF at SL (Maloney et al., 2000). Decreased plasma VEGF levels in
healthy mountaineers without symptoms of AMS could be
demonstrated by Oltmanns et al. as well (Oltmanns et al., 2006).

Strengths and limitations of the study

One strength of our study is that none of our participants had
been to HA within a month upfront to the expedition, as the rate
of ascent and previous acclimatization may influence the
development of AMS (Bärtsch and Saltin, 2008). Another
strength of the study is that ascent profiles for all participant
groups were the same and all participants climbed the same route.
Blood was sampled at the same time after reaching a given

altitude with control of variables such as caffeine, smoking,
and eating before blood sampling. There are different types
and rates of ascents in different published studies biasing data
on VEGF level. As a strength of our study mountaineers climbed
constantly above a certain threshold, allowing partial
acclimatization. Despite low number of participants, gender
distribution and mean age were comparable between AMS
resistant and AMS susceptible groups and there was no
difference in physiological and haematological parameters
between AMS groups at SL as well as at HA. Main limitation
of our study is the low number of participants due to the study
design and location. Power calculation though reveals that the
number of participants included in this study is sensitive to detect
large effect sizes in cytokine profiles. An additional limitation of
the current study is that serial blood sampling is missing for all
participants to create a full cytokine profile from beginning of
ascent until descent from HA and ideally 1–2 weeks after descent
and acclimatization to SL.

Conclusion

Hypoxia in HA is a potent trigger to influence serum cytokine
concentrations. Studies demonstrating an association between
cytokine levels and susceptibility to AMS are sparse. In this
study serum VEGF was significantly increased in mountaineers
suffering from AMS at 5,050 m, indicating its potential role as a
biomarker for this condition. We were able to demonstrate a
significant change and increase in VEGF serum levels in
mountaineers suffering from AMS compared to the non-AMS
group. As VEGF is the only cytokine being significantly increased,
despite low sample size, demonstrates its potential role as a
biomarker in the development of AMS.

FIGURE 2
VEGF levels (pg/mL) according to altitude and AMS group. Data are given asmean ± standard deviation; *p < 0.05 for intra-group comparisons (SL vs.
HA) tested by paired t-test. #p < 0.05 for inter-group comparison (AMS- vs. AMS+) at sea-level (SL) and at high-altitude (HA) using unpaired t-test.
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