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Abstract 
The aim of this study was to analyze whether or not a high-altitude expedition to a Himala-
yan peak (Pumori, 7161m) induces skeletal muscle ultrastructural and plasma biochemical 
changes suggestive of microvascular dysfunction. To achieve this purpose 6 mountaineers 
spent 3 weeks at an altitude range between 5250–7161m after 1 week in an acclimatization 
trek (2800-5250m). Muscle biopsies from vastus lateralis and blood drawn from antecubi-
tal vein were collected at sea level 1 day before and after the expedition to analyze qualita-
tive and quantitative (capillary and fiber basement membrane thickness) ultrastructural 
muscle alterations as well as the plasma activity of tissue-type plasminogen activator (tPA) 
and plasminogen activator inhibitor type 1 (PAI-1). In contrast with a regular skeletal mus-
cle pattern observed before the expedition, the post-expedition muscle samples revealed 
profound structure alterations in the tissue organization. Severe and chronic high altitude 
exposure also induced significant capillary basement membrane thickness as well as a sig-
nificant increase in plasma tPA, PAI-1 and PAI-1/tPA ratio. From the present data it could 
be concluded that sustained and severe hypobaric-hypoxia exposure constitutes an insult to 
skeletal muscle with deleterious microvasculature consequences even in acclimatized clim-
bers. 
Key words: basement membrane, fibrinolysis, humans, hypobaric hypoxia, microvascular 
damage, morphology, oxidative stress. 

Basic Appl Myol 15 (1): 29-35, 2005 

Chronic exposure to extreme high-altitude has been 
widely considered as a stressful stimuli even to acclima-
tized dwellers [35]. In response to this hypobaric hy-
poxic condition, several systemic and peripheral physio-
logical adaptive responses are acutely and chronically 
triggered-out to counteract the body overall hypoxic 
status imposed by environmental oxygen scarceness 
[35]. Nevertheless, despite the contribution of these or-
chestrated mechanisms to diminish the arterial hypoxe-
mia and related tissue hypoxia during the course of an 
acclimatization process, cell oxygen levels at high-
altitude seem to be far below the normal sea-level val-
ues [37] and thus, even the acclimatized body remains 
hypoxic compromising tissue redox status homeostasis. 

In fact, several evidences from chronic high-altitude 
biological research report cellular disturbances in a va-
riety of organs and tissues related, at least in part, to im-
paired cellular oxygen tension [35]. Among others, and 

despite of it extensive plasticity, skeletal muscle may 
also suffer serious disturbances from a hypoxic envi-
ronmental condition, such as the one experienced during 
high-altitude exposure, which lead to impaired homeo-
stasis and disruption in a wide range of cellular func-
tions [10]. Indeed, several studies described cumulative 
evidences of biochemical down-regulation and morpho-
logical detrimental effects in skeletal muscle fibers after 
chronic hypoxia, like enzymes involved in oxidative 
metabolic pathways, decrease of muscle fibers cross 
sectional area, decrease mitochondrial volume density, 
and accumulation of degradation products such as lipo-
fuscin-like substances [14]. However, concerning skele-
tal muscle microvascular bed, despite the importance of 
the capillary supply to muscle metabolism and the effect 
of chronic hypoxia on muscle capillary to fiber structure 
are well established, there is still a lack of data regard-
ing the influence of chronic high-altitude hypoxia on the 



High-altitude and skeletal muscle microvasculature 

 - 30 -

functional and morphological phenotype of skeletal 
muscle endothelial cells [26]. Taking into account the 
impairment of physiological mechanisms to cope with 
severe environmental oxygenless, even in acclimatized 
subjects, it is likely that skeletal muscle endothelial cells 
could also present signs of hypoxia-mediated homeo-
static disturbances, as previously reported in other tis-
sues [12]. 

In this sense, the purpose of the present study was to 
analyse whether or not a 4 weeks high-altitude expedi-
tion to a Himalayan peak (Pumori, 7161m) induces 
skeletal muscle microvascular ultrastructural changes in 
response to sustained hypobaric hypoxia. Moreover, 
since vascular bed stress could modify the expression of 
several plasmatic substances [28], the activity of tissue-
type plasminogen activator (tPA) and plasminogen acti-
vator inhibitor type 1 (PAI-1) in plasma was measured 
as general markers of endothelial dysfunction. 

Material and Methods 
Experimental design 

Six (6) male non-smokers high-altitude skilled and fit 
recreational climbers (age: 31.0±2.1 yrs; height: 172±6.8 
cm; weight: 64.3±3.9 kg; % fat mass: 13.4±1.3; VO2max: 
63.0±0.7 ml.kg-1.min-1) who didn’t experience high-
altitude conditions within a period of, at least, 6 months, 
participated in this study. All the experimental procedures 
and the possible risks involved in this study were ex-
plained to the subjects whose written consent was ob-
tained. The study protocol was approved in advance by 
the Ethics Committee of the Scientific Board of Faculty 
of Sport Sciences, University of Porto and was designed 
in accordance to the recommendations of the Declaration 
of Helsinki. Nepalese Sherpa packers and base-camp per-
sonnel supported the expedition, however no data was 
collected from these Nepalese citizens. 

After the flight from Portugal to Nepal (2800m; day 
1), the climbers hiked over one week in an acclimatiza-
tion trek until Mount Pumori base-camp (day 7). Addi-
tionally, all the dwellers spent three weeks in high-
altitude expedition routines at an altitude range between 
base-camp (5250m) and the summit of Mount Pumori 
(7161m). All the subjects successfully achieved the top 
of Pumori on days 24/25. After two subsequent days, 
the climbers returned to Lukla and flight to Portugal at 
day 29. The detailed altitude profile of the expedition is 
shown in figure 1. Symptoms of acute mountain sick-
ness were unimportant and decreased after a few days, 
thus none of the climbers needed any medication. Dur-
ing all the experimental protocol food and fluid inges-
tion was allowed ad libitum, however, antioxidant sup-
plementation were not allowed 4 weeks prior to protocol 
or during the expedition period. 

Blood sampling and biochemical assays 
Blood samples were collected twice during the ex-

perimental protocol from the antecubital vein. The first 

one was taken in Portugal at sea level condition, one 
day before the flight to Nepal, and the other one was 
collected in the day after the subjects arrived to Portu-
gal. All the venous blood samples were taken by con-
ventional clinical procedures using EDTA as anticoagu-
lant. Plasma was separated by centrifugation (3,000g 
during 10 min at 4ºC) into several aliquots and rapidly 
frozen at –80ºC for later analysis of tPA and PAI-1 ac-
tivities. These parameters were measured by enzyme 
immunoassay (ELISA) using TintElize tPA and TintEl-
ize PAI-1 Biopool International commercial kits, re-
spectively. 

Muscle Biopsies, preparations and microscopic analyzes 
A biopsy from the vastus lateralis muscle was ob-

tained in each subject one day before the departure to 
Himalayans, and another one was collected in the day 
after the climbers returned to Portugal. After infiltration 
of the skin with 1% lidocaine, a 3mm incision through 
the skin and fascia was made in the midlateral thigh, and 
a muscle sample was achieved using a 5-mm diameter 
side-cutting Bergström needle with suction system [8] 
that deep penetrated 3 cm in muscle. The sample was 
cleansed of excess blood, connective tissue and fat, and 
immediately transferred to 2.5% glutaraldehyde for two 
hours to ensure rapid fixation. Using routine methods, 
the samples were further fixated with 1% osmiumtetrox-
ide, dehydrated in graded alcohol, and embedded in 
Epon. Ultrathin sections were contrasted with 0.5% 
uranyl acetate and lead citrate and examined in a Zeiss 
EM 10A electron microscope. Electron micrographs 
from cross-sections, were digitized to a computer and 
used to estimate the thickness of the vascular and fiber 
basement membrane. The morphometric analysis was 
made using the software ImageJ 1.30V (National Insti-
tutes of Health, USA). In addition, a qualitative analysis 
of muscle fibers ultrastructure was also performed. 

Statistical procedures 
Mean and standard error mean were used as descrip-

tive statistics. To test differences between pre and post 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Altitude profile of the expedition during the 

four weeks. Triangles represent the altitude at 
which the climbers sleep. Arrows represent the 
days of blood drawn and muscular biopsies be-
fore and after the expedition. 
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high-altitude exposure a t-test for repeated measures 
was used. The significant level was set at 5%. 

Results 
From a qualitative point of view, the overall picture of 

biopsies obtained from pre-expedition muscle samples 
revealed a regular skeletal muscle pattern without any 
notorious ultrastructural disturbances (Fig 2a). Never-
theless, an abundant subsarcolemmal and intermyo-
fibrillar mitochondrial volume density and glycogen 
content (Fig 3a) were evident. Conversely, the ultra-

structural analysis of post-expedition muscle samples 
(Fig 2b, 3b) revealed a marked increase in the intermyo-
fibrillar space with loss of myofilaments and organelles 
in the subsarcolemmal area. Additionally, a decrease in 
subsarcolemmal and intermyofibrillar mitochondria 
volume density and a presumable concomitant increase 
in lipid inclusions in mitochondria vicinity, suggesting 
lipofuscin-like substances accumulation, were noted af-
ter the expedition. The glycogen granules concentration 
suffered a noticeable decrease in both subsarcolemmal 
and intermyofibrillar locations in the post-expedition 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Electron micrographs showing the general ultrastructural appearance of skeletal muscle before (a) and after 

the expedition (b); in contrast with the regular skeletal muscle pattern exhibit in section a, the high-altitude expo-
sure induced capillary basement membrane thickness, notorious decrease of mitochondrial volume density with 
inter-myofibrilar space enlargement, accumulation of lipofuscin-like pigments, and an apparent reduction in gly-
cogen content (original magnification a - x5,000; b - x10,000). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Cross-section skeletal muscle electron micrographs showing the general tissue ultrastructural appearance 

before (a) and after the expedition (b); in section a it appears evident a notorious accumulation of glycogen 
granules within a normal intermyofibrillar space. In a clear contrast, the high-altitude exposure (section b) in-
creases intermyofibrillar and subsarcolemmal space with a lack of organelles and glycoge content; it could 
also be observed a lipid-droplet and a lipofuscin-like pigment as well as a wide muofibrillar ultrastructure 
vacuolization (original magnification a – x24,000; b - x12,500).
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biopsies when compared to pre-expedition (Fig. 3b). 
Furthermore, a wide and spread vacuolization was ob-
served in endothelial cells in electron micrographs ob-
tained from post-expedition muscle samples (Fig 4b). 

Concerning the skeletal muscle ultrastructure mor-
phometrical analysis, and as can be observed in table 1, 
the capillary basement membrane was significantly 
enlarged in the post-expedition muscle samples. Con-
versely, no significant morphological changes were 
found in fibers basement membrane after the hypoxic 
insult. 

Plasma tissue-type plasminogen activator and plasmi-
nogen activator inhibitor type 1 activities can be de-
picted in table 2. Regarding these fibrinolytic markers, a 
significant increase was observed in both tPA and PAI-1 
after the expedition period. However, as a consequence 
of a disproportionate increase in PAI-1 activity, a sig-
nificant increase in PAI-1/tPA ratio was also found after 
the hypoxic insult. 

Discussion 
The overall picture of the qualitative morphological 

observations confirmed previous data from several other 
studies dealing with the long-established findings of 
profound structure alterations in the muscle organization 
so far demonstrated in humans [14] and animals [1] af-
ter hypoxia exposure. 

The main finding of our study suggests that significant 
modifications on skeletal muscle microvasculature bio-
chemical and ultrastructural variables also occurred dur-
ing the high-altitude expedition. In fact, from an ultra-
strutural point of view, a noticeable morphometric fea-
ture observed at capillary level after the high-altitude 
expedition was the significant thickness of the capillar-
ies basement membrane. This enlargement might be in-

terpreted as a defense mechanism against the sympa-
thetic-mediated increase in systemic pressure involving 
both systolic and diastolic pressures, and also systemic 
resistance described in mountaineers during high-
altitude sojourns ([18]). In fact, in several known pa-
thologies-induced gradually increase in capillary pres-
sure over long periods of time, such as mitral stenosis or 

pulmonary venoocclusive disease ([36]), capillaries 
show thickening of the endothelial cell basement mem-
brane. The importance of this basement membrane re-

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Skeletal muscle electron micrographs showing the ultrastructural appearance of capillaries before (a) and 
after the expedition (b); note the enlargement of the basement membrane and the intense cytoplasmic vacuoliza-
tion resulting from high-altitude exposure (original magnification of a & b x12,500). 

Table 1. Skeletal muscle capillaries (CBMT) and fibers 
(FBMT) basement membrane thickness before 
and after the high-altitude expedition. 

 Before expedition After expedition 

CBMT 43.00 ± 0.93 * 75.84 ± 1.47 
FBMT 23.91± 0.51 20.80 ± 0.40 
 
* p<0,05; Before vs after the high-altitude expedition. 

Table 2. Plasma plasminogen activator inhibitor (PAI-
1), tissue-type plasminogen activator (tPA) ac-
tivities and PAI-1/tPA ratio before and after the 
high-altitude expedition.  

 Before expedition After expedition 

PAI-1 (U/mL) 20,93 ± 4,49 * 39,62 ± 5,3 
tPA (U/mL) 4,19 ± 0,56 * 5,98 ± 0,70 
PAI-1 / tPA 4,88 ± 0,47 * 6,64 ± 0,53 
 
* p<0,05; Before vs after the high-altitude expedition. 

a b
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modeling process in providing additional strength to the 
capillary wall is also supported by the fact that the sys-
temic capillaries basement membrane thickness in-
creases as the hydrostatic pressures within these capil-
laries increases down the body [38]. Additionally, it 
might be looked as the morphological correlate of func-
tionally puffed constituents of the basement membrane 
due to extravasal water accumulation as suggested in 
ischemia-reperfusion (IR) models [3]. 

Nevertheless, since IR-induced endothelium distur-
bances have been related at least in part to oxidative 
stress-mediated mechanisms [34], another hypothetical 
explanation for this morphometric feature would be 
based on enhanced endothelium pro-oxidant redox con-
ditions. In fact, according to current metabolic concepts, 
blood capillaries under hypoxia or IR are among the 
first structures affected from enhanced reactive oxygen 
species (ROS) production that, at least in part, might be 
derived from endothelial xanthine oxidase (XO) in-
creased activity [6, 7]. Moreover, animal studies showed 
that systemic hypoxia modify endothelial cells physiol-
ogy inducing a generalized and rapid microvascular in-
flammatory response characterized by increased ROS 
levels, leukocyte-endothelial adherence and emigration, 
and increased vascular permeability [12]. In humans, 
systemic enhanced oxidative stress induced by several 
pathologies, such as diabetes [19] or cardiovascular dis-
eases [4] have been described as having aggressive and 
deleterious effects in capillary walls. Thus, and as ex-
pected, due to their intrinsic hypoxic status-mediated 
XO activation [15] and to a close vicinity relationship 
with such a pro-oxidant circulatory pool [11, 16, 39], 
endothelial cells seem to be simultaneously oxidative 
source and target during sustained high-altitude insult. 
However, to our knowledge, despite the reported occur-
rence of oxidative stress in skeletal muscle induced by 
hypobaric hypoxia [23, 24, 30, 31], there is no strong 
scientific rationale to associate the morphometric mi-
crovascular modulation found in our study with the pre-
sumable enhanced oxidative stress in hypoxic endothe-
lial cells [16, 20, 27, 32]. In fact, only a moderate in-
crease in retinal capillary basement membrane was 
found in α-tocopherol deficiency-induced oxidative 
stress rats [29]. Moreover, in another recent study con-
ducted with rats, a long-term administration of a vitamin 
antioxidant mixture did not affect the diabetes-induced 
thickness of capillary basement membranes [22]. Since 
no changes in endothelial basement membrane thickness 
were reported during moderate hypobaric hypoxia in 
cerebral microvasculature [33], the hypoxic vasculature 
remodelling observed in our study could be a tissue 
and/or altitude-dependent phenomenon. 

The significant increase in both plasma t-PA and PAI-
1 activities was found after the expedition, confirming 
that severe and chronic high-altitude exposure led to the 
development of noticeable endothelial cell stress-related 
disturbances. In fact, the plasma concentration of these 

and other substances related to coagulation and fibri-
nolytic systems are directly dependent from the level of 
endothelial cell function [28]. After chemical or me-
chanical stress, endothelial cells alter their functional 
pattern, characterized, among other events, by the expo-
sition of cell adhesion molecules, by the reduction of 
prostacyclin and nitric oxide production and by the re-
lease of tPA and PAI-1 to blood circulation [28] with 
impact in leukocyte-endothelium interaction and in the 
regulation of coagulation and fibrinolytic systems. In 
fact, Wood and coworkers [39] showed that systemic 
hypoxia prompt an enhanced leukocyte-endothelial in-
teraction involving decreased nitric oxide levels, a phe-
nomenon mediated by increased ROS production that 
resulted in microvascular damage and endothelial cell 
activation. Accordingly, some recent studies supported 
the notion of a hypoxia-mediated pathway for PAI-1 up-
regulation. Indeed, it has been suggested that hypoxia-
inducible factor (HIF-1) binds to the promoter of human 
PAI-1 gene through tightly regulated hypoxia-response 
elements [9, 21]. Moreover, alterations in the vascular 
fibrinolytic pathways associated to hypoxia towards fi-
brinolytic impairment may be, at least in part, related to 
redox-sensitive mechanisms, since ROS seem to play an 
important role in PAI-1 activation. This could explain 
the increase in PAI-1/tPA ratio observed in our study 
and the concomitant tendency to a prothrombotic state 
during sustained high-altitude exposure. Accordingly, in 
a study conducted by Antoniades et al [2], antioxidant 
supplementation of Vit C and E decreased PAI-1/tPA 
ratio enhancing fibrinolytic activity and decreased co-
agulability. 

In accordance with other authors observations [10], 
the ultrastructural data showed evidence of lipofuscin 
particles accumulation in muscle subsarcolemmal area 
(figure 2b). The quantity of lipofuscin has been de-
scribed as increasing by over two-threefold after return-
ing from a high-altitude expedition [17, 25]. This lipo-
fuscin accumulation within the cells of capillary walls is 
consistent with current information [29] on the effects 
of enhanced cellular autoxidation and consequent accu-
mulation of highly peroxidized membrane remnants as 
lipofuscin in various tissues. In fact, lipofuscin might be 
considered as a degradation product probably formed by 
mitochondria lipid peroxidation that characterizes cyto-
logical damage incurred by enhanced free radical for-
mation in muscle cells, which also corroborates a condi-
tion of oxidative stress associated to high-altitude expo-
sure [10]. Moreover, another related mechanism favor-
ing this characteristic lipofuscin accumulation could be 
the loss of muscle mitochondria volume density ob-
served in the present study and elsewhere after the pro-
longed hypoxic exposure [13]. In fact, observations re-
garding several pathological conditions suggest that dur-
ing cellular enhanced reparative process, mitochondria 
lysosomic autophagocytation is dependent on the organ-
elle size, i.e., while larger mitochondria are less prone to 



High-altitude and skeletal muscle microvasculature 

 - 34 -

autophagocitose causing damaged mitochondria accu-
mulation, small mitochondria are preferentially auto-
phagocitosed [5], which could favor lipofuscin accumu-
lation in hypoxic muscle. 

In conclusion, our main findings seem to support that 
a sustained and severe hypobaric-hypoxia exposure 
within a field-based Himalayan expedition constitutes 
an insult to skeletal muscle with deleterious 
microvasculature consequences even in acclimatized 
climbers. The hypothesis that the referred 
morphological and biochemical findings were, at least 
in part, associated to a previously reported hypoxia-
induced oxidative stress phenomenon, should not be 
excluded. 
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