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Microvascular and oxidative stress
responses to acute high-altitude
exposure in prematurely born
adults

Giorgio Manferdelli®*#>, Benjamin J. Narang%3*#, Vincent Pialoux*®, Guido Giardini’,
Tadej Debevec?3* & Grégoire P. Millet'®

Premature birth is associated with endothelial and mitochondrial dysfunction, and chronic oxidative
stress, which might impair the physiological responses to acute altitude exposure. We assessed
peripheral and oxidative stress responses to acute high-altitude exposure in preterm adults compared
to term born controls. Post-occlusive skeletal muscle microvascular reactivity and oxidative capacity
from the muscle oxygen consumption recovery rate constant (k) were determined by Near-Infrared
Spectroscopy in the vastus lateralis of seventeen preterm and seventeen term born adults.
Measurements were performed at sea-level and within 1 h of arrival at high-altitude (3375 m). Plasma
markers of pro/antioxidant balance were assessed in both conditions. Upon acute altitude exposure,
compared to sea-level, preterm participants exhibited a lower reperfusion rate (7 +31% vs. 30 +30%,
p=0.046) at microvascular level, but higher k (6 +32% vs. -15 +21%, p=0.039), than their term born
peers. The altitude-induced increases in plasma advanced oxidation protein products and catalase
were higher (35+61% vs. -13 +48% and 67 +64% vs. 15+61%, p=0.034 and p=0.010, respectively)
and in xanthine oxidase were lower (29 + 82% vs. 159 +162%, p=0.030) in preterm compared to term
born adults. In conclusion, the blunted microvascular responsiveness, larger increases in oxidative
stress and skeletal muscle oxidative capacity may compromise altitude acclimatization in healthy
adults born preterm.

Preterm birth affects over 10% of live births worldwide, and those born moderately to extremely preterm
(<32 weeks gestation) are considered at highest risk for short- and long-term respiratory and cardiovascular
morbidity'. Though a growing number of preterm birth survivors reach adulthood, increasing evidence supports
several long-term sequelae of early delivery on the cardiovascular system*?, reducing exercise capacity* and ulti-
mately leading to increased cardiovascular and metabolic disease risk®. Given that several of these comorbidities
have been associated with mitochondrial dysfunction and chronic oxidative stressS, it is reasonable to hypothesize
that premature birth evokes specific peripheral responses to certain stimuli’.

Previous attempts to investigate vascular health in young adults born preterm have provided equivocal results.
For example, endothelial function assessed by flow-mediated dilation or finger plethysmography was reported
as normal®® or reduced®’. In contrast, both microvascular function and density were found to be reduced in
adults born prematurely®.

Premature birth also seems to impact redox balance, likely as a consequence of perinatal supplemental
oxygen therapy'®. However, the results of these investigations are also not consistent. Systemic oxidative stress
markers have been reported to be higher (e.g., 8-isoprostane in exhaled breath condensate, and total superoxide
dismutase (SOD) and glutathione peroxidase (GPX) in blood) or similar (e.g., advanced oxidation protein
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products (AOPP), Catalase and SOD in plasma)'! in preterm adults compared to term born peers. Given that
oxidative stress is known to be modulated by environmental hypoxia'! and, simultaneously, plays a central role in
the individual response to hypoxia'®, a specific phenotypical response to hypoxia may be present in prematurely
born adults. However, to date, findings regarding the systemic and localized effects of acute hypobaric hypoxia
on redox balance modulation and microvascular reactivity in this population remain scarce.

Oxidative stress is also known to be a potent modulator of oxidative capacity and metabolic responses at
the skeletal muscle level in adults born preterm'®. Animal models used to simulate premature birth by postna-
tal hyperoxic exposure have demonstrated alterations in muscle and mitochondrial functions'?. These finding
where recently extended to adult humans born prematurely, where mitochondrial function in peripheral blood
mononuclear cell was increased compared to control peers born at term'®. However, despite these preliminary
findings, no in vivo evidence on skeletal muscle oxidative function is currently available in preterm individuals.

Near-infrared spectroscopy (NIRS) in association with vascular occlusion testing (VOT) has recently emerged
as a non-invasive method of evaluating resting muscle oxygen consumption and microvascular reactivity'*'5,
as well as muscle oxidative capacity'¢'%. A blunted microvascular hyperemic response following an ischemic
stimulus has been previously reported in diseased populations with cardiovascular impairments' and in sed-
entary (relative to endurance-trained) individuals?®?!. Similarly, skeletal muscle oxidative capacity was found
to be significantly lower in patients with pulmonary?? and cardiovascular diseases®; conditions associated with
reduced exercise capacity. A recent mechanistic study assessed skeletal muscle O, diffusion capacity (DmO,) by
evaluating skeletal muscle oxidative capacity under high and low levels of tissue O, availability in the vastus lat-
eralis muscle'®. This technique was subsequently proposed to also be applicable with the use of systemic hypoxia;
a decreased whole-body O, supply was proposed as a surrogate for the low oxygen availability conditions that
allow DmO, computation?.

Accordingly, the aim of this study was to investigate the acute peripheral (microvascular reactivity and
skeletal muscle oxidative capacity) and systemic oxidative stress responses to high-altitude exposure in healthy
prematurely born adults and their age-matched term born peers. We tested the hypotheses that (i) preterm adults
would demonstrate impaired microvascular reactivity and skeletal muscle oxidative capacity, and that (ii) acute
high-altitude exposure would reduce these impairments relative to their term born peers.

Methods

Participants. Thirty-four young healthy men volunteered and gave written informed consent to participate
in this study. Seventeen participants were born preterm. Participants were matched for age and fitness status.
All participants were not taking any medication and were free from any cardiorespiratory, neurological and
hematological diseases. Moreover, none of the participants was a habitual smoker. The preterm born participants
were recruited via the National preterm birth register managed by the University Clinical Centre in Ljubljana,
Slovenia using medical record screening and telephone/email-based individual interviews. Importantly, the
included preterm participants had a gestational age <32 weeks, a birth weight<1500 g, had received postnatal
supplemental oxygen therapy, and none of the participants had a history of bronchopulmonary dysplasia. The
inclusion criteria for the term born participants were gestational age > 38 weeks and birth weight >2500 g. Birth-
related inclusion criteria for all participants were checked and confirmed during the initial birth/medical record
screening procedure conducted prior to inclusion in the study. The experimental protocol was pre-registered at
ClinicalTrials.gov (NCT04739904), approved by both the University of Ljubljana, Faculty of Sport ethics com-
mittee (8/2020-316) and the Aosta Hospital Ethical Committee (06/05/2021.0038781.1), and performed in line
with the Declaration of Helsinki guidelines.

Experimental design and ascent protocol. Each participant underwent two experimental trials, the
first one near sea-level (Ljubljana, Slovenia; barometric pressure ~ 737 + 0.5 mmHg) and the other one within 1 h
of arrival at high-altitude (3375 m; Torino hut, Aosta Valley, Italy, on the Mont Blanc massif; barometric pressure
~503 +0.7 mmHg). Subjects traveled to Courmayeur (1300 m) by car, then traveled by cable car to Torino hut
in 15-20 min. On average, the duration between the two phases was 97+4 days. By performing the sea-level
measurements prior to the high-altitude exposure, we ensured that there were no potential carryover effects of
altitude testing on the subsequent control tests, as would have been the case for some participants in a rand-
omized crossover design. During the informed consent visit, participant performed a cycling exercise test and a
5-min leg occlusion to familiarize with the testing procedures. Blood pressure was measured on the left arm at
rest both at sea-level and upon arrival to altitude using a digital sphygmomanometer (M2, OMRON Healthcare,
Hoofddorp, The Netherlands).

NIRS-VOT-derived muscle oxygenation and reactivity. At sea-level and upon arrival at altitude, participants
rested in seated position on a cycle ergometer before performing a VOT consisting of 5 min of tissue ischemia via
femoral artery occlusion, followed by 5 min of vascular reperfusion'®. To ensure signal stability, tissue ischemia
was only initiated after tissue saturation index (TSI) had been stable for 30 s (<2% variation). Occlusion was
accomplished using a pneumatic cuff placed on the proximal part of the thigh and connected to an automatic
rapid inflation system (HokansonE20 AG101, Bellevue, WA, USA). Occlusion pressure was set between 290 and
300 mmHg and maintained for the full 5-min period of ischemia. Cuff pressure was identical at sea-level and at
altitude. Oxygenation changes in the vastus lateralis muscle were evaluated by a continuous wave NIRS device
(Portamon, Artinis Medical Systems, Elst, The Netherlands), which consisted of three dual-wavelength (760 and
850 nm) light transmitters-channels and one receiving optode. Three distances (30, 35 and 40 mm) were adopted
between the receiver and transmitters. The NIRS probe was placed on the lower third of the vastus lateralis
muscle (~ 10 cm above the knee joint) of the right thigh. The skin overlying the investigated muscle region was
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carefully shaved before experimentation, and the same experimenter placed the probe to minimize the variabil-
ity in positioning between tests. The probe was secured to the skin using double-sided tape, and elastic bandages
were wrapped around the probe and the thigh to avoid ambient light contamination. Adipose tissue thickness
(ATT) at the site of the NIRS probe was measured using a skinfold caliper. TSI changes were monitored during
the test. NIRS data were recorded at 10 Hz and exported at 5 Hz. Baseline TSI (%) was calculated as the 30 s aver-
age before cuff occlusion. As previously proposed'>?!, the linear regression of TSI signal during the first minute
of occlusion (desaturation rate, % s™') was taken as an index of resting skeletal muscle oxidative metabolism.
The rate of reperfusion (reperfusion rate, % s*) was quantified as the upslope of the TSI signal during the first
10 s following cuff release. Minimum and peak TSI (TSI, and TSI, respectively, %) were calculated as the
lowest and highest recorded TSI value during ischemia and reperfusion, respectively, and their difference was
used to compute the amplitude of the change (Arg;, %). The time required for the TSI signal to return to baseline
values after cuff release (t,,4,;,.) Was also evaluated. The area under the curve for the TSI signal (AUC,,;y) was
calculated from the reperfusion overshoot (area under the reperfusion curve above baseline until 2-min post
cuff release).

Skeletal muscle oxidative capacity.  After having checked that the TSI signal following VOT returned to baseline
values (~5 min), skeletal muscle oxidative capacity was evaluated in vivo by measuring post-exercise muscle
oxygen consumption (mVO,) recovery kinetics by NIRS and the repeated occlusions method'®!”. The protocol
consisted of a 3-min rest followed by a 10-min moderate intensity (~50% VO,,,) constant work rate exercise
bout aiming to increase mVO, and desaturate the muscle to ~50% of Arg (i.e. the physiological range)'®*2. The
exercise bout was immediately followed by a series of 5-s intermittent arterial occlusions (5 separated by a 5-s
cuff release, 5 separated by a 10-s release, and 5 separated by a 20-s release). As per VOT, occlusion pressure was
set between 290 and 300 mmHg and it was kept the same between the two conditions. For each intermittent
arterial occlusion, the rate of decline in TSI (expressed in % s™) was fitted by a linear function to estimate rela-
tive mVO,. Importantly, as previously reported?, during arterial occlusion the deoxygenation rate is inversely
proportional to mVO,, and it is therefore reported below as a positive value (%s™). mVO, values were then fitted
by a monoexponential function of the type:
y(t) = yenp — Delta x el

where, y(t) represents the mVO, value at a given time (t), ygyp the mVO, value immediately after exercise
cessation, Delta is the change in mVO, from rest to the end of exercise, and t is the rate constant (k=[1/1],
expressed in min™') of the function. The exponential mVO, recovery rate constant (k, min™") was estimated
using nonlinear least-squares regression and was taken as an estimate of skeletal muscle oxidative capacity. As
previously proposed'®?*, DmO, was estimated as the absolute difference between k obtained under normoxic
and hypoxic conditions.

Plasma pro-oxidant/antioxidant balance. Blood sampling. At sea-level and upon arrival at altitude,
6 mL of venous blood were obtained from the antecubital vein with the participants in a seated position. Blood
samples were drawn into ethylenediaminetetraacetic acid blood collection tubes and centrifuged (10 min at
3500 rpm, 4 °C). Subsequently, the obtained plasma was aliquoted into three 1.5 mL cryotubes, which were im-
mediately frozen to —80 °C until analysis®.

Biochemical analyses. All spectrophotometry and fluorometry measurements were performed with the
TECAN Infinite 2000 plate reader (Mannedorf, Switzerland).

Oxidative stress markers. AOPP levels were measured via spectrophotometry by reading at 340 nm 40 pL of
plasma diluted in 200 pL of PBS 1X with 20 pL of acetic acid (99-100%) in 96-well microtest plates. AOPP level
was computed using chloramine-T standard solution, which absorbs at 340 nm in the presence of potassium
iodide.

Xanthine oxidase (XO) activity was determined by measuring the appearance kinetics of the complex super-
oxide anion and nitrotetrazolium blue (NTB) by spectrophotometer at 560 nm for 10 min.

Similarly, myeloperoxidase (MPO) activity was measured by a semi-quantitative immunoassay using stabi-
lized human anti-MPO antibodies (MPO, Human, clone 266-6K1, HM2164, Hycult Biotech). The MPO/anti-
MPO complex was detected by spectrophotometry after addition of a 3,3%5,5’-tetramethylbenzidine solution
(TMB, Sigma) with H,0, as a chromogenic substrate.

Antioxidant enzymes. ~Catalase activity was determined by measuring the kinetics of formaldehyde apparition
formed by the reaction between methanol and hydrogen peroxide (H,0,), which is catalyzed by catalase. 30 uL
of methanol (100%) and 20 pL of H,O, solution (0.14%) were added to 20 pL of plasma diluted in 100 uL of PBS
1X in 96-well microtest plates. After 20 min the reaction was inhibited by adding 30 uL of a potassium hydroxide
solution (10.69 mol-L™!). Formaldehyde was revealed by adding 30 pL of purpald solution (0.20 mol-L™!), and
its concentration was measured 5 min later by spectrophotometry at 540 nm and computed using formaldehyde
standards.

GPx activity was assessed by measuring nicotinamide adenine dinucleotide phosphate hydrogen (NADPH)
consumption, which is proportional to GPx activity to reduce H,O, in the presence of glutathione reductase
and reduced glutathione. Glutathione reductase, NADPH (10 mmol-L™!) and reduced glutathione solutions
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Term born | Preterm P-value
Participants’ characteristics
Gestational age (weeks) 40+0 29+1 P<0.001
Birth weight (g) 3621+101 1132+ 64 P<0.001
Age (years) 21+1 21+1 P=0.490
Height (cm) 182+2 178+2 P=0.210
Body mass (kg) 75.6+1.7 724435 | P=0415
Body mass index (kg:m~2) 22.8+0.4 22.5+0.7 P=0.713
Body surface area (m?) 1.95+0.03 1.89+0.06 | P=0.322
VOype (ML-min~kg ™) 519+19 |485%2.6 |P=0.290

Table 1. Participants’ physical characteristics (Mean + SEM).

were added to 20 L of plasma diluted in 200 pL of PBS 1X in 96-well microtest plates. 30 uL of H,O, solution
was then added and NADPH oxidation into NAD* was measured for 5 min by spectrophotometry at 340 nm.

Total SOD activity measurement was based on the higher affinity of SOD for superoxide anion (O,"") than
nitrobluetretrazolium (NTB), producing detectable blue formazan. 250 pL of a solution containing NTB, triz-
mahydrochloride, diethylenetriaminepentaacetic acid and hypoxanthine was added to 20 pL of plasma in 96-well
microtest plates. 20 pL of xanthine oxidase (1.02U-mL"") was then added and reacted with hypoxantine to
produce O, . The appearance of blue formazan was measured by spectrophotometry at 560 nm for 5 min. SOD
activity was computed by subtracting the rate of blue formazan appearance with deproteinized plasma (blank)
to those with plasma sample.

Nitric oxide (NO) metabolites. Nitrite (NO,~) levels were detected by using 2,3-diaminonaphtalene (DAN)
which fixes nitrite and emits at 450 nm after an excitation at 365 nm. 18 pL of DAN solution containing DAN
and HCI was added to 10 uL of plasma diluted in 90 uL of H,O in 96-well microtest plates. After 10 min the
reaction was inhibited with 18 uL oh NaOH solution. NO,- levels was measured by fluorometry (excitation at
365 nm and emission at 450 nm) and computed with NO, standards.

To measure total NO,- and nitrate (NOx) levels, nitrate was reduced into NO,-, and NO,- was then measured
as described above. 40 pL of nitrate reductase solution was added to 10 pL of plasma in 96 well microplates and
15 min later 50 pL of H,O was added. Then NO,- level is determined as described above.

Statistical analyses. The required sample size of fifteen preterm and fifteen term born adults was estab-
lished a priori (a=0.05, p=0.80) based on previous data from others?! and by our research group? investigating
microvascular reactivity and oxidative stress responses, respectively, in different populations.

All data are presented as mean + SEM throughout the manuscript. A two-way (group x condition) repeated
measures ANOVA was performed to compare changes in microvascular and oxidative stress responses during
acute exposure to altitude between preterm and term born adults. Significant interaction effects were analyzed
by Sidak correction. After having checked for normality using the Shapiro-Wilk normality test, pulmonary func-
tion, and percent changes from sea-level to high-altitude in preterm and term born individuals were compared
by independent student’s t-test. Linear regression and correlation analyses were carried out by the least-squared
residuals method. All p-values are two-tailed and statistical significance was defined a priori at p <0.05. Data
analyses were performed using the statistical software package Prism v.6.0 (GraphPad Software, San Diego, CA,
USA).

Results
Participants’ physical characteristics are reported in Table 1. Participants’ spirometry and lung diffusion capacity
to carbon monoxide were presented in Manferdelli et al.*. No difference was observed between the two groups.
Systolic blood pressure was similar between groups (preterm: 128 + 2 mmHg; term born: 127 +2 mmHg,
p=0.633) and conditions (sea-level: 128 + 2 mmHg; high-altitude: 127 +2 mmHg, p=0.571), while a main
effect of condition was found for diastolic blood pressure (sea-level: 75+ 2 mmHg; high-altitude: 79 + 1 mmHg,
p<0.001).
At sea-level, ATT at the site of the NIRS probe was similar between prematurely born (4.8 £0.6 mm) and term
born (4.8 £0.4 mm, p=0.983) adults and it was not affected by acute exposure to high-altitude in both preterm
(4.8+0.5, p=0.797) and term born (4.5+ 0.4, p=0.122) participants.

NIRS-VOT-derived parameters of muscle oxygenation and reactivity. Average TSI dynamics for
both groups at sea-level and at high-altitude are shown in Fig. 1A, B, respectively. NIRS-VOT-derived param-
eters are reported in Fig. 2. Interestingly, the reperfusion rate did not change from sea-level to high-altitude in
preterm (1.54+0.15% s™! vs. 1.57 £0.14% s™!, p=0.969) participants while it increased in term born (1.48 +0.11%
st vs. 1.83+£0.12% s7!, p=0.008) adults. Similarly, #,4.;;,. was similar at high-altitude compared to sea-level in
preterm (13.6+0.9 s vs. 14.7 £ 1.5 5, p =0.539) adults, while it was faster in term born (14.2+1.0svs. 11.0+0.7 s,
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Figure 1. Groups mean (+ SEM) of oxygen saturation signal (TSI) during the vascular occlusion test (VOT)
performed at sea-level (panel A) and during acute exposure to high-altitude (3375 m; panel B) in prematurely
born (red squares) and term born (blue circles) adults. Vertical dashed lines indicate instances of cuff inflation
and deflation, while horizontal dashed lines indicate baseline values for each group. For each condition, the
lower panel on the right side depicts the mean data during the first 10 s after cuff release (reperfusion rate).

p=0.008) participants. In turn, f;,.;;,. was significantly slower in preterm compared to term born participants

upon acute high-altitude exposure (p=0.035).

Skeletal muscle oxidative capacity. A graphical representation of TSI changes during the repeated arte-
rial occlusion protocol in a typical participant (term born, normoxia) is shown in Fig. 3. A similar k was found
between groups both at sea-level (p=0.795) and during acute exposure to high-altitude (p =0.625; Fig. 4). DmO,
was significantly lower in preterm compared to term born participants (-0.3+0.2 min™! vs. 0.4+0.1 min},

p=0.029).
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Figure 2. NIRS-VOT derived parameters (panel A, baseline TSI; panel B, desaturation rate; panel C,
reperfusion rate; panel D, time to baseline (#,,...); panel E, area under the curve above baseline value during
the first 2 min after cuff release (AUC,yy); panel F, minimum TSI value reached during the occlusion phase
(TSL,y); panel G, peak TSI value reached during the occlusion phase (TS,,); panel H, amplitude of TSI change
during the reperfusion phase (Agg) in prematurely born (red squares) and term born (blue circles) participants
at sealevel and during acute exposure to altitude (3375 m). Data are expressed as Mean + SEM. *Significantly
different from term born; #Significantly different from normoxia.
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Figure 3. Representative participant (term born, normoxia) response during the muscle oxidative capacity
assessment. Panel (A) illustrates the TSI dynamics during moderate intensity exercise followed by a series of
intermittent arterial occlusions during recovery. The panel on the upper right corner shows the TSI changes
during intermittent arterial occlusions and the red dotted lines represent the linear regression during each
occlusion. Panel (B) depicts the slopes of each occlusion and the calculated muscle VO, (mVO,) recovery
profiles (dashed line). k represents the rate constant, which is linearly related to muscle oxidative capacity
(k=(1/7) 60, min~". The letters (a—e) illustrate how the corresponding mVO, value is derived from respective
TSI negative slopes during intermittent occlusions.

Oxidative stress. Oxidative stress markers, antioxidant enzyme and NO metabolites at sea-level and at
high-altitude in both groups are reported in Fig. 5. The altitude-induced increase in plasma XO was significantly
lower in preterm compared to term born participants (28.7 +26.0% vs. 159.3 +48.7%, p =0.030). In contrast, pre-
term adults showed a more pronounced altitude-induced increase in plasma AOPP and catalase (35.3+61.0%
and 66.9+63.9%, respectively) compared to term born adults (-13.2+13.2% and 15.2+16.9%, p=0.034 and
p=0.010, respectively).

Correlations. At sea-level, the reperfusion rate was significantly correlated with ., in both preterm
(r=-0.591, p=0.020) and term born (r=-0.567, p=0.022) adults. Likewise, t;,,. Was significantly correlated
with NO, ™ levels in preterm (r=-0.559, p=0.038) but not term born participants (p=0.135). Moreover, diastolic
blood pressure was correlated with the reperfusion rate in preterm (r=0.611, p=0.012), but not in term born
participants (p=0.588).
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Figure 4. Groups mean (+ SEM) of skeletal muscle VO, recovery rate constant (k) at sea-level and during acute
exposure to high-altitude (3375 m) in prematurely born (red squares) adults and their term born (blue circles)
peers. *Significantly different from term born.

Discussion

The aim of this study was to investigate the peripheral (microvascular reactivity and skeletal muscle oxidative
capacity) and systemic oxidative stress responses to acute high-altitude exposure in prematurely born but other-
wise healthy adults and in their term born peers. To the best of our knowledge, this is the first study to report a
blunted post-occlusive reactivity at the microvascular level and higher skeletal muscle oxidative capacity during
acute exposure to high-altitude in adults born preterm compared to term born participants. Also, prematurity
appeared to confer specific altitude-induced changes in some pro-oxidant/antioxidant markers.

The microvascular responsiveness was assessed by monitoring NIRS-derived TSI changes in the vastus later-
alis muscle during VOT'!5. Under normoxic conditions, a blunted microvascular reactivity to a 5-min arterial
occlusion was observed in patients with cardiovascular diseases' and sedentary individuals*?! compared to
healthy and trained subjects, respectively. In addition, microvascular reactivity assessed by NIRS in the thenar
muscles at different altitudes was reduced following a short period of ischemia (3 min) in resting skeletal mus-
cle of acclimatizing healthy adults compared to sea-level. In the present study, partly supporting our second
hypothesis, acute high-altitude exposure did not induce any change in reperfusion rate or muscle oxygenation
tyaseiine N preterm adults, while these responses were altered in term born individuals. Accumulating evidence
suggests that acute exposure to hypoxia induces release of pro-angiogenic factors and local vasodilators (i.e.,
NO, adenosine, acidosis), leading to capillary recruitment and increased microcirculatory oxygen extraction
capacity?’. It is therefore reasonable to speculate that skeletal muscle microvascular responsiveness was improved
in term born individuals, likely due to an increased number of perfused capillaries during acute exposure to
altitude. In contrast, the microvascular response was unchanged in preterm individuals, suggesting a blunted
microcirculation response to acute exposure to high-altitude in this group. Our findings may therefore support
previous results on lower microvascular function and density in healthy adults born prematurely®. Ultimately,
this impaired physiological response may mechanistically underpin the potentially increased susceptibility of
these individuals to high-altitude illnesses, in particular to high-altitude pulmonary and cerebral edema®. An
important methodological point when assessing vascular responsiveness to VOT is the potential influence of the
ischemic stimulus on the magnitude of the response (reperfusion)'*. Given that high-altitude exposure decreased
baseline TSI similarly in both groups (~4%), and that both term born and preterm participants reached similar
TSI values at the end of the occlusion period, the differences observed in post-occlusive reperfusion in this study
are unlikely to be due to a different ischemic stimulus.

The present study also investigated skeletal muscle oxidative capacity and DmO, using NIRS-derived TSI dur-
ing the repeated occlusions method'®. Even though acute hypoxia is known to impair mitochondrial function'®,
the altitude-induced decrease in oxidative capacity was significantly lower in our preterm cohort compared to
their term born peers. Increased mitochondrial oxygen consumption was observed in peripheral blood mono-
nuclear cells of prematurely born adults'®. In contrast, postnatal hyperoxic exposure in male rats was shown to
reduce mitochondrial function relative to a control group provided with no treatment!?. Despite these recent
findings, oxidative function at the skeletal muscle level remains significantly under-investigated in this popula-
tion. In fact, several comorbidities typically described in adult survivors of premature birth are characterized by
increased mitochondrial dysfunction and chronic oxidative stress in non-preterm populations. To the best of
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Figure 5. Groups mean (+ SEM) of oxidative stress markers, antioxidant enzymes, and nitric oxide metabolites
in plasma at sea-level and upon arrival at high-altitude (3375 m) in preterm (red squares) and term born (blue
circles) adults. AOPP, advanced protein oxidation products (panel A); SOD, superoxide dismutase (panel B);
catalase activity (panel C); GPx, glutathione peroxidase (panel D); MPO, Myeloperoxidase (panel E); XO,
xanthine oxidase (panel F); NOx, total nitrite and nitrate (panel G); NO,", nitrite (panel H). *Significantly
different from term born; #Significantly different from normoxia.
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our knowledge, we are the first to report a lower susceptibility to altitude-induced decreases in skeletal muscle
oxidative capacity in preterm adults. However, further research is warranted to elucidate the underlying mecha-
nisms of this specific response to acute high-altitude/hypoxia in this cohort.

Furthermore, DmO, assessed as recently proposed'®** was lower in preterm adults compared to their born
term peers. Although influenced by many other factors, DmO, is proportional to capillary density?, and rep-
resents one of the key determinants of exercise capacity in humans®’. However, a recent study published by our
group demonstrated that exercise capacity in preterm adults—with similar relative VO, but lower peak power
output compared to term born peers—is primarily impaired by convective rather than diffusive O, transport
mechanisms*. Despite this, peripheral skeletal muscle limitations have recently been suggested to be an impor-
tant underlying mechanism limiting exercise capacity in adults born preterm?!. The present findings of reduced
DmO, are in line with previous results from animal models'? and suggest skeletal muscle specific long-term
prematurity sequelae.

Finally, exposure to hypoxia increases oxidative stress in the general term born population®. The present study
also investigated NO metabolites and oxidative stress markers in response to acute exposure to high-altitude.
Increased oxidative stress in normoxic conditions was reported in preterm infants due to their immature defense
systems against reactive oxygen species (ROS), immature organs and the need for medical treatments to increase
ROS production®. In this population, higher oxidative stress levels persist through young adulthood and the
subsequent redox imbalance might result in a ‘preconditioning’ state, or it may be involved in the pathogenesis
of several non-communicable chronic diseases'’. However, the present study did not find an increased oxidative
stress in normoxia in prematurely born adults. Our contrasting results might be explained by the relatively high
VO, of our preterm cohort compared to the values typically reported in the literature for this population®.
However, a lower altitude-induced increase in XO and higher levels of both AOPP and catalase in response
to acute high-altitude exposure were observed in preterm compared to term born participants, suggesting an
increased systemic H,O, production upon arrival to high-altitude in preterm compared to term born adults. Like-
wise, the lower hypoxia-induced increase in XO during acute high-altitude exposure in prematurely born adults
may be an adaptive mechanism in addition to the increased catalase activity. A recent comprehensive review on
the adaptive mechanisms to hypoxic exposure highlighted mitochondria and activation of nicotinamide adenine
dinucleotide phosphate oxidase as main sources of ROS formation in humans®. Although systemic oxidative
stress may not be reflective of solely muscle oxidative stress only, skeletal muscles represent the main source of
oxidative stress, particularly in under combined hypoxia and exercise®**. Therefore, it could be hypothesized
that a greater skeletal muscle oxidative capacity should result from an upregulated mitochondrial function. In
turn, the exaggerated mitochondrial function in preterm recently reported in this population'?, could lead to an
even greater release of reactive oxygen species from the muscle and explain their increased systemic oxidative
stress. Therefore, the increased ROS formation in this study, in conjunction with higher skeletal muscle oxida-
tive capacity during acute high-altitude exposure, suggest an upregulated mitochondrial function in preterm
individuals compared to their term born peers under conditions of reduced oxygen availability. In contrast, NOx
and NO,™ were not affected by exposure to high-altitude in both groups. While NO is undoubtedly involved in the
pulmonary, cardiovascular, and muscular responses to high-altitude exposure®, a recent well-conducted study
demonstrated that NO metabolites peak after 3 days at an altitude similar to that used in the present study. Fur-
thermore, the present study did not observe a direct correlation between plasma NO,~ and NOx concentrations
and microvascular responsiveness at sea-level in term born adults. Despite the central role of NO on both macro
and microvascular function®’, it seems that other active signaling molecules and/or patterns (e.g., PGI,, Adeno-
sine, Kyrp channels) regulated by tissue hypoxia concomitantly regulate vasodilation processes and muscular
perfusion'. On the contrary, ty,.,. was inversely correlated with NO,™ levels in prematurely born participants,
suggesting that microvascular function in this population is primarily driven by NO metabolites at sea-level.

Methodological considerations. Even though the present study was the first to assess microvascular
responsiveness and in vivo skeletal muscle oxidative capacity in prematurely born adults at both sea-level and
acute high-altitude exposure, we would like to acknowledge a few important limitations. First, our prematurely
born cohort had a relatively high VO, and normal pulmonary function compared with those generally
reported by others*. Therefore, the relatively active preterm adults investigated in this study may not ideally rep-
resent typical preterm born adults. However, according to recent findings®, this might be a consequence of them
being born at the turn of the millennium with better neonatal management and consequently improved long-
term pulmonary outcomes. Given the continued advancements in neonatal medicine, studies of preterm birth
survivors receiving more contemporary treatments are (and will continue to be) of increasing importance. In
addition, the present study investigated only male survivors of preterm birth, despite existing evidence in rodent
studies that sex differences likely exist in the association between preterm birth and skeletal muscle physiology'2.
We acknowledge the need for further research on the long-term sequelae of premature birth in female partici-
pants. Finally, one may question whether the compensatory mechanisms observed in this study were maximised
in the preterm born group. Unfortunately, the present study was unable to quantify this response in relation
to the individual capacity to adapt to high altitude. This could however be a particularly interesting avenue for
future research.

What is the clinical relevance of the present findings? A growing body of literature suggests a spe-
cific phenotypical cardiovascular response to hypoxia in this cohort**>*. While some authors hypothesized an
increased risk of right ventricular failure due to an exaggerated cardiac contractile response to hypoxia, our find-
ings seem to suggest an unresponsiveness of the microcirculation to acute exposure to high-altitude in preterm
adults. Intriguingly, a blunted microvascular responsiveness was suggested to represent an early sign for later
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macrovascular dysfunction®. It seems therefore that hypoxia may represents a risk factor for the cardiovascular
system in this population. However, we recommend further studies before drawing conclusions of clinical rel-
evance.

Conclusion

Opverall, this study provides novel insights into the peripheral (microvascular responsiveness and skeletal muscle
oxidative capacity) and oxidative stress responses to acute high-altitude exposure in adults born prematurely.
Preterm adults showed higher oxidative stress and blunted peripheral responses to acute exposure to high-altitude
compared to term born participants, as demonstrated by unchanged microvascular reactivity and skeletal muscle
oxidative capacity. This observed blunted response to acute high-altitude exposure observed in prematurely born
(but otherwise healthy) adults may compromise altitude acclimatization and ultimately lead to an increased risk
of high-altitude illnesses. Future research is necessary to substantiate our findings and should focus on measuring
skeletal muscle diffusion and oxidative capacity using direct methods both at rest and during exercise, as well as
under different environmental conditions such as hypoxia or hypobaria.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.

Received: 12 January 2023; Accepted: 23 April 2023
Published online: 26 April 2023

References

1. Blencowe, H. et al. Born too soon: the global epidemiology of 15 million preterm births. Reprod Health 10 Suppl 1, S2, doi:https://
doi.org/10.1186/1742-4755-10-S1-S2 (2013).

2. Engan, B. et al. Vascular endothelial function assessed by flow-mediated vasodilatation in young adults born very preterm or with
extremely low birthweight: a regional cohort study. Front Pediatr 9, 734082. https://doi.org/10.3389/fped.2021.734082 (2021).

3. Lewandowski, A. J. et al. Impact of the vulnerable preterm heart and circulation on adult cardiovascular disease risk. Hypertension
76, 1028-1037. https://doi.org/10.1161/HYPERTENSIONAHA.120.15574 (2020).

4. Manferdelli, G., Narang, B. ]., Bourdillon, N., Debevec, T. & Millet, G. P. Physiological responses to exercise in hypoxia in preterm
adults: convective and diffusive limitations in the O2 transport. Med Sci Sports Exerc https://doi.org/10.1249/MSS.0000000000
003077 (2022).

5. Markopoulou, P., Papanikolaou, E., Analytis, A., Zoumakis, E. & Siahanidou, T. Preterm birth as a risk factor for metabolic syn-
drome and cardiovascular disease in adult life: a systematic review and meta-analysis. ] Pediatr 210, 69-80. https://doi.org/10.
1016/j.,jpeds.2019.02.041 (2019).

6. Forstermann, U, Xia, N. & Li, H. Roles of vascular oxidative stress and nitric oxide in the pathogenesis of atherosclerosis. Circ Res
120, 713-735. https://doi.org/10.1161/CIRCRESAHA.116.309326 (2017).

7. Narang, B. J., Manferdelli, G., Millet, G. P. & Debevec, T. Respiratory responses to hypoxia during rest and exercise in individuals
born pre-term: a state-of-the-art review. Eur | Appl Physiol https://doi.org/10.1007/s00421-022-04965-9 (2022).

8. Singhal, A., Kattenhorn, M., Cole, T. J., Deanfield, J. & Lucas, A. Preterm birth, vascular function, and risk factors for atheroscle-
rosis. Lancet 358, 1159-1160. https://doi.org/10.1016/50140-6736(01)06276-6 (2001).

9. Flahault, A. et al. Arterial structure and stiffness are altered in young adults born preterm. Arterioscler Thromb Vasc Biol 40,
2548-2556. https://doi.org/10.1161/ATVBAHA.120.315099 (2020).

10. Martin, A. et al. Preterm birth and oxidative stress: effects of acute physical exercise and hypoxia physiological responses. Redox
Biol 17, 315-322. https://doi.org/10.1016/j.redox.2018.04.022 (2018).

11. Debevec, T., Millet, G. P. & Pialoux, V. Hypoxia-induced oxidative stress modulation with physical activity. Front Physiol 8, 84.
https://doi.org/10.3389/fphys.2017.00084 (2017).

12. Tetri, L. H. et al. Sex-specific skeletal muscle fatigability and decreased mitochondrial oxidative capacity in adult rats exposed to
postnatal hyperoxia. Front Physiol 9, 326. https://doi.org/10.3389/fphys.2018.00326 (2018).

13. Kumari, S., Barton, G. P. & Goss, K. N. Increased mitochondrial oxygen consumption in adult survivors of preterm birth. Pediatr
Res 90, 1147-1152. https://doi.org/10.1038/s41390-021-01387-9 (2021).

14. Rosenberry, R. & Nelson, M. D. Reactive hyperemia: a review of methods, mechanisms, and considerations. Am ] Physiol Regul
Integr Comp Physiol 318, R605-R618. https://doi.org/10.1152/ajpregu.00339.2019 (2020).

15. McLay, K. M. et al. Vascular responsiveness determined by near-infrared spectroscopy measures of oxygen saturation. Exp Physiol
101, 34-40. https://doi.org/10.1113/EP085406 (2016).

16. Adami, A. & Rossiter, H. B. Principles, insights, and potential pitfalls of the noninvasive determination of muscle oxidative capacity
by near-infrared spectroscopy. ] Appl Physiol 1985(124), 245-248. https://doi.org/10.1152/japplphysiol.00445.2017 (2018).

17. Zuccarelli, L. et al. Peripheral impairments of oxidative metabolism after a 10-day bed rest are upstream of mitochondrial respira-
tion. J Physiol https://doi.org/10.1113/JP281800 (2021).

18. Pilotto, A. M. et al. Near-infrared spectroscopy estimation of combined skeletal muscle oxidative capacity and O2 diffusion capacity
in humans. J Physiol https://doi.org/10.1113/JP283267 (2022).

19. Cheng, X. et al. Post-occlusive reactive hyperemia in patients with peripheral vascular disease. Clin Hemorheol Microcirc 31, 11-21
(2004).

20. Soares, R. N., McLay, K. M., George, M. A. & Murias, J. M. Differences in oxidative metabolism modulation induced by ischemia/
reperfusion between trained and untrained individuals assessed by NIRS. Physiol Rep https://doi.org/10.14814/phy2.13384 (2017).

21. Rasica, L., Inglis, E. C,, Iannetta, D., Soares, R. N. & Murias, ]. M. Fitness level- and sex-related differences in macro- and micro-
vascular responses during reactive hyperemia. Med Sci Sports Exerc https://doi.org/10.1249/MSS.0000000000002806 (2021).

22. Adami, A. et al. Muscle oxidative capacity is reduced in both upper and lower limbs in COPD. Med Sci Sports Exerc 52, 2061-2068.
https://doi.org/10.1249/MSS.0000000000002364 (2020).

23. Southern, W. M. et al. Reduced skeletal muscle oxidative capacity and impaired training adaptations in heart failure. Physiol Rep
https://doi.org/10.14814/phy2.12353 (2015).

24. Manferdelli, G., Raberin, A. & Millet, G. P. Muscle O2 diffusion capacity by NIRS: a new approach in the air. J Physiol https://doi.
org/10.1113/JP283882 (2022).

25. Martin, A. et al. Effect of pre-term birth on oxidative stress responses to normoxic and hypoxic exercise. Redox Biol 32, 101497.
https://doi.org/10.1016/j.redox.2020.101497 (2020).

Scientific Reports |

(2023) 13:6860 | https://doi.org/10.1038/s41598-023-34038-6 nature portfolio


https://doi.org/10.1186/1742-4755-10-S1-S2
https://doi.org/10.1186/1742-4755-10-S1-S2
https://doi.org/10.3389/fped.2021.734082
https://doi.org/10.1161/HYPERTENSIONAHA.120.15574
https://doi.org/10.1249/MSS.0000000000003077
https://doi.org/10.1249/MSS.0000000000003077
https://doi.org/10.1016/j.jpeds.2019.02.041
https://doi.org/10.1016/j.jpeds.2019.02.041
https://doi.org/10.1161/CIRCRESAHA.116.309326
https://doi.org/10.1007/s00421-022-04965-9
https://doi.org/10.1016/S0140-6736(01)06276-6
https://doi.org/10.1161/ATVBAHA.120.315099
https://doi.org/10.1016/j.redox.2018.04.022
https://doi.org/10.3389/fphys.2017.00084
https://doi.org/10.3389/fphys.2018.00326
https://doi.org/10.1038/s41390-021-01387-9
https://doi.org/10.1152/ajpregu.00339.2019
https://doi.org/10.1113/EP085406
https://doi.org/10.1152/japplphysiol.00445.2017
https://doi.org/10.1113/JP281800
https://doi.org/10.1113/JP283267
https://doi.org/10.14814/phy2.13384
https://doi.org/10.1249/MSS.0000000000002806
https://doi.org/10.1249/MSS.0000000000002364
https://doi.org/10.14814/phy2.12353
https://doi.org/10.1113/JP283882
https://doi.org/10.1113/JP283882
https://doi.org/10.1016/j.redox.2020.101497

www.nature.com/scientificreports/

26. Martin, D. S. et al. The use of skeletal muscle near infrared spectroscopy and a vascular occlusion test at high altitude. High Alt
Med Biol 14, 256-262. https://doi.org/10.1089/ham.2012.1109 (2013).

27. Mirna, M. et al. Exposure to acute normobaric hypoxia results in adaptions of both the macro- and microcirculatory system. Sci
Rep 10, 20938. https://doi.org/10.1038/s41598-020-77724-5 (2020).

28. Debevec, T., Narang, B. J., Manferdelli, G. & Millet, G. P. Premature birth: a neglected consideration for altitude adaptation. ] Appl
Physiol https://doi.org/10.1152/japplphysiol.00201.2022 (2022).

29. Hepple, R. T. et al. Structural basis of muscle O(2) diffusing capacity: evidence from muscle function in situ. J Appl Physiol 1985(88),
560-566. https://doi.org/10.1152/jappl.2000.88.2.560 (2000).

30. Roca, J. et al. Effects of training on muscle O2 transport at VO2max. ] Appl Physiol 1985(73), 1067-1076. https://doi.org/10.1152/
jappl.1992.73.3.1067 (1992).

31. Duke, J. W, Lewandowski, A. J., Abman, S. H. & Lovering, A. T. Physiological aspects of cardiopulmonary dysanapsis on exercise
in adults born preterm. J Physiol 600, 463-482. https://doi.org/10.1113/JP281848 (2022).

32. Farrell, E. T. et al. Pulmonary gas exchange and exercise capacity in adults born preterm. Ann Am Thorac Soc 12, 1130-1137.
https://doi.org/10.1513/AnnalsATS.201410-4700C (2015).

33. Burtscher, J., Mallet, R. T,, Pialoux, V., Millet, G. P. & Burtscher, M. Adaptive responses to hypoxia and/or hyperoxia in humans.
Antioxid Redox Signal https://doi.org/10.1089/ars.2021.0280 (2022).

34. Guzy, R. D. et al. Mitochondrial complex III is required for hypoxia-induced ROS production and cellular oxygen sensing. Cell
Metab 1, 401-408. https://doi.org/10.1016/j.cmet.2005.05.001 (2005).

35. Clanton, T. L. Hypoxia-induced reactive oxygen species formation in skeletal muscle. ] Appl Physiol 1985(102), 2379-2388. https://
doi.org/10.1152/japplphysiol.01298.2006 (2007).

36. Martinez-Romero, R., Canuelo, A, Siles, E., Oliver, F. J. & Martinez-Lara, E. Nitric oxide modulates hypoxia-inducible factor-1
and poly(ADP-ribose) polymerase-1 cross talk in response to hypobaric hypoxia. ] Appl Physiol 1985(112), 816-823. https://doi.
org/10.1152/japplphysiol.00898.2011 (2012).

37. Jones, C. ., Kuo, L., Davis, M. J., DeFily, D. V. & Chilian, W. M. Role of nitric oxide in the coronary microvascular responses to
adenosine and increased metabolic demand. Circulation 91, 1807-1813. https://doi.org/10.1161/01.¢ir.91.6.1807 (1995).

38. Vollsaeter, M. et al. Children born preterm at the turn of the millennium had better lung function than children born similarly
preterm in the early 1990s. PLoS ONE 10, e0144243. https://doi.org/10.1371/journal.pone.0144243 (2015).

39. Barton, G. P. et al. Exaggerated cardiac contractile response to hypoxia in adults born preterm. J Clin Med https://doi.org/10.3390/
jecm10061166 (2021).

40. Gutterman, D. D. et al. The human microcirculation: regulation of flow and beyond. Circ Res 118, 157-172. https://doi.org/10.
1161/CIRCRESAHA.115.305364 (2016).

Acknowledgements
The authors thank all the volunteers who enthusiastically participated in this research project. Also, the authors
would like to acknowledge Armando Chanoine and his team at the Torino hut where the high-altitude data
collection was carried out, and SkyWay Mont Blanc which supported the transport of the equipment and the
participants to Torino hut.

Author contributions

G.PM. and T.D. conceived the research and obtained the financial support. G.M., B.JN., G.G., T.D., and G.P.M.
contributed to the experimental design. G.M. and B.J.N. collected the data. V.P. analyzed the plasma samples
for oxidative stress markers, antioxidant enzymes, and nitric oxide metabolites. G.M., V.P, and G.P.M. analyzed
and interpreted the data. G.M. drafted the manuscript. All authors critically revised the draft and approved the
final version of the manuscript.

Funding
This work was funded by the Swiss National Science Foundation (SNSF grant nr. 320030L_192073) and the
Slovenian Research Agency (ARRS grant nr. N5-0152).

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to G.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:6860 | https://doi.org/10.1038/s41598-023-34038-6 nature portfolio


https://doi.org/10.1089/ham.2012.1109
https://doi.org/10.1038/s41598-020-77724-5
https://doi.org/10.1152/japplphysiol.00201.2022
https://doi.org/10.1152/jappl.2000.88.2.560
https://doi.org/10.1152/jappl.1992.73.3.1067
https://doi.org/10.1152/jappl.1992.73.3.1067
https://doi.org/10.1113/JP281848
https://doi.org/10.1513/AnnalsATS.201410-470OC
https://doi.org/10.1089/ars.2021.0280
https://doi.org/10.1016/j.cmet.2005.05.001
https://doi.org/10.1152/japplphysiol.01298.2006
https://doi.org/10.1152/japplphysiol.01298.2006
https://doi.org/10.1152/japplphysiol.00898.2011
https://doi.org/10.1152/japplphysiol.00898.2011
https://doi.org/10.1161/01.cir.91.6.1807
https://doi.org/10.1371/journal.pone.0144243
https://doi.org/10.3390/jcm10061166
https://doi.org/10.3390/jcm10061166
https://doi.org/10.1161/CIRCRESAHA.115.305364
https://doi.org/10.1161/CIRCRESAHA.115.305364
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Microvascular and oxidative stress responses to acute high-altitude exposure in prematurely born adults
	Methods
	Participants. 
	Experimental design and ascent protocol. 
	NIRS-VOT-derived muscle oxygenation and reactivity. 
	Skeletal muscle oxidative capacity. 

	Plasma pro-oxidantantioxidant balance. 
	Blood sampling. 
	Biochemical analyses. 
	Oxidative stress markers. 
	Antioxidant enzymes. 
	Nitric oxide (NO) metabolites. 

	Statistical analyses. 

	Results
	NIRS-VOT-derived parameters of muscle oxygenation and reactivity. 
	Skeletal muscle oxidative capacity. 
	Oxidative stress. 
	Correlations. 

	Discussion
	Methodological considerations. 
	What is the clinical relevance of the present findings? 

	Conclusion
	References
	Acknowledgements


