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Introduction: High altitude exposure may lead to high altitude pulmonary hypertension (HAPH) and high altitude pulmonary edema (HAPE). The pathophysiologic processes of both entities have been linked to decreased nitric oxide (NO) availability.
Methods: We studied the effect of acute high altitude exposure on the plasma concentrations of asymmetric (ADMA) and symmetric dimethylarginine (SDMA), L-arginine, L-ornithine, and L-citrulline in two independent studies. We further investigated whether these biomarkers involved in NO metabolism were related to HAPH and HAPE, respectively. Fifty (study A) and thirteen (study B) non-acclimatized lowlanders were exposed to 4,559 m for 44 and 67 h, respectively. In contrast to study A, the participants in study B were characterized by a history of at least one episode of HAPE. Arterial blood gases and biomarker concentrations in venous plasma were assessed at low altitude (baseline) and repeatedly at high altitude. HAPE was diagnosed by chest radiography, and HAPH by measuring right ventricular to atrial pressure gradient (RVPG) with transthoracic echocardiography. AMS was evaluated with the Lake Louise Score (LLS) and the AMS-C score.
Results: In both studies SDMA concentration significantly increased at high altitude. ADMA baseline concentrations were higher in individuals with HAPE susceptibility (study B) compared to those without (study A). However, upon high altitude exposure ADMA only increased in individuals without HAPE susceptibility, while there was no further increase in those with HAPE susceptibility. We observed an acute and transient decrease of L-ornithine and a more delayed but prolonged reduction of L-citrulline during high altitude exposure. In both studies SDMA positively correlated and L-ornithine negatively correlated with RVPG. ADMA was significantly associated with the occurrence of HAPE (study B). ADMA and SDMA were inversely correlated with alveolar PO2, while L-ornithine was inversely correlated with blood oxygenation and haemoglobin levels, respectively.
Discussion: In non-acclimatized individuals ADMA and SDMA, two biomarkers decreasing endothelial NO production, increased after acute exposure to 4,559 m. The observed biomarker changes suggest that both NO synthesis and arginase pathways are involved in the pathophysiology of HAPH and HAPE.
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INTRODUCTION
Acute exposure of non-acclimatized individuals to high altitude is associated with the risk of developing acute mountain sickness (AMS) and high altitude pulmonary edema (HAPE) which are the two most frequent forms of acute high altitude illnesses (Bärtsch and Swenson, 2013; Luks and Hackett, 2022). AMS is a complex of nonspecific symptoms and manifests itself as headache, fatigue, gastrointestinal discomfort, and dizziness occurring within the first days after ascent to altitude >2,500 m (Bärtsch et al., 2004; Roach et al., 2018). HAPE is a non-cardiogenic pulmonary edema that may develop within 1–5 days after acute exposure to altitudes >3,000 m (West, 2012). A main pathophysiological factor in the origin of HAPE is excessive hypoxic pulmonary vasoconstriction (HPV) (Dehnert et al., 2007) leading to elevation in pulmonary vascular resistance with time and high altitude pulmonary hypertension (HAPH) (Ghofrani et al., 2006; Swenson, 2013; Brito et al., 2018). Therefore, HAPH and HAPE are inter-related clinical conditions that may relate to similar or overlapping pathophysiological mechanisms.
The pathophysiology of AMS and HAPE is complex, and the specific molecular causes are not completely understood. While endothelial dysfunction with decreased nitric oxide (NO) availability is considered to play a major role in HAPE (Scherrer et al., 1996; Berger et al., 2005; Swenson and Bärtsch, 2012), it has been suggested that increasing plasma concentrations of nitrate, an NO metabolite, may exacerbate AMS (Rossetti et al., 2017).
NO is the major endothelium-derived vasodilator; in the lungs, NO counterbalances vasoconstrictor stimuli in the physiological regulation of hypoxic pulmonary vasoconstriction (Swenson, 2013; Böger and Hannemann, 2020). The activity of endothelial NO synthase (eNOS), which generates NO and L-citrulline from L-arginine, is competitively inhibited by asymmetric dimethylarginine (ADMA), a dimethylated derivative of L-arginine (Böger, 2006). By contrast, symmetric dimethylarginine (SDMA) does not directly interfere with eNOS activity, but both ADMA and SDMA inhibit the cellular uptake of L-arginine and thereby impair eNOS substrate availability (Hannemann and Böger, 2022). As cellular uptake of L-arginine is inhibited by both dimethylarginines in a manner competitive with L-arginine, it is probable but has never been experimentally shown yet that both dimethylarginine act in an additive manner via this molecular mechanism. We have shown previously that prolonged exposure of humans to chronic intermittent hypobaric hypoxia (CIHH) causes elevation of ADMA plasma concentration (Lüneburg et al., 2016; Siques et al., 2019). Data on SDMA are less clear. Animal studies in rats and mice exposed to acute or chronic hypoxia have confirmed these observations and have shown that downregulation of dimethylarginine dimethylaminohydrolase-1 (DDAH1), the major metabolizing enzyme for ADMA, is involved in this ADMA increase (Hannemann et al., 2020a). Other investigators reported downregulation of DDAH2 in a rat model of CIHH (López et al., 2021); however, this data stands in contrast to our findings from a mouse model (Hannemann et al., 2020b) and those from a rat model (Lüneburg et al., 2016). Several studies have also provided evidence that arginase, an enzyme that uses L-arginine as a substrate to generate L-ornithine, may also be upregulated in chronic intermittent hypoxia (Krause et al., 2015) and in CIHH (López et al., 2021). Therefore, L-arginine-related biochemical pathways seem to be involved in the body’s response to high altitude hypoxia in a multi-facetted, complex way.
Previous data from our group have suggested that elevated ADMA is a pathophysiological contributor to HAPH and a biomarker characterizing individuals at high risk of developing HAPH during prolonged exposure to CIHH (Hannemann et al., 2020a). In two different cohorts of healthy male individuals who were exposed to four and 6 months of chronic intermittent hypoxia, respectively, we observed gradual increases in ADMA plasma concentration as early as at 1 month (Lüneburg et al., 2016; Siques et al., 2019). To assess whether high altitude hypoxia leads to acute increases of ADMA and SDMA in healthy humans, and to study whether these mediators are associated with HAPH and HAPE during short-term exposure to high altitude, we re-analyzed plasma samples taken in two separate cohorts exposed to an altitude of 4,559 m. Additional metabolites were also measured that are products of NOS- (L-citrulline) and arginase- (L-ornithine) mediated metabolism of L-arginine. Figure 1 schematically displays the L-arginine–dimethylarginine–nitric oxide pathway to allow for clarification of the biochemical pathways represented by each metabolite.
[image: Figure 1]FIGURE 1 | Schematic representation of the L-arginine/dimethylarginine/nitric oxide (NO) pathway. L-arginine can be converted to NO and L-citrulline via NO synthase, or to L-ornithine via arginase. Asymmetric dimethylarginine (ADMA) and symmetric dimethylarginine (SDMA) are released from methylated proteins. ADMA directly inhibits NO synthase; ADMA and SDMA interfere with cellular L-arginine uptake.
METHODS
Study participants and protocols
We analyzed plasma samples stored frozen at −80°C from two separate high-altitude studies. In both studies, healthy, non-acclimatized individuals ascended within 20 h from 1,130 to 4,559 m (Capanna Regina Margherita), with an intervening overnight stay at 3,611 m (Gnifetti Hut). The designs and main outcomes of both studies have been published previously (Berger et al., 2018; Berger et al., 2022).
In study A, conducted in 2016, 50 individuals were randomly and prospectively assigned to inhaled budesonide (200 or 800 µg twice per day) or placebo, and assessed for 44 h at high altitude (Berger et al., 2017). Treatment started 1 day prior to ascent and continued until the end of the study. All measurements were done at low altitude (baseline, 423 m) and 7, 20, 32, and 44 h after ascent to high altitude.
In study B, conducted in 2019, thirteen lowlanders with a previous history of radiographically documented HAPE were randomly assigned to acetazolamide (250 mg orally three times per day) or placebo. Medication started 2 days before ascent and continued until the end of the study (Berger et al., 2022). Measurements were done at low altitude (baseline, 423 m) and 5, 19, 29, 43, 53, and 67 h after ascent to high altitude. Both studies were approved by the Ethics Committee of Salzburg, Austria (study A: 415-E/1998/6-2016; study B: 415-E/2290/7-2018). The studies had also been approved by the Ethical Committee of the University of Torino, Italy (study A: 44847 del 13/5/2016; study B: 435581 del 6/11/2018), and by the Austrian Competent Authority (BASG), Vienna, Austria (study A: 8968266; study B: 10578359). All participants provided written informed consent before inclusion into the studies.
Because in both studies the study medication had no significant effect on the plasma concentrations of the biomarkers of interest for this study, the data of all individuals in study A, and of all individuals in study B, respectively, were pooled for final analyses.
Assessment of right ventricular pressure gradient, high altitude pulmonary edema, and acute mountain sickness
As described previously in detail (Berger et al., 2017; Berger et al., 2022) transthoracic echocardiography was performed to assess the right ventricular to atrial pressure gradient as a surrogate parameter for pulmonary artery pressure, and chest radiography for diagnosing HAPE. HAPH was defined as systolic pulmonary artery pressure >50 mmHg according to the definition by (León-Velarde et al., 2005).
AMS was evaluated by the AMS-C score of the abbreviated version of the Environmental Symptoms Questionnaire (Beidleman et al., 2007). Individuals were considered AMS-positive when they had an AMS-C score ≥0.70 points (Berger et al., 2017). In addition, the Lake Louise score (LLS) was assessed; in study A with the original (Roach, 1993), and in study B with its revised version (Roach et al., 2018).
Blood drawings and additional measurements
Blood gas analyses were performed on capillary blood in study A (Siemens, RapidPoint 500, Germany), and on arterial blood samples collected from the radial artery in study B (safePICO, Radiometer, Brønshøj, Denmark). Serial venous blood samples were drawn from a cubital vein, and aliquots of samples were shock frozen in liquid nitrogen until stored at −80°C. Oxygen saturation (SpO2) was measured by pulse oximetry (Covidien Nellcor, Mansfield, United States). In study A the alveolar PO2 was calculated from the alveolar gas equation (Fenn et al., 1946) assuming a respiratory exchange ratio of 0.85 (West et al., 1983) and an alveolar PCO2 equal to capillary PCO2. These assessments were not performed in study B.
Measurement of plasma concentrations of dimethylarginines, L-arginine, L-citrulline, and L-ornithine
Validated protocols for ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) were used to quantify ADMA, SDMA, L-arginine, L-citrulline, and L-ornithine in plasma. Briefly, 25 μL of plasma were diluted in 100 µL methanol to which stable isotope labelled internal standards had been added. Subsequently, the compounds were converted into their butyl ester derivatives as described elsewhere (Schwedhelm et al., 2007). Quantification of analytes was performed on a Waters UPLC-MS/MS platform (Xevo TQ-S cronos, Waters GmbH, Eschborn, Germany) applying an ACQUITY UPLC BEH C18 column (2.1 × 50 mm, 1.7 μm, Waters GmbH) for chromatographic separation. The coefficient of variation for the quality control samples was below 6% for all compounds.
Statistical analyses
Normal distribution of the data was tested using the Kolmogorov–Smirnov test. Differences in biomarker concentrations over time within study A and study B, respectively, were analyzed by two-way repeated-measures ANOVA with group and time as variables, and using the Bonferroni correction for multiple testing. Pairwise multiple-comparison procedures were made by using the Student–Newman–Keuls test. The relationship between pairs of variables was expressed with the Pearson Correlation Coefficient (R). All data are presented as mean ± standard deviation. A p < 0.05 after adjustment for multiple testing was considered significant. Statistics were performed using the SigmaStat software packages (Systat Software Inc., Berkshire, United Kingdom).
RESULTS
Baseline characteristics and biomarker concentrations
The baseline demographic and anthropometric data of the two study cohorts are shown in Table 1. In both studies, the biomarker plasma concentrations at baseline were within the respective reference ranges (Schwedhelm et al., 2009; Lüneburg et al., 2011; Schwedhelm et al., 2011; Table 2). In participants with HAPE susceptibility (study B), the plasma concentrations of ADMA (0.54 ± 0.06 vs. 0.41 ± 0.06 μmol/L; p < 0.001) and SDMA (0.53 ± 0.08 vs. 0.47 ± 0.07 μmol/L; p = 0.012) as well as those of L-arginine (76.4 ± 11.7 vs. 62.9 ± 13.1 μmol/L; p < 0.001) and L-citrulline (36.9 ± 7.4 vs. 30.5 ± 5.6 μmol/L; p = 0.001) were significantly higher than in individuals without HAPE susceptibility (study A). The difference in L-ornithine plasma concentration did not reach statistical significance (p = 0.056).
TABLE 1 | Baseline characteristics of the study cohorts.
[image: Table 1]TABLE 2 | Biomarker concentrations and biomarker ratios at baseline (low altitude) and at various time points after ascent to high altitude.
[image: Table 2]Effects of high altitude exposure on biomarker concentrations
Study A. In individuals without known HAPE susceptibility, acute exposure to 4,559 m caused a mild, but significant and incremental increase in ADMA plasma concentration, which was significant for measurements taken between 20 and 44 h of altitude exposure (Figure 2A). SDMA also increased significantly with a peak at 20 h after ascent (Figure 2B). Plasma concentrations of L-arginine showed no consistent pattern over time at high altitude, whilst those of L-citrulline and L-ornithine decreased rapidly after ascent and returned to baseline levels at 44 h after ascent. As a consequence, L-arginine/ADMA ratio and L-ornithine/L-arginine ratio (Figure 2C) showed a significant decline from 7 h of altitude exposure on with some recovery at 44 h, whilst L-citrulline/L-arginine ratio showed a delayed but persistent decrease from 20 h of altitude exposure on (Figure 2D). All biomarker concentrations at all time points are given in Table 2.
[image: Figure 2]FIGURE 2 | Time course of biomarker plasma concentrations and ratios at baseline and after ascent to high altitude (Study A). Data show concentrations of ADMA (A) and SDMA (B) as well as L-ornithine/L-arginine ratio (C) and L-citrulline/L-arginine ratio (D). *p < 0.05 vs. baseline.
Study B. In participants with HAPE susceptibility ADMA baseline levels were higher than in those without HAPE susceptibility. However, there was no significant further elevation of ADMA during the 67 h of altitude exposure (Figure 3A). By contrast, SDMA again showed an initial, significant increase which peaked at 29 h and returned to baseline levels thereafter (Figure 3B). L-Arginine showed no consistent pattern of change with time at high altitude, whilst L-ornithine significantly dropped initially and returned to baseline at 67 h. L-citrulline showed a delayed decrease beyond 29 h of altitude exposure (Table 2). In this cohort, L-arginine/ADMA ratio remained unchanged during altitude exposure, whilst L-ornithine/L-arginine ratio acutely dropped after ascent to altitude (Figure 3C) and L-citrulline/L-arginine ratio was significantly reduced beyond 43 h of altitude exposure (Figure 3D).
[image: Figure 3]FIGURE 3 | Time course of biomarker plasma concentrations and ratios at baseline and after ascent to high altitude (Study B). Data show concentrations of ADMA (A) and SDMA (B) as well as L-ornithine/L-arginine ratio (C) and citrulline/L-arginine ratio (D). *p < 0.05 vs. baseline.
In neither of the two studies did we detect any significant effect of the respective pharmacologic treatments (i.e., budesonide and acetazolamide, respectively) on biomarker levels as compared to the control groups (indicated by “Pgroup” in Table 2), nor were there any significant effects of the pharmacological treatments on clinical diagnosis of HAPH or HAPE, as reported before (Berger et al., 2018; Berger et al., 2022). Therefore, all biomarkers were analysed for the complete study cohort without differentiation of treatment groups.
Associations of biomarkers with high altitude right ventricular pressure gradient, high altitude pulmonary edema, and acute mountain sickness
Within the first hours after ascent to high altitude RVPG increased to 34 ± 8 mmHg in those without HAPE susceptibility (study A) and to 43 ± 10 mmHg in those with HAPE susceptibility (study B). We observed a significant linear correlation of SDMA plasma concentration with RVPG in study A (Figure 4A) as well as in study B (Figure 5A). In neither of the two studies was there a significant correlation of ADMA with RVPG (not shown). Further, L-ornithine plasma concentration was significantly and inversely associated with RVPG in individuals without (Figure 4B) and with HAPE susceptibility (Figure 5B), as was the L-ornithine/L-arginine ratio (Figures 4C, 5C). All other biomarkers showed weak or no correlations with RVPG (Table 3).
[image: Figure 4]FIGURE 4 | Correlations of biomarkers with right ventricular pressure gradient (RVPG) in participants of study (A). Data are shown for SDMA (A), L-ornithine (B), and L-ornithine/L-arginine ratio (C). Open symbols represent baseline measurements taken at low altitude, filled symbols represent measurements taken at high altitude at the times specified in Methods.
[image: Figure 5]FIGURE 5 | Correlations of biomarkers with right ventricular pressure gradient (RVPG) in participants of study (B). Data are shown for SDMA (A), L-ornithine (B), and L-ornithine/L-arginine ratio (C). Red symbols signify data from individuals who developed HAPE, blue symbols signify data from individuals who did not develop HAPE. Open symbols represent baseline measurements taken at low altitude, filled symbols represent measurements taken at high altitude at the times specified in Methods.
TABLE 3 | Correlations of biomarkers with right ventricular pressure gradient.
[image: Table 3]In study B, seven out of thirteen study participants developed HAPE within 29 h after ascent to high altitude. Individuals who developed HAPE had a significantly higher mean baseline ADMA concentration than those who did not (0.57 ± 0.04 vs. 0.51 ± 0.07 μmol/L, p = 0.04). The difference in ADMA between both subgroups was maintained during the stay at high altitude, whilst SDMA showed a significant increase over time in both subgroups (Figure 6A). The concentrations of L-citrulline and L-ornithine significantly decreased with time of high altitude exposure, whilst there was no significant change in L-arginine concentration (Figure 6B).
[image: Figure 6]FIGURE 6 | Time course of the plasma concentrations of ADMA and SDMA (A), and of L-arginine, L-ornithine, and L-citrulline (B) in participants of study B who developed HAPE (filled symbols and solid lines) or not (open symbols and dashed lines). *p < 0.05 vs. participants without HAPE at the same time point; #p < 0.05 for time course of biomarker during altitude exposure vs. baseline.
In study A, L-citrulline and L-ornithine levels were negatively correlated, and SDMA concentration was positively correlated with AMS severity as reflected by both the AMS-C score and the LLS (Table 4). In study B, the negative correlation of L-ornithine with AMS severity was confirmed (Table 5), while none of the other biomarkers was associated with AMS severity. In none of the two studies there was a significant difference in any of the biomarkers between those having and not having AMS.
TABLE 4 | Correlations of biomarkers with physiological responses to hypoxia and acute mountain sickness in individuals without HAPE susceptibility (study A).
[image: Table 4]TABLE 5 | Correlations of biomarkers with physiological responses to hypoxia and acute mountain sickness in individuals with HAPE susceptibility (study B).
[image: Table 5]Associations of biomarkers with parameters of blood gas analyses
In study A, ADMA and SDMA were inversely correlated with alveolar PO2, and ADMA was also inversely correlated with the alveolar-arterial O2 difference. L-citrulline and L-ornithine both correlated positively with alveolar PO2, and L-ornithine also correlated positively with SpO2 (Table 4). In study B, the positive correlation of L-ornithine with SpO2 was confirmed, and both L-citrulline and L-ornithine also showed positive correlations with arterial PO2 (Table 5). We observed a significant correlation of L-ornithine concentration with hemoglobin levels (R = 0.201, p = 0.002) in study A. None of the other biomarkers was significantly correlated with hemoglobin. In study B, L-ornithine showed an inverse correlation with hemoglobin.
DISCUSSION
The key finding of our study is that the concentrations of ADMA and SDMA in plasma increase significantly within 24 h after ascent to high altitude. Concomitantly with this increase in dimethylarginine concentrations, the plasma levels of L-citrulline and L-ornithine showed a significant, transient decline, whilst other biomarkers relating to the L-arginine-linked pathways remained unchanged.
This observation is strengthened by the fact that we observed the same pattern of changes in two independent, distinct study populations, both ascending from 1,130 to 4,559 m within 20 h. The first study comprised fifty healthy, non-acclimatized lowlanders, while the second study comprised 13 non-acclimatized lowlanders with a history of at least one episode of HAPE during a previous high altitude exposure. The major difference in L-arginine-related biomarkers between both groups was a significantly higher baseline ADMA concentration in the second, HAPE-susceptible, group. Interestingly enough, this group showed no significant further increase in ADMA during 67 h of high altitude exposure, while we measured a significant, incremental elevation of circulating ADMA during 44 h of high altitude exposure in the first group. Both groups showed similar trends of SDMA elevation with a peak at about 20 h after ascent, a delayed reduction in L-citrulline/L-arginine ratio beyond 20 h after ascent, and a rapid drop in L-ornithine/L-arginine ratio that reached a minimum at about 20–24 h after ascent.
ADMA and SDMA are important endogenous regulators of vascular endothelial NO formation. ADMA directly interferes with NO synthase catalytic activity and, when present at high concentrations, reduces NO formation in a manner that is reversible by excess L-arginine (Böger, 2006). SDMA impairs cellular L-arginine uptake and thereby has an indirect effect on intracellular substrate availability for L-arginine metabolic pathways (Hannemann and Böger, 2022). The ratio of L-citrulline over L-arginine, i.e., of product over substrate for NO synthase, is a surrogate indicator for total NO synthase activity. This ratio decreased over time in a manner paralleling the increases in ADMA and SDMA, thus suggesting that the observed changes in dimethylarginines resulted in impaired NO production.
Impaired endothelial NO-mediated function has previously been shown to be present the systemic circulation of individuals prone to HAPE (Berger et al., 2005). A similar reduction in pulmonary endothelial NO release might contribute to exaggerated hypoxic pulmonary vasoconstriction (Berger et al., 2009). This finding is also supported by an early experimental study (Archer et al., 1989). Measurements of exhaled NO in high altitude sojourners showed increases in pulmonary NO release in healthy individuals, but constant levels in HAPE-prone individuals (Duplain et al., 2000). At low altitude, Busch and co-workers found that exhaled NO was unchanged in normal individuals, but fell in HAPE-prone individuals (Busch et al., 2001). These data corroborate the validity of our biomarker findings in the present study.
L-ornithine is another metabolite derived from L-arginine by the enzymatic activity of arginases. Thus, the L-ornithine/L-arginine ratio serves as a surrogate of arginase activity. Our results therefore suggest a rapid and short-lived decline of arginase activity in non-HAPE-susceptible individuals, and a more prolonged decline of arginase activity in HAPE-susceptible individuals. As arginase competes with NO synthase for binding of L-arginine as a substrate, diminished arginase activity may be a counter-regulatory mechanism aimed at sparing intracellular L-arginine (Durante et al., 2007; Didelija et al., 2017). However, previous experimental and clinical investigations during more prolonged sojourns of humans or animals at high altitude reported increased arginase activity (Jiang et al., 2015; Lüneburg et al., 2016). Whether increased arginase activity contributes to, or whether diminished arginase activity ameliorates hypoxic pulmonary vasoconstriction remains to be settled. Further, our metabolite ratios offer a global view on whole-body enzymatic activity and may be influenced by other metabolic pathways involving L-arginine and/or L-ornithine. Notably, for example, the changes in SDMA that we observed in the two study cohorts may be caused by increased SDMA synthesis due to hypoxic upregulation of protein arginine N-methyltransferases, which we observed in a previous experimental study using lung tissue from mice exposed to 21 days of hypoxia (Hannemann et al., 2020a), or, alternatively, by diminished SDMA metabolism by its metabolizing enzyme, alanine glyoxylate aminotransferase-2 (AGXT2). AGXT2 is the only known enzyme that metabolizes SDMA (Lüneburg et al., 2014); however, its expression is described almost exclusively in the liver and kidneys (Jarzebska et al., 2019), which would point to a systemic and not purely local pulmonary effect of high altitude hypoxia.
In previous studies, we have observed elevations of ADMA during long-term hypoxia in rodent models (Lüneburg et al., 2016; Hannemann et al., 2020b) and during chronic-intermittent hypoxia during follow-up periods of up to 6 months (Lüneburg et al., 2017; Siques et al., 2019). The results of our present study extend these observations by showing that much shorter time periods of high altitude sojourn are sufficient to induce the same biochemical changes.
Enhanced hypoxic pulmonary vasoconstriction may cause a relevant pathological sequela, especially when maintained for prolonged periods of time. HAPH is a well-described long-term consequence of chronic and chronic-intermittent hypoxia (Brito et al., 2018; Siques et al., 2019). For the diagnosis of HAPH, the threshold of mean pulmonary arterial pressure had been set at 30 mmHg rather than the former 25 mmHg cut-off (most recently now 20 mmHg (Humbert et al., 2022) used to define pulmonary hypertension in lowlanders, in order to account for the fact that most individuals develop some level of mildly elevated pulmonary arterial pressure at altitude (León-Velarde et al., 2005). In the present study, SDMA, but not ADMA was positively correlated with RVPG, and L-ornithine and the L-ornithine/L-arginine ratio were negatively correlated with RVPG. These observations fit with the pathophysiological links between the biomarkers and pulmonary vascular tone as discussed above, as well as to the rapid onset of changes in the plasma concentrations of SDMA and L-ornithine after ascent to high altitude, which contrasted with the more delayed elevation of ADMA.
HAPE is an acute complication occurring at high altitude in non-acclimatized individuals and has been demonstrated to be a complication of acute excessive elevations of pulmonary arterial pressure at high altitude (Dehnert et al., 2007; Swenson and Bärtsch, 2012). HAPE-susceptible individuals have an abnormally sensitive pulmonary arteriolar response even to short challenges of hypoxia (Hultgren et al., 1971) or even normoxic exercise (Eldridge et al., 1996; Grünig et al., 2000; Swenson and Bärtsch, 2012), both of which have also been linked to reduced NO bioavailability (Berger et al., 2005). Treatment with drugs that cause pulmonary vasodilation such as nifedipine and tadalafil lower the incidence of HAPE by more than 80% (Bärtsch et al., 1991; Maggiorini et al., 2006). Experimental data also support the notion that fluid leakiness of the pulmonary endothelium is enhanced by low NO bioavailability in hypoxia (Kolluru et al., 2008). We found an association of ADMA concentrations with the incidence of HAPE in study B, which supports these pathophysiological concepts.
As in previous studies with more prolonged high altitude exposure, we observed no clinically meaningful associations of ADMA with AMS; however, a reproducible negative correlation of L-ornithine levels with AMS was observed. This may suggest involvement of elevated arginase activity in AMS pathophysiology, although due to the small sample size a type 2 error cannot be excluded.
We have previously analysed the associations of single nucleotide polymorphisms in genes encoding for major enzymes involved in the L-arginine/dimethylarginine/NO pathway with the circulating concentrations of L-arginine-related biomarkers. The major gene linked to ADMA plasma concentration is DDAH1, i.e., the gene encoding for one of two variants of the enzyme that converts ADMA to L-citrulline (Leiper et al., 1999; Hannemann et al., 2022). SNPs in the DDAH2 gene are inversely associated with ADMA concentrations (Hannemann et al., 2022). By contrast, SNPs in the PRMT genes, which encode for a family of protein L-arginine methyltransferases that are involved in the formation of symmetrically or asymmetrically dimethylated L-arginine residues within proteins, have no associations with ADMA or SDMA concentrations (Hannemann et al., 2022). In the context of the present study, it is interesting to note that the minor allele of the DDAH1 gene and the major allele of the DDAH2 gene also confer genetic sensibility for HAPH, and that SNPs in the NOS3 and ARG2 genes also show associations with HAPH (Hannemann et al., 2021). It might be interesting to study whether the allele frequencies for these genes are also different in HAPE-susceptible individuals versus those who are not.
One strength of our study is that followed strict and standardized protocols that were kept as identical as possible between both studies. This included the ascent profile, the assessment of clinical data, the echocardiographic measurements that were made by the same experienced echo cardiographer, and the biochemical analyses of L-arginine-related metabolites by UPLC-MS/MS. Nonetheless, we cannot exclude minor differences in handling of samples at high altitude. In addition, based on the retrospective analysis of the studies, we were unable to correct RVPG measurements for cardiac output due to unavailability of cardiac output measurements to refine definition of HAPH. Also, whilst we carefully checked our data for absence of any pharmacological effects of the drug treatments tested in each of the two study populations, we cannot formally exclude that a possible pharmacological effect on pulmonary hemodynamics that may have remained undetected could have affected the relation of RVPG to L-arginine metabolite concentrations.
In conclusion, we report here that ADMA and SDMA, two biomarkers influencing vascular endothelial NO production, are elevated during short exposure to high altitude in non-acclimatized individuals. Baseline ADMA concentration is high in HAPE-prone individuals, suggesting a possible involvement of these biomarkers not only in the long-term consequences of chronic or chronic-intermittent exposure to hypobaric hypoxia, but also an association with acute high altitude diseases like HAPE. If this hypothesis is correct, one would expect oral supplementation with L-arginine to contribute to prevention of this acute high altitude illness. The observations that exhaled NO is reduced in HAPE-prone individuals during high altitude exposure, and that administration of tadalafil, which prevents the breakdown of cyclic GMP by phosphodiesterase V, helps in the prevention of HAPE and by lowering pulmonary arterial pressure, support this hypothesis. Studies with L-arginine supplementation in hypobaric hypoxia are ongoing.
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Biomarker Non-HAPE-susceptible (study A) HAPE-susceptbile (study B)

Pearson R P Pearson R P
| ADMA 0,060 0327 ~0230 0.047
‘ SDMA 0.193 0.003 0449 <0.001
‘ L-Arginine ~0010 0835 ~0070 0546
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| Arg/ADMA Ratio 0070 0305 0009 0453
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‘ Orn/Arg Ratio ~0.159 0.016 0429 <0.001

Abbreviations: ADMA, asymmetric dimethylarginine; Cit/Arg ratio, L-citrulline/L-arginine ratio; Orn/Arg ratio, L-ornithine/L-arginine ratio; SOMA, symmetric dimethylarginine. Bold values
are the significant p values.
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‘ Demographics

No. of individuals 50 13
Age (years) Bn 57+6
Sex (f/m) 16/34 2m
Anthropometrics

Height (cm) 176 £ 9 1757
Weight (kg) 72+11 76+ 11
Systolic blood pressure (mmHg) | 12312 130 £ 19
Diastolic blood pressure (mmHg) 7227 85+7
Heart rate (1/min) 61 £ 10 63 £ 10
RVPG at baseline* (mmHg) 19:4 205
RVPG at altitude* (mmHg) 34+8 43210
Incidence of HAPH 10 8
Incidence of HAPE 0 7

Baseline measurements were performed at low altitude (423 m above sea level in Salzburg, Austria). Data are numbers of individuals for categorical variables and mean + standard deviation for
continuous variables. Abbreviation: RVPG, right ventricular pressure gradient. *RVPG, at baseline represents the measurement at low altitude; RVPG, at altitude represents the first
measurement after ascent to high altitude (Study A: 7 h, study B: 5 h).
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L-Omithine 534+127 | 49%79 | 462:89 4781103 63395 095 <0001 0.96
L-Citrulline 305 273 273 54 269 +5.1 259+ 4.1 295 +44 0.79 <0.001 0.13
Arg/ADMA Ratio 13634 125 1437 + 1405 + 1500 + 039 <0001 0.16
293 302 295 272
Cit/Arg Ratio 050012 048011 044010 043 %010 044 +0.08 068 <0001 0.90
Orn/Arg Ratio 0874022 079018 076018  080%025 080 +0.18 044 | <0001 0.50
HAPE-susceptible Baseline Pgoup  Piime  Pgroup x
time
ADMA 054006  052%005 051+005 053%005 053+005 053006 056008 039 001 077
SDMA 053£008 058009 058009 058+010 058+006 057007 054%008 039 | 002 0.69
L-Arginine 764+117 | 69288 685106 7081106 729+87 | 704%56  77.4+123 062 0005 0.98
L-Ornithine 009103 | 475580 | 452573 | 485294 | 496296 | 4BA294 | 558272 | 070 | <0001 095
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Biomarker concentrations are presented in umol/L and show the mean # standard deviation ofal treatment groups combined within each study. p values are from two-way repeated measures
ANOVA.,, Pyro, = difference between the different treatment groups (i.e., different concentrations of budesonide in study A, and of acetazolamide in study B); Pyim,

L-arginine rati

rence over time; Pyroup
ime = degree of interaction between factor A (group) and B (time). Abbreviations: ADMA, asymmetric dimethylarginine; Cit/ Arg ratio, L-citrulline/L-arginine ratio; Orn/Arg ratio, L-ornithine/
SDMA, symmetric dimethylarginine. Bold values are the significant p values.
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Values shown are Pearson correlation coefficients/p values. *values for AMS, indicate statistical significance comparing plasma concentrations of the respective biomarkers in study participants
with and without acute mountain sickness. Abbreviations: ADMA, asymmetric dimethylarginine; AMS, acute mountain sickness; AMS-C, acute mountain sickness-cerebral score; Cit/Arg ratio,
L-citrulline/L-arginine ratio; Hb, blood hemoglobin concentration; LLS, lake louise score; Orn/Arg ratio, L-ornithine/L-arginine ratio; PO,,,,, partial oxygen pressure in arterial blood; SOMA,
arterial blood gas analysis; SpO5, blood oxygen saturation in pulse oxymetry. Bold values are the significant p values.

symmetric dimethylarginine; Sa0,, arterial oxygen saturatior
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0.292/<0.001 ~0.246/<0.001

0.180/0.005 -0.101/0.119
0.070/0.264 -0.081/0.212
0.129/0.047 =0.131/0.044

LLS

0077/0.235
0.252/<0.001
~0.070/0.264
~0.185/0.004
-0.332/<0.001
~0.157/0.015
-0.098/0.132

~0.190/0.003

Values shown are Pearson correlation coefficients/p values. “values for AMS, indicate statistical significance comparing plasma concentrations of the respective biomarkers in study participants

with and without acute mountain sickness. Abbreviations: AaDO, alveolar-to-arterial difference in partial oxygen pressure ADMA, asymmetric dimethylargini

5 AMS, acute mountain

sickness; AMS-C, acute mountain sickness-cerebral score; Cit/Arg ratio, L-citrulline/L-arginine ratio; Hb, blood hemoglobin concentration; LLS, lake louise score; Orn/Arg ratio, L-ornithine/

L-arginine rati

PO, partial oxygen pressure in alveolar air; SDMA, symmetric dimethylarginine; SpO,, blood oxygen saturation. Bold values are the significant p values.
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