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This study investigates whether a functional single nucleotide polymorphism of HMOX2 (heme oxygenase-2) (rs4786504 T>C) is involved in individual chemosensitivity to acute hypoxia, as assessed by ventilatory responses, in European individuals. These responses were obtained at rest and during submaximal exercise, using a standardized and validated protocol for exposure to acute normobaric hypoxia. Carriers of the ancestral T allele (n = 44) have significantly lower resting and exercise hypoxic ventilatory responses than C/C homozygous carriers (n = 40). In the literature, a hypoxic ventilatory response threshold to exercise has been identified as an independent predictor of severe high altitude-illness (SHAI). Our study shows that carriers of the T allele have a higher risk of SHAI than carriers of the mutated C/C genotype. Secondarily, we were also interested in COMT (rs4680 G > A) polymorphism, which may be indirectly involved in the chemoreflex response through modulation of autonomic nervous system activity. Significant differences are present between COMT genotypes for oxygen saturation and ventilatory responses to hypoxia at rest. In conclusion, this study adds information on genetic factors involved in individual vulnerability to acute hypoxia and supports the critical role of the ≪ O2 sensor ≫ - heme oxygenase-2 - in the chemosensitivity of carotid bodies in Humans.
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Introduction

The ascent to high altitude exposes to decreased oxygen partial pressure due to the decrease of barometric pressure, inducing physiological responses such as increased ventilation and heart rate (HR), dedicated to maintain arterial oxygen saturation, blood pressure and homeostasis (1, 2). However, high altitude illness (HAI) intolerance can manifest as high altitude headaches, acute mountain sickness (AMS), high altitude cerebral edema (HACE) or high altitude pulmonary edema (HAPE) to varying degrees (3, 4). This depends on the altitude reached, the speed of ascent, the length of stay, and also intrinsic and genetic factors (1, 5). Thus, individual low chemoresponsiveness, implying decreased alveolar oxygen and increased hypoxemia, was found associated with acute high altitude intolerance (6–8). In case of long-term maladaptation, chronic mountain sickness can also be explained by maladjusted chemosensitivity (9, 10). Individual chemosensitivity to hypoxia can be assessed by the hypoxic exercise test, developed and validated by Prof. Richalet et al. (11), which measures the ventilatory response to poikilocapnic hypoxia during submaximal exercise (i.e., simulating the effort of walking to the summit of Mont Blanc) (11). The ventilatory response to exercise at sea-level involves different determinants (12). These include information from peripheral and central chemoreceptors, muscle demand and generated metabolic changes, as well as ventilatory fatigue, breathing patterns and changes in ventilation/perfusion ratios. In the Richalet's test, in healthy subject, the intensity and duration (30% maximal oxygen uptake, ~4 min) of exercise in hypoxia appear to be too low to modify the muscular metabolic balance, and to generate a ventilatory fatigue or to set up the hypocapnic inhibition mechanisms of hypoxic hyperventilation. The level of endurance training is one of the inputs influencing the responses to exercise in hypoxia, particularly in terms of oxygen saturation. The reproducible exercise test of Richalet et al. (11) allows the assessment of individual chemosensitivity to hypoxia through the calculation of exercise hypoxic ventilatory response (HVR) and hypoxic cardiac response (HCR), which are independent of altitude and exercise intensity (13). Low values of exercise HVR (<0.78 L/min/kg), low exercise HCR, and high values of changes in arterial oxygen saturation during exercise (DSaO2), were independent predictors of severe HAI (SHAI) (11). Clinical characteristics and trekking conditions are added to the measured physiological parameters to establish the score that detects subjects at high risk for severe high-altitude illness (14).

Carotid body (CB) chemoreceptors located at the bifurcation of carotid arteries, and composed of type 1 and type 2 cells, are sensors of arterial O2, CO2, and pH (15). The type 1 glomus cells have a nerve connection and are called “sensor units”. They are the first step of the chemoreflex: an increase in nerve discharge is observed in hypoxia with a rapid increase in ventilation and HR through activation of the autonomic nervous system (ANS) (15). Several signaling pathways are thought to function as a “chemosome” within these cells to detect and mediate the response to hypoxia, with the predominant pathway being heme oxygenase (HO)-2, a carbon monoxide (CO)-producing enzyme considered as the primary O2 sensor (16, 17) (Figure 1A). The activity of this enzyme depends on the presence of O2 to degrade heme into biliverdin, Fe2+, and CO (18). Besides regulating plasma hemoglobin (Hb) concentration through heme degradation, HO-2 is involved in the hypoxic chemoreflex of carotid bodies by reducing CO production, which would lead to inhibition of potassium channels and then CB sensory nerve activity. HO-2 is a protein encoded by the HMOX2 gene carried by chromosome 16. A study on HMOX2 knockout mice thus showed a blunted hypoxic ventilatory response (19).


[image: Figure 1]
FIGURE 1
 (A) Hypotheses using the schematic representation of the heme oxygenase-2 (HO-2) signaling in the detection of hypoxia by the carotid body: the main hypothesis is based on the association between rs4786504_HMOX2 polymorphism and breathing (i.e., exercise hypoxic ventilatory response (HVR)) through HO-2 (blue circle, arrow), and the secondary hypothesis between rs4680_COMT and HVR through ANS activation and catecholamine release (orange circle, arrow); and (B) main finding regarding calculated resting and exercise hypoxic ventilatory responses as a function of rs4786504_HMOX2 T>C. In the schematic representation, the different steps of the chemosensitivity are: (1) Hypoxia, (2) O2 sensing “chemosome”, (3) closure of potassium channels, (4) cellular depolarization, (5) opening of calcium channels and increase of cytosolic Ca2+ concentration, (6) neurotransmitters release and (7) information to central nervous system. ΔVm, membrane voltage change; ANS, autonomic nervous system; CNS, central nervous system.


While more and more people go to high altitude for leisure or professional activities, few studies have explored the part of genetic factors involved in acute tolerance to hypoxia in Caucasians (20–22), and only one using the Richalet's test (23). In contrast, many studies have associated genetic polymorphisms with chronic adaptation in high-altitude populations, such as in the Andes and Tibet (2, 24). Most of the results concern intracellular responses downstream or upstream of the hypoxia inducible factor (HIF) (25–27). In 2010, Simonson et al. (28) identified HMOX2 as one of the top HIF-independent candidate genes of high altitude adaptation in Tibetans. This was subsequently confirmed (29, 30). Tibetan population has thus acquired several key adaptive traits to cope with low oxygen conditions, such as increased ventilation at rest (31, 32), improved blood oxygen saturation levels, and lower Hb levels (33, 34). Recently, a functional HMOX2 rs4786504 T>C polymorphism encoding the HO-2 protein was identified in relation to tolerance to high altitude adaptation in male Tibetans: carriers with the C allele at rs4786504 displayed lower Hb level as compared with the T allele carriers (35). These authors also demonstrated in vitro that the C allele could increase the expression of HMOX2, presumably leading to a more efficient degradation of heme which could contribute to maintaining a relatively lower Hb level at high altitude.

To our knowledge, no studies have examined the possible involvement of the gene coding for HO-2 in physiological responses to acute hypoxia. The objective of this study was to analyze the association between the rs4786504_HMOX2 single nucleotide polymorphism (SNP) and chemosensitivity assessed by the ventilatory responses to the hypoxic exercise test (11) in an European sea-level residents population (Figure 1A). We also focused secondarily on the catechol-O-methyl transferase (COMT) SNP rs4680, which influences the enzymatic activity of COMT, a catecholamine-degrading enzyme. Admittedly, COMT is not considered a top candidate gene (compared with genes in the hypoxia-inducible factor (HIF) pathway that orchestrate the transcriptional response to hypoxia). We tested it secondarily in relation to autonomic nervous system (ANS) activation and its influence on increased HR and catecholamine release after detection of O2 depletion by glomus cells (36) (Figure 1A). The rs4680_COMT markedly affected enzyme activity, protein abundance, and protein stability (37). It is generally accepted that rs4680 is the main source of individual variation in human COMT activity (38) and it is associated with higher catecholamine response to exercise (39).



Materials and methods


Protocol

From 2019 to 2022, 84 healthy European sea-level residents under 45 years of age were included without a history of migraine or HAI, or high-altitude exposure in the past 3 months. We included subjects without sleep disturbances, verified by the Pittsburg sleep quality index <5 (40). Included women performed the protocol during the follicular phase of the menstrual cycle, because of physiological responses to hypoxic exercise depend on the ovarian cycle (41). The protocol was approved by the CPP SUD MEDITERRANEE III on 07 November 2019 (approval no.: 2019.10.03 bis _19.07.29.38738). All procedures were conducted in accordance with the Declaration of Helsinki and institutional protocols. All participants provided written informed consent before participation. Subjects were included at the French Armed Forces Biomedical Research Institute—IRBA—Brétigny-sur-Orge (Fr-91220) or at the Aeromedical Center—CPEMPN—Percy Military Hospital—Clamart (Fr-92140).



Laboratory testing

In our study, the hypoxic ventilatory response at exercise was the main outcome. It was assessed through the test developed and validated by Professor Richalet (2012) and used extensively (42). It allows testing chemoreceptors to acute hypoxic stress and exploring peripheral chemosensitivity. During this test used in European centers for mountain medicine consultation (14), the subjects are exposed to the first four successive phases of 4 min of rest in normoxia, rest in normobaric hypoxia with a mask (FiO2 = 0.115 corresponding to an altitude of about 4800 m), submaximal exercise in hypoxia (about 30% of maximal aerobic power which equals to 40–50% of HR reserve based on the value of theoretical maximal HR) and submaximal exercise in normoxia at the same intensity. We did not carry out the 5th phase in normoxia which allows to obtain the decrease in power output. Room air temperature was maintained at 22°C. The normobaric hypoxia was obtained by using a mixture of gases in the mask (Altitrainer, SMTEC ®). Antibacterial filters for spirometers were used for all subjects. The exercise was performed on an electrically braked cycloergometer (Excalibur, Lode ®). Minute ventilation (L.min−1), HR (bpm) and arterial oxygen saturation (SaO2) (%) were measured with a Quark CPET, Cosmed ® device and a Nonin ® sensor at the level of the earlobe previously vasodilated (Dolpic, PharmUp ®). Systolic and diastolic blood pressure (SBP–DBP) were measured at each phase (Tango M2, SunTech ®). Hypoxic ventilatory and cardiac responses (HVR and HCR) and desaturation (DSaO2) were calculated, respectively at exercise (e) and at rest (r), using the mean values of minute ventilation ([image: image]E, L/min), HR and SaO2 during the last minute of the different phases:

Exercise HVR = [image: image]Ee / DSaO2e/Body weight*100 (L.min-1.kg-1)

Resting HVR = [image: image]Er / DSaO2r/Body weight*100 (L.min-1.kg-1)

Exercise HCR = ΔHRe / DSaO2e (min-1.%-1)

Resting HCR = ΔHRr / DSaO2r (min-1.%-1)

DSaO2 at exercise = ΔSaO2e (%)

DSaO2 at rest = ΔSaO2r (%)

Among these criteria, the ventilatory response to hypoxic exercise (exercise HVR) has been shown to be the best predictor of poor tolerance to high altitude with a threshold fixed <0.78 L.min-1.kg-1. These results also allow the calculation of a clinicophysiological score for the detection of subjects with high risk for severe high-altitude illness (a score > 5.5). The score included history of SHAI, rapid ascent, geographical location, female sex, regular endurance physical activity and exercise HVR, exercise HCR and DSaO2 at exercise (11, 14, 43).



Sample collection, biology and genotyping

A total of 10 mL of blood was collected from the antecubital vein and stored in our laboratory for analysis. An automated system (XN-L, Sysmex ®) was used to determine the plasma Hb concentration (g/dL) and the hematocrit level (%).

Determinations of rs4786504_HMOX2 and rs4680_COMT polymorphisms were performed at IRBA using LAMP-MC technology. LAMP-MC consists in a lysis of cells from whole blood followed by the amplification of the target sequence at a constant temperature around 65 C using simultaneously three sets of primers, a polymerase with high strand displacement activity in addition to a replication activity and a fluorophore-labeled probe (44). Detection of homozygous wild, heterozygous and homozygous mutant genotypes is performed by melting curve analysis after amplification. LAMP-MC assays were realized by use of the customized HMOX2 and COMT kit (LaCAR MDX, Liège, Belgium). A positive control and a negative control were supplied. Samples, controls and reagents were thawed at room temperature and the reactions were set up with 5 μL blood or control, or one swab, in 1 mL of lysis buffer. After 10 min of incubation at room temperature, 5 μL of the lysed sample or control were added to 20 μL reaction buffer per well. The SNP was detected by a specific reaction buffer, containing all reagents specific for the amplification and detection. The 8 wells strip, containing 6 unknown samples and 2 controls, was briefly centrifuged and then placed in the analyzer (LC-Genie IIITM v3.17). Following the 40 min amplification step at 65 C, the mix were cooled down to 35 C to allow fluorophore-labeled probe annealing. Then melting curves were generated in the temperature range of 35–80 C with ramp rate of 0.2 C/s. The increasing of temperature induces the separation of the fluorophore from the quencher and the generation of a fluorescence signal. According to the design of each SNP probe, the presence or the absence of mutation decreases the dehybridization temperature of probe.



Statistics

For descriptive purposes, we calculated genotype frequencies for each individual polymorphism. To test genotype-phenotype associations, we considered measured and calculated physiological outcomes (at rest and during exercise, in normoxia and hypoxia), and biological outcomes (hemoglobin and hematocrit). For the association with HMOX2 (two modalities, T/T–C/T vs. C/C genotypes), we used the student's t-test (n > 30) or Welch's t-test (depending on the homogeneity of variance assessed by the Levene test). For association with COMT (three modalities, G/G, G/A, A/A genotypes), we previously check the normality assumption using a Shapiro-Wilk test, and we used a one-way ANOVA followed by a Tukey post-hoc test to identify differences between genotypes. In addition, clinical characteristics, endurance training levels, and hemodynamic parameters are presented to highlight the homogeneity of the study sample. We performed a Chi-square analysis and calculated odds ratios with their 95% confidence interval (IC 95) to test the relationship between the HMOX2 polymorphism and physiological phenotypes considering validated thresholds of exercise HVR, exercise HCR, exercise DSaO2, plus Richalet's score value. To test the association between the calculated Richalet score and hematological parameters, we used the student t-test (n < 30) after testing the normality of their distribution (Shapiro-Wilk test), or the Welch's t-test (depending on the homogeneity of variance assessed by the Levene test). Clinical characteristics were also tested to highlight the homogeneity of the two subgroups in the Richalet's score. In order to assess the association between HMOX2 and COMT polymorphisms on the calculated parameters HVR, HCR, and DSaO2 at rest and during exercise, we used a two-way ANOVA (HMOX2 and COMT fixed levels). Because the number of subjects with the T/T genotype was low (n = 9), we analyzed the homozygous C/C mutated carriers of the HMOX2 polymorphism vs. the carriers of the T allele (C/T + T/T), in order to respect the conditions for the application of statistical tests, in particular the chi-square. The statistical software Jamovi ® version 1.6.23.0 was used.




Results


Association between rs4786504_HMOX2 and physiological responses during hypoxic exercise testing

The allele frequency for allele of rs4786504_HMOX2 is given in Table 1. The genotype prevalence of this SNP is similar to the 1000 Genomes Project data for European population on the GRCh38 reference assembly (https://www.internationalgenome.org, last access the 15/04/2022). The clinical and physiological characteristics of the 84 included subjects according to the rs4786504 genotypes are given in Table 2. The two groups (C/T–T/T, C/C) are similar in gender distribution, age, height, body weight, body mass index (BMI), endurance training, hemodynamics parameters (SBP and DBP), Hb and hematocrit levels. They are similar in measured oxygen saturation, HR and ventilation during normoxia and normobaric hypoxia, at rest and during submaximal exercise. There is a significant relationship between the HMOX2 SNP and calculated hypoxic ventilatory responses (HVR) at rest and submaximal exercise. Compared to T allele carriers, C/C mutated homozygous have higher ventilatory responses to hypoxia at rest (p = 0.042) and at submaximal exercise (p = 0.043) (Figure 1B). The individual values of ventilatory responses to hypoxia are presented in Supplementary Figures 1A,B. There are no relationships between the SNP and differences in oxygen saturation (DSaO2) or calculated hypoxic cardiac responses (HCR) nor at rest nor at exercise. However, a tendency is observed in the HCR at rest, which seems to appear higher for mutated homozygous C/C than for T allele carriers (p = 0.134).


TABLE 1 Genetic distribution of HMOX2 and COMT polymorphisms in our population and in the data base of 1000 genomes.

[image: Table 1]


TABLE 2 Clinical, biological and physiological characteristics of subjects according to HMOX2 and COMT polymorphisms.

[image: Table 2]

The results of the chi-square analysis between HMOX2 genotypes and calculated parameters are given in Table 3. Sixty-two percent of subjects with low exercise HVR (<0.78 L.min-1.kg-1) are T allele carriers. In contrast, only 24% of subjects with a high exercise HVR carried T allele (Chi-square = 9.16; p = 0.002; OR = 5.2 [1.69; 16.03]). No correlation is found between genotypes and exercise HCR, DSaO2 at exercise and Richalet's score (chi-square < 3.84).


TABLE 3 Contingency table showing the correlation between HMOX2 genotypes and calculated parameters; HVR, hypoxic ventilatory response; HCR, hypoxic cardiac response; DSaO2, difference on saturation.

[image: Table 3]



Association between rs4680_COMT and physiological responses during hypoxic exercise testing

The allele frequency for allele rs4680_COMT is given in Table 1. The three genotype groups (G/G, G/A, A/A) are similar in gender distribution, age, height, body weight, BMI, endurance training, hemodynamics parameters (SBP and DBP), Hb and hematocrit levels. They are also similar in measured HR and ventilation during normoxia and hypoxia at rest and during submaximal exercise. There is a significant association between polymorphism and resting HVR. The A/A (also named Met/Met) mutated homozygous have a higher response than ancestral homozygous G/G (also named Val/Val) and heterozygous G/A (p = 0.031). The individual values of ventilatory responses to hypoxia are presented in Supplementary Figures 1C,D. The A/A mutated homozygous also have lower DSaO2 at rest than heterozygous and G/G (p = 0.027). Measured oxygen saturation in resting hypoxia of A/A homozygous is higher than the other two groups (p = 0.024). Regarding the HCR, there is a tendency between the response at rest. The A/A mutated response seems to be higher than G/A and G/G (p = 0.156).

Furthermore, there is no significant interaction between the HMOX2 and COMT polymorphisms on the calculated parameters HVR, HCR, and DSaO2 at rest and during exercise (p > 0.05).



Hematological parameters and score for the detection of subjects with high risk for severe high-altitude illness

The calculated clinicophysiological score for the detection of subjects at high risk of severe high-altitude illness is presented in Table 4. The two groups of subjects (a score of ≤ 5.5 and > 5.5, respectively) are similar in gender distribution, age, height, body weight and BMI. Hb level is significantly lower in the group with a score > 5.5 (p = 0.007), as well as the hematocrit level (p = 0.039) compared to the group with a score below 5.5.


TABLE 4 Clinical and biological characteristics according to the Richalet's score; BMI, body mass index.

[image: Table 4]




Discussion

This is the first study in a relatively large group of European sea-level residents to associate the HMOX2 polymorphism with hypoxic ventilatory responses at exercise and rest in the acute hypoxia functional test that assesses individual chemosensitivity. Secondarily, the COMT polymorphism, an enzyme involved in catecholamines degradation, is also associated with responses at rest (i.e., resting HVR; DSaO2 and SaO2 at rest).

The rs4786504_HMOX2 polymorphism appears to be directly involved in chemosensitivity at the glomus cell level by modulating ventilatory responses to hypoxia, and HO-2 is considered the “O2 sensor” in the “chemosome” of type 1 glomus cells of carotid bodies (Figure 1A) (16, 17). The rs4786504_HMOX2 has been shown in vitro to be associated with variable HMOX2 regulatory activity, with that of the C allele being significantly higher than that of the T allele (35). This is likely because the T allele have just one Sp1 binding instead of 2 in the tata box gene regulatory region (35).

Our results show that homozygous C/C carriers, with higher expression of HMOX2 (35), have higher submaximal exercise and resting HVR than T allele carriers (Figure 1B). The distribution of allelic frequencies in our sample is consistent with the expected data from the 1000 Genomes database in Europeans. Exercise-induced HVR is presented as the best independent predictor of the occurrence of SHAI (severe AMS, HACE, HAPE) with a defined threshold when exercise-induced HVR is low <0.78 L.min-1.kg-1. In our study, C/C carriers reach this value at rest and submaximal exercise does not affect the response (p = 0.806). Further studies would be interesting on rs4786504_HMOX2 in C/C carriers with higher intensity exercise during hypoxia to increase the exercise HVR above the baseline value of 0.78 L.min-1.kg-1. We also showed that C/C carriers are at lower risk of SHAI than T allele carriers (Chi-square = 9.16; OR = 5.2 [1.69; 16.03]). Our results are in line with studies showing blunted HVR in knock-out animals HMOX2–/– (19), and increased resting ventilation on chronically adapted Tibetan population (31, 34, 45). We now add scientific information on the genetic influence of HMOX2 on the response to acute hypoxia, complementing the study by Yang et al. (35) on adaptation to chronic hypoxia in the Tibetan population, which highlighted the role of rs4786504_HMOX2 on heme metabolism. Our results showed no significant difference in Hb levels in the two rs4786504_HMOX2 carrier groups. In male Tibetans, carriers of the C allele have lower Hb levels than T/T carriers (~18 vs. 21 g/dL) (35). In female with lower Hb levels (~16–17 g/dL), there is no difference. These levels (male and female) are all higher than ours, due to chronic exposure to hypoxia with erythropoietin (EPO) secretion. The possible physiological mechanism for lowered Hb levels in male would be based on the activity of HO-2 to degrade heme to biliverdin, CO and Fe2+, from a Hb threshold, in order to prevent chronic mountain sickness in populations adapted to high altitude, with the involvement of cofactors (possibly Fe2+ status for example). Through further studies, this possible Hb threshold could be defined around 20–21 g/dL, the threshold set for the diagnosis of Monge's disease (46). Hb level is also dependent on tissue oxygen pressure. Subjects with a ventilatory response adapted to hypoxia will have a smaller decrease in tissue oxygen pressure, less EPO secretion, and a lower Hb level. Under chronic hypoxic stress, all carriers of the C/C genotype would therefore be protected from Monge's disease.

The herein presented results are consistent with the role of HO-2 as an “O2 sensor” in the human carotid bodies “chemosome” as the first step of hypoxic responses (17) and require confirmation in larger samples. This will also allow to take into account the inter-individual variability and to confirm our results, in particular on the resting HVR, illustrated by the Supplementary Figure 1A. Indeed, the resting HVR is higher than 4 L.min-1.kg-1 for two C/C HMOX2 carriers. Anticipatory mental stress may have contributed to elevating resting HVR, without impacting the ventilatory response to hypoxia during submaximal exercise (Supplementary Figure 1B) (47). In future studies, the molecular mechanisms responsible for the regulation of ventilation in relation to HMOX2 and HO-2 activities could additionally be better understood. The functional link between this HMOX2 polymorphism and individual susceptibility to SHAI needs also to be confirmed in large cohorts, before it can be considered as a predictive marker in a mountain consultation. On the other hand, our results are all the more interesting because new molecular technologies allow us to determine an individual's polymorphism in a single step and in less than an hour, directly from a blood or saliva sample, and without DNA extraction (44, 48, 49). However, in our study, we cannot exclude that other HMOX2 SNPs may be functional.

The functional polymorphism rs4680_COMT modulates the activity of catechol-O-methyl transferase (COMT), a protein whose enzymatic activity results in the degradation of catecholamines. At maximal exercise, the A/A (met/met) mutated genotype' carriers presented lower enzyme activity, increased catecholamines levels and thus higher ANS activity than G/A (met/val) heterozygous or G/G (val/val) ancestral homozygous (39). In acute hypoxia, the ANS and the catecholaminergic system play a direct role in the increases of HR after detection of O2 depletion by glomus cells, and also indirectly influence the ventilatory response (50, 51). Indeed, a progressive increase in sympatho-excitation in humans during exposure to high altitude has been found, and this increase has been shown to correlate with the increase in [image: image]E (50). Our results show significant differences between physiological responses to the “hypoxic stress” during the resting phase according to the COMT genotypes. Mutated A/A homozygous genotype' carriers have a higher resting HVR, higher measured oxygen saturation and lower calculated difference in oxygen saturation to hypoxia at rest, than the heterozygous G/A carriers. We also observed a trend toward a higher resting cardiac hypoxic response (p = 0.156), which needs to be confirmed with a larger sample size. Nevertheless, there is no significant difference related to COMT polymorphism during the two sub-maximal exercise phases (normoxic and hypoxic), and, even if there was a significant influence of HMOX2 and COMT polymorphisms individually on resting HVR, and a trend on resting HCR, there was no significant effect of the polymorphism's combination on the calculated parameters HVR, HCR, and DSaO2. However, the lack of interaction between HMOX2 and COMT polymorphisms on these responses during hypoxic exercise may be explained by the small sample size of each subgroup.

This study shows no association between the HMOX2 polymorphism and Hb level in our sample of European sea-level residents. We next compared Hb levels according to detection score for subjects at high risk for SHAI. Tolerance to acute hypoxia appears logically linked to the level of Hb and hematocrit, because Hb is the oxygen carrier, while chronic adaptation require lower increases in Hb levels to prevent chronic mountain sickness (32, 52). Currently, many studies are exploring the relationship between Hb levels and the occurrence of high altitude illnesses in populations living there (33). In acute hypoxia there is rather a focus on high Hb affinity and exercise tolerance (53, 54). In 2009, Richalet et al. present the results between hemoglobin (SaO2) association and ventilatory responses in sea-level residents. The subjects with good ventilatory response (HVR+) have higher SaO2 levels and lower DSaO2 at rest and during exercise in hypoxia compared with subjects with lower ventilatory response (HVR-). In our study, Hb and hematocrit levels were significantly higher in subjects with low risk of SHAI (i.e., score ≤ 5.5) (11, 37). This clinico-physiological score has been validated by a European consensus to detect subjects at high risk of SHAI (13), with a sensitivity of 87.3% and a specificity of 73.1% in subjects with no previous experience at high altitude (37). If our results on Hb and hematocrit levels are confirmed in larger cohorts, these two criteria, easily accessible during a clinical consultation with a questionnaire and a hypoxia stress test, could be considered in the validation of a clinical-physiological and biological score model. In populations living at sea-level, the good responders to hypoxia would be subjects with a good ventilatory response (HVR+), a lower DSa02 to hypoxia and higher Hb and hematocrit levels. In comparison, in populations living at high altitude, chronic hypoxic stress exposes them to chronic mountain sickness (Monge's disease) characterized by high Hb levels, and its complications (46). Subjects adapted to high-altitude living would be those with a good ventilatory response, better SaO2, and a controlled increase in Hb and hematocrit (Tibetan populations have acquired these characteristics unlike Andean populations, for example) (34, 35).

In conclusion, this study confirms the relationship between HMOX2 polymorphism and ventilatory responses to the acute hypoxic exercise test in sea-level European residents likely through variation of individual chemosensitivity. Although these results need to be confirmed in larger samples and in hypobaric rather than normobaric hypoxia, they underline the major role of HO-2 as an “O2 sensor”. A better understanding of the genetic factors involved in individual vulnerability to acute hypoxia may improve the prediction of SHAI.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding authors.



Ethics statement

The studies involving human participants were reviewed and approved by CPP SUD MEDITERRANEE III. The patients/participants provided their written informed consent to participate in this study.



Author contributions

PF, CD, AM, NK, and MC conceived the experiment. PF, CD, M-CE, ON, VM, WB, BL, and A-PH-H conducted the experiment. PF, CD, FS, DG-M, and MC analyzed the results. PF, CD, FS, ON, AM, NK, DG-M, and MC contributed to the article. All authors approved the submitted version.



Funding

Funding was provided by the Service de Santé des Armées (French Military Health Service) and Direction générale de l'armement, projet BIOMEDEF MRH1-0725.



Acknowledgments

The authors thank DCSSA and DFRI and the teams of the departments REF Aero, ENOP and U.AB of IRBA.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmed.2022.1000786/full#supplementary-material



References

 1. Luks AM. Physiology in medicine: a physiologic approach to prevention and treatment of acute high-altitude illnesses. J Appl Physiol Bethesda Md 1985. (2015) 118:509–19. doi: 10.1152/japplphysiol.00955.2014

 2. Moore LG. Measuring high-altitude adaptation. J Appl Physiol. (2017) 123:1371–85. doi: 10.1152/japplphysiol.00321.2017

 3. Gallagher S, Hackett P. High-altitude illness. Emerg Med Clin North Am. (2004) 22:329–55. doi: 10.1016/j.emc.2004.02.001

 4. Bärtsch P, Swenson ER. Acute high-altitude illnesses. N Engl J Med. (2013) 368:2294–302. doi: 10.1056/NEJMcp1214870

 5. Schneider M, Bernasch D, Weymann J, Holle R, Bartsch P. Acute mountain sickness: influence of susceptibility, preexposure, and ascent rate. Med Sci Sports Exerc. (2002) 34:1886–91. doi: 10.1097/00005768-200212000-00005

 6. Burtscher M, Flatz M, Faulhaber M. Prediction of susceptibility to acute mountain sickness by SaO2 values during short-term exposure to hypoxia. High Alt Med Biol. (2004) 5:335–40. doi: 10.1089/1527029042002817

 7. Richalet JP, Herry JP. Médecine de L'alpinisme et des Sports de Montagne. Paris: Elsevier Masson. (2006). p. 356.

 8. Luks AM, Swenson ER, Bärtsch P. Acute high-altitude sickness. Eur Respir Rev. (2017) 26:160096. doi: 10.1183/16000617.0096-2016

 9. Moore LG, Armaza F, Villena M, Vargas E. Comparative aspects of high-altitude adaptation in human populations. Adv Exp Med Biol. (2000) 475:45–62. doi: 10.1007/0-306-46825-5_6

 10. Nespoulet H, Wuyam B, Tamisier R, Saunier C, Monneret D, Remy J, et al. Altitude illness is related to low hypoxic chemoresponse and low oxygenation during sleep. Eur Respir J. (2012) 40:673–80. doi: 10.1183/09031936.00073111

 11. Richalet JP, Larmignat P, Poitrine E, Letournel M, Canouï-Poitrine F. Physiological risk factors for severe high-altitude illness: a prospective cohort study. Am J Respir Crit Care Med. (2012) 185:192–8. doi: 10.1164/rccm.201108-1396OC

 12. Dempsey JA, Adams L, Ainsworth DM, Fregosi RF, Gallagher CG, Guz A, et al. Airway, lung, and respiratory muscle function during exercise. In: Comprehensive Physiology. Hoboken: John Wiley & Sons, Ltd (2011). p. 448–514. doi: 10.1002/cphy.cp120111

 13. Lhuissier FJ, Brumm M, Ramier D, Richalet JP. Ventilatory and cardiac responses to hypoxia at submaximal exercise are independent of altitude and exercise intensity. J Appl Physiol Bethesda Md 1985. (2012) 112:566–70. doi: 10.1152/japplphysiol.00906.2011

 14. Richalet JP, Pillard F, LE Moal D, Rivière D, Oriol P, Poussel M, et al. Validation of a score for the detection of subjects with high risk for severe high-altitude illness. Med Sci Sports Exerc. (2021) 53:1294–302. doi: 10.1249/MSS.0000000000002586

 15. Kumar P, Prabhakar NR. Peripheral chemoreceptors: function and plasticity of the carotid body. In: Comprehensive Physiology. Hoboken: John Wiley & Sons, Ltd (2012). p. 141–219. doi: 10.1002/cphy.c100069

 16. Williams SEJ, Wootton P, Mason HS, Bould J, Iles DE, Riccardi D, et al. Hemoxygenase-2 is an oxygen sensor for a calcium-sensitive potassium channel. Science. (2004) 306:2093–7. doi: 10.1126/science.1105010

 17. Prabhakar N, Peng YJ, Nanduri J. Recent advances in understanding the physiology of hypoxic sensing by the carotid body. F1000Research. (2018) 7:1900. doi: 10.12688/f1000research.16247.1

 18. Maines MD. The heme oxygenase system: a regulator of second messenger gases. Annu Rev Pharmacol Toxicol. (1997) 37:517–54. doi: 10.1146/annurev.pharmtox.37.1.517

 19. Adachi T, Ishikawa K, Hida W, Matsumoto H, Masuda T, Date F, et al. Hypoxemia and blunted hypoxic ventilatory responses in mice lacking heme oxygenase-2. Biochem Biophys Res Commun. (2004) 320:514–22. doi: 10.1016/j.bbrc.2004.05.195

 20. Dehnert C, Weymann J, Montgomery HE, Woods D, Maggiorini M, Scherrer U, et al. No association between high-altitude tolerance and the ACE I/D gene polymorphism. Med Sci Sports Exerc. (2002) 34:1928–33. doi: 10.1097/00005768-200212000-00011

 21. Smith EMD, Baillie JK, Thompson AAR, Irving JB, Porteous D, Webb DJ. Endothelial nitric oxide synthase polymorphisms do not influence pulmonary artery systolic pressure at altitude. High Alt Med Biol. (2006) 7:221–7. doi: 10.1089/ham.2006.7.221

 22. Kalson NS, Thompson J, Davies AJ, Stokes S, Earl MD, Whitehead A, et al. The effect of angiotensin-converting enzyme genotype on acute mountain sickness and summit success in trekkers attempting the summit of Mt. Kilimanjaro (5,895 m). Eur J Appl Physiol. (2009) 105:373–9. doi: 10.1007/s00421-008-0913-5

 23. Richalet JP, Gimenez-Roqueplo AP, Peyrard S, Vénisse A, Marelle L, Burnichon N, et al. A role for succinate dehydrogenase genes in low chemoresponsiveness to hypoxia? Clin Auton Res. (2009) 19:335. doi: 10.1007/s10286-009-0028-z

 24. Bigham AW. Genetics of human origin and evolution: high-altitude adaptations. Curr Opin Genet. (2016) 41:8–13. doi: 10.1016/j.gde.2016.06.018

 25. Simonson TS. Altitude adaptation: a glimpse through various lenses. High Alt Med Biol. (2015) 16:125–37. doi: 10.1089/ham.2015.0033

 26. Xiang K Ouzhuluobu null, Peng Y, Yang Z, Zhang X, Cui C, et al. Identification of a Tibetan-specific mutation in the hypoxic gene EGLN1 and its contribution to high-altitude adaptation. Mol Biol Evol. (2013) 30:1889–98. doi: 10.1093/molbev/mst090

 27. Lorenzo FR, Huff C, Myllymäki M, Olenchock B, Swierczek S, Tashi T, et al. A genetic mechanism for Tibetan high-altitude adaptation. Nat Genet. (2014) 46:951–6. doi: 10.1038/ng.3067

 28. Simonson TS, Yang Y, Huff CD, Yun H, Qin G, Witherspoon DJ, et al. Genetic evidence for high-altitude adaptation in Tibet. Science. (2010) 329:72–5. doi: 10.1126/science.1189406

 29. Peng Y, Yang Z, Zhang H, Cui C, Qi X, Luo X, et al. Genetic variations in Tibetan populations and high-altitude adaptation at the Himalayas. Mol Biol Evol. (2011) 28:1075–81. doi: 10.1093/molbev/msq290

 30. Wuren T, Simonson TS, Qin G, Xing J, Huff CD, Witherspoon DJ, et al. Shared and unique signals of high-altitude adaptation in geographically distinct Tibetan populations. PLoS ONE. (2014) 9:e88252. doi: 10.1371/journal.pone.0088252

 31. Beall CM, Strohl KP, Blangero J, Williams-Blangero S, Almasy LA, Decker MJ, et al. Ventilation and hypoxic ventilatory response of Tibetan and Aymara high altitude natives. Am J Phys Anthropol. (1997) 104:427–47. doi: 10.1002/(SICI)1096-8644(199712)104:4<427::AID-AJPA1>3.0.CO;2-P

 32. Petousi N, Croft QPP, Cavalleri GL, Cheng HY, Formenti F, Ishida K, et al. Tibetans living at sea level have a hyporesponsive hypoxia-inducible factor system and blunted physiological responses to hypoxia. J Appl Physiol Bethesda Md 1985. (2014) 116:893–904. doi: 10.1152/japplphysiol.00535.2013

 33. Beall CM, Brittenham GM, Strohl KP, Blangero J, Williams-Blangero S, Goldstein MC, et al. Hemoglobin concentration of high-altitude Tibetans and Bolivian Aymara. Am J Phys Anthropol. (1998) 106:385–400. doi: 10.1002/(SICI)1096-8644(199807)106:3<385::AID-AJPA10>3.0.CO;2-X

 34. Beall CM. Two routes to functional adaptation: Tibetan and Andean high-altitude natives. Proc Natl Acad Sci USA. (2007) 104:8655–60. doi: 10.1073/pnas.0701985104

 35. Yang D, Peng Y, Ouzhuluobu null, Bianbazhuoma null, Cui C, Bianba null, et al. HMOX2 functions as a modifier gene for high-altitude adaptation in Tibetans. Hum Mutat. (2016) 37:216–23. doi: 10.1002/humu.22935

 36. Prabhakar NR, Semenza GL. Adaptive and maladaptive cardiorespiratory responses to continuous and intermittent hypoxia mediated by hypoxia-inducible factors 1 and 2. Physiol Rev. (2012) 92:967–1003. doi: 10.1152/physrev.00030.2011

 37. Tunbridge EM, Narajos M, Harrison CH, Beresford C, Cipriani A, Harrison PJ. Which dopamine polymorphisms are functional? Systematic review and meta-analysis of COMT, DAT, DBH, DDC, DRD1-5, MAOA, MAOB, TH, VMAT1, and VMAT2. Biol Psychiatry. (2019) 86:608–20. doi: 10.1016/j.biopsych.2019.05.014

 38. Nackley AG, Shabalina SA, Tchivileva IE, Satterfield K, Korchynskyi O, Makarov SS, et al. Human catechol-O-methyltransferase haplotypes modulate protein expression by altering mRNA secondary structure. Science. (2006) 314:1930–3. doi: 10.1126/science.1131262

 39. Ghimire LV, Kohli U, Li C, Sofowora GG, Muszkat M, Friedman EA, et al. Catecholamine pathway gene variation is associated with norepinephrine and epinephrine concentrations at rest and exercise. Pharmacogenet Genom. (2012) 22:254–60. doi: 10.1097/FPC.0b013e328350a274

 40. Buysse DJ, Reynolds CF, Monk TH, Berman SR, Kupfer DJ. The Pittsburgh sleep quality index: a new instrument for psychiatric practice and research. Psychiatry Res. (1989) 28:193–213. doi: 10.1016/0165-1781(89)90047-4

 41. Richalet JP, Lhuissier F, Jean D. Ventilatory response to hypoxia and tolerance to high altitude in women: influence of menstrual cycle, oral contraception, and menopause. High Alt Med Biol. (2020) 21:12–9. doi: 10.1089/ham.2019.0063

 42. Georges T, Menu P, Le Blanc C, Ferreol S, Dauty M, Fouasson-Chailloux A. Contribution of hypoxic exercise testing to predict high-altitude pathology: a systematic review. Life. (2022) 12:377. doi: 10.3390/life12030377

 43. Canouï-Poitrine F, Veerabudun K, Larmignat P, Letournel M, Bastuji-Garin S, Richalet JP. Risk prediction score for severe high altitude illness: a cohort study. PLoS ONE. (2014) 9:e100642. doi: 10.1371/journal.pone.0100642

 44. Drogou C, Sauvet F, Erblang M, Detemmerman L, Derbois C, Erkel MC, et al. Genotyping on blood and buccal cells using loop-mediated isothermal amplification in healthy humans. Biotechnol Rep Amst Neth. (2020) 26:e00468. doi: 10.1016/j.btre.2020.e00468

 45. Wu T, Kayser B. High altitude adaptation in Tibetans. High Alt Med Biol. (2006) 7:193–208. doi: 10.1089/ham.2006.7.193

 46. León-Velarde F, Maggiorini M, Reeves JT, Aldashev A, Asmus I, Bernardi L, et al. Consensus statement on chronic and subacute high altitude diseases. High Alt Med Biol. (2005) 6:147–57. doi: 10.1089/ham.2005.6.147

 47. Burtscher J, Niedermeier M, Hüfner K, van den Burg E, Kopp M, Stoop R, et al. The interplay of hypoxic and mental stress: implications for anxiety and depressive disorders. Neurosci Biobehav Rev. (2022) 138:104718. doi: 10.1016/j.neubiorev.2022.104718

 48. Notomi T, Okayama H, Masubuchi H, Yonekawa T, Watanabe K, Amino N, et al. Loop-mediated isothermal amplification of DNA. Nucleic Acids Res. (2000) 28:E63. doi: 10.1093/nar/28.12.e63

 49. Chakraborty A. Loop-mediated isothermal amplification (LAMP): a rapid molecular diagnosis technique for detection of human pathogens. Nitte Univ J Health Sci. (2017) 7:42–7. doi: 10.1055/s-0040-1708723

 50. Asano K, Mazzeo RS, McCullough RE, Wolfel EE, Reeves JT. Relation of sympathetic activation to ventilation in man at 4300 m altitude. Aviat Space Environ Med. (1997) 68:104–10.

 51. Richalet JP. Physiological and clinical implications of adrenergic pathways at high altitude. Adv Exp Med Biol. (2016) 903:343–56. doi: 10.1007/978-1-4899-7678-9_23

 52. Beall CM, Goldstein MC. Hemoglobin concentration of pastoral nomads permanently resident at 4,850-5,450 meters in Tibet. Am J Phys Anthropol. (1987) 73:433–8. doi: 10.1002/ajpa.1330730404

 53. Yalcin O, Cabrales P. Increased hemoglobin O2 affinity protects during acute hypoxia. Am J Physiol - Heart Circ Physiol. (2012) 303:H271–81. doi: 10.1152/ajpheart.00078.2012

 54. Dominelli PB, Wiggins CC, Baker SE, Shepherd JRA, Roberts SK, Roy TK, et al. Influence of high affinity haemoglobin on the response to normoxic and hypoxic exercise. J Physiol. (2020) 598:1475–90. doi: 10.1113/JP279161





OPS/images/fmed-09-1000786-t004.jpg
Richalet’s score Total P

<55 >55
n'=65(77.4%) n=19 (22.6%) =84 (100%)
Male (%) 58(89.2) 14 (73.7) 72(85.7) 0.131
Age (years) 273+6.6 27271 27.3+£67 0.949
Height (cm) 177 £8 176 £ 8 177+8 0.542
Weight (kg) 73.6 £ 10.1 739+ 116 73.6£104 0.896
BMI 233+25 238+£32 235£27 0.494
Hemoglobin (g/dL) 1511 144£0.7 149£ 1.1 0.007
Hematocrit (%) 43.3£33 41.6£25 42932 0.039

ME

£ SD. In bold valu

for

pective Richalels score and their significant diffe






OPS/images/inline_1.gif





OPS/images/fmed-09-1000786-t002.jpg
rs4786504_HMOX2 P rs4680_COMT ? Total

population
C/T-T/T c/ie G/IG G/IA A/A

n=44 n=40 n=30 n=36 n=18 n=84
Clinical characteristics
Male (%) 37(84.1) 35 (87.5) 0656 26(86.7) 30(83.3) 16 (88.8) 0.845 72(85.7)
Age (years) 277464 26947 0561 265+ 164 278475 277455 071 273467
Height (cm) 17848 1767 0455 1787 17749 177438 0.948 17748
Weight (kg) 7414113 732495 0.694 728+ 121 74%9 743%107 0.879 7364104
BMI 234£28 235£26 0868 23043 237£27 235£21 0.659 235£27
Endurance (%) 50 5 0737 467 444 555 0737 476
SBP at rest normoxia (mmHg) 12444123 1282414 0185 12472152 1251125 13L1E 102 0.126 126:£ 132
DBP at rest normoxia (mmHg) 768£8.7 7654 10.7 0898 759410 77415 772%111 0.889 766£97
Biological characteristics
Hemoglobin (g/dL) 14811 151 0373 1512 147 £09 1512 0.582 4911
Hematocrit (%) 427436 431428 0579 434£35 28426 424438 0.596 429+32
Physiological characteristics
$a0; (%)
Rest (normoxia) 987 £0.5 987 £0.5 098 98.8£0.5 987 0.4 98.8£0.5 0527 987 £0.5
Rest (hypoxia) $8.8:£45 887448 0898 88,6+ 4.4 87.6£4.5 91.2443% 0.024 88746
Exercise (normoxia) 97.9408 97641 0231 979408 97.5%1 98:£09 0.108 97849
Exercise (hypoxia) 769 £69 764£6.1 0723 773458 758£72 773462 0611 767£65
Heart rate (min-1)
Rest (normosia) 795+ 146 7784 146 0615 805+ 136 7544 142 8232161 0.201 7874145
Rest (hypoxia) 9094165 915171 0.869 9314157 8824164 9384187 0.383 9124167
Exercise (normoxia) 1004113 1034121 027 1034127 1004 10.9 102+ 119 0.617 101£117
Exercise (hypoxia) 120128 124123 0237 123128 120119 1244137 0377 1224126
Ventilation (L.min-1)
Rest (normosia) 107£36 103437 062 106£36 105435 10541 0.998 105236
Rest (hypoxia) 132444 13843 0527 137 £42 129437 42457 0.598 13543
Exercise (normoxia) 205458 205456 0957 212458 208+42 235478 0.409 215£57
Exercise (hypoxia) 2944102 318£82 0245 305£87 293£67 29414 0.547 30593
Power output at exercise (W) 4584229 454269 0874 435£27 4594219 4784275 0.864 4544248
Calculated parameters
DSa0; at rest (%) 99+43 1014438 0897 102£43 11£44 7.6£42% 0.027 1045
DSa0; at exercise (%) 21466 212459 0852 206£57 217469 2076 0.778 21162
Resting HCR (min-1.%-1) 13£07 1611 0134 13408 131 1841 0.156 1409
Exercise HCR (min-1.%-1) 1£03 1403 0777 1402 09403 11404 03 103
Resting HVR (L.min-Lkg-1) 0404 0812 0.042 0.6 1.1 03202 1110 0.031 05404
Exercise HVR (L.min-Lkg-1) 0504 07405 0.043 07405 0503 0706 0.41 0.6404

Mean 5D, “p < 005 COMT A/A vs. G/A.
he data for the whole population are in the last column on the
hypoxic ventilatory response.

In bold values for respective genotypes and their significant differences.

t. BMI, body mass index; SBP, systolic blood pressure; DBR, diastolic blood pressure; $a02, oxygen saturation; D$aOy, difference on saturation; H

i cardiac response; HVR,





OPS/images/fmed-09-1000786-t003.jpg
Exercise HVR >0.78 Lmin-1kg-1
<0.78 Lmin-1kg-1
Exercise HCR > 0.84 min-1.%-1
< 0.84 min-1%-1

DSa0; at e <2%
=2%

Richalets score <55
>55

In bold values for respective genotypes and their significant differences.

N

21
63
56
28
41
43
65
19

HMOX2
T/T-C/IT

24%
62%
52%
54%
60%
44%
529%
52%

c/C

76%
38%
48%
46%
40%
56%
8%
48%

Chi-square

9.16
0.02

231

0.002

08

0.1

098

OR [IC95]

5.2(1.69; 16.03]

1(0.43;2.66]

05[021;1.22]

0.99(0.36; 2.76]





OPS/images/inline_4.gif





OPS/images/inline_2.gif





OPS/images/inline_3.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The HMOX2 polymorphism contributes to the carotid body chemoreflex in European sea-level residents by regulating hypoxic ventilatory responses



		Introduction



		Materials and methods



		Protocol



		Laboratory testing



		Sample collection, biology and genotyping



		Statistics







		Results



		Association between rs4786504_HMOX2 and physiological responses during hypoxic exercise testing



		Association between rs4680_COMT and physiological responses during hypoxic exercise testing



		Hematological parameters and score for the detection of subjects with high risk for severe high-altitude illness







		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		Acknowledgments



		Supplementary material



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Medicine

The HMOX2 polymorphism
contributes to the carotid body
chemoreflex in European
sea-level residents by regulating
hypoxic ventilatory responses





OPS/images/fmed-09-1000786-g001.gif





OPS/images/fmed-09-1000786-t001.jpg
Genetic polymorphisms
(chromosome: location)

154786504_HMOX2 (16:4537693)

154680_COMT (22:19.963.748)

Mean +

Genotypes

TIT (ancestral) - C/T
cic

GIG (ancestral)

AIG

AJA

n (%, [IC 95])

44 (524 [41; 63))
40 (47.6 [37; 59)
30(35.7 [26; 47))
36 (42.9 [32; 54])

18 (21.4 [13; 32))

1000 Genomes - European
(%)

495
505

329

Age
(years)

2774644
2694696
2654636
278%7.52

277546

Male (%)

841
875
86.6
833
888









OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Medicine





