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The Gansu zokor (Eospalax cansus) is a subterranean rodent species that is unique to China. These creatures inhabit underground burrows with a hypoxia environment. Metabolic energy patterns in subterranean rodents have become a recent focus of research; however, little is known about brain energy metabolism under conditions of hypoxia in this species. The mammalian (mechanistic) target of rapamycin complex 1 (mTORC1) coordinates eukaryotic cell growth and metabolism, and its downstream targets regulate hypoxia inducible factor-1α (HIF-1α) under conditions of hypoxia to induce glycolysis. In this study, we compared the metabolic characteristics of hypoxia-tolerant subterranean Gansu zokors under hypoxic conditions with those of hypoxia-intolerant Sprague-Dawley rats with a similar-sized surface area. We exposed Gansu zokors and rats to hypoxia I (44 h at 10.5% O2) or hypoxia II (6 h at 6.5% O2) and then measured the transcriptional levels of mTORC1 downstream targets, the transcriptional and translational levels of glycolysis-related genes, glucose and fructose levels in plasma and brain, and the activity of key glycolysis-associated enzymes. Under hypoxia, we found that hif-1α transcription was upregulated via the mTORC1/eIF4E pathway to drive glycolysis. Furthermore, Gansu zokor brain exhibited enhanced fructose-driven glycolysis under hypoxia through increased expression of the GLUT5 fructose transporter and ketohexokinase (KHK), in addition to increased KHK enzymatic activity, and utilization of fructose; these changes did not occur in rat. However, glucose-driven glycolysis was enhanced in both Gansu zokor and rat under hypoxia II of 6.5% O2 for 6 h. Overall, our results indicate that on the basis of glucose as the main metabolic substrate, fructose is used to accelerate the supply of energy in Gansu zokor, which mirrors the metabolic responses to hypoxia in this species.

Keywords: brain, hypoxia, mTORC1, fructose-driven glycolysis, Gansu zokor (Eospalax cansus)


INTRODUCTION

Although mammals are largely intolerant of hypoxia and their brains exhibit exquisite sensitivity to hypoxia, a few species, such as subterranean rodents, inhabit hypoxic niches and are able to survive hypoxia (Su et al., 2013; Nayak et al., 2016; Grimes et al., 2017; Altwasser et al., 2019; Li et al., 2019; Pamenter et al., 2019; Dong et al., 2020). These subterranean rodents have evolved various strategies to cope with the harsh environmental pressures of the hypoxic environment. All six African mole-rat species have sufficient antioxidant capacity to respond to dynamic hypoxia (Logan et al., 2020), Lasiopodomys mandarinus, Spalax ehrenbergi (the blind mole rat) and Heterocephalus glaber (the naked mole rat) all show hypoxia adaptation as an enhanced capacity for DNA repair and damage prevention (Shams et al., 2013; Lewis et al., 2016; Dong et al., 2020). Eospalax fontanierii exhibits reduced blood circulation resistance under hypoxia, which has a protective effect of myocardial function (Xu et al., 2019). These adaptations indicate that subterranean rodents have evolved hypoxic defense mechanisms, which confer protection against a low-oxygen environment.

Hypoxia is an environmental challenge for fossorial species that inhabit underground burrows. One of the greatest challenges in this environment is the high energy cost of burrowing in order to find limited food resources underground and maintain the burrow structure (Vleck, 1979, 1981; Šumbera et al., 2007; Barčiová et al., 2009). Maintaining the balance between energy production and consumption is the key to hypoxia tolerance, which protects against cell death (Staples and Buck, 2009; Speers-Roesch et al., 2010). The mammalian (or mechanistic) target of rapamycin (mTOR), which is a serine/threonine protein kinase in the PI3K-related kinase (PIKK) family, plays a vital role in energy metabolism and cell growth. It exists in two complexes: mTORC1 and mTORC2 (Saxton and Sabatini, 2017; Yan et al., 2017). mTORC1 controls the balance of metabolism in response to hypoxic conditions. The mTORC1/eIF4E pathway regulates hypoxia inducible factor 1α (HIF-1α), which plays an important role in glycolysis (Cheng et al., 2016; Chi et al., 2017; Saxton and Sabatini, 2017). HIF-1α stimulates the expression of transporters, glycolytic enzymes and glycolytic-inducing factors to regulate glycolysis (Zhang and Sadek, 2014). Glucose and fructose enter cells via the GLUT1 and GLUT5 transporters, respectively. GLUT5 is a highly selective transporter for fructose (Inukai et al., 1995). In the glucose-driven glycolysis pathway, phosphofructokinase (PFK) catalyzes the rate-limiting step from fructose-6-phosphate to fructose-1,6-bisphosphate (Real-Hohn et al., 2010). In the fructose-driven glycolysis pathway, ketohexokinase (KHK) catalyzes the direct phosphorylation of fructose to form fructose 1-phosphate, thus bypassing the PFK regulatory block and allowing continued glycolytic flux independent of cellular energy status (Park et al., 2017).

There have been some studies on the mechanisms underlying adaptive responses to hypoxia in subterranean rodents in recent years (Park et al., 2017; Schmidt et al., 2017; Faulkes et al., 2019; Pamenter et al., 2019; Farhat et al., 2020), but these have been mainly limited to naked mole rats and blind mole rats and further studies on other subterranean rodent species are needed. The family Spalacidae includes a group of naturally subterranean rodents known as zokors. Zokors (Eospalax) spend 85–90% of their time in self-constructed underground burrows, rarely venturing out on the ground surface; on the one hand, the burrows offer shelter from extreme climatic conditions and predators, while on the other hand, zokors must withstand the stress of a hypoxic and hypercapnic environment in almost total darkness burrows (Zhou and Dou, 1990; Zhang et al., 2003; Lacey et al., 2010; Xu et al., 2019). Furthermore, these animals require large amounts of energy digging to locate unpredictably and unevenly scattered food resources (Begall et al., 2007). Zokors have a marked influence on the soil texture and water-holding capacity by excavating vast burrow systems, which play an important role in the ecosystem structure and development (Zhang et al., 2003). The Gansu zokor (Eospalax cansus) is unique to China and endemic to the Loess plateau, inhabiting prairie, forest, meadow and farmland habitats (Su et al., 2014; Xu et al., 2019). The foraging activity of Gansu zokor is conducted mainly at a depth of 8–13 cm under the ground, and they rest in nest at the bottom of the burrow, which are usually 1–2 m deep. Their burrow systems are approximately 10 cm in diameter, with extending to approximately 100 m (Chen and Huang, 2012; Pleštilová et al., 2018). During the recent decades, studies have been conducted on the population age of Gansu zokor (Li and Wang, 1992) and seismic communication (Li et al., 2001), as well as harms and their prevention (Yang and Wang, 1992; Wang, 2010). Recently, hypoxia adaptation in Gansu zokor has received increasing attention to provide a theoretical basis for hypoxic injury treatment (Tang et al., 2013; Shan et al., 2016; Zhang et al., 2016; Meng et al., 2017). In the laboratory, Gansu zokor tolerates 3% O2 for more than 1 h and 4% O2 for more than 10 h. As a hypoxia-intolerant species, rats survive for only 16 min at 3% O2 and 4 h at 4% O2 (Yan et al., 2012). Moreover, studies have shown that Gansu zokor have higher red blood cell (RBC) counts, hemoglobin concentration (HGB), hematocrit (HCT), and vessel density (Xie et al., 2012; Shan et al., 2016) as well as higher cardiac activities of superoxide dismutase (SOD), catalase (CAT), and glutathione reductase (GR) compared with rats under hypoxic conditions (Tang et al., 2013). These findings indicate that Gansu zokor maintains hypoxia tolerance through increased oxygen-carrying capacity and antioxidant enzyme activity. The hypoxia tolerance capacity of Gansu zokor may be the result of adaptations to the putatively mild hypoxic environment in their sealed burrows. Furthermore, these rodents probably experience several hours of severe hypoxia in their deep nests during periods of extreme weather, such as rainy season.

Due to its almost completely aerobic metabolism, the brain is the most hypoxia-sensitive organ and requires a higher oxygen consumption and energy demand than other tissues (Buck and Pamenter, 2018; Sun et al., 2018; Logan et al., 2020). Studies showed that the naked mole rat brain has evolved the ability to alter glycolytic substrates using fructose in near-anaerobic metabolism, which supports the viability of this species under conditions of oxygen deprivation (Park et al., 2017). Furthermore, energy metabolism is suppressed and the lipid composition of membranes is altered in the naked mole rat brain in response to moderate hypoxia (Farhat et al., 2020). These findings indicate that metabolic “rewiring” may be a mechanism by which hypoxic brain damage is minimized. However, little is known about the underlying mechanism of brain energy metabolism in subterranean rodents in vivo under the hypoxic conditions that might occur in subterranean burrows. Gansu zokor represents an ideal natural model of subterranean rodents that can be used to study the mechanism of hypoxia tolerance. Here we hypothesize that under the hypoxic condition of subterranean burrow, Gansu zokor could also mediate the rewired glycolysis to support its brain hypoxia resistance. Thus, we focused on brain glycolysis mediated via the mTORC1/eIF4E/HIF-1α pathway under hypoxia (Figure 1) and investigated the mechanisms by which Gansu zokor cope with these conditions. We addressed these issues by performing an in vivo comparison of the subterranean hypoxia-tolerant Gansu zokor and the surface hypoxia-intolerant Sprague-Dawley rat under normoxic (21% O2) and hypoxic (10.5% O2 or 6.5% O2) conditions. The hypoxic conditions used reflect the relatively mild hypoxia to which Gansu zokor might be exposed while rebuilding collapsed burrows (10.5% O2), and the relative acute hypoxia that might occur at the bottom of the subterranean burrow during the rainy season (6.5% O2) (Shams et al., 2005; Band et al., 2010; Moskovitz et al., 2012). Whole brain RNA and protein were extracted to detect the transcriptional levels of mTORC1/eIF4E/HIF-1α pathway genes, and the transcriptional and translational levels of glycolysis-related genes. We then tested the activity of key enzymes involved in glucose-driven and fructose-driven glycolysis, with the aim of revealing the molecular mechanisms involved in energy supply in subterranean rodents under hypoxic conditions.
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FIGURE 1. The mTORC1 signaling and glycolysis pathways. mTORC1 controls the activity of several transcription factors (shown in red) that drive HIF-1α expression. Glucose enters the brain via GLUT1 and is converted via phosphofructokinase (PFK; shown in green); fructose enters cells via GLUT5 and is phosphorylated by ketohexokinase (KHK; shown in blue).




MATERIALS AND METHODS


Animals and Hypoxia Treatment

Gansu zokors (Figure 2A, bottom) were captured from the wild during the month of June in Weinan, Shaanxi Province, China (35°4′N, 109°16′E). Animals were housed in individual cages (47.5 cm × 35.0 cm × 20.0 cm) at room temperature under a 12:12 h light-dark cycle and acclimated to laboratory conditions for 3 weeks prior to exposure to hypoxia. Sprague-Dawley rats (rats; Figure 2A, top) were obtained from the Xi’an Jiaotong University and group-housed (three rats per cage) under the same environmental conditions. All animals were fed ad libitum (Gansu zokors, carrots; rats, standard rat feed and water).
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FIGURE 2. Transcription level analysis of the mTORC1/eIF4E/HIF-1α pathway in Sprague-Dawley rat [(A), top; this image from the network: https://baike.baidu.com/item/%E5%A4%A7%E7%99%BD%E9%BC%A0/6868090?fr=aladdin] and Gansu zokor [(A), bottom; this image from the network: https://news.qq.com/a/20150330/064242.htm?pc#p=2]. mtor (B), 4e-bp1 (C), eif4e (D), and hif-1α (E) mRNA expression. All data are presented as mean ± SEM (n = 6 animals per species). Statistical symbols: #P < 0.05 and ##P < 0.01 between two species under the same oxygen treatments; *P < 0.05 and **P < 0.01 between different oxygen treatments in the same species.


To mimic hypoxia, nine healthy adult male Gansu zokors (230 ± 25 g) and nine healthy adult female Gansu zokors (210 ± 25 g) were randomly divided into three groups (n = 6 animals per species per group; three male and three female): (1) normoxia group (21% O2); (2) hypoxia I group (44 h at 10.5% O2) and (3) hypoxia II group (6 h at 6.5% O2). A hypoxic cabin was used to simulate hypoxia, and an O2 analyzer (Junfang, Beijing, China) was used to measure and maintain the O2 level at 6.5% O2/10.5% O2. The O2 level was maintained by delivering N2 and two plates containing soda-lime were placed in the chamber to absorb the CO2 released by the animals. Eighteen healthy adult rats (nine male and nine female; 200 ± 15 g) were treated in the same groups under the same experimental conditions. All experimental animals were sacrificed by injection with pentobarbital sodium at a dose of 45 mg/kg of body weigh. Cardiac blood samples were drawn from the right ventricle, and heparin-plasma was collected after centrifugation (3,000 rpm, 10 min, 4°C). Brain samples were removed and immediately frozen in liquid nitrogen. Plasma and brain samples were stored at −80°C until analyzed.



RNA Extraction and Quantitative Real-Time PCR Verification

Total RNA was extracted from brain tissues using TRIzol reagent (TaKaRa, Beijing, China) according to the manufacturer’s instructions. The RNA samples were then reverse transcribed to cDNA using a Prime Script II 1st Strand cDNA Synthesis kit (TaKaRa, Beijing, China). Primers were designed using Primer-BLAST, and the sequences are shown in Table 1. Six technical replicates were prepared for the analysis of each gene by quantitative real-time PCR verification (qRT-PCR) using a Step One Real-Time System (ABI). The samples were analyzed in a 25 μl reaction volume, which consisted of 12.5 μl SYBR® Premix Ex TaqII (Tli RNaseH Plus) (2×), 1 μl each primer (10 μM), 8.5 μl nuclease-free water, and 2 μl template cDNA (diluted 30 times). The qRT-PCR conditions were as follows: 95°C for 30 s, followed by 39 cycles of 95°C for 15 s and 60°C for 30 s. Relative gene expression levels were normalized to that of an internal reference gene (β-actin) and calculated according to the 2–ΔΔCt method.


TABLE 1. Primers for qRT-PCR analysis.
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Western Blot Analysis

Brain samples were homogenized and transferred to a separate tube containing RIPA buffer for 35 min on ice. After centrifugation (13,000 rpm, 30 min, 4°C), protein concentrations were measured in the resulting supernatants using a BCA kit (Coolaber, Beijing, China). Protein lysates (20 μg per well) were separated by sodium dodecyl sulfate-polyacrylamide gel (10%) electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride (PVDF) membranes. After blocking in 5% skimmed milk for 2 h at room temperature on a shaking platform, the membranes were incubated overnight at 4°C with primary antibodies for the detection of GLUT1 (1:8,000; Abcam, Cambridge, MA, United States), PFK (1:1,000; Abcam, Cambridge, MA, United States), GLUT5 (1:500; Affinity Biosciences, Cincinnati, OH, United States), KHK (1:2,500; Abcam, Cambridge, MA, United States) and β-actin (1:8,000; ABclonal, Wuhan, China). The membranes were then washed and incubated with the secondary detection antibody (1:3,000; horseradish peroxidase-conjugated anti-rabbit IgG; ABclonal, Wuhan, China). Immunoreactive protein bands were visualized using an ECL Western blot substrate (Pierce, Rockford, IL, United States) and images were captured on an Alpha Innotech Chemilmager (Alpha Innotech, San Leandro, CA, United States). Quantification of the proteins was carried out using Image J Software.



Immunohistochemical Staining

Brain sections were incubated in 3% H2O2 for 20 min to quench endogenous peroxidase activity. Then sections were incubated with 5% goat serum to block non-specific staining. The sections were incubated overnight at 4°C with primary antibodies for the detection of GLUT1 (1:500; Abcam, Cambridge, MA, United States), PFK (1:50; Abcam, Cambridge, MA, United States), GLUT5 (1:100; Affinity Biosciences, Cincinnati, OH, United States), and KHK (1:500; Abcam, Cambridge, MA, United States). The sections were then washed and incubated with horseradish peroxidase (Maixin, Fuzhou, China) for 50 min at room temperature. Signals were visualized using the diaminobenzidine (DAB) chromogenic kit. The negative control was treated with PBS in place of primary antibodies. Then sections were counterstained with hematoxylin and were viewed by optical microscopy. The Image Pro Plus 6.0 software was applied to determine the integral optical density (IOD) values of proteins.



Enzymatic Activity Assay

Brain samples were placed at room temperature for 1 h after storage at 4°C for 12 h. PBS (10 times the volume of brain tissue) was then added for homogenization. The supernatant samples were collected after centrifugation (5,000 rpm, 15 min, room temperature) and the activity of PFK and KHK enzymes was measured immediately using enzyme-linked immunoassay (ELISA) kits (PFK kit, Kete, Yancheng, China and KHK kit, Meimian, Yancheng, China), according to the manufacturers’ instructions, with six biological replicates per treatment.



Glucose and Fructose Determination

Approximately 0.1 g brain tissue was placed into 1 ml dd H2O, homogenized and centrifuged to collect the supernatant (8,000 × g, 10 min, room temperature). The glucose and fructose contents in supernatant samples and plasma were assessed using a glucose content kit (Feiya, Yancheng, China) and a fructose content kit (Feiya, Yancheng, China) according to the manufacturers’ instructions.



Statistical Analysis

Data were presented as mean values ± standard error of mean (SEM). Differences between two species at the same oxygen concentration were evaluated using independent sample t-tests, and differences within the same species at different oxygen concentrations were evaluated using post hoc tests. P-values < 0.05 were considered to indicate statistical significance.




RESULTS


Quantitative Analysis of the Expression of Genes Related to the mTORC1/eIF4E/HIF-1α Pathway

We first analyzed the expression levels of the mtor, 4e-bp1, eif4e and hif-1α genes in Gansu zokor under conditions of hypoxia compared with those under normoxia by qRT-PCR using the primers shown in Table 1. We observed that the expression of mtor mRNA was significantly increased in the hypoxia II group (P < 0.01) (Figure 2B), while the expression levels of 4e-bp1 and eif4e, which are downstream genes in the mTORC1 pathway, decreased gradually with as the oxygen concentration was reduced (Figures 2C,D). Expression of hif-1α mRNA was significantly increased in the hypoxia I group (P < 0.01), with a slight increase in the hypoxia II group (Figure 2E).

We then made a major observation by comparing the expression of these genes expression in Gansu zokor and the hypoxia-intolerant rat; the expression levels of mtor mRNA in Gansu zokor were significantly higher than those in rat under conditions of normoxia as well as the two hypoxia conditions (P < 0.01) (Figure 2B). Compared with rats, the expression levels of 4e-bp1 and eif4e mRNA in Gansu zokors were significantly higher in the normoxia group and significantly lower in the hypoxia II group (Figures 2C,D). Furthermore, there were no significant differences in hif-1α mRNA expression between the two species in all groups (Figure 2E).



Quantitative Analysis of Glycolysis-Related Gene Expression

We first analyzed the expression levels of glut1 and pfk (glucose-driven glycolysis pathway) and glut5 and khk (fructose-driven glycolysis pathway) in Gansu zokor under conditions of hypoxia compared with those under normoxia by qRT-PCR using the primers shown in Table 1. In the glucose-driven glycolysis pathway, hypoxia II significantly decreased glut1 mRNA expression (Figure 3A), whereas GLUT1 protein expression was significantly increased (Figure 4A). Hypoxia did not significantly change the pfk expression at either the mRNA or protein levels (Figures 3B, 4B). In the fructose-driven glycolysis pathway, both hypoxia I and hypoxia II induced increases in the expression of glut5 and khk mRNA in Gansu zokor (Figures 3C,D), with the protein levels corresponding with the mRNA levels (Figures 4C,D).
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FIGURE 3. Transcription level analysis of glycolysis-related transporters and enzymes in Sprague-Dawley rat and Gansu zokor. glut1 glucose transporter (A), pfk (B), glut5 glucose transporter (C), and khk (D) mRNA expression. All data are presented as mean ± SEM (n = 6 animals per species). Statistical symbols: #P < 0.05 and ##P < 0.01 between two species under the same oxygen treatment; *P < 0.05 and **P < 0.01 between different oxygen treatments in the same species.
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FIGURE 4. Translation level analysis of glycolysis-related transporters and enzymes in Sprague-Dawley rat and Gansu zokor. GLUT1 glucose transporter (A), PFK (B), GLUT5 glucose transporter (C), and KHK (D) protein expression. Representative images of at least three separate blots below each bar graph showing expression of the proteins. All data are presented as mean ± SEM. Statistical symbols: #P < 0.05 and ##P < 0.01 between two species under the same oxygen treatment; *P < 0.05 and **P < 0.01 between different oxygen treatments in the same species.


The mRNA levels of these glycolysis-related genes were then compared between Gansu zokor and rat and the results revealed differences between the two species. In the glucose-driven glycolysis pathway, glut1 mRNA expression in Gansu zokor was significantly higher than that in rat both under normoxia and the two hypoxia conditions (P < 0.01) (Figure 3A). However, at the protein expression level, this differential expression was found only in the hypoxia II group (Figure 4A). The pfk mRNA expression in Gansu zokor was significantly higher than that in rat both under normoxia and hypoxia I conditions (P < 0.01) (Figure 3B), but this differential in PFK protein expression was found only under normoxic condition (Figure 4B). In the fructose-driven glycolysis pathway, although the glut5 and khk mRNA expression levels were significantly higher in Gansu zokor than those in rat only in some groups (Figures 3C,D), the GLUT5 and KHK protein expression levels in Gansu zokor were significantly higher than those in rat in all groups (P < 0.01) (Figures 4C,D), showing a high degree of consistency. Surprisingly, KHK protein was almost totally absent in rat brain tissue; however, like the PFK protein in the glucose-driven glycolysis pathway, this protein was expressed normally in Gansu zokor, at levels hundreds of times higher than that in rat (Figure 4D), this was an important and interesting finding in our study.

We further verified the glycolysis-related protein expression by immunohistochemistry staining (Figure 5E). We analyzed the protein immunoreactivity of GLUT1, PFK, GLUT5, and KHK in Gansu zokor under conditions of hypoxia compared with those under normoxia. In the glucose-driven glycolysis pathway, only the hypoxia II significantly increased GLUT1 protein immunoreactivity (P < 0.01) (Figure 5A), and hypoxia did not significantly change the PFK protein immunoreactivity (Figure 5B). In the fructose-driven glycolysis pathway, both hypoxia I and hypoxia II significantly increased GLUT5 and KHK protein immunoreactivity (Figures 5C,D). Furthermore, we also found that the GLUT5 and KHK protein immunoreactivity in Gansu zokor was significantly higher than those in rat in all groups (P < 0.01) (Figures 5C,D). These results were consistent with those detected by the Western blot method.
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FIGURE 5. Immunohistochemical analysis of glycolysis-related transporters and enzymes in Sprague-Dawley rat and Gansu zokor. GLUT1 glucose transporter (A), PFK (B), GLUT5 glucose transporter (C), and KHK (D) protein immunoreactivity. Representative images (E) of immunostaining, scale bar represents: 100 μm, magnification: 200×. All data are presented as mean ± SEM. Statistical symbols: #P < 0.05 and ##P < 0.01 between two species under the same oxygen treatment; *P < 0.05 and **P < 0.01 between different oxygen treatments in the same species.




Quantitative Analysis of Glycolysis-Related Enzymatic Activity

We first observed that hypoxia exposure did not significantly change the enzymatic activity of PFK in Gansu zokor brain (Figure 6A), whereas KHK enzymatic activity was significantly increased (Figure 6B). Then compared with rat, PFK enzymatic activity in Gansu zokor was significantly lower than that in rat in hypoxia I group, whereas the activity was significantly higher in hypoxia II group (Figure 6A). In contrast, KHK enzymatic activity in Gansu zokor was significantly higher in all groups than that in rat (Figure 6B). Thus, we observed differences in the activity of glycolysis-related of Gansu zokor compared with hypoxia-intolerant rats under both normoxic and hypoxic conditions.
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FIGURE 6. Enzymatic activity analysis of glycolysis in Sprague-Dawley rat and Gansu zokor. The activity of PFK (glucose enzyme) (A) and KHK (fructose enzyme) (B). All data are presented as mean ± SEM (n = 6 animals per species). Statistical symbols: #P < 0.05 and ##P < 0.01 between two species under the same oxygen treatment; **P < 0.01 between different oxygen treatments in the same species.




Hypoxia Affects Glucose and Fructose Levels

To evaluate whether hypoxia affects glucose or fructose levels, we detected the levels of these sugars in plasma and brain. Surprisingly, the plasma glucose levels in Gansu zokor were significantly lower than those in rat both at normoxia and under the two hypoxia conditions (P < 0.01) (Figure 7A). In contrast, the plasma fructose levels in Gansu zokor were significantly higher than those in rat under normoxia (P < 0.05) and hypoxia II conditions (P < 0.01) (Figure 7B). Furthermore, unlike rats, Gansu zokors exhibited raised plasma levels of both glucose and fructose under hypoxia II condition (Figures 7A,B).
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FIGURE 7. Glucose and fructose levels in the plasma and brain in Sprague-Dawley rat and Gansu zokor. Plasma glucose (A), plasma fructose (B), brain glucose (C), and brain fructose (D) levels. All data are presented as mean ± SEM (n = 6 animals per species). Statistical symbols: #P < 0.05 and ##P < 0.01 between two species under the same oxygen treatment; *P < 0.05 and **P < 0.01 between different oxygen treatments in the same species.


Interestingly, although the plasma glucose levels in Gansu zokor were significantly lower than those in rat, there were no significant differences in brain glucose levels between the two species under normoxia and hypoxia I conditions (Figure 7C). Furthermore, rats showed unchanged brain fructose levels after hypoxic exposure (Figure 7D), although Gansu zokors showed significant decreases in two hypoxia groups when compared with normoxia (Figure 7D).




DISCUSSION

In humans, hypoxia leads to loss of consciousness within minutes. Furthermore, hypoxic-ischemic brain injury has devastating impacts, especially in patients who are comatose after resuscitation from cardiac arrest (Weil et al., 2008; Avivi et al., 2010; Sandroni et al., 2018). However, some subterranean rodent species can tolerate the ambient hypoxia in their underground burrows for prolonged periods (Band et al., 2010; Pamenter et al., 2019). The native subterranean rodent species used in current hypoxia studies have some limitations, and are mainly limited in naked mole rats and blind mole rats. The molecular mechanisms underlying the brain adaptations of subterranean rodents to hypoxic condition, especially in the Gansu zokor, remain to be elucidated. In this study, we investigated the mechanisms underlying brain glycolysis in Gansu zokor under hypoxic conditions by revealing the regulatory effects of the mTORC1/eIF4E/HIF-1α pathway on glycolysis. Our study yielded the following important findings: (i) As a downstream transcription factor in the mTORC1/eIF4E pathway, hif-1α gene expression in the brain of both Gansu zokor and rat under hypoxic conditions was increased when compared with normoxia. (ii) Expression of the GLUT5 transmembrane protein, which is a highly selective fructose transporter (Park et al., 2017), was significantly higher in Gansu zokor than that in rat in all the groups. (iii) Under the two different degrees of hypoxia, expression of khk in Gansu zokor brain was significantly higher than in rat at both the mRNA and its protein levels. In particular, KHK protein expression was extremely significantly higher in Gansu zokor than that in rat in all the groups. Furthermore, in Gansu zokor, but not in rat, KHK protein expression was upregulated in parallel with the decrease in oxygen concentration. Finally, in terms of enzymatic activity, KHK activity was significantly higher in Gansu zokor than that in rat in all the groups. (iv) On the whole, in Gansu zokor, hypoxia exposure significantly increased blood fructose levels, while brain fructose levels were significantly decreased; however, no significant changes in blood or brain fructose levels were observed in rats exposed to hypoxia stress. Based on these findings, we postulated that Gansu zokor have a glycometabolism pattern in response to hypoxia that differs from that of hypoxia-intolerant animals.

The mTOR controls cellular growth and energy (Hall, 2008; Saxton and Sabatini, 2017). In this study, we found significantly higher levels of mtor mRNA in Gansu zokor compared with those in rat under all treatment conditions, indicating that Gansu zokors have a high capacity for energy metabolism or/and growth compared with the surface dwelling rat. HIF-1α is known to regulate the expression of downstream genes with roles in the process of glycolysis (Shams et al., 2004; Zhang and Sadek, 2014). Our data support the conclusions of previous studies, showing that mTORC1 signaling promotes hif-1α transcription (Dodd et al., 2015; Chi et al., 2017). To gain a better understanding of this process in subterranean rodents in vivo under conditions of hypoxia, we designed this study to explore mTORC1-mediated metabolism under hypoxia.


Fructose-Driven Glycolysis Capability Is Reinforced in Hypoxic Gansu Zokor Brain

Fructolysis occurs primarily in the liver, small intestine, and kidney (Mirtschink et al., 2018); in part because GLUT5, a highly selective fructose transporter, and KHK, which catalyzed the first step in fructose metabolism, are primarily expressed in these organs (Funari et al., 2005; Diggle et al., 2009; Gonzalez and Betts, 2018). However, in an important study, Park et al. showed that naked mole rats have the ability to use fructose to fuel the brain under near anaerobic conditions (Park et al., 2017). This led us to suspect that this fructose metabolism pattern exists in other subterranean rodents living in burrows under conditions of hypoxia, even if this environment is not as extreme as near-anaerobic conditions. Therefore, we exposed Gansu zokors to hypoxic conditions that might occur in underground habitats (Shams et al., 2005). Similar to naked mole rats (Park et al., 2017), we found that Gansu zokor brain showed increased fructose-driven glycolysis in response to hypoxia stress.

GLUT5 expression in Gansu zokor brains is higher than that in the surface-dwelling rat, which is consistent with the previous report in naked mole rat brain (Park et al., 2017). It is also worth noting that under hypoxia II condition, Gansu zokor has lower glut5 mRNA but higher protein expression than that in rat, which suggests that substrates for fructose-driven glycolysis are rapidly transported in Gansu zokor by improving the translation efficiency of glut5 mRNA. This mechanism clearly facilitates the rapid activation of the fructose metabolism pathway in Gansu zokor under hypoxia. Furthermore, hypoxia increased GLUT5 protein levels in Gansu zokor brain, which is similar to the stimulation observed in rat rostral ventrolateral medulla (RVLM) in response to a high fructose diet (Wu et al., 2014). This seems to suggest that hypoxia in Gansu zokor produces similar results to that caused by high fructose intake in rat. We then found that plasma fructose is increased to statistically significant levels in the Gansu zokor during hypoxia II condition. Although the source of this fructose is not clear, it is probably produced by endogenous synthesis (Patel et al., 2015). On the other hand, KHK initiates fructose-driven glycolysis to bypass the PFK regulatory block in glucose-driven glycolysis (Diggle et al., 2009; Park et al., 2017). In this study, we showed that KHK protein is expressed at negligible levels in the rat brain, but can be expressed in the Gansu zokor brain. Furthermore, KHK activity in Gansu zokor was significantly higher than that in rat, and was upregulated under hypoxia; consistent results occurred in the expression of the enzyme at both the mRNA and protein levels. These results indicated that Gansu zokor has the capacity to initiate fructose metabolism, especially under conditions of hypoxia; which meant that the fructose-fueled glycolysis pattern occurred in Gansu zokor. Thus, experimental results confirmed our initial hypothesis that Gansu zokor could mediate the rewired glycolysis. This rewired fructose metabolism pathway bypasses metabolic block at PFK, it involves equipping brain with fructose transporter and fructose enzyme for fructose metabolism. Besides, we observed marked differences in the fructose-driven glycolysis pathway between Gansu zokor and rat, suggesting that Gansu zokor has different metabolic patterns from those of the surface-dwelling rat. Fructose enters the glycolysis pathway at a much higher rate than glucose (Park et al., 2017; Liu et al., 2020). The rapid metabolism of fructose is critical for maintaining normal brain metabolism activity in Gansu zokor under hypoxia. This metabolic pattern can circumvent the lethal effects of hypoxia, thus providing a mechanism for survival in the subterranean burrow. Our findings suggested that Gansu zokor brain could adapt to subterranean hypoxia through rewiring the metabolism of glycolysis, which may be attributed to the long-term evolution of Gansu zokor inhabiting hypoxic environments. The adaptive evolution of subterranean rodents is both degenerative and compensatory, thus providing a model of the nature of adaptation through modifications at the molecular and organism levels (Nevo, 1999; Begall et al., 2007). The unique insights in to the glycolysis characteristics in Gansu zokor obtained in our study will be useful for further studies on evolution in subterranean rodents.



Glycolysis Fuel in Gansu Zokor Brain Strengthen Reliance on Glucose and Fructose Simultaneously Under Hypoxia II Condition

As described previously, Gansu zokors may rely upon fructose-driven glycolysis under hypoxia, as a mechanism that allows continued glycolytic flux (Park et al., 2017). This mechanism may also represent an adaptation strategy in subterranean rodents that allows rapid energy supply in hypoxic environments. Our results also seemed to suggest that Gansu zokor increased the fructose-driven glycolysis in hypoxia. Interestingly, we also observed that Gansu zokors exhibit a simultaneous enhancement of glucose-driven glycolysis and fructose-driven glycolysis in hypoxia II group, while hypoxia I did not significantly change glucose-driven glycolysis. This regulation of glycolysis imply differences in the energy responses of Gansu zokor brain under different hypoxia conditions.

Glucose is the obligatory energy source in the brain, and is transported into the brain via GLUT1 (Bélanger et al., 2011; Koch and Weber, 2019; Pragallapati and Manyam, 2019), where it is converted by PFK, PFK is the first irreversible reaction in glucose-driven glycolysis, playing an important role in the control of the glycolysis pathway (Nakajima, 1995; Moreno-Sánchez et al., 2007; Real-Hohn et al., 2010). We found that GLUT1 protein levels were increased in Gansu zokor brain under hypoxia II condition, which is consistent with similar hypoxia responses reported in some tumor cells (Chen et al., 2010; Cretenet et al., 2016). GLUT1 overexpression increases glucose metabolism (Freemerman et al., 2014), indicating that Gansu zokor brain has the capacity for increased glucose-driven glycolysis to cope with hypoxia II. Moreover, the plasma glucose levels of Gansu zokor rose approximately 50% in hypoxia II compared with the levels in normoxia, which consistent with results observed in the naked mole rat, healthy adults, and Oriental river prawn (Newhouse et al., 2017; Sun et al., 2018; Pamenter et al., 2019); however, brain glucose levels in Gansu zokor were significantly decreased under hypoxia II condition. Thus, even with the increase in plasma glucose levels under hypoxia II condition, concentrations of the glucose substrate in the brain decline, suggesting that hypoxia II promotes cerebral glycolysis (Vannucci and Vannucci, 2000; Mergenthaler et al., 2013).

Similar to Gansu zokors, rats showed the same enhancement in glucose-driven glycolysis in response to hypoxia II; however, it is interesting to note that this enhancement in rats was due to the overexpression of both GLUT1 and PFK. We observed that only in rats, pfk expression at both the mRNA and its protein levels was significantly increased after exposure to hypoxia II condition; thus, even though its levels in rats was significantly lower than those in Gansu zokor under normoxia, there were no significant differences in pfk expression between two species under hypoxia II condition. These results suggest that the enhancement of glucose-driven glycolysis in Gansu zokor brain under hypoxia II condition may be less marked than that in rats. However, rats did not show the same capacity for fructolysis in the brain. This indicates that Gansu zokor has evolved a strategy for coping with hypoxia that is different from that of rats, in that Gansu zokor utilize fructose metabolism to provide energy rapidly. To sum up, Gansu zokor brain may increase both glucose-driven and fructose-driven simultaneously when exposed to hypoxia II, suggesting greater requirement for energy supply in the brain under conditions of hypoxia II of 6.5% O2 for 6 h. Finally, it is important to note that the elevation of plasma glucose induced in Gansu zokor exposed to hypoxia is considerably greater than the increase in plasma fructose, which is consistent with the pattern reported in the naked mole rat (Park et al., 2017). Furthermore, whether in normoxia or hypoxia, the levels of glucose in Gansu zokor are much higher than the fructose levels, indicating that, on the basis of glucose as the main metabolic substrate, fructose is used to accelerate the supply of energy in Gansu zokor.



Study Limitations

This study has some limitations. First, we did not collect the oxygen concentration data for Gansu zokor in their wild underground burrows at different depths, seasons, and weather; our selection of the hypoxia treatment conditions (hypoxia I: 44 h at 10.5% O2; hypoxia II: 6 h at 6.5% O2) was based mainly on laboratory tests of hypoxia tolerance in Gansu zokor and previous studies of Spalax (Shams et al., 2005; Band et al., 2010; Moskovitz et al., 2012; Yan et al., 2012). Second, the duration time of hypoxic II treatment can ensure the survival of rats for tissue sampling, and the hypoxic I treatment is a relatively long-mild form of hypoxia; these two hypoxic treatment conditions, including oxygen concentration and duration time, reflect the different hypoxic environments that may occur in the burrows inhabited by Gansu zokor in the wild; but even these rigorous simulations can not totally represent the burrow environment. Besides, more hypoxic experimental groups will be required to perfect the design of experiment. Finally, we have investigated glycolysis differences in Gansu zokor and Sprague-Dawley rat; our aim was to reveal the hypoxic tolerance mechanism in subterranean rodent through exploring the different hypoxic response in hypoxia-tolerant subterranean Gansu zokor and hypoxia-intolerant surface rat. However, in the current study, although Sprague-Dawley rats are non-burrowing rodents, they are not the best controls because of not living in the wild environment; therefore, our discussion of the comparison between two species remains limited.




CONCLUSION

Gansu zokor has evolved the capacity to utilize fructose to fuel the brain on the basis of glucose metabolism. This metabolic rewiring of glycolysis seems to be an adaptive that underlies the hypoxia tolerance of this species. Gansu zokor exhibited significantly higher levels of GLUT5 and KHK proteins, as well as increased KHK enzymatic activity compared with the levels in the hypoxia-intolerant surface-dwelling rat. GLUT5 and KHK represent molecular signatures of fructose metabolism that are also upregulated by hypoxia stress. Thus, these results reveal the mechanism underlying hypoxia tolerance in Gansu zokor. Further studies of energy metabolism in “natural” hypoxia tolerance in an animal model will provide an important supplement to hypoxia adaptation studies and highlight potential strategies to mitigate hypoxic brain damage, which can provide theoretical basis and novel strategies for hypoxic brain injury treatment of human beings.
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Phylogeographic studies showed that house mice (Mus musculus) originated in the Himalayan region, while common rats (Rattus rattus and Rattus norvegicus) come from the lowlands of China and India. Accordingly, it has been proposed that its origins gave mice, but not rats, the ability to invade ecological niches at high altitudes (pre-adaptation). This proposal is strongly supported by the fact that house mice are distributed throughout the world, while common rats are practically absent above 2,500 m. Considering that the ability of mammals to colonize high-altitude environments (>2,500 m) is limited by their capability to tolerate reduced oxygen availability, in this work, we hypothesize that divergences in the ventilatory, hematological, and metabolic phenotypes of mice and rats establish during the process of acclimatization to hypoxia (Hx). To test this hypothesis male FVB mice and Sprague-Dawley (SD) rats were exposed to Hx (12% O2) for 0 h (normoxic controls), 6 h, 1, 7, and 21 days. We assessed changes in ventilatory [minute ventilation (VE), respiratory frequency (fR), and tidal volume (VT)], hematological (hematocrit and hemoglobin concentration), and metabolic [whole-body O2 consumption (VO2) and CO2 production (VCO2), and liver mitochondrial oxygen consumption rate (OCR) parameters]. Compared to rats, results in mice show increased ventilatory, metabolic, and mitochondrial response. In contrast, rats showed quicker and higher hematological response than mice and only minor ventilatory and metabolic adjustments. Our findings may explain, at least in part, why mice, but not rats, were able to colonize high-altitude habitats.

Keywords: acclimatization to hypoxia, physiology, metabolism, mitochondria, rodents


INTRODUCTION

Animals living at high-altitude present a series of physiological adjustments to prevent an imbalance in the supply and demand of oxygen (Scott et al., 2008; Storz et al., 2010). These adjustments occur along the oxygen cascade, and include a combination of physiological, cellular, molecular, and biochemical modifications that result in either an increased supply, narrowed demand, more efficient use of oxygen, or combinations of those three (Hochachka, 1985; Scott et al., 2008; Storz et al., 2010). Remarkably, such changes may differ in expression and efficiency between species or even between populations of the same species depending on their genetic backgrounds and their phenotypic plasticity (Monge and León-Velarde, 2003; Storz et al., 2010; Storz and Scott, 2021). Such differences appear when comparing house mice (Mus musculus), that successfully colonized high-altitude environments, and common rats (Rattus rattus and Rattus norvegicus), that are rare or absent in natural habitats over 2,500 m above sea level (masl; Jochmans-Lemoine et al., 2015). In previous works, we described the physiological traits of lab mice (FVB) and Sprague-Dawley (SD) rats established at 3,600 masl for more than 20 years and over 30 generations. Compared to rats, mice have a higher metabolic rate, higher tidal volume, increased alveolar surface area and lung volume, lower hematocrit and hemoglobin levels, and reduced right ventricular hypertrophy (a sign of reduced pulmonary hypertension; Jochmans-Lemoine et al., 2015). In following, we were interested in unveiling whether these features had a genetic basis or were the result of phenotypic plasticity, thus, the physiological and molecular responses to acute hypoxia (Hx; 6 h – 12% O2, roughly equivalent to 4,000 masl) were evaluated at sea level. In comparison to rats, mice had lower metabolic rate, higher minute ventilation, and higher expression of the transcription factor HIF-1α (a master regulator of the hypoxic response) in the brainstem. On the other hand, rats presented increased expressions of glucose transporter 1, indicating an elevated glycolytic metabolism in the brainstem (Jochmans-Lemoine et al., 2016). In summary, these data showed that FVB mice develop a more efficient response than SD rats during the acute phase of exposure to Hx, but it remains unclear whether such differences would persist during acclimatization to chronic hypoxia, a process of gradual changes occurring within few weeks that improves the capture, distribution, and utilization of oxygen (Monge and Leon-Velarde, 1991; Schmitt et al., 1994; Cáceda et al., 2001; Storz et al., 2010; Czerniczyniec et al., 2015; Lukyanova and Kirova, 2015). To answer this question, FVB mice and SD rats were exposed to hypoxia up to 3 weeks to identify the ventilatory, hematological, and metabolic changes occurring at whole-body level as well as in mitochondrial O2 consumption in the liver (the most metabolically active organ in rodents – accounting for up to 50% of resting O2 consumption in mice and rats, Wang et al., 2012; Kummitha et al., 2014). We found that mice have a biphasic increase of minute ventilation, peaking after 7 days of exposure to hypoxia and later increased blood hemoglobin content and hematocrit level. Surprisingly, metabolic rate was higher after 7 days of hypoxic exposure, in line with increased mitochondrial O2 consumption in the liver, mediated by the increased activity of complex II of the electron transport chain (ETC). Contrastingly, apart from an excessive increase in hematological parameters, rats show only minor ventilatory or metabolic adjustments.



MATERIALS AND METHODS


Animals

We used male adult (7 weeks old) FVB-NJ mice (Jackson) and Sprague-Dawley rats (Charles River). Animals were housed at the animal care facility at the “Centre de Recherche de l’Institut Universitaire de Cardiologie et de Pneumologie de Québec” (CRIUCPQ) with food and water ad libitum and exposed to 12:12 h light:dark cycles. All experimental procedures were in concordance with the Canadian Council of animal Care. The animal study was reviewed and approved by the Animal Protection Committee of Université Laval, Québec, Canada.



Exposure to Hypoxia

Animals were exposed to hypoxia (12% O2) for 6 h (nmice, rats = 15, 13), 1 (nmice, rats = 12, 12), 7 (nmice, rats = 8, 9), or 21 (nmice, rats = 10, 7) days. For the 6 h group, we directly used the plethysmography chambers (see below), while for the other groups, we used plexiglass chambers, controlling oxygen levels with an oxycycler (Biospherix, Redfield, NY). Hypoxic chambers were open once a week during 1 h for changing animals’ cages and replacing water and food. Normoxic controls (nmice, rats = 14, 15) were kept in regular room conditions (21% O2).



Ventilatory and Metabolic Parameters

For the last hours of the exposure protocol, animals were quickly transferred to plethysmography chambers and recordings were made for 3 h (while animals were sleeping) using a whole-body plethysmograph (EMKA Technologies, Paris, France). Mice and rats’ plethysmography chambers were constantly supplied with a mix of 12% O2 balanced in N2, or room air (21% O2) for normoxic controls. Inflow was set at 350 ml/min for mice and 1,150 ml/min for rats. A subsampling pump (100 ml/min) was used to control outflow. O2, CO2, and water pressure levels were continuously measured using specific gas analyzers (OXZILLA, CA-10, RH-300, Sable Systems, Las Vegas, NV; and CD-3A, AEI Technologies, San Francisco, CA). Levels of O2, CO2, and water pressure in the inflowing air were measured at the beginning, after 1 h, and at the end of the recordings to calculate the oxygen consumption (VO2) and CO2 production (VCO2). Animals were weighed after the recordings.



Hematological Parameters

After plethysmography recordings, animals were anesthetized and euthanized. Blood samples were taken to measure the hemoglobin (Hb) concentration and hematocrit (Ht). We used an automated spectroscopic system (HemoCue, Ängelholm, Sweden) to measure the concentration of Hb. The Ht was calculated by conventional methods using a dedicated blood capillaries centrifuge.



Mitochondrial O2 Consumption


Tissue Sampling

Liver tissue samples (approximately 2 mg) were extracted from rats and mice under normoxia (Nx) or exposed to 1, 7, or 21 days of hypoxia (12% O2). Samples were immediately transferred to ice-cold respirometry medium MiR05 (0.5 mM EGTA, 3 mM MgCl2*6H2O, 60 mM K-lactobionate, 20 mM taurine, 10 mM KH2P04, 20 mM HEPES, 110 mM sucrose, and 1 g/L bovine serum albumin pH = 7) supplemented with saponin (50 μg/L) for permeabilization of the cell membrane as previously described (Arias-Reyes et al., 2019).



Oxygen Consumption Rates

Quickly after extraction, liver samples were transferred inside the respirometry chambers of the Oxygraph-2k (OROBOROS Instruments – Innsbruck, Austria) filled with the same MiR05 medium supplemented with saponin, and left incubating for 15 min. The mass-specific (pmol O2·s−1·mg ww−1) oxygen consumption rates (OCRs) were measured according to the protocols described below.

In each experiment, the mitochondrial ETC was fueled-up through different electron-transfer pathways by the addition of specific mitochondrial substrates and inhibitors (Gnaiger et al., 2019). The N (NADH electrons through complex I), S (FADH2 electrons through complex II), and F (fatty acids oxidation electrons through ubiquinone) pathways were triggered independently or combined to reach spcific mitochondrial activation states namely LEAK and electron transfer (ET). LEAK state results from the proton slippage across the inner mitochondrial membrane toward mitochondrial matrix in presence of mitochondrial metabolic substrates but in absence of ADP. ET state occurs when the electron transfer and oxygen consumption are uncoupled from the adenosine triphosphate (ATP) synthesis by the addition of a protonophore (rapidly returns protons into the mitochondrial matrix independently of the regulation of the ATP synthase) in presence of metabolic mitochondrial substrates (Gnaiger et al., 2019).




LEAK – ET Protocol

After the 15 min incubation, injections of 5 mM pyruvate and 2 mM malate were added consecutively to the respiratory chambers containing the samples to trigger the N pathway and reach LEAK state. In following, 2.5 mM ADP, 10 μM cytochrome C (see rationale below), and 20 μM CCCP (protonophore) were added to uncouple mitochondria and consequently initiate the ET state. Then, timely injections of 10 mM glutamate, 50 mM succinate, 0.5 mM octanoylcarnitine, and 0.5 μM rotenone were made to record OCRs for N, NS, NSF, and S pathways correspondingly (Doerrier et al., 2018). Finally, 2.5 μM antimycin A (inhibitor of complex III) was added to stop mitochondrial respiration and make corrections for non-mitochondrial OCR. Cytochrome C was used to control the integrity of the outer mitochondrial membrane, thus, if OCR increased more than 20% after the addition of cytochrome C the sample was considered damaged and discarded.


ETC Maximum Capacity and Flux Control Ratios

The ETC maximum capacity is defined as the mitochondrial OCR when all the electron-transfer pathways relevant for the analyzed tissue are active during the ET state. In our experiments, the ETC maximum capacity was measured by triggering the NSF pathway. Then, the flux control ratio (FCR) was calculated for each sample by dividing the value of OCR for the electron-transfer pathways N, S, and NS by the value of ETC maximum capacity (NSF pathway). FCR values have the advantages of internal normalization of mitochondrial content (Gnaiger et al., 2019), and of representing the fraction of the ETC maximum capacity covered by each of the N, S, or NS pathways. In this manuscript, FCR is referred as the level of activation of each electron-transfer pathway.




Activity of Cytochrome C Oxidase (Complex IV)

At the end of the experiments of mitochondrial respiration, after antimycin A injections, 2 mM ascorbate (keeps TMPD in reduced state) and 0.5 mM N,N,N′,N′-Tetramethyl-p-phenylenediamine dihydrochloride (TMPD – specific electron donor to complex IV), were added to measure the OCR exclusive to complex IV. Finally, 100 mM sodium azide (inhibitor of complex IV) was added. The activity of cytochrome C oxidase was calculated by subtracting the background chemical oxidation of the medium (after the addition of azide) from the OCR after the injection of TMPD.



Data and Statistical Analysis

Plethysmography recordings were analyzed with the software Spike2 v.7.19 (Cambridge Electronic Design). We used averaged values of three different segments along the recording where the breathing pattern was stable at resting values to obtain respiratory frequency (fR), minute ventilation (VE), tidal volume (VT), the oxygen consumption (VO2), and CO2 production (VCO2) rates. VT was calculated as described previously (Marcouiller et al., 2014; Ballot et al., 2015; Boukari et al., 2016; Jochmans-Lemoine et al., 2016). VO2 and VCO2 were calculated by indirect calorimetry as described in (Boukari et al., 2016). Values of fR, VT, VO2, and VCO2 were allometrically adjusted to make them comparable between species as described previously (Stahl, 1967; Jochmans-Lemoine et al., 2015).

Ventilatory, metabolic, and hematological data were analyzed by two-way ANOVA tests, followed by post hoc analysis (Fisher’s Least Significant Difference) using GraphPad Prism 8.3. We used species (mice and rats), and exposure (Nx; 6 h, 1, 7, and 21 days of hypoxia) as factors. Values of VE, hematocrit, and VO2, were correlated against each other using Spearman’s correlations.

Mitochondrial data were captured using the software DatLab v.7.4.0.4 (OROBOROS Instruments – Innsbruck, Austria). Data was analyzed by two-way RM ANOVA tests using species (mice and rats), and exposure (normoxia; 1, 7, and 21 days of hypoxia) as factors. The combination of mitochondrial respiratory states and active electron-transfer pathways (i.e., LEAK, ET-N, ET-S, ET-NS, and ET-NSF) were the repeated measures. When significant differences in treatments or interactions were found, a post hoc Fisher’s Least Significant Difference multiple comparison test was performed.

For all the analyses, test significances were set to p < 0.05. Data are presented as means ± SD unless stated differently.




RESULTS


Ventilatory Response


Mice Have a Stronger Ventilatory Response Than Rats During the Process of Acclimatization to Hypoxia

A significant effect of the hypoxic exposure on ventilation was observed in both species (Two-way ANOVA Fexposure = 25.17; d.f. = 4, 105; p < 0.0001; Finteraction = 9.05; d.f. = 4, 105; p < 0.0001). In mice, VE remained unchanged after 6 h of hypoxia in comparison to control levels (Fisher’s LSD test p = 0.0608). However, significant increases were observed after 1, 7, and 21 days of hypoxia (Fisher’s LSD test p1d = 0.0004; p7d < 0.0001; and p21d < 0.0001). A peak of VE in mice was reached at day 7 (3-fold normoxic control levels) followed by a significant reduction at day 21 (Fisher’s LSD test p7d vs21d < 0.0001; Figure 1A – middle panel). In rats, VE levels increased after 6 h of hypoxia in comparison to control conditions and remained elevated at 1, 7, and 21 days (Fisher’s LSD test p6h = 0.0004; p1d = 0.0062; p7d = 0.0004; and p21d = 0.0035; Figure 1A – left panel). Comparing both species, mice showed significantly higher ventilation levels than rats after 7 days of hypoxia (Fisher’s LSD test p < 0.0001). However, VE was not different for mice compared to rats in normoxia, 6 h, 1 and 21 days of hypoxia (Fisher’s LSD test p6h = 0.35; p1d = 0.09; and p21d = 0.053; Figure 1A – right panel).
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FIGURE 1. Mass-corrected ventilatory parameters of adult rats and mice in normoxia (Nx) or exposed to 6 h, 1, 7, or 21 days of hypoxia (Hx). Mice show a stronger ventilatory response in hypoxic conditions than rats. (A) Mass-corrected ventilation (VE), (B) mass-corrected tidal volume (VT), and (C) mass-corrected respiratory frequency (fR). *p < 0.05; **p < 0.01; and ***p < 0.001; ##p < 0.01 and ###p < 0.001 vs. the control. n = 7–15.


Hypoxia affected VT of mice but not rats (Two-way ANOVA Fexposure = 2.57; d.f. = 4, 106; p = 0.068; Fspecies = 71.55; d.f. = 14, 106; p < 0.0001; and Finteraction = 2.473; d.f. = 4, 106; p = 0.0488; Figure 1B – left and middle panels). Compared to normoxic controls, mice exposed to 6-h hypoxia showed a significant decrease in VT values (Fisher’s LSD test p = 0.0185). Consistently, mice had higher VT values in comparison to rats in normoxia and 1-, 7-, and 21-days hypoxia (Fisher’s LSD test pCtrl < 0.0001; p1d < 0.005; p7d < 0.0001; and p21d < 0.0001). Such difference was not significant after 6 h-hypoxia (Fisher’s LSD test p = 0.0649; Figure 1B – right panel).

Hypoxia significantly affected the respiratory frequency of mice and rats (Two-way ANOVA Fexposure = 49.50; d.f. = 4, 107 p < 0.0001; Fspecies = 60.56; d.f. = 1, 107 p < 0.0001; and Finteraction = 2.27; d.f. = 4, 107 p = 0.067). In mice, hypoxia triggered a significant and progressive increase in respiratory frequency after 6 h, reaching peak values after 7 days of exposure (Fisher’s LSD test p6h < 0.0001; p1d < 0.0001; p7d < 0.0001; and p21d < 0.0001). fR values dropped by day 21 of hypoxia (p7dvs21d = 0.0004). In comparison to control levels, rats showed an augmentation in fR after 6 h of hypoxia (Fisher’s LSD test p < 0.0001) and maintained elevated values until 21 days of hypoxic exposure inclusively. fR values in mice were significantly lower than in rats in either normoxic conditions (p < 0.0001), or after 6 h, 1 and 21 days of hypoxia (Fisher’s LSD test p6h < 0.0001; p1d < 0.0001; p21d < 0.0001). Such difference disappears transiently after 7 days of hypoxia (Fisher’s LSD test p = 0.574; Figure 1C).




Hematological Response


Mice Have a Late Hematological Response Compared to Rats During the Process of Acclimatization to Hypoxia

Hypoxia significantly affected the hematocrit (Two-way ANOVA Finteraction = 3.828; d.f. = 4, 75; p = 0.0069) and hemoglobin concentration (Two-way ANOVA Finteraction = 3.208; d.f. = 4, 82; p = 0.017) of mice and rats. The Ht of mice significantly increased in comparison to controls after 21-days hypoxia (Fisher’s LSD test p < 0.0001; Figure 2A – center panel). In rats, a progressive augmentation of Ht was observed early after 1 day of hypoxia (Fisher’s LSD test p = 0.0046; Figure 2A – left panel). When comparing both species, no differences were observed in normoxic conditions, 6 h, 1 and 21 days of hypoxia. At day 7 of hypoxia, however, mice showed significantly lower Ht levels than rats (Fisher’s LSD test p = 0.0003; Figure 2A – right panel).
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FIGURE 2. Hematological parameters (hematocrit – A and hemoglobin concentration – B) of adult rats and mice in normoxia (Nx) or exposed to 6 h, 1, 7 or 21 days of hypoxia (Hx). The hematological response to chronic hypoxia is delayed in mice compared to rats. *p < 0.05; **p < 0.01; and ***p < 0.001; #p < 0.05 and ###p < 0.001 vs. the control. n = 7–15.


While the concentration of hemoglobin was significantly increased in mice only after 21 days of hypoxia (Fisher’s LSD test p = 0.0046; Figure 2B – center panel), in rats we observed a progressive augmentation after 1 day of hypoxic exposure, reaching maximum values at day 21 (Fisher’s LSD test vs. control: p1d = 0.013; p7d < 0.0001; p21d < 0.0001; p1dvs7d = 0.018; and p7dvs21d = 0.004; Figure 2B – left panel). In normoxic conditions mice showed significantly higher Hb than rats (Two-way ANOVA F = 7.286; d.f. = 1, 82; p = 0.008), however, when exposed to hypoxia, no differences between species were observed after 6 h, 7 and 21 days. Moreover, in animals exposed to hypoxia for 1 day, Hb was higher in mice than in rats (Fisher’s LSD test p = 0.028; Figure 2B – right panel).




Metabolic Response


Mice and Rats Have a Transitory Drop in Body Temperature During the Process of Acclimatization to Hypoxia

Hypoxia had a significant effect on body temperature (BT) in mice and rats (Two-way ANOVA Fexposure = 2.712; d.f. = 4, 117; p = 0.033; Fspecies = 3.466; d.f. = 1, 117; p = 0.065; and Finteraction = 2.517; d.f. = 4, 117; p = 0.045). In mice, a significant drop occurred after 1-day hypoxia (Fisher’s LSD test p = 0.014), however, after 7 days, control levels were restored. Rats showed an early decline of BT after 6 h of hypoxia (Fisher’s LSD test p = 0.01), moreover, control levels were re-established after 7 days. Both species showed similar body temperatures in normoxic conditions, 6-h and 21-days hypoxia. At days 1 and 7 of hypoxic exposure, mice had significantly lower values of BT than rats (Fisher’s LSD test p1d = 0.029; p7d = 0.016; Table 1).



TABLE 1. Ventilatory, hematological, and metabolic parameters in rats and mice during the process of acclimatization to hypoxia at sea-level and at high-altitude.
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Mice but Not Rats Increase Their Whole-Body O2 Consumption and CO2 Production During the Process of Acclimatization to Hypoxia

A significant effect of hypoxia on the oxygen consumption (VO2) was observed in mice but not in rats (Two-way ANOVA Fexposure = 2.222 d.f. = 4, 103; p = 0.072; Fspecies = 36.27 d.f. = 1, 103; p < 0.0001; and Finteraction = 2.865 d.f. = 4, 103; p = 0.027). In comparison to normoxic controls, mice exposed to hypoxia for 7 and 21 days showed an increase of 10 and 25% in VO2, respectively (Fisher’s LSD test p7d = 0.017; p21d = 0.016; Figure 3A – center panel). No changes were observed in rats (Figure 3A – left panel). Compared to rats, VO2 in mice resulted significantly higher in normoxia and after 7 and 21 days of hypoxia (Fisher’s LSD test p7d < 0.0001; p21d < 0.0001; Figure 3A – right panel).
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FIGURE 3. Metabolic parameters of adult rats and mice in normoxia (Nx) or exposed to 6 h, 1, 7, or 21 days of hypoxia (Hx). Mice, but not rats, have an increase in metabolic rate during the process of acclimatization to hypoxia. Mice show increased values of mass-corrected oxygen consumption (VO2; A) and mass-corrected CO2 production (B) under hypoxia. The respiratory exchange ratio (RER) remains unchanged in mice and rats (C). *p < 0.05 and ***p < 0.001; #p < 0.05; ##p < 0.01; and ###p < 0.001 vs. the control. n = 7–15.


CO2 production was significantly affected by hypoxic exposure in mice and rats (Two-way ANOVA Fexposure = 8.375; d.f. = 4, 104; p < 0.0001; Fspecies = 45.29; d.f. = 1, 104; p < 0.0001; and Finteraction = 5.836; d.f. = 4, 104; p = 0.0003). Mice showed an augmentation in VCO2 starting after 7 days of hypoxia (Fisher’s LSD test p7d < 0.0001; p21d < 0.004; Figure 3B – center panel). In rats, a transient reduction of VCO2 after 6 h of hypoxia was observed (Fisher’s LSD test p < 0.001), however, in rats exposed to hypoxia for 1, 7, and 21 days, VCO2 values were not different from normoxic controls (Figure 3B – left panel). When both species were compared, mice showed higher VCO2 values than rats after 7 and 21 days of hypoxia (Fisher’s LSD test p7d < 0.0001; p21d < 0.0001; Figure 3B – right panel).

The respiratory exchange ratio (RER) is calculated as the ratio of VCO2 divided by VO2. The RER is associated with the favored metabolic fuel (carbohydrates, proteins, or fatty acids). A value close to 1 represents a predominant glycolytic metabolism, while a value closer to 0.7 implies a metabolism more dependent on the oxidation of fatty acids (Deuster and Heled, 2008). In mice, we calculated values of RER between 0.778 and 0.929, while for rats between 0.813 and 1.096, however, no significant effects of hypoxia or species were found (Figure 3C; Fexposure = 0.25; d.f. = 4, 103; p = 0.248; Fspecies = 2.256; d.f. = 1, 103; p = 0.136; and Finteraction = 1.212; d.f. = 4, 103; p = 0.3104).




Plasticity in the S (Complex II-Linked) and NS (Complex I&II-Linked) Pathways Upregulates the ETC Maximum Capacity During Acclimatization to Hypoxia in Liver Mitochondria of Mice but Not in Rats

We tested the effect of hypoxia on the oxidative machinery in the ETC of liver mitochondria of mice and rats during LEAK and ET states. Furthermore, we calculated the FCR as a measurement of the fraction of the ETC maximum capacity covered by the activation of N, S, or NS electron-transfer pathways. No changes were observed for LEAK state in any species either in normoxia or hypoxia (Figures 4A,C). Regarding ET state, in mice, while the N pathway (complex I-linked) remained unaltered in normoxia and hypoxia, after 21-days hypoxia the S (complex II-linked), NS (complexes I&II-linked), and NSF (complexes I&II&FAO-linked) pathways increased significantly in comparison to normoxic control levels (RM ANOVA Fisher’s LSD test pS = 0.0002; pNS < 0.0001; pNSF < 0.0001; Figure 4C). Accordingly, the activation of NS pathway was upregulated by 30% after 21 days of hypoxia (RM ANOVA Fisher’s LSD test p < 0.0001). The activation of S pathway was seemingly increased as well (+12%) after 21-days hypoxia, and while the difference with the normoxic controls was not statistically significant (RM ANOVA Fisher’s LSD test p = 0.0548), the improved activation was significant in comparison to 1 and 7-days hypoxia levels (RM ANOVA Fisher’s LSD test p1d < 0.0005; p7d < 0.0259; Figure 4D). Rats showed no alterations in oxygen consumption nor in the activation of electron-transfer pathways during ET state (Figures 4A,B). When both species were compared, mice showed higher OCRs during ET state than rats in both normoxic and hypoxic conditions (RM ANOVA Fspecies_x_exposure = 10.42; d.f. = 7, 39; p < 0.0001), independently of the activation of S (Fisher’s LSD test pctrl = 0.023; p1d = 0.0018; p7d = 0.0023; and p21d < 0.0001), NS (Fisher’s LSD test pctrl = 0.027; p1d < 0.001; p7d < 0.001; and p21d < 0.0001), or NSF (Fisher’s LSD test pctrl < 0.0001; p1d < 0.0001; p7d < 0.0001; and p21d < 0.0001) pathways. The same occurred when only the N pathway was active after 1 and 21 days of hypoxia, however, no differences were evidenced in normoxic control conditions and after 7-days hypoxia (Fisher’s LSD test pctrl = 0.2216; p1d = 0.0486; p7d = 0.1649; and p21d = 0.0253; Figure 4E). Rats and mice showed similar levels of activation (FCR) of the N pathway in normoxic and hypoxic conditions, however, the S pathway was significantly less active in mice than in rats when exposed to normoxia, 1 and 7-days hypoxia (p1d < 0.0001; p7d < 0.001). This difference disappears after 21 days of hypoxia (p = 0.438). Similarly, the activation of NS pathway was weaker in mice compared to rats in normoxic conditions and after 1 day of hypoxia (pctrl < 0.0001; p1d = 0.002). Differences disappear after 7 and 21 days of hypoxia (p7d = 0.303; p21d = 0.315; Figure 4F). Finally, we measured the activity of complex IV, the final enzyme in the oxidation of oxygen, because it is known to be structurally modified upon exposure to hypoxia. In this regard, mice and rats were not different in normoxic conditions, however, when under hypoxia, mice reached higher values independently of the time of exposure (Fisher’s LSD test pctrl = 0.005; p1d < 0.0001; p7d < 0.0001; and p21d < 0.0001). Mice significantly increased the activity of complex IV after 1 and 21 days-hypoxia in comparison to the normoxic group and showed control-like values at day 7 (Fisher’s LSD test p1d = 0.002; p7d = 0.329; and p21d < 0.0001). In contrast, rats had a transient decline at day 1, then re-establishing normoxic control levels (Fisher’s LSD test p1d = 0.0194; p7d = 0.636; and p21d = 0.9161; Figure 4G).
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FIGURE 4. Oxygen consumption rates (OCR) and activation of mitochondrial electron transport chain (ETC) pathways in liver tissue of adult rats and mice exposed to normoxia (Nx) or 1, 7, or 21 days of hypoxia (Hx). The OCR was measured during inactive adenosine triphosphate (ATP) production (LEAK) or uncoupled electron transfer (ET) fueled with substrates for the N (complex I), S (complex II), NS (complexes I&II), or NSF (complexes I&II and fatty acids oxidation) pathways. Activation values represent the fraction of the ETC maximum capacity covered by the activation of N (complex I-linked), S (complex II-linked), or NS (complexes I&II) pathways. OCR in rats’ liver-mitochondria is not affected by hypoxia (A). Likewise, rats showed no changes in the activation of N, S, or NS pathways in normoxic nor hypoxic conditions (B). Mice increased its OCR (+44%) after 21-days hypoxia due to an overactivation of S pathway (complex II). Additionally, the maximum ETC capacity (NSF pathway) was 70% increased after 21 days of hypoxia (C). A non-significant overactivation (+11%) of S pathway occurred in mice after 21 days of hypoxia together with the increased activation of NS pathway (+20%; D). Mice have higher OCR levels than rats in normoxic and hypoxic conditions. This occurs mainly because of higher S pathway (complex II) activities. The ETC maximum capacity in mice is higher in normoxia (+52%) and hypoxia (up to +69% at day 21) than in rats (E). Rats show a higher activation of N, S, and NS mitochondrial pathways compared to mice during acclimatization to hypoxia prior 7 days of hypoxia. The overactivation of S pathway in mice compensates for these differences after 21-days hypoxia (F). The overactivation of complex IV triggered by hypoxia hints to an improved efficiency in oxygen use in mice but not in rats (G). *p < 0.05; **p < 0.01; and ***p < 0.001; #p < 0.05; ##p < 0.01; and ###p < 0.001 vs. the control. n = 4–6.
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FIGURE 5. Interaction between ventilatory and hematological parameters (A,B) and the effect of ventilatory (C,D) and hematological (E,F) parameters on the whole-body oxygen consumption in adult rats and mice exposed to normoxia (Ctrl) or 1, 7, or 21 days of hypoxia. A metabolic increase (oxygen consumption – VO2) in response to chronic hypoxia in mice is supported by cooperative changes in ventilatory and hematological systems. This outcome in rats is impaired due to a limited ventilatory response evident after 6 h of hypoxia (dashed line), thus, requiring excessive hematological compensations to cope with hypoxic conditions.





DISCUSSION

Our data show that mice and rats have divergent profiles of ventilatory, hematological, metabolic, and mitochondrial acclimatization to hypoxia. At ventilatory level, mice have an early and progressive augmentation in respiratory frequency and minute ventilation, while this response is limited in rats. On the other hand, the increase of hematocrit and hemoglobin occurs only after 3 weeks of hypoxic exposure in mice. Rats on the contrary, increased both hematological parameters during the first day of hypoxia. Furthermore, while there is an elevation of whole-body oxygen consumption and CO2 production in mice, metabolism in rats remains unaffected. These changes correspond well with the increased activity of the electron-transfer pathways involving complex II (S pathway) in liver mitochondria of mice, which is absent in rats.


Ventilatory Adjustments in Mice Are More Beneficial Than in Rats

We observed in FVB mice and SD rats, a rapid increase (after 6-h and 1-day hypoxia correspondingly) in respiratory frequency and ventilation, in agreement with previous observations in our laboratory (Jochmans-Lemoine et al., 2016). This response is well-known to occur in mammals and birds (Storz et al., 2010) since hyperventilation contributes to limit the decrease in alveolar oxygen partial pressure, thus supports oxygen diffusion toward blood. In mice, such increase continued for 7 days, reaching values of VE 2.6-fold and fR 2.1-fold control levels. Similar sustained increasing trends in ventilation after different times of exposure to hypoxia have been observed in other species like the deer mice, pekin duck, and bar-headed goose (Black and Tenney, 1980; Powell, 2007; Ivy and Scott, 2017). After 21 days of hypoxia, however, mice presented an attenuation in VE and fR, a change hypothesized to be advantageous for species living permanently under chronic hypoxia (i.e., high altitude) by reducing the oxygen cost of breathing when other adaptations are present (Powell, 2007). At this point, both parameters were only 1.7 control levels and were about 30% lower than the values reported for FVB mice born and grown at 3,600 m of altitude (Jochmans-Lemoine et al., 2015). In rats, VE and fR values were sustained around 1.6-fold control levels starting after 6 h and remained unchanged even at 21 days of hypoxia. Interestingly, the values of mass-corrected VE, we observed in rats after 6-h, 1-, 7-, and 21-days hypoxia (VE6h = 3.4 ± 0.8; VE1d = 3.4 ± 0.6; VE7d = 3.9 ± 0.5; and VE21d = 3.7 ± 0.9 ml/min/g0.8), were only 15–20% lower than those reported by Jochmans-Lemoine et al. (2015) in adult (2–3 months old) laboratory rats raised at high-altitude (4.5 ± 2.7 ml/min/g0.8), suggesting that the process of ventilatory acclimatization to hypoxia in rats is somehow limited to the acute phase of exposure (6 h). This divergent ventilatory response between mice and rats may be explained by the higher protein level of HIF-1α, in the brainstem (the region of the brain that contains the respiratory control network) after 6 h of hypoxic exposure (O2 12%) observed in mice but not in rats (Jochmans-Lemoine et al., 2016). Contrary to our findings, Schmitt et al. (1994) reported a continuous increase in VE until day 14 of hypoxic exposure in male SD rats, although, animals were kept under lower (10%) oxygen concentration, and it is well known that this affects the magnitude of the hypoxic ventilatory response (Powell et al., 1998). Finally, despite the changes observed in VE and fR, VT were only slightly affected by hypoxia in mice and not affected at all in rats. Moreover, VT in mice was significantly higher than in rats in normoxia and hypoxia, as we reported previously (Jochmans-Lemoine et al., 2015). Overall, these results show that mice have a more plastic respiratory control system than rats.



Hematological Acclimatization Is Stronger and Quicker in Rats Than Mice

Increases in hematocrit and hemoglobin concentration are common hematological responses to hypoxic exposure in lowland individuals (Bullard, 1972; Monge and Whittembury, 1976; Monge and León-Velarde, 2003), helping to ensure the oxygen availability to supply tissues and organs. In this study, we found significantly increased hematocrit and hemoglobin levels after 21 days of hypoxia (12% O2) in comparison to normoxic controls in mice (Ht = +26%, Hb = +14%) and rats (Ht = +26%, Hb = +35%). Interestingly, in mice, values of Ht observed after 21 days of hypoxia were identical to those reported previously for adult mice from high-altitude colonies (cf. Table 1). However, Hb levels in mice were higher than those reported at high altitude (Jochmans-Lemoine et al., 2015). It has been argued that the increase in Hb levels is classical in lowland native species because mammals native to high altitude shows unchanged Hb levels upon hypoxic exposure (Monge and Leon-Velarde, 1991). Furthermore, genetic studies in “wild” South American Mus musculus collected at sea level and high altitude found no signs of natural selection in the locus coding for subunits alpha and beta of hemoglobin, in fact, both South American populations coincided genetically with European haplotypes, leading to the conclusion that high altitude residency did not affect hemoglobin affinity for oxygen as an adaptive trait in this species (Storz et al., 2007). These observations suggest that the hematological mechanisms of acclimatization to hypoxia in mice are triggered late and are constrained to the first 21 days of hypoxic exposure. On the other hand, rats showed lower values of Ht and Hb in this study than those reported for high-altitude animals (Table 1) hinting that the hematological acclimatization in this species extends longer than 3 weeks. Another possibility is that the phenotype shown by adult rats in high-altitude colonies is also affected by changes during gestation or development. The later was shown to be true in adult SD rats (3 months-old) exposed to postnatal hypoxia (12% O2 for 10 days) as newborns. These animals developed identical levels of Ht and Hb concentration to those observed in adult rats grown in high-altitude lab colonies (Lumbroso and Joseph, 2009; Jochmans-Lemoine et al., 2015). A limitation of our study is that we did not evaluate the change in cardiovascular parameters such as heart rate and arterial oxygen saturation (SaO2) along the process of acclimatization to hypoxia. It is known that cardiovascular features interact with respiratory and hematological adjustments to counterbalance the diminished oxygen availability. Indeed, the heart rate of SD rats living permanently at high altitude (3,600 masl) is seemingly increased compared to sea level animals. This does not occur in FVB mice (Jochmans-Lemoine et al., 2015).



Elevated Metabolic Rates in Mice Are Supported by Coordinated Ventilatory and Hematological Adjustments That Are Disjointed in Rats

The metabolism of animals exposed to hypoxia has been classically pointed to be reduced as a strategy to save energy in conditions of limited oxygen availability (Scott et al., 2008; Storz et al., 2010). However, cumulative evidence shows that upon chronic hypoxic exposure metabolic rates can increase in vertebrate species adapted to hypoxic conditions such as the deer mice and the bar-headed geese (Ward et al., 2002; Scott et al., 2008, 2018; Scott and Milsom, 2009; Ivy and Scott, 2017). We found that in rats, hypoxia had no effect on the O2 consumption and CO2 production rates, while these values increase in mice suggesting an increased metabolic expenditure linked with the mechanisms underlying hypoxia-acclimatization. The values of VO2, we found in our experiments after 21 days of hypoxia were about 20% lower than those observed in mice born and grown in high-altitude colonies (see Table 1), suggesting further margins to increase metabolic rates during permanent residency at high altitude. However, body weights after 21 days-hypoxia are higher than in high-altitude animals (see Table 1), such difference may be due to the effects of hypoxia during gestation and growth similar to those we described for SD rats (Lumbroso and Joseph, 2009). Such metabolic upsurge may also be interpreted as a compensatory mechanism to restore the body temperature independently of the hypoxic exposure. However, the metabolic rate (VO2) in mice was augmented after day 7 and remained this way until day 21 of hypoxia, while the rectal temperature was significantly lower only at day 1. Interestingly, the VO2 values we observed after 21 days of hypoxic exposure in rats are much closer (less than 10%) to those reported for high-altitude born and grown SD rats than they are for the FVB mice (Table 1), suggesting wider margins for plasticity of metabolic systems in mice compared to rats. Moreover, after the rise in oxygen consumption occurring at day 7 of hypoxia, VO2 was significantly higher in mice than rats, similarly to what happens in high-altitude acclimatized animals (Hochachka et al., 1983; Ivy and Scott, 2017).

Notably, the forementioned ventilatory and hematological systems normally act in coordination to compensate any imbalance in the relation of oxygen demand and supply (dO2/qO2) produced by hypoxia. Indeed, we observed increased levels of Ht and Hb in mice only after 21 days of hypoxia, while these changes occurred much earlier in rats. This suggests that in mice the ventilatory compensations are sufficient to supply enough O2 during the first 3 weeks. In rats, however, the restricted ventilatory response accompanied by an early and persistent hematological modulation hint to an improper compensation of the imbalanced ratio dO2/qO2. Consequently, we explored the relations among the response patterns of VE, Ht, and VO2 by plotting these features against each other. We noticed distinct interactions between ventilatory, hematological, and metabolic parameters in mice and rats. In mice, an initially large ventilatory response is withdrawn after the day 7 of hypoxia in synchrony with the activation of hematological adjustments (Figure 5B). Hematological tuning during acclimatization to hypoxia is classically thought to be triggered slightly later than respiratory modulations, and is considered energetically more efficient than ventilatory and cardiovascular modifications (Monge and León-Velarde, 2003). Moreover, the enhanced ventilation accompanies the increased oxygen consumption up to a steady state reached at day 7 of hypoxic exposure (Figure 5D). The latter is further supported by augmented levels of hematocrit (Figure 5F), suggesting that ventilatory mechanisms act early during the process of acclimatization of mice and are coordinately backed by subsequent hematological adjustments to ensure an enhanced oxygen supply. Rats, however, have limited ventilatory adjustments, hence require stronger hematological compensations to cope with hypoxic conditions. This is well illustrated by a clear threshold in ventilation right after 6 h of hypoxic exposure while (red dashed line in Figure 5), in contrast, continuously rising hematological adjustments are present for over 3 weeks (Figure 5A). Likewise, although no significant statistical correlation was found, negative correlation coefficients indicate that VO2 is not further increased either by ventilatory or hematological modifications following the acute response occurring in the first day of hypoxia (Figures 5C,E). The fact, we observed a concurrent acute initiation of ventilatory and hematological mechanisms in rats further supports the hypothesis that blood-level modifications play a more significant role compared to ventilation in the acclimatization of rats.



Plasticity in Liver Mitochondria of Mice, but Not Rats, Permits a More Efficient Use of Subcellular Oxygen in Hypoxic Conditions

We used liver tissue to study the role of mitochondria in the metabolic response to chronic hypoxia since this organ accounts for around 50% of the whole-body energy expenditure in mice and rats (Wang et al., 2012; Kummitha et al., 2014). We quantified the maximum capacity of the ETC by measuring the OCR uncoupled from the ATP synthesis (Gnaiger et al., 2019). We did not find significant alterations in the mitochondrial oxygen consumption in the liver of rats. Concurring with our observations, Costa et al. (1988) found no changes in the respiration of isolated liver-mitochondria after 9-months hypoxia (equivalent to 4,400 masl) in Wistar rats. Contrastingly, Pickett et al. (1979) observed a slight initial reduction in the activity of complex II during the first 2 weeks of hypoxia with an outburst over normoxic levels around the third week of normobaric hypoxia in SD rats. Of note, the levels of oxygen used in this work were much lower than those we applied to our animals (equivalent to 6,600 vs. 4,000 masl respectively), under these circumstances, the lack of response we found suggests that liver mitochondria in rats may only respond to extreme oxygen limitation.

Interestingly, we did see patterns in the liver mitochondrial respiration of mice that coincide with features of species adapted to high-altitude hypoxia. Deer mice show augmented mitochondrial respiratory capacities in the diaphragm muscle after exposure to hypoxia (equivalent to 4,300 masl for 6–8 weeks; Dawson et al., 2018; Scott et al., 2018). As well, in the gastrocnemius muscle, this species have elevated expression levels and activity of enzymes involved in fatty acid β-oxidation and oxidative phosphorylation (Cheviron et al., 2012), and a higher density of subsarcolemmal mitochondria (Mahalingam et al., 2017). HA native deer mice can maintain high metabolic rates during acclimatization to hypoxia (Cheviron et al., 2012; Ivy and Scott, 2017). This occurs either in field conditions at HA (Hayes, 1989) or in response to cold exposure (Cheviron et al., 2012). These biochemical changes are supported by high capillarity and oxidative fiber density (Lui et al., 2015), and result in elevated mitochondrial respiratory capacities (Mahalingam et al., 2017). In our mice, liver mitochondria show an increased ETC maximum capacity (NSF pathway) after 3-week hypoxia propelled by an increased activity of complex II, while complex I remains unchanged. Similar enhancement of complex II activity in ETC under hypoxic exposure has been reported in brain cortex of mice and hypoxia-resistant rats (Lukyanova, 1997; Cáceda et al., 2001; Lukyanova et al., 2008; Lukyanova and Kirova, 2015). Contrary to complex I, which is sensitive to drops in intracellular oxygen concentration, the activity of complex II is only dependent on the availability of its substrate: succinate (Hawkins et al., 2010). Remarkably, in mammals, succinate is accumulated in mitochondria during hypoxia (Hohl et al., 1987; Cáceda et al., 1997; Lukyanova et al., 2018) and acts as a stabilizer of HIF-1α by attenuating the activity of the polyhydroxylases (PHDs; which mark HIF1-α for denaturation in normoxic conditions), thus supporting acclimatization to hypoxia (Fuhrmann and Brüne, 2017). Also, succinate is involved with auxiliar (albeit less efficient) avenues to produce ATP by (1) substrate phosphorylation (produces GTP) catalyzed by succinate thiokinase and (2) the reduction of oxalacetate to succinate that is coupled with the reverse reaction of malate dehydrogenase and the concomitant electron transfer to the ETC via complex I (Cáceda et al., 2001). Complex II (succinate dehydrogenase) participates in the second mechanism. Moreover, complex II is also the gateway for cytosolic NADH to enter mitochondria via the glycerophosphate shuttle and for the reduced equivalents from fatty acids oxidation, that way having a great participation in ATP production. Accordingly, the fatty acids metabolism has been suggested to be augmented in high-altitude conditions (León-Velarde and Arregui, 1994). Overall, this supports the notion that an increased CII activity as reported here would promote a more efficient O2 utilization by liver mitochondria in mice. Indeed, the increased activity of complex II is regarded as an “evolutionarily formed, urgent, protective, regulatory, and compensatory mechanism” occurring in most tissues upon hypoxic exposure and during acclimatization (Lukyanova and Kirova, 2015). Contrastingly, Leon-Velarde et al. (1986) reported no changes in the respiration of isolated liver mitochondria in Swiss mice exposed to hypobaric hypoxia (equivalent to 4,400 masl) for 90–120 days concluding that isolated mitochondria are not suitable to perform experiments on the effects of hypoxia. However, the exposure period they tested is long enough to allow mitochondrial ETC to recover levels of respiratory complexes activity seen in normoxic animals (Lukyanova and Kirova, 2015). Finally, we learned that liver mitochondria in mice consume more oxygen than their counterparts in rats regardless of the availability of oxygen and the active electron-transfer pathways. This may explain, at least in part, the higher whole-body O2 consumption in mice compared to rats. Interestingly, during normoxia and the first day of hypoxic exposure, the activation of S and NS pathways is lower in mice than in rats, however, by day 7 of hypoxia such difference in activation disappears hinting to the existence of a “spare capacity” in the liver mitochondrial ETC, a feature observed in other tissues in high-altitude-adapted species (Storz et al., 2010; Lukyanova and Kirova, 2015). Overall, the higher plasticity during acclimatization to hypoxia in mice supports our hypothesis of a genetic background supporting the ability of mice to cope with hypoxia, which is limited or absent in rats.



Why Mice Respond Better to Chronic Hypoxia Than Rats?

Whereas cellular mechanisms work generally at maximum efficiency, especially in the context of energy generation and expenditure, there are cases when “spare” room for further improved efficiency remains as genetical vestiges from ancient more demanding circumstances. This confers populations the capacity to invade new ecological niches thanks to previously acquired appropriate structural and/or functional changes, with the concomitant emergence of multiple “adaptive peaks” (Griffiths et al., 2000), a process called “pre-adaptation” (Monge and León-Velarde, 2003). Indeed, the acclimatizing mitochondrial traits, we observed in mice have been previously posed as well-adaptive or as distinctive from high-altitude adapted species (Lukyanova, 1997; Lukyanova and Dudchenko, 1999; Cáceda et al., 2001; Czerniczyniec et al., 2015; Lukyanova and Kirova, 2015). On the other hand, acclimatizing changes at systemic level in rats are almost exclusively reliant on hematological adjustments, a strategy that has been tagged as disadvantageous due to its limitations to compensate for the reduced levels of oxygen delivery, and instead causing stress to the cardiovascular system (Lumbroso and Joseph, 2009; Storz et al., 2010; Lumbroso et al., 2012) on top of the inadequate or inexistent ventilatory, metabolic, and mitochondrial responses.

Mice (Mus musculus) and rats (Rattus rattus and Rattus norvegicus) are species with very different natural and phylogeographical histories, this can perfectly justify the physiological differences found in their mechanisms of acclimatization to hypoxia. The phylogeographic origin of M. musculus lies in the Irani-, Iraqi-, and Pakistani-Himalayan region, from where they initially colonized European and Asian lands by successfully overcoming migrations across mountain chains facing high-altitude challenges and certainly undergoing processes of natural selection (Bonhomme and Searle, 2012). On the contrary, R. rattus originated in India and South-Asia, and dispersed towards lowlands evading the northern mountain passes (Aplin et al., 2011). Even more contrastingly, R. norvegicus are original from the lowlands of central China and their expansion occurred almost strictly linked to human migration in recent historic times (Song et al., 2014; Puckett et al., 2016). Together with our present and past (Lumbroso and Joseph, 2009; Lumbroso et al., 2012; Jochmans-Lemoine et al., 2015, 2016, 2018; Jochmans-Lemoine and Joseph, 2018) results, this phylogeographic pattern strongly supports the hypothesis of mice being pre-adapted to high-altitude hypoxia.

We conclude that FVB mice and SD rats develop divergent physiological and mitochondrial mechanisms of acclimatization to hypoxia. Mice have an adaptive response with adjustments in oxygen capture, distribution, and utilization that allow them to maintain an unaltered or even increased whole-body and liver-mitochondrial metabolism. On the contrary, rats deploy an excessive and detrimental alteration in oxygen transport systems in blood and fail to trigger adjuvant ventilatory, metabolic, and subcellular procedures, therefore, presenting a deficient acclimatizing response. The adaptive adjustments during the process of acclimatization of mice may explain, at least in part, their ability to colonize high-altitude habitats in contrast to rats and further supports the hypothesis that mice are pre-adapted to high-altitude hypoxia.
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Introduction: Pulmonary artery pressure (PAP) is increased and right ventricular (RV) function is well preserved in healthy subjects upon exposure to high altitude (HA). An increase in PAP may trigger notching of the right ventricular outflow tract Doppler flow velocity envelope (RVOT notch), which is associated with impaired RV function in patients with pulmonary hypertension. However, whether HA exposure can induce RVOT notch formation and the subsequent impact on cardiac function in healthy subjects remains unclear.

Methods: A total of 99 subjects (69 males and 30 females) with a median age of 25 years were enrolled in this study; they traveled from 500 to 4100 m by bus over a 2-day period. All subjects underwent a comprehensive physiological and echocardiographic examination 1 day before ascension at low altitude and 15 ± 3 h after arrival at HA. The RVOT notch was determined by the presence of a notched shape in the RVOT Doppler flow velocity envelope. The systolic PAP (SPAP) was calculated as Bernoulli equation SPAP = 4 × (maximum tricuspid regurgitation velocity)2+5 and mean PAP (mPAP) = 0.61 × SPAP+2. Cardiac output was calculated as stroke volume × heart rate. Pulmonary capillary wedge pressure (PCWP) was calculated as 1.9+1.24 × mitral E/e’. Pulmonary vascular resistance (PVR) was calculated as (mPAP-PCWP)/CO.

Results: After HA exposure, 20 (20.2%) subjects had an RVOT notch [notch (+)], and 79 (79.8%) subjects did not have an RVOT notch [notch (−)]. In the multivariate logistic regression analysis, the SPAP, right ventricular global longitude strain (RV GLS), and tricuspid E/A were independently associated with the RVOT notch. The SPAP, mPAP, PVR, standard deviations of the times to peak systolic strain in the four mid-basal RV segments (RVSD4), peak velocity of the isovolumic contraction period (ICV), and the peak systolic velocity (s’) at the mitral/tricuspid annulus were increased in all subjects. Conversely, the pulse oxygen saturation (SpO2), RV GLS, and tricuspid annulus plane systolic excursion (TAPSE)/SPAP were decreased. However, the increases of SPAP, mPAP, PVR, and RVSD4 and the decreases of SpO2, RV GLS, and TAPSE/SPAP were more pronounced in the notch (+) group than in the notch (−) group. Additionally, increased tricuspid ICV and mitral/tricuspid s’ were found only in the notch (−) group.

Conclusion: HA exposure-induced RVOT notch formation is associated with impaired RV function, including no increase in the tricuspid ICV or s’, reduction of RV deformation, deterioration in RV-pulmonary artery coupling, and RV intraventricular synchrony.

Keywords: high altitude, right ventricular function, right ventricular outflow tract, speckle tracking echocardiography, tissue Doppler imaging


INTRODUCTION

Travelers typically flock to high-altitude (HA) areas. However, hypobaric hypoxia at HA stresses the cardiopulmonary system (Parati et al., 2018). Due to HA-induced hypoxic pulmonary vasoconstriction (HPV), the pulmonary artery pressure (PAP) increases (Naeije, 2019), filling of the left ventricle and right ventricle decreases, and the left ventricular (LV)/right ventricular (RV) diastolic function is altered (Maufrais et al., 2017). In contrast, the LV/RV contractile function remains well-preserved (Osculati et al., 2016; Maufrais et al., 2019; Williams et al., 2019; Sareban et al., 2020). According to previous studies, mild pulmonary hypertension (PH) could decrease RV function, and the RV dysfunction progresses regardless of the treatment of lowering pulmonary vascular resistance (PVR) (van de Veerdonk et al., 2011; Huston et al., 2019).

Notching of the right ventricular outflow tract flow velocity Doppler envelope (RVOT notch) has been widely reported in patients with PH. The RVOT notch is caused by the reflected wave propagating to the pulmonary valve prior to the closure of the valve during a systole. The RVOT notch forms in the context of increased PAP and PVR, decreased pulmonary vascular compliance, and the presence of a reflecting site close enough to the pulmonary valve to allow for the velocity of the reflecting wave (Arkles et al., 2011; Ghimire et al., 2016).

The formation of the RVOT notch was mainly attributed to high PAP (Lopez-Candales and Edelman, 2012). As for patients with PH, it has been reported that the presence of an RVOT notch is associated with deteriorated RV function, such as reduced tricuspid annulus plane systolic excursion (TAPSE), RV fractional area change (FAC), peak systolic velocity of the tricuspid annulus (tricuspid s’), and the ratio of stroke volume index to RV end-diastolic area (Arkles et al., 2011; Lopez-Candales and Edelman, 2012). Even though PAP also increased in healthy subjects upon acute HA exposure, the amount of increase only ranged from mild to moderate. It is unclear whether this moderate increase of PAP induced by HPV led to RVOT notch formation. Additionally, since the RV function in healthy subjects upon acute HA exposure was reported to be well preserved; whether the presence of the RVOT notch in healthy subjects upon acute HA exposure is associated with deteriorated RV function is also unclear. Thus, the mechanism of RVOT notch formation and the relationship between RVOT notch and RV function at HA are worthy to investigate.

In a previous study, we had preliminarily reported that compared to the RVOT notch negative population, the correlation between PAP and intraventricular RV dyssynchrony was much greater in people with an RVOT notch. In this study, we tended to formally characterize the RVOT notch and comprehensively unravel the association between HA-induced RVOT notch and cardiac function.



MATERIALS AND METHODS


Participants and Study Design

This study was approved by the Clinical Research Ethics Board of Army Medical University (Identification Code 201907501) and was registered at www.chictr.org.cn (ChiCTR-TRC-No.1900025728). In June 2019, we conducted this prospective cohort study on the Qinhai–Tibet Plateau. Han Chinese people who were born and permanently lived at a low altitude (≤500 m) were invited to participate in this study. A total of 111 participants were recruited at low altitudes (Chengdu, China, 500 m) to ascend to HA (Litang, China, 4100 m). Of all 111 subjects, five subjects withdrew from the study prior to ascending, and two subjects returned to low altitude because of severe HA illness. Ultimately, 104 subjects successfully ascended to 4100 m (Litang, China) by bus over a 2-day period. Due to the lack of suitable echocardiographic images in five subjects, the final analysis included 99 subjects. These subjects were healthy adults without HA exposure history in the past 6 months and had no recent medication use. Exclusion criteria included the presence of cardiopulmonary disease, cerebrovascular disease, liver disease, kidney disease, or malignant tumors. All physiological and transthoracic echocardiography examinations were performed 1 day prior to ascension at low altitude and 15 ± 3 h after arrived at HA. This study was conducted in accordance with the Declaration of Helsinki, and all subjects provided written informed consent.



Assessment of Physiological Parameters

Pulse oxygen saturation (SpO2) was recorded using a pulse oximeter (ONYX OR9500, Nonin, Plymouth, MN, United States). Blood pressure was measured with the subject in a sitting position using an electronic sphygmomanometer (Omron HEM-6200, Japan) after a 10-minute rest period. Heart rate (HR) data were recorded using the synchronous electrocardiogram during echocardiography. We measured height and weight with a height and weight scale (RGZ-120, I WISH, China) 1 day before ascension at a low altitude. The body mass index (BMI) was calculated as weight/(height)2.



Transthoracic Echocardiography

Echocardiographic examinations were performed by two experienced sonographers equipped with a 2.5 MHz adult transducer using a CX50 ultrasound system (Philips Ultrasound System, Andover, MA, United States) with the subject in the left lateral decubitus position. The dynamic echocardiographic images, which consisted of three consecutive cardiac cycles, were stored digitally for offline analysis using QLAB 10.5 (Philips Healthcare, Andover, MA, United States) in a blinded fashion. All examinations and measurements were performed according to the recommendations of the American Society of Echocardiography (Rudski et al., 2010; Mitchell et al., 2019), and the value of each echocardiographic parameter was averaged from measurements of three consecutive cardiac cycles.

LV end-diastolic volume, LV end-systolic volume, RV basal transverse diameter (RVD base), and RVD mid were measured. RV end-diastolic and end-systolic areas were determined using the apical four-chamber view by manually tracing the RV endocardium. TAPSE was recorded as the peak excursion of the lateral tricuspid annulus, which was measured with M-mode echocardiography. The maximum tricuspid regurgitation velocity (TRV) was evaluated using continuous-wave Doppler. The LV and RV inflow were measured using the apical four-chamber view of pulsed-wave Doppler. The maximum early (E) and late (A) diastolic velocities were recorded. A pulse tissue Doppler was used to assess the velocities of the mitral and tricuspid annuli on the lateral and septal aspects in early diastole and systole. The peak early diastolic velocity of the annulus (e’), peak systolic velocity of the annulus (s’), and peak velocity of the isovolumic contraction period (ICV) were recorded as the average of the lateral and septal values. Stroke volume (SV), left ventricular ejection fraction (LVEF), and cardiac output (CO) were calculated using LV volume data and HR (Lang et al., 2015). RV FAC was calculated as follows: FAC = (end-diastolic area - end-systolic area)/end-diastolic area × 100. Systolic pulmonary artery pressure (SPAP) was calculated with the following modified Bernoulli equation: SPAP = 4 × (TRV)2+5 (Yock and Popp, 1984). The mean PAP (mPAP) was calculated as follows: mPAP = 0.61 × SPAP+2 (Bossone et al., 2013). Pulmonary capillary wedge pressure (PCWP) was calculated using the following equation: PCWP = 1.9+1.24 × mitral E/e’ (Bossone et al., 2013). PVR was derived according to the equation PVR = (mPAP-PCWP)/CO (Bossone et al., 2013).

To investigate the RVOT blood flow, the pulse Doppler sample volume probe was placed 0.5–1 cm proximally to the pulmonic valve in the parasternal short-axis view. The RVOT acceleration time (ATRVOT) and RVOT ejection time (ETRVOT) were measured. The shapes of the RVOT Doppler flow velocity envelope were categorized as notch (+) (in the presence of a notching pattern) and notch (−) (when no notching pattern was present), as previously described (Arkles et al., 2011). The specific notch relevant parameter mid-systolic flow deceleration time (mid-systolic DT) was measured (Takahama et al., 2017).



2D-STE Analysis

Standard 2D grayscale images (frame rate > 60 fps) in the apical two-, three-, and four-chamber views were used for the LV and RV speckle tracking analyses. Apical, basal, and mid-level parasternal short-axis views of three consecutive beats were also recorded. Using QLAB software v10.5, the operator manually adjusted the region of interest to include all segments of the ventricular myocardium. These were then traced by an algorithm, which automatically calculated the peak strain of each segment on different images.

The LV global longitudinal strain (GLS) was defined as the mean of 17 segments that was calculated on the apical two-, three- and four-chamber images. The LV global circumferential strain (GCS) was defined as the average peak strain in each segment of the basal, mid-, and apical levels using parasternal short-axis images. The RV GLS was defined as the mean of six segments on the RV-focused four-chamber image.

To analyze LV/RV dyssynchrony, the time from the onset of the QRS complexes to the peak strain of each segment on ECG was calculated and correlated to the R-R interval according to Bazett’s formula: corrected interval = measured time to peak strain/(RR interval)1/2. The standard deviation (SD) of the correlated interval for the 12 mid-basal LV segments was termed the TS-12SD (Zoroufian et al., 2014), whereas the SD for the four mid-basal RV segments was termed the RV-SD4 (Badagliacca et al., 2015).



Reproducibility

To determine the intraobserver variability, data from 10 subjects at a low altitude and 10 subjects at a HA were randomly selected and evaluated twice by the same observer with a 1-month interval between evaluations. Interobserver variability was determined by comparing the evaluations conducted by two separate observers blinded to each other. The intra- and interobserver variabilities for the echocardiographic variables are presented in Supplementary Table S1.



Statistical Analysis

All statistical analyses were performed using SPSS software (Version 22.0, IBM Corp., Armonk, NY, United States). Continuous variables are presented as mean ± standard error of mean if normally distributed or as median and interquartile range if not normally distributed, according to the Kolmogorov-Smirnov test. The paired t-test or Wilcoxon test was used to analyze the differences between paired variables at low altitude and HA, whereas the unpaired variables in the notch (−) and notch (+) groups at low altitude or HA and the unpaired variables in notch (+) subjects with mid-systolic DT < 120 ms and with mid-systolic DT > 120 ms were compared using the independent sample t-test or Mann-Whitney U test. Univariate logistic regression analysis was used to identify the relevant variables associated with RVOT notch. The variables with P-value < 0.05 were included in the multivariate logistic regression analysis. Category variables are presented as a number (percentage) and compared using the chi-square test. Statistical significance was set at P < 0.05.



RESULTS


Subject Characteristics

The 99 subjects consisted of 69 men and 30 women with a median age of 25 years and an average BMI of 22.2 kg/m2. No subject was found to have an RVOT notch at low altitude. Upon HA exposure, an RVOT notch was identified in 20 subjects (20.2%) (Figure 1). There were no significant differences in age, sex, or BMI between the notch (+) and notch (−) groups. Following HA exposure, subjects in all groups had increased systolic blood pressure, diastolic blood pressure, and HR. Both groups also had decreased SpO2 following HA exposure, with the notch (+) group experiencing a lower SpO2 level than the notch (−) group (P = 0.039) (Table 1 and Figure 2).
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FIGURE 1. Occurrence of RVOT notch in healthy subjects at low altitude and upon acute HA exposure. (A) The occurrence of RVOT notch in healthy subjects was 0% at low altitude. Following HA exposure, the occurrence of RVOT notch in healthy subjects was 20.2%. (B) Morphology of the RVOT Doppler flow velocity envelope with or without RVOT notch. (1) RVOT Doppler flow velocity envelope in healthy subjects at low altitude was parabolic in shape. (2) Healthy subjects upon HA exposure with notched RVOT Doppler flow velocity envelope.



TABLE 1. Physiologic parameters in the subjects with or without RVOT notch at low altitude and high altitude.
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FIGURE 2. Differences in SpO2, SPAP, and TAPSE/SPAP between notch (−) and notch (+) groups at low altitude and HA. Different levels of (A) SpO2, (B) SPAP, and (C) TAPSE/SPAP in total subjects, notch (−) subjects and notch (+) subjects upon HA exposure are shown. Differences between notch (−) subjects and notch (+) subjects in (A) SpO2, (B) SPAP, and (C) TAPSE/SPAP were compared at low altitude and HA. Values are presented as mean and standard error of mean. *P < 0.05, **P < 0.01. Abbreviations as in Tables 1, 3.





LV Function

After HA exposure, SV and LV GLS decreased, GCS did not change, and the LVEF, CO, mitral ICV, and TS-12SD increased in all subjects. The mitral s’ in the notch (−) group increased upon HA exposure, but the mitral s’ in the notch (+) group did not change. Following HA exposure, the mitral E, mitral E/A, and mitral E/e’ decreased in all subjects. However, the mitral A increased in all subjects following HA exposure, with a higher value in the notch (+) group than in the notch (−) group. The mitral E/A at HA in the notch (+) group was lower than that in the notch (−) group (Table 2).


TABLE 2. Left ventricular parameters in subjects with or without RVOT notch at low altitude and high altitude.
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Pulmonary Hemodynamics and RV Function

Upon HA exposure, TRV, SPAP, mPAP, and PVR increased in all subjects; however, this increase was greater in notch (+) subjects. The ATRVOT, ETRVOT, ATRVOT/ETRVOT, and PCWP decreased in all subjects, except for ETRVOT in notch (+) subjects. The RVD base did not change in all subjects. The RVD mid increased in all subjects, which was majorly observed in the notch (+) group. The RV FAC, TAPSE, and RV GLS decreased in both groups, and the change in RV GLS was greater in the notch (+) group. The tricuspid s’ and tricuspid ICV increased after HA exposure in the notch (−) group (Figure 3). Additionally, the RV GLS decreased in both groups upon HA exposure and was lower in the notch (+) group than in the notch (−) group (Figure 4). The two-dimensional strain of the middle segment in the right ventricular free wall (2DS RVFW mid) and 2DS RVFW base in the notch (+) group at HA were lower than those in the notch (−) group. The TAPSE/SPAP decreased in all subjects after HA exposure, with a greater decrease in the notch (+) group (Figure 2). The RVSD4 increased in all subjects upon HA exposure, and it was more pronounced in the notch (+) group (Figure 4). After HA exposure, the tricuspid A in the notch (+) group was higher than that in the notch (−) group, and the tricuspid E/A in the notch (+) group was lower than that in the notch (−) group (Table 3). Categorizing notch (+) subjects into two groups according to mid-systolic DT (Takahama et al., 2017), we determined the RVD base and RVD mid were larger in mid-systolic DT < 120 ms group than those in mid-systolic DT > 120 ms group (Supplementary Table S2).
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FIGURE 3. Tricuspid pulse Doppler velocity analysis in subjects with and without RVOT notch. Different changes in tricuspid ICV (A) and s’ (B) in notch (−) subjects and notch (+) subjects upon HA exposure. (C) and (D) Left panel: pulse tissue Doppler velocity curves of the tricuspid annulus in notch (−) and notch (+) subjects at low altitude and HA. Right panel: examples of the pulse TDI at tricuspid annulus in a subject without RVOT notch (C) and a subject with RVOT notch (D). TDI, tissue Doppler imaging; *P < 0.05, **P < 0.01. Other abbreviations as in Table 3.
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FIGURE 4. Evaluation of RV GLS and dyssynchrony in subjects with and without RVOT notch from low altitude to HA. Different levels of (A) RVSD4 and (B) RV GLS in total subjects, notch (−) subjects, and notch (+) subjects upon HA exposure are shown. (C) and (D) Examples illustrating the 2D-STE measurements of RV GLS and RV dyssynchrony in a subject without RVOT notch (C) and a subject with RVOT notch (D) at HA. *P < 0.05, **P < 0.01. Abbreviations as in Table 3.



TABLE 3. Pulmonary circulation and right ventricular parameters in subjects with or without RVOT notch at low altitude and high altitude.
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Determinants of RVOT Notch

In multivariate logistic regression analysis, SPAP (OR, 1.14; 95% CI, 1.05 to 1.23; P = 0.001), RV GLS (OR, 0.74; 95% CI, 0.60 to 0.93; P = 0.011), and tricuspid E/A (OR, 0.13; 95% CI, 0.03 to 0.68; P = 0.016) were found to be independently associated with RVOT notch (Supplementary Table S3).



DISCUSSION

Following rapid elevation gain, an RVOT notch was found in 20 (20.2%) healthy subjects. SpO2, RV deformation, the level of RV-PA coupling, and RV intraventricular synchrony were decreased in all subjects, while the RV afterload, biventricular s’, and ICV were increased in all subjects. However, the increase in the RV afterload and the decrease in SpO2, RV deformation, RV-PA coupling, and RV intraventricular synchrony were more pronounced in subjects with an RVOT notch. Moreover, the mitral s’, tricuspid s’, and tricuspid ICV in subjects with an RVOT notch did not increase upon HA exposure. These results suggest that HA exposure induced the RVOT notch formation, which may be related to impaired RV function.


Association of RVOT Notch, PAP, and SpO2 Upon HA Exposure

In previous studies, the RVOT notch was mainly observed in patients with chronic PH, especially in those with pulmonary vascular disease (Arkles et al., 2011; Takahama et al., 2017). Patients with low arterial compliance, high arterial resistance, and/or a pulmonary embolism proximal to the pulmonary valve may have a pulmonary vascular reflected wave on Doppler, which is seen as a notched Doppler flow velocity contour in the RVOT if the reflected wave rapidly propagates to the pulmonary valve prior to its closure (Torbicki et al., 1999; Arkles et al., 2011). In this study, we found that RVOT notch formation in subjects upon HA exposure is associated with higher SPAP, which is in accordance with the previous finding in PH patients (Lopez-Candales and Edelman, 2012). Upon HA exposure, alveolar hypoxia-induced HPV and inhomogeneous pulmonary vasoconstriction facilitated the ventilation–perfusion matching in the regional lung (Sommer et al., 2008). According to previous studies, SpO2 decreases and SPAP increases with rising altitude (Penaloza and Arias-Stella, 2007). Furthermore, in patients receiving bosentan for PH, SpO2 levels significantly increase with an increase in altitude (Modesti et al., 2006; Mellor et al., 2014). Thus, patients with lower SpO2 are more likely to experience HPV of greater magnitude as an attempt to maintain the ventilation–perfusion balance, which leads to higher SPAP and PVR. Although the presence of an RVOT notch in patients with PH indicates a high SPAP (Kubba et al., 2016), the uneven HPV at HA might induce a reflection site proximal to the pulmonary valve, which leads to the formation of an RVOT notch.



LV Function

Similar to previous studies, our results indicated that LV filling is decreased and LV contractile function is preserved in subjects upon HA exposure (Maufrais et al., 2017, 2019). Although the LV filling is decreased, the HR is increased. The maintained LV function might due to the increase of sympathetic activation. According to a previous study, LV function is not related to RVOT notch formation due to the absence of an RVOT notch in left-heart-disease-associated PH (Kushwaha et al., 2016). However, hypoxia may affect LV function in notch (+) subjects with a lower SpO2. Thus, the increase of mitral s’ in the notch (+) group was blunted in this study. At HA, no difference in TS-12SD was found between the two groups in this study, indicating that upon HA exposure, the SpO2 has little effect on LV dyssynchrony.



Impact of RVOT Notch on RV Function Evaluated by Conventional Echocardiography

In our study, we found that the presence of an RVOT notch indicates impaired RV function in healthy subjects upon HA exposure, which is consistent with previous studies that reported advanced RV dysfunction in PH patients with RVOT notch (Arkles et al., 2011; Lopez-Candales and Edelman, 2012). Previous reports of the changes in RV FAC and TAPSE vary from a decrease (Kurdziel et al., 2017; Netzer et al., 2017), to no change (Maufrais et al., 2017, 2019), and to an increase upon HA exposure (Sareban et al., 2020). These inconsistent results may be due to different exposure times and ascending altitudes, or states of dehydration, all of which have been associated with RV adaptation upon HA exposure. In the present study, we found that the TAPSE and RV FAC decreased upon HA exposure. Although RV contractility may increase in response to the acutely increased RV afterload to maintain the pump function and RV-PA coupling (Naeije et al., 2014), the appropriately increased RV contractility upon HA exposure that is mirrored by load-dependent RV FAC and TAPSE may be under detected due to hypovolemia-induced RV FAC and TAPSE reduction via the Frank-Starling mechanism in patients with moderately increased PAP (Rudski et al., 2010; Najafian et al., 2015; Stembridge et al., 2016; Zhao et al., 2019).

TAPSE/SPAP is noninvasively measured for the evaluation of RV-PA coupling and correlates well with the gold standard multi-beat end-systolic/arterial elastance ratio in patients with PH (Tello et al., 2019; Richter et al., 2020). In this study, the decrease of TAPSE/SPAP in all subjects indicates that the level of RV-PA coupling was decreased in healthy subjects upon HA exposure. The more significant decrease of TAPSE/SPAP in the notch (+) group was attributed to the higher SPAP. The comparable TAPSE between notch (−) and notch (+) groups suggests that the RV contractility in the notch (+) group is maladaptive to the higher RV afterload upon HA exposure. TAPSE/SPAP has been reported to be positively correlated with VO2 peak and workload during cardiopulmonary exercise testing (Martens et al., 2018; Tello et al., 2018). Thus, although TAPSE/SPAP was maintained within a normal range, lower TAPSE/SPAP in the notch (+) subjects upon HA exposure may indicate lower work capacity.



Impact of RVOT Notch on RV Function Evaluated by TDI

Upon HA exposure, the load-independent tricuspid s’ and ICV increased in the context of increased PAP (Abali et al., 2005; Rudski et al., 2010; Negishi et al., 2017), which indicates an increased RV inotropic function in response to the elevated RV afterload (Vonk Noordegraaf et al., 2017). This enhancement of myocardial contractility may be attributed to homeometric autoregulation or sympathetic activation (Rex et al., 2007, 2008). The association of RV contractility with sympathetic activation upon HA exposure is supported by a previous report, which suggests that the tricuspid s’ is correlated with HR (Sareban et al., 2020). However, in the notch (+) group, the tricuspid s’ and ICV did not increase to match the increased RV afterload, leading to a blunted RV contractile response upon HA exposure. This may be due to the fact that the positive inotropic effect of homeometric autoregulation or sympathetic activation was overwhelmed by the negative inotropic effect of hypoxia in notch (+) subjects with lower SpO2 (Silverman et al., 1997).



Impact of RVOT Notch on RV Function Evaluated by 2D-STE

Although the conventional RV function parameters RV FAC and TAPSE were comparable in both groups at HA in this study, the 2D-STE RV function parameter RV GLS was lower in the notch (+) group, especially in the base and mid segments of RVFW. This may be due to the fact that the RV GLS is a more sensitive and accurate assessment for detecting subclinical RV dysfunction than TAPSE and RV FAC (Giusca et al., 2010; Li et al., 2018; Tamulenaite et al., 2018). Even in mild PH, when FAC does not change, the RV GLS begins to decrease (Li et al., 2013). Moreover, the correlation of RV GLS with the gold standard cardiac magnetic resonance-derived RV ejection fraction (RVEF) is better than the correlation of RV FAC and TAPSE with RVEF (Tong et al., 2018; Kavurt et al., 2019); a lower RV GLS may indicate a lower RVEF in notch (+) subjects. These findings are consistent with those of a previous study which reported that the presence of an RVOT notch was related to a reduced RV SV index in patients with PH (Arkles et al., 2011). Intraventricular RV dyssynchrony is an early sign of RV contractile dysfunction. In our previous study, we had found that notch (+) cases in RV dyssynchrony (−) subjects and RV dyssynchrony (+) subjects were comparable. However, in this study, we found that the RVOT notch was associated with higher RVSD4, which is the indicator of RVD. This inconsistency may be attributed to the different ascending modes, exposure times, and ratio of males and females. In the present 2-day period HA exposure study, the subjects with an RVOT notch are more prone to suffer intraventricular RV mechanical dyssynchrony (RVSD4 > 18.7 ms) compared with subjects without an RVOT notch (Badagliacca et al., 2015; Yang et al., 2020). In this study, higher RV dyssynchrony was accompanied by a lower RV GLS. A similar observation was reported in patients after hemodialysis (Unlu et al., 2019).



Impact of Mid-Systolic DT on Cardiac Function

Previous studies reported that PH patients with mid-systolic DT < 120 ms had worse clinical outcomes compared with those subjects with mid-systolic DT > 120 ms (Takahama et al., 2017). In this study, the RVD base and RVD mid in mid-systolic DT < 120 ms group were larger than those in mid-systolic DT > 120 ms group. RV dilation is a sign of RV maladaptation in response to high PAP; however, the outcomes of subjects with mid-systolic DT < 120 ms upon HA exposure still need long-term follow-up studies to investigate.

Several limitations in this study should be noted. For ethical reasons, cardiac catheterization, the gold standard for the measurement of cardiac hemodynamics, was not performed in this study. As 30 females (30.3% of total subjects) were included in this study and the menstrual cycle in female participants may affect heart physiology, menstrual cycle information should be collected, and its association with RVOT notch needs to be investigated. Acute mountain sickness was reported to be associated with reduced LV function, whereas, as this study mainly focused on the association of RVOT notch with RV function, acute mountain sickness cases were not excluded. As the subjects in this study returned to low altitude within two months, the long-term association of an RVOT notch with RV function was not studied. It is not clear whether the subjects with RVOT notch are more likely to develop HA heart disease. Furthermore, the cardiopulmonary exercise test to investigate RV contractile reserves in subjects with an RVOT notch should be performed in future studies as the RV function in these subjects is maladapted to HA exposure. It would be valuable to see whether the RVOT notch would reverse to normal after notch (+) subjects returned to sea level and whether a lower exercise capacity could be observed in the notch (+) subjects at sea level via cardiopulmonary exercise test.



CONCLUSION

Our study revealed that HA exposure-induced RVOT notch formation may be attributed to high PAP and low SpO2. The presence of an RVOT notch upon HA exposure was associated with impaired RV function as the tricuspid ICV and s’ did not increase, the RV deformation reduced, the RV-PA coupling deteriorated, and RV intraventricular dyssynchrony was observed. Therefore, an RVOT notch may be a potential echocardiographic sign representing impaired RV function at HA. However, whether the impaired RV function in subjects with RVOT notch upon HA exposure persists or is transient still needs further investigation.
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Adenosine A2A receptors (A2AR) and dopamine D2 receptors (D2R) are known to be involved in the physiological response to hypoxia, and their expression/activity may be modulated by chronic sustained or intermittent hypoxia. To date, A2AR and D2R can form transient physical receptor–receptor interactions (RRIs) giving rise to a dynamic equilibrium able to influence ligand binding and signaling, as demonstrated in different native tissues and transfected mammalian cell systems. Given the presence of A2AR and D2R in type I cells, type II cells, and afferent nerve terminals of the carotid body (CB), the aim of this work was to demonstrate here, for the first time, the existence of A2AR–D2R heterodimers by in situ proximity ligation assay (PLA). Our data by PLA analysis and tyrosine hydroxylase/S100 colocalization indicated the formation of A2AR–D2R heterodimers in type I and II cells of the CB; the presence of A2AR–D2R heterodimers also in afferent terminals is also suggested by PLA signal distribution. RRIs could play a role in CB dynamic modifications and plasticity in response to development/aging and environmental stimuli, including chronic intermittent/sustained hypoxia. Exploring other RRIs will allow for a broad comprehension of the regulative mechanisms these interactions preside over, with also possible clinical implications.

Keywords: carotid body, type I cells, adenosine A2A receptors, dopamine D2 receptors, heterodimes, in situ PLA


INTRODUCTION

In mammals and humans, the carotid bodies (CBs) are chemosensory organs located at the bifurcations of the common carotid arteries with a critical role in maintaining homeostasis during both development/aging (Di Giulio, 2018; Sacramento et al., 2019) and environmental variations (e.g., levels of O2, CO2, and arterial blood pH) (Iturriaga and Alcayaga, 2004; Iturriaga et al., 2016; Prabhakar and Peng, 2017; Di Giulio, 2018; Iturriaga, 2018) with also a sensing function with respect to metabolic factors (Porzionato et al., 2011; Conde et al., 2018; Cunha-Guimaraes et al., 2020; Sacramento et al., 2020).

The CB regulatory function is strictly related to its specific organization. Morphologically, in the CB parenchyma two types of cells can be distinguished: “neuron-like” chemosensitive type I cells, positive for tyrosine hydroxylase (TH), and “glial-like” supportive type II cells, positive for glial fibrillary acidic protein (GFAP) (Pardal et al., 2007; Tse et al., 2012). Sensitive innervation of the CB is mainly mediated by afferent terminals of the carotid sinus nerve, branch of the glossopharyngeal nerve, arising from neurons located in the petrosal ganglion (PG).

Neurotransmission in the CB involves a complex interplay of excitatory and inhibitory signals (Iturriaga and Alcayaga, 2004; Nurse, 2005; Fitzgerald et al., 2009; Porzionato et al., 2018; Stocco et al., 2020). Type I cells produce several neurotransmitters [e.g., dopamine, noradrenaline, adrenaline, acetylcholine, serotonin, adenosine, adenosine 5′-triphosphate (ATP)] and neuromodulators (e.g., enkephalins, neuropeptide Y, calcitonin gene-related peptide, galanin, endothelins, bombesin, adrenomedullin, kisspeptins, leptin) (Varas et al., 2003; Iturriaga and Alcayaga, 2004; Porzionato et al., 2008), in turn acting in an autocrine/paracrine manner on a broad spectrum of different ionotropic/metabotropic receptors located in afferent nerve fibers, type I cells, and type II cells, these latter also showing a role in the coordination of chemosensory transduction (Nurse, 2014; Porzionato et al., 2018; Stocco et al., 2020). Among these receptors, some metabotropic G protein-coupled receptors (GPCRs) (e.g., A2A, D1/2, H1/2/3, M1/2, 5-HT2A, and others) are also involved; in particular, A2A and D2 have attracted the attention of many researchers, resulting among the most studied GPCRs (Aldossary et al., 2020).

The presence of A2AR was verified in rat (Gauda, 2000; Kobayashi et al., 2000; Xu et al., 2006; Bairam et al., 2009) and human (Fagerlund et al., 2010) CB specimens, where it showed to be expressed in type I cells, colocalizing with tyrosine-hydroxylase (TH) (Gauda, 2000; Gauda et al., 2000; Kobayashi et al., 2000; Bairam et al., 2009) or β-III-tubulin (Fagerlund et al., 2010). Considering the methodological approaches, different techniques were adopted, including in situ hybridization analysis (Gauda, 2000), immunohistochemistry (Kobayashi et al., 2000; Fagerlund et al., 2010), Western blot analysis (Bairam et al., 2009), and Ca2+ imaging technique (Xu et al., 2006). Also, D2R presence was reported in CB type I cells in rats (Czyzyk-Krzeska et al., 1992; Holgert et al., 1995; Gauda et al., 1996, 2001; Bairam and Khandjian, 1997; Gauda, 2000; Kinkead et al., 2005; Wakai et al., 2015), rabbits (Bairam et al., 1996b; Bairam and Khandjian, 1997; Bairam et al., 2003), cats (Bairam and Khandjian, 1997), and humans (Fagerlund et al., 2010). CB specimens were analyzed through in situ hybridization (Czyzyk-Krzeska et al., 1992; Holgert et al., 1995; Gauda, 2000), RT-PCR (Bairam et al., 1996b, 2003; Bairam and Khandjian, 1997; Kinkead et al., 2005), and immunofluorescence (Wakai et al., 2015).

Apart from type I cells, some data support the expression of A2AR and D2R also in type II cells (Kaelin-Lang et al., 1998; Leonard and Nurse, 2020). Additionally, A2AR (Gauda, 2000; Gauda et al., 2000; Conde et al., 2006, 2017, 2012; Zhang et al., 2018; Sacramento et al., 2019) and D2R (Czyzyk-Krzeska et al., 1992; Schamel and Verna, 1993; Bairam et al., 1996a, b) were also demonstrated in PG neurons and afferent fibers in the CB.

As demonstrated for transfected mammalian cell systems and different native tissues (i.e., central nervous system, mammary gland, liver, cancer tissues), A2AR and D2R can establish transient physical receptor–receptor interactions (RRIs) giving rise to a dynamic equilibrium between their specific monomeric form and homo/heterocomplexes (dimers or receptor mosaics) (Ferré et al., 2014; Guidolin et al., 2015). Such RRIs, in turn, likely modulate ligand binding and signaling, thus affecting the physio-pathological features but also the pharmacology of the nervous system.

Despite that the presence of A2AR and D2R has been broadly recognized in the CB, the possible existence of A2AR–D2R heterodimers was never verified before, but only hypothesized in a previous work (Porzionato et al., 2018). Thus, in this study, rat and human CB specimens were investigated by proximity ligation assay (PLA) technique to assess the eventual interaction between A2AR and D2R, thus corroborating the above working hypothesis and possibly opening the doors to the analysis of further possible RRIs in the CB.



MATERIALS AND METHODS


Tissue Collection

The animal study was reviewed and approved by the ethical committee of Padua University, in agreement with the Italian Department of Health guidelines (Authorization No. 702/2016-PR of July 15, 2016). Human tissues were managed by the Body Donation Program of the Section of Human Anatomy, University of Padova (Macchi et al., 2011; Porzionato et al., 2012), according to European, Italian, and Regional guidelines (De Caro et al., 2009; Riederer et al., 2012). Excision was further authorized by the Italian law No. 10 of February 10, 2020, entitled “Rules regarding the disposition of one’s body and post-mortem tissues for study, training, and scientific research purposes” (Boscolo-Berto et al., 2020). Donors’ written informed consent was signed upon joining the Body Donation Program; here, Donor’s authorization expressly allowed to use Body and Body Parts also for research purposes, after donation.

Rat CBs were excised from 5 adult Sprague-Dawley rats; tissue isolation occurred immediately after euthanasia. Human CBs were obtained at autopsy from 5 adult subjects [3 males, 2 females; mean age 46 years, standard deviation (SD) ± 3.6] with no clinical sign of chronic pulmonary and/or cardiovascular diseases. Eventual pharmacological therapies that could have influenced the CB plasticity constituted a further exclusion criterion. Autopsies occurred within 30 h after death, according to Italian Law. On the basis of our previous experience (Porzionato et al., 2005, 2006, 2011), the tissues are viable and adequate for immunohistochemistry/immunofluorescence studies after this death–autopsy interval.

According to routine protocols, once isolated, the CBs were promptly fixed in 10% phosphate-buffered formalin for 72 h, dehydrated through ascending alcohols and xylene, clarified through xylene, and paraffin embedded.



Immunohistochemical Analysis

Preliminarily, the primary antibodies used were tested by immunohistochemistry; this is an important step before PLA assay, whose performance critically depends on the antibodies’ quality as the GPCR antibodies are notoriously problematic (Michel et al., 2009; Trifilieff et al., 2011).

Longitudinal serial sections of the whole fixed carotid bifurcation (5 μm in thickness) were prepared, dewaxed according to routine protocols, and immunostained by anti-A2AR antibody (monoclonal mouse antibody; ab79714, Abcam, United Kingdom) and anti-D2R antibody (polyclonal rabbit antibody; ab150532, Abcam). The anti-A2AR antibody and the anti-D2R antibody were used with a dilution of 1:100 and 1:200, respectively; antigen retrieval occurred before both staining with high pH (EnVisionTM FLEX, High pH, K8012) and low pH (EnVisionTM FLEX, Low pH, K8005) buffer. The sections were incubated using the DAKO Autostainer Plus Staining System (EnVisionTM FLEX, High pH). Immunostaining specificity was confirmed by sections incubated without primary antibody, which did not show immunoreactivity.



Proximity-Ligation Assay (PLA)

PLA technology allows easy visualization of endogenous protein–protein interactions at the single-molecule level. The method relies on the use of combinations of antibodies coupled to complementary oligonucleotides that are amplified and revealed with a fluorescent probe. Each single protein–protein interaction is visualized as a fluorescent spot.

In situ PLA was performed according to the manufacturer’s instructions on 5-μm rat and human CB slices using the following: mouse anti-A2A primary antibody (dilution: 1:100); rabbit anti-D2R primary antibody (dilution: 1:200); Duolink® in situ PLA detection kit (DUO92014, Sigma-Aldrich, St Louis, MO, United States); Duolink® anti-rabbit PLUS probe (DUO92002, Sigma-Aldrich); and Duolink® anti-mouse MINUS probe (DUO82040, Sigma-Aldrich). Briefly, the slices were blocked with Duolink® blocking solution, in a humid chamber for 60 min at 37°C and then incubated with the primary antibodies (anti-A2AR and anti-D2R) solution prepared in the antibody diluent solution; incubation occurred in a humid chamber for 1 h at room temperature (RT). Thereafter, the primary antibody solution was tapped off and the slices were washed with wash buffer at RT, before incubation with the anti-rabbit and anti-mouse secondary antibody-conjugated PLA probes in a preheated humidity chamber, for 1 h at 37°C. After hybridization, ligation and amplification steps were performed. For TH and S100 colocalization analysis, after the amplification step, the slices were rinsed in wash buffer and (a) incubated with anti-TH (1:6,000) in Antibody Diluent solution (Dako) or (b) incubated with anti-S100 (1:7,000) in a humid chamber at 4°C, overnight. Subsequently, after a wash in PBS, incubation was performed using mouse Alexa Fluor-488 (1:100; 1 h at RT) for TH or rabbit Alexa Fluor-488 (1:500; 1 h at RT) for S100. Thereafter, the sections were rinsed in PBS and mounted with Vectashield mounting medium for fluorescence with DAPI (Vector Laboratories, Burlingame, CA, United States) for 15 min at RT.

Immunofluorescence and PLA signals were analyzed and acquired with Zeiss800 confocal microscope equipped with 63× oil objective (NA = 1.4). For each field of view, z-stacks were acquired for a total thickness of 10 μm. Images were acquired enabling the identification of the A2AR–D2R heterodimers at confocal microscopy as red dots. In order to better detail the localization of the red dots with reference to nuclei and membranes of different cell types, images were analyzed with the help of z projections and 3D volume rendering through different perspectives. This permitted to better localize the red dots without bias due to plane overlapping. In particular, Z-stacks were acquired and exported with ZenBlue software. For image visualization in 2D, z projections were performed with FIJI software, while 3D volume rendering was reconstructed with IMARIS software.

Negative control experiments were performed avoiding the conjugation of the primary antibodies with the Duolink® Probes; in turn, no positive reaction occurred, and no red dots were visualized. The specificity of the double immunolabeling was verified by replacing the primary antibodies with PBS.

Quantification of the PLA signal was performed on z-stack images, and the number of red dots was manually counted with ImageJ, using the cell counter plugin. The average data referring to the density of positive PLA elements ± SD are related to images acquired from at least 3 randomly chosen fields from three slides of each animal/patient. The percentages of colocalization of red dots with TH and S100 immunostainings were also calculated.




RESULTS


A2AR and D2R by Immunohistochemistry

Adenosine A2AR and dopamine D2R were identified through immunohistochemistry in both rat and human CBs (Figure 1). Considering 3′-diaminobenzidine tetrahydrochloride (DAB) distribution, A2AR- and D2R-positive elements were mainly localized in correspondence of type I cells, being similarly arranged in clusters. However, partial immunostaining of A2AR and D2R also in type II cells and PG nerve terminals cannot be excluded.
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FIGURE 1. Distribution of adenosine A2AR and dopamine D2R in rat and human CB. Positive immunostaining in clusters of roundish cells is consistent with type I cells, although some positive elongated cells may be considered as type II cells. Scale bar: 50 μm.




Detection of the A2AR–D2R Heterodimers by PLA

PLA is an antibody-based method to detect biomolecules in physical proximity, and thus, it is recognized as an important experimental approach to demonstrate physical RRIs when native molecules are localized within a radius of 0–16 nm, a distance considered crucial for heteromer formation. Only in case of physical closeness of proteins will a signal be produced. Here, possible heterodimerization between A2AR and D2R was verified through PLA. Under a confocal microscope, in both rat and human CBs, most red dots were recognized close to the DAPI-stained nuclei but not inside them, supporting location at the plasma membrane level; 3D visualization of the tissues allowed for a better topographical analysis (Figures 2, 3). As it regards the few red dots which were far away from the nuclei, we cannot exclude a localization in afferent terminals from the carotid sinus nerve. A homogeneous distribution of heterodimers was observed in all specimens with a mean density (± standard deviation) of (3.5 ± 0.67) × 10–3 heterodimers/μm2 and (5.9 ± 1.4) × 10–3 heterodimers/μm2 in rat and human samples, respectively.
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FIGURE 2. (A) Evidence for the existence of A2AR–D2R heterodimers in rat CB samples by PLA. Red dots showed the proximity of adenosine A2AR and dopamine D2R, indicating A2AR–D2R heterodimerization. The merged images highlighted the A2AR–D2R localization with respect to the cell nuclei (blue-fluorescent DAPI). Scale bar: 25 μm. (B) Representative 3D volume rendering of a sample area from (A) allowing assessment of red dot localization with respect to the cell nuclei. (C) Representative image of nuclei/red dots apparently appearing as superimposed (white dotted square in the image; corresponding magnification on the right side insert) and visualized in detail through z projection (lower right insert), thus showing a localization adjacent to the nucleus, but not inside it. Scale bar: 20 μm.



[image: image]

FIGURE 3. (A) Evidence for the existence of A2AR–D2R heterodimers in human CB samples by PLA. Red dots showed the proximity of adenosine A2AR and dopamine D2R, indicating A2AR–D2R heterodimerization. The merged images highlighted the A2AR–D2R localization with respect to the cell nuclei (blue-fluorescent DAPI). Scale bar: 25 μm. (B) Representative 3D volume rendering of a sample area from (A) allowing assessment of red dot localization with respect to the cell nuclei. (C) Representative image of nuclei/red dots apparently appearing as superimposed (white dotted square in the image; corresponding magnification on the right side insert) and visualized in detail through z projection (lower right insert), thus showing a localization adjacent to the nucleus, but not inside it. Scale bar: 20 μm.


After PLA, specific TH and S100 immunostaining was also performed to distinguish type I and type II cells. This methodological approach allowed to assess by confocal microscopy the localization of the A2AR–D2R heterodimers with respect to the CB constituent cells. In all stained specimens, S100-immunopositive cells, corresponding to type II cells, were specifically visualized as yellow elements; TH immunoreactivity was observed in the cytoplasm of CB type I cells and visualized in green (Figure 4). We cannot exclude possible visualization of TH-positive afferent nerve fibers, as also PG terminals may be TH immunoreactive (Katz et al., 1983; Katz and Black, 1986).
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FIGURE 4. TH and S100 immunofluorescence in representative rat and human CB samples after A2AR–D2R PLA. Red dots showed A2A–D2 receptors heterodimers; anti-TH (visualized in green) and anti-S100 (visualized in yellow) staining allowed to distinguish type I and type II cells, respectively. Cell nuclei were recognizable after DAPI staining (visualized in blue) in the merge images. Scale bar: 25 μm.


In rats, the percentages of TH and S100 colocalizations of red dots were 51.49 ± 5.97 and 55.84 ± 3.63, respectively. In human samples, the percentages of TH and S100 colocalizations of red dots were 60.65 ± 8.49 and 50.75 ± 6.30, respectively. Significant differences were not found between TH and S100 colocalizations in the two different species.

As previously stated, the presence of red dots far away from nuclei and possibly positive for TH may be interpreted as localization of A2AR–D2R heterodimers in PG terminals, as they may express A2AR (Gauda, 2000; Gauda et al., 2000; Conde et al., 2012; Zhang et al., 2018; Sacramento et al., 2019) and D2R (Czyzyk-Krzeska et al., 1992; Schamel and Verna, 1993; Bairam et al., 1996a, b).




DISCUSSION

Type I CB cells release many different neurotransmitters (i.e., acetylcholine, adenosine, ATP, dopamine) with excitatory or inhibitory effects (Iturriaga and Alcayaga, 2004). Among the main receptors mediating adenosine and dopamine function in the CB, A2AR, and D2R are included. Experimental data support the presence of A2AR (Gauda, 2000; Gauda et al., 2000; Kobayashi et al., 2000; Xu et al., 2006; Bairam et al., 2009; Fagerlund et al., 2010) and D2R (Czyzyk-Krzeska et al., 1992; Holgert et al., 1995; Gauda et al., 1996, 2001; Bairam et al., 1996b, 2003; Bairam and Khandjian, 1997; Gauda, 2000; Kinkead et al., 2005; Fagerlund et al., 2010; Wakai et al., 2015) in CB type I cells. Kaelin-Lang et al. (1998) also recognized, by in situ hybridization on rats, A2AR-positive elements likely attributable to type II cells. Even referring to D2R, a recent paper by Leonard and Nurse (2020), considering the possible inhibitory role of dopamine on type II cell function, suggests D2R localization in type II cells. Our data indicated the presence of A2AR–D2R heterodimers both in type I and II cells of rats and humans.

PG neurons and terminals are known to express A2AR (Gauda, 2000; Gauda et al., 2000; Conde et al., 2012; Zhang et al., 2018; Sacramento et al., 2019) and D2R (Czyzyk-Krzeska et al., 1992; Schamel and Verna, 1993; Bairam et al., 1996a, b). Moreover, afferent terminals in the CB may also express TH (Katz et al., 1983; Katz and Black, 1986). Thus, red dots far away from nuclei and colocalizing with faint fluorescent staining may be interpreted as nerve localization of A2AR–D2R heterodimers.

Typically, A2ARs are coupled to Gs protein, whose activation increases the cAMP levels, promoting an excitatory behavior (Weaver, 1993; Lahiri et al., 2007; De Caro et al., 2013). In the CB, the increase of adenosine levels determined by hypoxia induces the increase in intracellular cAMP through stimulation of A2AR (Lahiri et al., 2007). Adenosine activation of A2AR also triggers Ca2+ rise during hypoxia (Kobayashi et al., 2000; Tse et al., 2012). Similarly, A2ARs also mediate the effect of hypercapnia (Sacramento et al., 2018). Conversely, D2Rs are coupled to inhibitory G1/G0 proteins and their activation decreases cAMP levels with the onset of an autocrine/paracrine inhibitory signal (Zeng et al., 2007; Wakai et al., 2015; Zhang et al., 2018). Hypoxia is also responsible for dopamine release from CB type I cells and activation of postsynaptic D2R (Prieto-Lloret et al., 2007) and D2R activation exerting inhibitory effects (Gonzalez et al., 1994) on ventilation, both during rest (Zapata and Zuazo, 1980) and hypoxic exposure (Nishino and Lahiri, 1981), although direct activation of D2R in PG terminals could also have a modulatory (Alcayaga et al., 1999; Alcayaga et al., 2003) or even excitatory effect (Alcayaga et al., 2006; Iturriaga et al., 2009), depending on species involved.

Another possible regulative mechanism exists for these receptors, based on direct reciprocal interactions. The formation of A2AR–D2R complexes was highlighted in transfected cells, including SH-SY5Y (Hillion et al., 2002; Xie et al., 2010) and HEK-293T cells (Navarro et al., 2014), neuronal primary cultures of rat striatum (Navarro et al., 2014) and enkephalin-containing GABAergic neurons from the mammal striatum (Fink et al., 1992; Fuxe et al., 1998; Trifilieff et al., 2011). A2AR–D2R heterodimers are key modulators of striatal neuronal function (Taura et al., 2018); here, heterodimerization showed to modulate GABAergic striato-pallidal neuronal activity. Reciprocal antagonistic interactions occur within the A2AR–D2R heterodimer (Fuxe et al., 2005). In particular, A2AR ligands decrease both the affinity and the signal intensity of D2R ligands (Ferré et al., 2016), determining the increased excitatory activity of adenosine, while D2R agonists decrease the binding of A2AR ligands (Fernández-Dueñas et al., 2018), causing increased inhibitory activity of dopamine. For instance, after incubation of striatal membrane preparations with the A2AR agonist CGS21680, the affinity of the high-affinity D2R agonist-binding site decreases (Fuxe et al., 1998; Guidolin et al., 2018). A2AR–D2R interactions may be modulated by different drugs (some of which with well-known effects on the CB); for instance, the psychostimulant effects of caffeine are also mediated by the blockage of the allosteric modulation within the A2AR–D2R heterodimer, by which adenosine decreases the affinity and intrinsic efficacy of dopamine at the D2R (Bonaventura et al., 2015).

Existence of RRI (A2B–D2) in CB chemoreceptors was first postulated by Conde et al. (2008) to explain the possible mechanism involved in catecholamine release by the CB. Thereafter, due to the glomic expression of a huge amount of different G protein-coupled receptors, our group hypothesized a possible heterodimerization between many other different receptors in the CB (Porzionato et al., 2018). Thus, the aim of this experimental work was to verify the existence of RRIs in the CB, suggesting a possible experimental strategy for its future characterization but also a new interpretive key for a broad comprehension of the regulative mechanisms it presides over.

To date, many biochemical and/or biophysical methods are available to demonstrate receptor colocalization. Among them, the PLA technique allows easy visualization of endogenous protein–protein interactions at the single molecule level (Ristic et al., 2016). Our data by PLA analysis confirmed the existence of A2AR–D2R heterodimers in both type I and type II cells of the CB, indicating that RRI may have a role in the functional modulation of these cells.

The identification of A2AR–D2R RRI in type II cells further supports a role for these cells in chemosensory modulation, in accordance with other authors (Kaelin-Lang et al., 1998; Tse et al., 2012; Leonard and Nurse, 2020). This finding, to be further detailed, could be particularly intriguing as A2AR–D2R heterodimers have also been identified in astrocytes (Cervetto et al., 2017, 2018; Pelassa et al., 2019; Guidolin et al., 2020).

The confirmation of A2AR–D2R RRI across species strengthens the idea on their contributory role in physiological events mediated by the CB. The differences between rats and humans in terms of amount and distribution of A2AR–D2R RRI may conversely be ascribed to species-specific differences and/or to potential exposure to different stimuli. The CB is known to undergo plastic changes in response to development/aging and various environmental stimuli, including chronic intermittent/sustained hypoxia. Its function is strictly related to these dynamic modifications (Iturriaga et al., 2006; López-Barneo et al., 2009; Dmitrieff et al., 2011; Kumar and Prabhakar, 2012; Bavis et al., 2013; Del Rio et al., 2014; Pulgar-Sepúlveda et al., 2018; Bavis et al., 2019; Liu et al., 2019), which can be also ascribed to the specific receptor behavior.

Various environmental stimuli could potentially modulate A2AR–D2R RRI. For instance, A2AR can be present intracellularly and migrate to the cell membrane upon stimulation (Arslan et al., 2002; Milojević et al., 2006; Yu et al., 2006; Sacramento et al., 2015). In this sense, hypoxic effects on RRI will be surely to be evaluated, as hypoxia exerts an increase in adenosine and dopamine release from CB chemoreceptors (Conde et al., 2012), likely inducing a receptor-level modulation, as shown in rabbits by Bairam et al. (2003). Chronic caffeine treatment induces an increase in both adenosine and dopamine (Conde et al., 2012), and neonatal caffeine treatment increases the mRNA levels encoding for A2AR (Montandon et al., 2008; Bairam et al., 2009) and D2 in male rats CB (not in female) (Montandon et al., 2008). Moreover, A2AR and D2R expressions are also modulated by age. D2R mRNA increases with maturation (Gauda et al., 2000, 2001; Gauda, 2000; Gauda and Lawson, 2000), whereas A2AR mRNA decreases (Gauda, 2000; Gauda and Lawson, 2000). Thus, further analyses will also have to address possible changes in A2AR–D2R RRI in response to development/age, hypoxic stimuli, or possible effects by other factors (drugs, metabolism, and others), allowing for a broad comparative study in different pathophysiological conditions.

Moreover, future perspectives of the work will include the involvement of other methods to better detail RRI, such as biophysical (e.g., bioluminescence– and fluorescence–resonance energy transfer; specialized microscopic techniques; X-ray crystallography) and biochemical analyses.
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Intermittent hypoxia (IH) is a hallmark manifestation of obstructive sleep apnea (OSA). Long term IH (LT-IH) triggers epigenetic reprogramming of the redox state involving DNA hypermethylation in the carotid body chemo reflex pathway resulting in persistent sympathetic activation and hypertension. Present study examined whether IH also activates epigenetic mechanism(s) other than DNA methylation. Histone modification by lysine acetylation is another major epigenetic mechanism associated with gene regulation. Equilibrium between the activities of histone acetyltransferases (HATs) and histone deacetylases (HDACs) determine the level of lysine acetylation. Here we report that exposure of rat pheochromocytoma (PC)-12 cells to IH in vitro exhibited reduced HDAC enzyme activity due to proteasomal degradation of HDAC3 and HDAC5 proteins. Mechanistic investigations showed that IH-evoked decrease in HDAC activity increases lysine acetylation of α subunit of hypoxia inducible factor (HIF)-1α as well as Histone (H3) protein resulting in increased HIF-1 transcriptional activity. Trichostatin A (TSA), an inhibitor of HDACs, mimicked the effects of IH. Studies on rats treated with 10 days of IH or TSA showed reduced HDAC activity, HDAC5 protein, and increased HIF-1 dependent NADPH oxidase (NOX)-4 transcription in adrenal medullae (AM) resulting in elevated plasma catecholamines and blood pressure. Likewise, heme oxygenase (HO)-2 null mice, which exhibit IH because of high incidence of spontaneous apneas (apnea index 72 ± 1.2 apnea/h), also showed decreased HDAC activity and HDAC5 protein in the AM along with elevated circulating norepinephrine levels. These findings demonstrate that lysine acetylation of histone and non-histone proteins is an early epigenetic mechanism associated with sympathetic nerve activation and hypertension in rodent models of IH.
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INTRODUCTION

Obstructive sleep apnea (OSA) is a widespread breathing disorder affecting 10–15% of adult population (Peppard et al., 2013). OSA is defined as periodic disruption of air flow during sleep either due to complete (apneas) or partial collapse (hypopnea) of the upper airway. Population based studies showed high prevalence of essential hypertension with strong correlation to severity of OSA (Morrell et al., 2000; Nieto et al., 2000).

Intermittent hypoxia (IH), a hallmark manifestation of OSA, is a major contributing factor to hypertension (reviewed in Prabhakar et al., 2020). Rats treated with long-term-IH (30 days; LT-IH) exhibit hypertension and heightened sympathetic nerve activity persisting even after a 30-day recovery in room air (Nanduri et al., 2017). The long-lasting blood pressure elevation evoked by LT-IH is reminiscent of treatment-resistant hypertension reported in a subset of OSA patients. LT-IH evoked long-lasting hypertension was due to persistent elevation of ROS caused by epigenetic suppression of anti-oxidant enzyme genes by DNA methylation (Nanduri et al., 2017).

Lysine acetylation of histones (H2A, H2B, H3, and H4) is another important epigenetic mechanism which regulates gene transcription by altering chromatin structure. Hyper-acetylation activates, while hypo-acetylation represses transcriptional activation (Grunstein, 1997; Audia and Campbell, 2016). Lysine acetylation is a dynamic process involving opposing activities of histone/lysine acetyl transferases (HAT) and histone deacetylases (HDAC’s) (Yang and Seto, 2007). A recent study reported that chronic stress decreases HDAC activity, leading to increased histone acetylation and transcriptional activation of target genes (Renthal et al., 2007). Given that IH is a form of chronic stress, whether lysine acetylation resulting from reduced HDAC activity participate in gene activation by IH has not been investigated.

In addition to histones, lysine acetylation of non-histone proteins like transcription factors also control gene transcription (Park et al., 2015). Hypoxia inducible factor (HIF-1) is a master regulator for gene transcription during hypoxia (Semenza et al., 1998). Studies on tumor cell lines showed that HDAC1 and HDAC3 positively regulate HIF-1α stability while HDAC4 and HDAC5 increase HIF-1-dependent transcriptional activation (Kim et al., 2007; Seo et al., 2009; Geng et al., 2011). Our earlier studies showed that mice partially deficient in HIF-1α, the O2 regulated subunit of the HIF-1 complex, exhibit remarkable absence of IH-evoked elevation of ROS, sympathetic activation and hypertension (Peng et al., 2006). Moreover, HIF-1 is a potent activator of pro-oxidant enzyme genes including NADPH oxidases (NOX) (Yuan et al., 2011; Wang et al., 2020). Given that HDACs regulate the stability of HIF-1α as well as HIF-1 activity (Qian et al., 2006; Kim et al., 2007; Seo et al., 2009), we hypothesized that IH reduces HDAC activity and stabilizes HIF-1α through lysine acetylation leading to HIF-1-dependent transcriptional activation involving lysine acetylation of histone proteins. These possibilities were first tested in rat pheochromocytoma (PC)-12 cells and then further validated in two rodent models of OSA, namely rats treated with IH and OSA-exhibiting hemeoxygenase (HO)-2 null mice (Peng et al., 2018).



MATERIALS AND METHODS

Experimental protocols were approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Chicago and were performed on adult Sprague Dawley rats (SD; 2–4 months age, approved protocol #71811), age and gender matched wild-type (WT; C57BL6) and HO-2 null mice (6–8 months age, approved protocol #71810).


Exposure of Rats to Intermittent Hypoxia (IH)

The protocols for exposing rats to IH were essentially the same as described previously (Peng et al., 2006). Briefly, conscious rats were placed in a specialized chamber and exposed to alternating cycles of hypoxia (15 s of ∼5% O2 at nadir followed by 5 min of room air, 8 h/day) for 10 days. Parallel experiments were performed on rats exposed to alternating cycles of room air (control) in an identical chamber. The duration of the gas flow was regulated by timer-controlled solenoid valves. Ambient O2 and CO2 levels in the chamber were continuously monitored and the CO2 levels were maintained at ∼0.1%.



Exposure of Rat Pheochromocytoma (PC)-12 Cells to IH

PC12 cells (original clone from Dr. Lloyd A. Greene, Columbia University, NY, United States) (Greene and Tischler, 1976) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 5% fetal bovine serum (FBS), 10% horse serum under 10% CO2 and 90% room air (20% O2) at 37°C (Yuan et al., 2005). Experiments were performed on cells serum-starved overnight in DMEM medium. Cells were exposed to in vitro IH (alternating cycles of 1.5% O2 for 30 s followed by 20% O2 for 5 min at 37°C) as described (Yuan et al., 2004). Ambient O2 levels in the IH chamber were monitored by an O2 analyzer (Alpha Omega Instruments, Huston, TX). In the experiments involving treatment with drugs, cells were pre-incubated for 30 min prior to and during IH exposure with either drug or vehicle.



Measurement of Blood Pressure (BP) and Plasma Norepinephrine

BP was measured in conscious rats between 09.00 and 11.00 a.m. by tail-cuff method using a non-invasive BP system (IITC Life Science Inc., CA, United States). Blood samples were collected in heparinized vials (30 IU/ml) from rats/mice anesthetized with urethane (1.2 g/kg, IP). Plasma was separated by centrifugation and stored at −80°C. Plasma norepinephrine (NE) levels were determined by high pressure liquid chromatography (HPLC) combined with electrochemical detection using dihydroxybenzylamine hydrobromide (DHBA; Sigma–Aldrich) as an internal standard. The NE levels were corrected for recovery loss and expressed as nanograms per milliliter of plasma calculated from an NE standard curve (Peng et al., 2006).



Measurement of Breathing

Breathing was monitored by whole-body plethysmography in conscious mice at ambient temperature of 25 ± 1°C as described (Peng et al., 2018). Apneas were scored by two individuals who were blinded to genotype. Number of apneas (defined as cessation of breathing for more than the duration of three breaths) per hour was analyzed and presented as the apnea index. Sighs, sniffs and movement-induced changes in breathing were excluded in the analysis.



Measurement of HDAC, SIRT, and NOX Activity

HDAC and Sirtuin (SIRT) activities were measured in nuclear lysates using colorimetric Epigenase HDAC activity and SIRT activity kit, respectively (Epigentek, Farmington, NY, United States). Briefly, 5 μg of nuclear extract (from two rat adrenal medullae (AM) and 4 mice AM) were added to a plate coated with acetylated histone HDAC or SIRT substrate. Active HDAC or SIRT binds and deacetylates H3 which is recognized with a specific antibody and measured by reading the absorbance at 450 nm. The activity is directly proportional to the OD intensity measured and expressed as ng/min/mg protein. NADPH oxidase activity in the membrane-enriched protein fractions (50 μg: two rat AM and 4 mice AM) were measured by superoxide dismutase-inhabitable rate of cytochrome c reduction, and reading the absorbance at 550 nm. NADPH oxidase activity was calculated based on the extinction coefficient [21 mmol/(L)] per cm, and is expressed as nmol/min/mg protein (Khan et al., 2011).



Immunoblot and Immunoprecipitation Assays

Nuclear extracts of PC12 cells were prepared using nuclear extraction kit (Active Motif, Carlsbad, CA, United States). Briefly, cells (1 × 106) were homogenized in 200 μl of hypotonic buffer provided in the kit and centrifuged at 850 g for 10 min at 4°C. The pellet was re-suspended in 200 μl of hypotonic buffer and a small sample was checked under the microscope to verify cells were efficiently lysed and nuclei were released. The suspension was centrifuged at 14,000 g for 30 s. The nuclear pellet was re-suspended in 40 μl of complete lysis buffer provided and fractionated by polyacrylamide-SDS gel electrophoresis. Immunoblots were probed with either HIF-1α (1/1,000 dilution; #NB100-479, Novus Biologicals, Centennial, CO), HDAC1-5 (1/2000; #5356, #5113, #3949, #7628, and #20458, respectively) and H3 (1/4,000; #4499) (Cell signaling, Danvers, MA), TBP (1/1,000; Tata binding protein; #ab51841, Abcam) or tubulin (1/10,000; #T6199, Sigma, St. Louis, MO, United States) antibodies followed by corresponding HRP-conjugated secondary antibody detected by Clarity Western ECL substrate kit (Bio-Rad, Hercules, CA, United States). Immunoblots were scanned and quantified using an Odyssey Fc imaging system (LI-COR, Lincoln, NE, United States). For analysis of HIF-1α acetylation, PC12 cells transfected with FLAG-tagged HIF-1α plasmid were exposed to IH. Cell lysates were immunoprecipitated with anti-FLAG antibody (#1804, Sigma, St. Louis, MO, United States) and the immunoprecipitates were analyzed by acetylated lysine (1/500, #SC-32268, Santa Cruz, Dallas, TX, United States) antibody as described above. Rat/mice adrenal medulla cell extracts were prepared in RIPA buffer (phosphate buffer, pH 7.4 containing 150 mM NaCl, 1% triton X-100, 1% sodium deoxycholate, 0.1% SDS, 5 mM EDTA, and protease inhibitor cocktail) and analyzed using automated capillary electrophoresis size-based separation followed by immunoassay using the WES System from Protein Simple according to the manufacturer’s instructions. Data were analyzed with Compass software (Protein Simple). Primary antibodies against the following proteins were used at a dilution of 1/50 for immunoblot assays: HIF-1α (#NB100-123, Novus Biologicals, Centennial, CO). HDAC5 (#ab20458, Cell Signaling Danvers, MA, United States). Sample loading variability was normalized to tubulin (#T6199, Sigma, St. Louis, MO, United States) antibody. Acetylated H3 and NOX4 protein expression was analyzed in AM cell lysates by polyacrylamide-SDS gel electrophoresis and immunoblots were probed with acetylated lysine antibody (1/500, #SC-32268, Santa Cruz, Dallas, TX, United States) or NOX4 antibody (1/1,000; NB110-58851, Novus Biologicals, Centennial, CO, United States).



qRT-PCR (Quantitative Reverse Transcription -PCR)

Total RNA was isolated with TRIZOL (Invitrogen), and cDNA was synthesized using the iScript cDNA synthesis kit (Bio-Rad). qRT- PCR was performed using SsoFast EvaGreen (Bio-RAD) as a fluorogenic binding dye. Housekeeping genes 18S RNA and β-actin were included as quantitation controls. Changes in target mRNA expression was calculated based on the Δ(ΔCt) method as described previously (Nanduri et al., 2009). Primer sequences used for real-time PCR amplification were: Rat NOX4; (NM_053524.1): Forward; CGGGTGGCTTGTTGAAGTAT; Reverse; TGGAACTTGGGTTCTTCCAG, Mouse NOX4; (NM_015760.5): Forward: TGTTGGGCCTAGGATTGTGTT; Reverse: AGGGACCTTCTGTGATCCTCG, 18S (NR_003278): Forward; CGCCGCTAGAGGTGAAATTC; Reverse; CGAACCTCCGACTTTCGTTCT. β-actin (NM_031144.3): Forward; AGG CCC AGA GCA AGA GAG G; Reverse; TAC ATG GCT GGG GTG TTG AA.



Transient Transfections and HRE Reporter Gene Assay

PC12 cells were transiently transfected with overexpression plasmids pHDAC5 and pHDAC3 (addgene) or with control vector plasmid pcDNA using TransIT-2020 (Mirus) transfection reagent. Briefly, cells were plated in 60 mm tissue culture plates at a density of 2 × 106 cells/plate in serum containing growth medium. After 24 h, DNA-TransIT reagent in the ratio of 1:3 was added. After 36 h, serum starved cells were exposed to IH. To analyze HIF-1 transcriptional activity, cells were co-transfected with two reporter plasmids: p2.1, which contains firefly luciferase coding sequences downstream of a basal SV40 promoter and a 68 bp hypoxia response element (HRE) from the human EPO1 gene (Semenza et al., 1996) and Renilla Luciferase Control Reporter Vector (pRL). The Bright-GloTM Luciferase Assay System (Promega, Madison, WI, United States) was used to measure luciferase activity in nuclear cell lysates and normalized to protein content measured by Bio-Rad protein assay kit (Bio-Rad, Richmond, CA, United States).



Data Analysis

Data is expressed as mean ± SEM from mice (8–12 animals per group) and 3–5 independent cell culture experiments. Statistical analysis was performed by analysis of variance (one-way ANOVA with post-hoc Turkey HSD test) and Mann-Whitney test. p < 0.05 were considered significant.



RESULTS


IH Decreases HDAC Enzyme Activity

Pheochromocytoma (PC) 12 cells cultures were chosen because experiments require transient transfection protocols for reporter gene assays and ectopic expression of proteins can be best performed in cell cultures rather than tissues from rats (Prabhakar et al., 2012). HDACs comprise of four classes of proteins (Haberland et al., 2009), including Class I (HDACs 1, 2, 3, and 8), Class II (HDACs 4, 5, 6, 7, 9, and 10), Class III (NAD+-dependent sirtuins) and Class IV (HDAC11). The enzyme activities of HDAC and Sirtuins (SIRT) were determined in cells treated with 60 cycles of IH (IH60) or alternating cycles of room air (N) which served as controls. Cells treated with IH60 showed reduced HDAC activity, whereas SIRT activity was unaltered (Figures 1A,B). Treating cells with 50 nM Trichostatin A (TSA), which is an inhibitor of HDACs but not SIRTs (Finnin et al., 1999; Bertrand, 2010), mimicked the effects of IH by markedly reducing HDAC activity compared to vehicle treated controls (Figure 1C).
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FIGURE 1. Effect of IH on HDAC and SIRT activity in PC12 cells treated with 60 cycles of IH (IH60) or HDAC inhibitor Trichostatin A (TSA). (A,B) HDAC and SIRT activity in nuclear lysates from room air (N) and IH-exposed (IH60) PC12 cells. (C) HDAC activity in nuclear lysates from PC12 cells treated with TSA (HDAC inhibitor; 50 nM) for 7 h in room air (N) (mean ± SEM; n = 4–6). **p ≤ 0.05; ns = not significant (p > 0.05) as determined by Mann-Whitney test.




IH Reduces HDAC5 and HDAC3 Proteins

We next determined whether reduced expression of HDAC protein(s) account for the decreased HDAC activity by IH. To this end, HDAC1-5 protein abundances were determined in nuclear extracts of IH treated cells by immunoblot assay. IH treated cells showed decreased levels of HDAC3 and HDAC5 proteins, whereas the levels of HDAC1, HDAC2, and HDAC4 proteins were unaltered (Figures 2A,B).
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FIGURE 2. Effect of IH on HDAC proteins and mRNA expression. (A) Representative example of an immunoblot showing HDAC1-5 protein expression and Tata binding protein (TBP) as a loading control in nuclear lysates from room air (N) and IH-exposed PC12 cells. (B) Quantitative analysis of the blots by ImageJ. (C) HDAC3 and HDAC5 mRNA expression by qRT-PCR. (D) Top panel: HDAC3 and HDAC5 protein expression in cells treated with vehicle or MG132 (proteasomal inhibitor; 5 μM) and exposed to IH. bottom panel: Quantitative analysis of the blots (mean ± SEM; n = 3–4) by Image Studio by Odyssey Fc imaging system. **p ≤ 0.05; ns = not significant (p > 0.05) as determined by One-way ANOVA with post-hoc Turkey HSD test.


IH had no effect on HDAC3 or HDAC5 mRNA expression (Figure 2C), suggesting that reduced HDAC3 and HDAC5 proteins by IH are not due to decreased transcription. HDACs can undergo post-translational modifications leading to ubiquitin-mediated proteasomal degradation (Adenuga et al., 2009). To determine whether the effects of IH are due to increased proteasomal degradation, cells were treated with MG-132 (5 μM), a proteasomal inhibitor. As shown in Figure 2D, cells treated with MG-132 showed absence of IH-induced reduction in HDAC3 and HDAC5 proteins compared to vehicle treated cells. These data suggest that proteasomal degradation of HDAC3 and HDAC5 contribute to decreased HDAC activity in PC12 cells exposed to IH60.



Reduced HDACs Contributes to HIF-1α Stability by IH Through Lysine Acetylation

IH stabilizes HIF-1α protein and activates HIF-1-dependent transcription in PC12 cells (Yuan et al., 2005, 2011). Given that HDACs can affect HIF-1α stability (Qian et al., 2006; Kim et al., 2007; Seo et al., 2009), we hypothesized that reduced HDAC activity by IH contributes to HIF-1α stabilization through lysine acetylation. This possibility was tested by first monitoring HIF-1α proteins in nuclear extracts of PC12 cells treated with either IH60 or 50 nM TSA (positive control). Decreased HDAC3 and HDAC5 protein expressions were associated with elevated HIF-1α protein in IH as well as in TSA-treated cells (Figure 3A).
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FIGURE 3. Effect of IH60 and TSA on HIF-1α protein and HIF-1α acetylation in PC12 cells. (A) HDAC3, HDAC5 and HIF-1 protein expression with tubulin as a loading control in nuclear lysates from room air (N), IH-exposed and TSA (50 nM for 7 h) treated PC12 cells; (B) PC12 cells transiently transfected with FLAG-tagged HIF-1 overexpression plasmids were treated with either IH60 or TSA and HIF-1α was immunoprecipitated with anti-FLAG antibody from nuclear extracts. Acetylation of HIF-1α was analyzed in the immunoprecipitations by immunoblots using anti-acetylated lysine antibody. HIF-1 protein was analyzed by anti-Flag antibody. (C) Quantitative analysis of the blots expressed as ratio of acetylated HIF-1α to total HIF-1α protein (mean ± SEM; n = 3). **p ≤ 0.05 as determined by One-way ANOVA with post-hoc Turkey HSD test.


We next determined whether IH or TSA-induced HIF-1α protein accumulation is associated with increased lysine acetylation of HIF-1α. Assessing endogenous HIF-1α lysine acetylation in PC12 cells was technically challenging. To circumvent this limitation, PC12 cells were transfected with a FLAG-tagged HIF-1α expressing plasmid and then treated with either IH60 or TSA (50 nM for 7 h). HIF-1α was immunoprecipitated with FLAG-antibody in nuclear extracts and lysine acetylation was determined using anti-acetylated lysine antibody. Cells treated with IH60 as well as TSA showed increased abundance of lysine acetylated HIF-1α protein compared to room air (N) or vehicle treated controls (Figures 3B,C).



HDACs Regulate IH-Induced HIF-1 Transcription Through Histone Lysine Acetylation

We then asked whether HIF-1α stabilization by lysine acetylation accompanies HIF-1 transcriptional activation by IH. To this end, cells were transfected with a plasmid containing a hypoxia response element (HRE) upstream of luciferase coding sequences. Increased luciferase activity was monitored as an index of HIF transcriptional activity. Cells treated with IH60 as well as TSA showed robust HIF-1 dependent transcriptional activation as evidenced by marked increase in luciferase activity (Figure 4A).
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FIGURE 4. Effect of IH60 and TSA on HIF-1 transcriptional activity and Histone (H3) acetylation in PC12 cells. (A) HRE transcriptional activity in nuclear lysates of cells co-transfected with a plasmid p2.1 containing HRE upstream of SV40 promoter and luciferase coding sequence and Renilla luciferase control vector and exposed to room air (N), IH and TSA treated. (B) Acetylation of Histone 3 (H3) as analyzed by immunoblots with anti-acetyl lysine antibody. Acetylation of H3 was confirmed by immunoprecipitating with anti H3 antibody and the immunoprecipitations probed with anti-H3 antibody and anti-acetyl lysine antibody. (C) Quantitative analysis of the blots expressed as ratio of acetylated H3 to total H3 protein (mean ± SEM; n = 3–4). **p ≤ 0.05 as determined by One-way ANOVA with post-hoc Turkey HSD test.


Lysine acetylation of histones regulate transcription by facilitating binding of transcription factors to promoter regions of target genes through altering chromatin structure (Yang and Seto, 2003; Seto and Yoshida, 2014). We assessed whether reduced HDAC activity contributes to HIF-1 transcriptional activation by IH through increased histone lysine acetylation. This possibility was tested first by determining which histones were acetylated in PC12 cells with IH or TSA. Immunoblot assay with a pan acetylated lysine antibody detected a band around 17 kDa in IH and TSA treated cell lysates. This molecular mass corresponds to histone 3 (H3) rather than histone 4 (∼11 kD) (Figure 4B). To confirm that IH increases H3 lysine acetylation, H3 was immunoprecipitated from nuclear extracts with anti-H3 antibody and the immunoprecipitates were probed for lysine acetylation with acetylated lysine antibody. Abundance of lysine acetylated H3 protein increased in IH as well as in TSA treated cells with no change in the total H3 protein expression (Figures 4B,C). These observations establish that decreased HDAC activity increase lysine acetylation of H3 protein, which accompanies HIF-1 transcriptional activation by IH.



HDAC5 but Not HDAC3 Regulates HIF-1 Activation by IH

HDACs function as multimeric protein complexes with homo- and/or heterodimer structure (Yang and Seto, 2003). Given that IH decreases both HDAC3 and HDAC5 proteins, we examined the relative contribution of HDAC3 and HDAC5 to IH-evoked HIF-1 transcriptional activation. To this end, cells were transfected with over expression plasmids encoding either HDAC3 or HDAC5, and then exposed to IH60 or normoxia (control). Over expression of HDAC5 blocked the reduced HDAC5 expression as well as HIF-1α protein accumulation characteristic to IH (Figure 5A) with no significant effect on HDAC3 protein. On the other hand, overexpression of HDAC3 blocked IH-induced decrease in HDAC3 expression but had no effect on either IH-induced HIF-1α or HDAC 5 protein expression (Figure 5A). Furthermore, IH-evoked HRE transcriptional activity was absent in cells with ectopic expression of HDAC5 but not HDAC3 (Figure 5B). The effects of IH on HDAC5 and HIF-1α protein were reversed within 16 h after recovery of cells in room air (Figures 5C,D). These findings demonstrate that reduced HDAC5 but not HDAC3 contribute to HIF-1α stability and HIF-1 transcriptional activation by IH and that the effects of IH on the HDAC5 protein are reversible.
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FIGURE 5. HDAC5 but not HDAC3 contributes to IH-augmented HIF-1 transcriptional activity. (A) Representative example of an immunoblot showing HDAC5, HDAC3, and HIF-1α protein expression with Tata binding protein (TBP) as a loading control in nuclear lysates from room air (N) and IH-exposed PC12 cells transfected with overexpression plasmids encoding either HDAC3, HDAC5, or control vector pcDNA (mean ± SEM; n = 3). (B) HRE transcriptional activity in nuclear lysates from control (N) and IH-exposed PC12 cells overexpressing HDAC3, or HDAC5 protein (mean ± SEM; n = 6). **p ≤ 0.05; ns = not significant (p > 0.05) as determined by Mann-Whitney test. (C) Immunoblot showing HDAC5, HIF-1α protein and acetyl-H3 protein expression with tubulin as a loading control in cell lysates from room air (N) IH-exposed (IH60) and IH-exposed cells after room air recovery for 16 h (IH60+recovery). (D) Quantitative analysis of the blots. **p ≤ 0.05 as determined by One-way ANOVA with post-hoc Turkey HSD test.




HDAC Regulation of HIF-1 Activity in Rodent Models of OSA

To validate the observations in cell culture studies, the following experiments were performed on rodents. Two rodent models of IH were studied: (1) rats treated with 10 days of IH patterned after blood O2 profiles during OSA; and (2) mice deficient in hemeoxygenase (HO)-2, which experience IH because of high incidence of spontaneous apneas (Peng et al., 2017).


Rats Treated With IH

Adult rats were treated with IH or TSA (10 mg/kg; I.P), an inhibitor of HDAC, for 10 days, the latter as a positive control for HDACs. Rats treated with alternating cycles of room air served as controls. HDAC activity, HDAC5, and HIF-1α protein as well as H3 acetylation were determined in adrenal medulla (AM) harvested from anesthetized rats. The AM tissue was chosen for two reasons: (1) PC12 cells, which were used in the above cell culture studies are of adrenal medullary chromaffin cell origin (Greene and Tischler, 1976); and (2) AM plays a critical role in IH-induced hypertension (Bao et al., 1997; Prabhakar et al., 2012). Technical limitations precluded measurements of lysine acetylation of HIF-1α protein in these experiments. HDAC activity and HDAC5 protein expressions were reduced in AM of rats treated with IH as well as TSA (Figures 6A,B). These effects were associated with increased H3 lysine acetylation, increased HIF-1α protein and elevated NOX4 mRNA, a HIF-1 target gene (Figures 6B,C). The elevated NOX4 mRNA was accompanied with increased NOX enzyme activity as compared to room air treated controls (Figure 6D).
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FIGURE 6. Effect of IH or TSA treatment on HDAC activity, HDAC5, HIF-1α and H3 protein, NOX 4 mRNA and NOX activity in AM of SD rats. Adult rats were either exposed to IH (IH10d) or treated with TSA (10 mg/Kg; IP) for 10 days. Control experiments were performed on rats exposed to room air (N). Cell lysates prepared from AM were analyzed for (A) HDAC activity, (B) HDAC5, acetyl-H3, HIF-1α protein expression with tubulin as loading control by immunoblots, (C) NOX4 mRNA expression by qRT-PCR and (D) NOX activity, which was analyzed in membrane protein fractions (2 a.m. from each rat pooled) as described in methods. Data are mean ± SEM from 8 rats per group. **p ≤ 0.05 as determined by One-way ANOVA with post-hoc Turkey HSD test.




Studies on HO-2 Null Mice

Mice deficient in the enzyme hemeoxygenase-2 (HO-2), exhibit sleep apnea (Peng et al., 2017). Apnea index (AI = number of apneas/h) was analyzed by recording breathing by plethysmography for 5 h in un-sedated WT and HO-2 null mice. Examples of breathing in WT and HO-2 null mice are shown in Figure 7A. WT mouse displayed stable breathing with an apnea index (AI) of 10 ± 7 apneas/hr. HO-2 null mice showed irregular breathing with a high incidence of apneas, with an AI of 75 ± 16 apneas/h (Figures 7A,B). AM from HO-2 null mice showed reduced HDAC activity and HDAC5 protein compared to WT AM (Figures 7C,D). In addition, HO-2 null AM showed higher abundance of HIF-1α protein and increased H3 acetylation with concomitant increase in NOX4 mRNA (target gene of HIF-1α), NOX4 protein and NOX activity compared to WT AM (Figures 7D–F).
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FIGURE 7. HDAC regulation of HIF-1 in rodent model of OSA. (A) Representative tracing of breathing in age matched (6 months) C57BL6 mice (WT) and HO-2 null mice (HO-2− /−) mice as measured by plethysmography. (B) Number of apneas (cessation of breathing for more than three breaths) measured per hour represented as apnea index. (C) HDAC activity in nuclear extracts (pooled 4 a.m. for single measurement). (D) Top panel: Representative immunoblot of HDAC5, HIF-1α and tubulin (loading control) protein expression as determined by the WES system from Protein simple; Nox4, Acetyl H3 and tubulin (loading control) proteins determined by SDS-PAGE gel electrophoresis. Bottom panel: Quantitative analysis of HDAC5 and HIF-1 proteins using Compass software (Protein Simple). NOX4 and acetyl H3 data was analyzed by ImageJ. **p ≤ 0.05 determined by One-way ANOVA with post-hoc Turkey HSD test. (E) Nox4 mRNA expression by qRT-PCR and (F) NOX activity in the membrane lysates of AM (pooled 4 a.m. for single measurement) of C57BL6 mice (WT) and HO-2− /− mice. Data are mean ± SEM from 12 mice per group. **p ≤ 0.05 as determined by Mann-Whitney test.




Reduced HDAC Expression Elevates Blood Pressure and Plasma NE Levels

IH treated rodents exhibit elevated sympathetic nerve activity and hypertension and these responses are associated with HIF-1-dependent transcriptional activation of NOX (Prabhakar et al., 2015). Given that reduced HDAC activity by IH leads to HIF-1-dependent NOX activation, we hypothesized that these responses will be accompanied with activation of the sympathetic nervous system and elevated BP. To assess whether the systemic effects are linked to reduced HDAC activity, BP and plasma NE levels (a marker of sympathetic nerve activation) were monitored in rats treated with IH or TSA (10 mg/kg/day; 10 days; I.P). TSA treated rats exhibited elevated BP and plasma NE levels similar to IH treated rats (Figures 8A,B). Likewise, HO-2 null mice, which showed higher AI and decreased HDAC activity also showed elevated BP and plasma NE levels compared to WT mice (Figures 8C,D).
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FIGURE 8. Plasma norepinephrine and BP in TSA treated rats and HO-2 null mice (A) Mean blood pressures (MBP) measured after 15 h of terminating IH or TSA treatment. (B) Plasma norepinephrine (NE) levels in rats treated with IH with or TSA. Data are mean ± SEM from 8 rats per group. **p ≤ 0.05 as determined by One-way ANOVA test. (C) Mean blood pressures and (D) plasma NE levels in age matched (6 months) C57BL6 (WT) and HO-2− /−mice. Data are mean ± SEM from eight mice per group. **p ≤ 0.05 as determined by Mann-Whitney test.




DISCUSSION

The present study examined the role of HDACs in HIF-1 transcriptional activation by IH. Cell culture studies showed that: (1) IH decreases HDAC activity, which was due to reduced HDAC5 and HDAC3 protein expression; (2) reduced HDAC activity stabilizes HIF-1α through lysine acetylation of the HIF-1 protein and (3) activates HIF-1-mediated transcriptional activity via histone (H)-3 lysine acetylation. Similar to PC12 cells, AM tissue from rats treated with IH and from HO-2 null mice, which exhibited a high incidence of spontaneous apneas, also showed reduced HDAC5 protein and enzyme activity while simultaneously exhibiting elevated plasma NE levels and BP. Treating control rats with TSA, a pan HDAC inhibitor, in room air mimicked the effects of IH. These findings demonstrate a hitherto uncharacterized role for HDACs in HIF-1 activation by IH leading to autonomic morbidities in rodent models of OSA.

Although both HDACs and SIRTs function as histone deacetylases (Lim et al., 2010; Geng et al., 2011), IH decreased HDAC but not SIRT enzyme activity. Furthermore, TSA, a selective inhibitor of HDACs but not SIRTs, mimicked the effects of IH in both cell culture and in rodent models of OSA. The role of SIRT in IH evoked HIF-1 activity, if any, remains to be investigated.

Reduced HDAC activity leads to hyperacetylation, which is known to activate gene transcription (Grunstein, 1997). Consistent with this possibility, decreased HDAC activity by IH was associated with increased HIF-1-dependent gene activation, a major molecular mechanism implicated in autonomic morbidity caused by IH (Prabhakar et al., 2020). Activation by HIF-1-mediated transcription of target genes requires two steps: (1) Stabilization of HIF-1α, the O2 regulated subunit; and (2) transactivation of the target gene. Inhibition of prolyl hydroxylases (PHDs) is generally thought to stabilize HIF-1α in response to continuous hypoxia (Semenza, 2001). However, PHDs appear to play a less prominent role in IH-induced HIF-1α stabilization (Yuan et al., 2008). Emerging evidence suggests that additional mechanisms including acetylation-deacetylation of HIF-1α protein also contribute to HIF-1α stability (Jeong et al., 2002; Lim et al., 2010). Co-immunoprecipitation studies with nuclear extracts from IH or TSA treated PC12 cells demonstrated increased lysine acetylation of HIF-1α protein, consistent with the notion that HDACs can regulate acetylation of non-histone proteins (Park et al., 2015). Multiple acetylation sites have been identified within the HIF-1α protein, which can contribute to stabilization of the HIF-1α protein (Jeong et al., 2002; Lim et al., 2010; Geng et al., 2011; Seo et al., 2015). Lysine acetylation was shown to inhibit ubiquitination dependent proteasome–mediated degradation (Caron et al., 2005). It is therefore likely that under normoxia, HDACs keep HIF-1α in a deacetylated state, making it susceptible to proteasome degradation. During IH, decreased HDAC activity leads to increased lysine acetylation of HIF-1α, thereby enhancing the protein stability (Figure 9).
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FIGURE 9. Schematic representation for the role of HDAC5 in IH induced sympathetic activation. IH-decreased HDAC activity leads to increased acetylation of HIF-1 and H3 resulting in augmented HIF-transcriptional activity of pro-oxidant enzyme NADPH oxidases. This effect is associated with elevated ROS levels leading to increased plasma catecholamines, a marker of heightened sympathetic activation, and hypertension.


IH activated HIF-1 transcription in cell cultures as well as tissues from rodents. The increased HIF-1 transcription was accompanied with increased lysine acetylation of H3 (Figure 4B). Given that lysine acetylation of histone opens up the chromatin thereby facilitating binding of transcription factors (Seto and Yoshida, 2014), it is conceivable that H3 acetylation contributes to transcriptional activation of HIF-1 by facilitating the accessibility of HIF-1 to the promoter region of target genes such as NOX4, a possibility that requires additional studies and is beyond the scope of the current investigation.

The reduced HDAC activity by IH was accompanied with decreased HDAC5 (class II) and HDAC3 (class I) protein abundance. Because HDACs function as multimeric protein complexes (Seto and Yoshida, 2014), we anticipated that coordinated reduction of HDAC5 and HDAC3 is necessary for HIF-1 activation by IH. Contrary to our expectation, overexpression of HDAC5 alone was sufficient to block IH-induced HIF-1α protein accumulation as well as transcriptional activation. On the other hand, overexpression of HDAC3 was ineffective in altering HIF-1 activation by IH. These findings suggest that individual HDACs have distinct functions in the context of IH. However, further studies are necessary to delineate the role, if any, of HDAC3 in IH-induced physiological changes.

The reduced HDAC3 and HDAC5 protein expressions by IH were not due to reduced transcription but to increased proteasomal degradation (Figures 2A,B). HDACs can undergo post-translational modification by phosphorylation, leading to ubiquitination and proteasomal degradation (Adenuga et al., 2009). HDAC5 is known to shuttle between the nucleus and cytoplasm in a calcium- and phosphorylation-dependent manner in response to stimuli (Chawla et al., 2003; Renthal et al., 2007). It is likely that post-translational modifications involving phosphorylation play a role in reduced HDAC5 protein by IH. We have previously shown that IH increases reactive oxygen species (ROS) levels in several tissues (Peng and Prabhakar, 2003) which are known to regulate protein kinases and phosphatases (Yuan et al., 2008; Corcoran and Cotter, 2013). Whether the decreased HDAC3 and HDAC5 proteins by IH involve ROS-dependent post-translational phosphorylation modifications remains to be studied.

The current study provides important insights linking HDAC alterations, sympathetic nerve activation, and elevated BP in rodent models of OSA. How might augmented HIF-1 transcriptional activity by HDACs contribute to heightened sympathetic nerve activation and BP elevation by IH? HIF-1–dependent transcriptional activation of pro-oxidant enzyme genes such as NOX and the ensuing ROS signaling have been identified as an important molecular mechanisms underlying IH-induced sympathetic activation and BP elevation (Prabhakar et al., 2020). HIF-1-dependent NOX activation augments CA release from AM and elevates BP in IH treated rats as reported previously (Kumar et al., 2006; Kuri et al., 2007; Peng et al., 2014). Whether HDAC-dependent HIF-1 activation in addition to NOX also affects CA secretion from the AM through one or more components of the exocytosis mechanisms of adrenal medullary chromaffin cells remains to be investigated. Despite these limitations, our findings establish a pathogenic mechanism linking HDACs, HIF-1, ROS generation and cardiovascular pathology associated with IH/OSA (Figure 9).

The present study demonstrates that IH activates lysine acetylation of H3 and HIF-1α, an epigenetic mechanism that alters chromatin, thereby affecting the accessibility of DNA for transcription factors without changes in the coding sequence of DNA per se. We previously reported that IH triggers epigenetic re-programming of the redox state involving DNA hypermethylation (Nanduri et al., 2017). However, there are important differences between the DNA methylation and lysine acetylation by HDAC, the two epigenetic mechanisms activated by IH. These include: (1) DNA methylation is activated by long-term IH, whereas lysine acetylation resulting from reduced HDAC is initiated even with short-term IH treatment; (2) DNA methylation is linked primarily to anti-oxidant enzyme genes, whereas lysine acetylation is linked to NOX activation, which is a pro-oxidant gene; and (3) DNA methylation is linked to long lasting elevation of BP and plasma NE responses which were not reversed even after 30 days recovery in room air, whereas the systemic responses associated with lysine acetylation and reduced HDAC5 are reversed by a few hours of recovery in room air as shown in the present study (Figures 5C,D) and as reported previously (Nanduri et al., 2017). Epigenetic mechanisms involving histone post-translational modifications and DNA methylation are interrelated mechanisms. It is therefore possible that early epigenetic changes involving lysine acetylation of histone and non-histone proteins due to decreased HDAC activity may trigger DNA methylation seen with LT-IH which remains to be established.

HDACs function as transcriptional repressors or activators in health and disease (Haberland et al., 2009). For example, certain types of cancers are associated with increased expression of HDACs. Consequently, HDAC inhibitors are currently considered novel potential therapeutic interventions for alleviating cancers. On the other hand, HDACs are known to have a protective role in patients with inflammatory lung disease (Adcock et al., 2005) as well as cardiac damage (Chang et al., 2004). The current results indicate an additional unexplored role for HDACs in contributing to autonomic morbidities associated with OSA, a wide-spread breathing disorder.
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Coordination of cardiovascular and respiratory systems enables a wide range of human adaptation and depends upon the functional state of an individual organism. Hypoxia is known to elicit changes in oxygen and carbon dioxide sensitivity, while training alters cardiorespiratory coordination (CRC). The delayed effect of high altitude (HA) acclimatization on CRC in mountaineers remains unknown. The objective of this study was to compare CRC in acute hypercapnia in mountaineers before and after a HA expedition. Nine trained male mountaineers were investigated at sea level before (Pre-HA) and after a 20-day sojourn at altitudes of 4,000–7,000 m (Post-HA) in three states (Baseline, Hypercapnic Rebreathing, and Recovery). A principal component (PC) analysis was performed to evaluate the CRC. The number of mountaineers with one PC increased Post-HA (nine out of nine), compared to Pre-HA (five out of nine) [Chi-square (df = 1) = 5.14, P = 0.023]; the percentage of total variance explained by PC1 increased [Pre-HA median 65.6 (Q1 64.9/Q3 74.9), Post-HA 75.6 (73.3/77.9), P = 0.028]. Post-HA, the loadings of the expired fraction of O2, CO2, and ventilation onto PC1 did not change, and the loading of heart rate increased [Pre-HA 0.64 (0.45/0.68) and Post-HA 0.76 (0.65/0.82), P = 0.038]. During the Recovery, the percentage of total variance explained by PC1 was higher than during the Baseline. Post-HA, there was a high correlation between the Exercise addiction scores and the eigenvalues of PC1 (r = 0.9, P = 0.001). Thus, acute hypercapnic exposure reveals the Post-HA increase in cardiorespiratory coordination, which is highly related to the level of exercise addiction.

Keywords: high altitude, mountaineers, cardiorespiratory coordination, hypercapnia, rebreathing, principal component analysis, exercise addiction


INTRODUCTION

Ascent to high altitude (HA) is accompanied by the process of acclimatization to chronic hypoxia. Hypoxia is known to cause changes in the brain regulatory circuits, leading to alterations in blood flow and ventilatory sensitivity not only to oxygen but also to carbon dioxide (Lindsey et al., 2018). Six hours of hypoxic exposure is sufficient to lower the peripheral and central CO2 threshold (Richard et al., 2014). Moreover, ventilatory and cerebrovascular hypercapnic response patterns show similar plasticity in CO2 sensitivity following hypoxic acclimatization, suggesting an integrated control mechanism (Smith et al., 2017). Cerebral blood flow influences ventilation by altering central chemoreceptor stimulation via central CO2 washout at high altitudes (Hoiland et al., 2018). There are studies that describe the hematological (He et al., 2013) and hormonal changes (Liu et al., 2017), increased hypoxic tolerance, hypoxic ventilatory response and cerebral oxygenation (Cheung et al., 2014), and elevated sympathetic nervous system activity (Sander, 2016) after return to sea level. However, we are not aware of any studies that concern the delayed effects of HA acclimatization on the integration of cardiovascular and respiratory systems.

In general, the integration of the cardiovascular and respiratory systems can provide a wide range of adaptation of the human organism to varying environmental conditions and depends upon the individual functional state. The research approaches of modern physiology demonstrate the transition from the study of the organs and systems functioning to their interaction and integration, which help to improve prediction, particularly in sports physiology (Balagué et al., 2020). Cardiorespiratory coordination (CRC), based on the co-variation among cardiorespiratory variables is a new sensitive approach to studying intersystem integration. A principal component analysis of time series of cardiovascular and respiratory variables registered during cardiorespiratory exercise testing has been used for cardiorespiratory coordination determining to reveal training-specific physiological adaptations (Balagué et al., 2016; Garcia-Retortillo et al., 2019a) and manipulation-specific physiological state (Garcia-Retortillo et al., 2017, 2019b).

We have previously demonstrated that in swimming and skiing correlations between the responses of the cardiovascular and respiratory systems to acute hypoxic and hypercapnic tests are training-specific (Divert et al., 2015, 2017). Later we revealed that cardiorespiratory coherence changes in response to hypoxic exposure depend upon fitness status (Uryumtsev et al., 2020). The study of cardiorespiratory interactions is in its initial stage, and the influencing CRC factors are to be investigated. We suppose that acute hypercapnic exposure may reveal the peculiarities of coordination in the cardiorespiratory system due to the stimulation of central chemoreceptors in mountaineers several weeks after the return from HA.

In addition, we suggested that exercise addiction, which has been found in extreme sports (Heirene et al., 2016), could be correlated with cardiorespiratory coordination. Rock climbing athletes appear to experience withdrawal symptoms when they are abstinent from their sport comparable to individuals with substance and behavioral addictions (Heirene et al., 2016). Mountaineers ascent HA despite all the risks associated with this process. We assumed that the period between HA expeditions could be considered similar to the period of exercise deprivation in athletes with exercise addiction. Krivoschekov and Lushnikov (2017) described increased levels of anxiety and sympathetic nervous system activity assessed by Baevsky’s Stress Index (Baevsky and Chernikova, 2017) in athletes addicted to exercises during exercise deprivation (withdrawal states). Jerath et al. (2016) suggested that alteration in cardiorespiratory synchronization is the mechanism that underlies the symptoms of anxiety. Therefore, we expected that the higher the addiction score is, the worse the cardiorespiratory coordination would be during the period between HA expeditions.

Thus, the purpose of this study was threefold: (1) to compare the CRC in the hypercapnic test before and after the high-altitude expedition; (2) to compare the CRC before (at baseline) and right after the acute hypercapnia (during the recovery stage); and (3) to evaluate the correlation between the level of exercise addiction and CRC.



MATERIALS AND METHODS


Subjects

The study included nine experienced healthy non-smoking male mountaineers aged 25–42 years. All subjects provided written informed consent prior to participation. The study protocol was approved by the Ethics Committee of the Scientific Research Institute of Neurosciences and Medicine (Novosibirsk) and performed in accordance with the Declaration of Helsinki.



Procedure

The mountaineers were examined twice in June and September at an altitude of 164 m above sea level (Novosibirsk). The first round of investigations took place prior to ascending to a HA (Pre-HA). Then the subjects sojourned for 20 days in the mountains, living under the camp conditions at the altitude of 4,100 m with short-term ascents to the altitude of 6,500–7,000 m (Khan-Tengri, Tien Shan). The second investigation, similar to the first one, was performed on average 2 weeks (range 8–28 days) after descending the HA (Post-HA).

The mountaineers began the first visit by signing informed consent, measuring anthropometric characteristics, filling out the Exercise Addiction Inventory, and measuring office blood pressure. After a 30-minute rest including adaptation to breathing through a mask, we began recording gas exchange, ventilation, heart rate, and blood oxygen saturation. Physiological testing was performed in a sitting position through a facemask. All investigations were performed in the morning 2 h after a light breakfast by the same research assistant at an air temperature of 25°C in three functional states: breathing the ambient air (Baseline, 7 min of steady-state ventilation), hyperoxic hypercapnic rebreathing from a 5-L bag (Rebreathing, 3 min) and breathing the ambient air again (Recovery, 7 min). The entire measurement procedure hence took about 17 min. The Read modified rebreathing procedure was used to create hypercapnia (Read, 1967). An initial concentration of 5% CO2 and 40% O2 was created in the bag. To avoid the increased activity of peripheral chemoreceptors, the hyperoxic O2 concentration in the bag was maintained. The hyperoxic mixture was prepared using a NewLife (AirSep, United States) oxygen concentrator. The technique is described in detail elsewhere (Divert et al., 2015).



Data Recording

A spiroergometric system Oxycon Pro (Erich Jaeger, Germany) was used for recording the following respiratory parameters: minute ventilation (VE), inspired and expired fraction of O2 (FiO2 and FeO2), inspired and expired fraction of CO2 (FiCO2 and FeCO2), and end-tidal O2 and CO2 partial pressure (PETO2 and PETCO2). Heart rate (HR) and blood oxygen saturation (SpO2) data were recorded by Pulse Oximeter BCI 3304 Autocorr (Smiths Medical, United States) and then automatically transferred to the Oxycon Pro. Office blood pressure was obtained by use of a sphygmomanometer (OMRON, Japan). We measured skeletal muscle mass by a multi-frequency tetrapolar bioelectrical impedance analysis device (InBody 370, Korea).

We used the Exercise Addiction Inventory (EAI) (Terry et al., 2004) to identify subjects at-risk from exercise addiction. The EAI consists of six statements based on a modified version of the components of behavioral addiction. Each statement has a five-point response option from “Strongly disagree” (1) to “Strongly agree” (5). The six statements that make up the inventory are: “Exercise is the most important thing in my life,” “Conflicts have arisen between me and my family and/or my partner about the amount of exercise I do,” “I use exercise as a way of changing my mood,” “Over time I have increased the amount of exercise I do in a day,” “If I have to miss an exercise session I feel moody and irritable,” and “If I cut down the amount of exercise I do, and then start again, I always end up exercising as often as I did before.” The EAI cut-off score for individuals considered at-risk of exercise addiction is 24.



Data Analysis

Data analysis was carried out using the STATISTICA10 software package (StatSoft). To evaluate the effect of hypercapnia on the separate cardiorespiratory variables we averaged the data that we received during the last 2 min of the baseline and recovery periods, taking into account the low-frequency fluctuations of the cardiorespiratory variables with a period of about 2 min (Grishin et al., 2019). To describe a hypercapnic ventilatory response, we calculated CO2 sensitivity during rebreathing as the slope in the regression line of VE vs. PETCO2 above the ventilatory threshold PETCO2.

To study cardiorespiratory coordination, we used principal component (PC) analysis, which reflects the degree of coincidence of temporal patterns of physiological responses, that is, how much their increase and decrease are statistically synchronized. The total variance allows us to represent the time patterns of selected cardiorespiratory variables with fewer coordinating variables or PCs. The PC is extracted in descending order of importance. The number of PC reflects the dimension of the system, so a decrease in the number of PCs indicates greater coordination and vice versa. The PC number changes when the system undergoes reconfiguration. PC analysis was performed for each mountaineer on the time series of the following selected cardiorespiratory Pre- and Post-HA variables: VE, FeO2, FeCO2, and HR. Other recorded variables were excluded from the analysis due to their mathematical relationship with the above variables.

The number of PCs was determined by the Kaiser criterion, which considers a significant PC with eigenvalues ≥ 1.00. In the tables, we give the eigenvalues as a percentage of the total variance. The greater this percentage is, the greater the coordination of the variables projected onto PC appears. To analyze the effect of HA, the PC eigenvalues pre- and post- HA were compared over the entire 17-minute measurement. To find out the effect of hypercapnia on CRC, the PC eigenvalues for the time series of two states (Baseline and Recovery) were compared. A Wilcoxon Matched Pairs Test was performed to assess statistically significant differences in the cardiorespiratory variables, eigenvalues and PC loads Pre- vs. Post-HA and between the Baseline and Recovery states. The frequencies of occurrence were compared by the chi-square criterion. To test the suitability of the selected cardiorespiratory data for structure detection, Bartlett’s test of sphericity and the Kaiser-Meyer-Olkin Measure of sampling adequacy was used. The relationship between the level of exercise addiction and the eigenvalues of PC1 was evaluated by the Pearson correlation coefficient. To evaluate whether the Post-HA results were influenced by the delay following the high-altitude exposure, we calculated the Pearson correlation coefficient between the days of delay and the variables characterizing the CRC. Statistical significance was considered at a P-value < 0.05.



RESULTS


Anthropometric Characteristics

The anthropometric descriptive characteristics of the subjects expressed as medians (Q1/Q3) are as follows: height 176 (171/180) cm, body weight 70 (65.7/83.1) kg, body mass index 23.8 (21.7/25.7) kg/m2, and muscle weight 34.6 (31.9/38.8) kg. The Exercise Addiction score was 18.0 (17/19) with a range 15–21.



Effect of HA and Rebreathing on the Cardiorespiratory Parameters

Post-HA baseline blood pressure and recovery heart rate decreased significantly as compared to pre-HA (Table 1). There were no differences between studied respiratory variables as well as rebreathing data pre- and Post-HA. When comparing the variables at the recovery and the baseline stage, only one significant difference was found pre-HA. Recovery FeCO2 was lower than that at baseline, but the difference was less than 4%. Post-HA parameters at recovery and baseline were not different.


TABLE 1. Cardiorespiratory parameters and rebreathing test data pre- and post- high altitude.
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Principal Component Analysis

Bartlett’s test of sphericity (p < 0.01) and the Kaiser-Meyer-Olkin Measure of sampling adequacy (min 0.53, max 0.74) showed the suitability of the selected cardiorespiratory data for structure detection. The PC analysis of the entire Pre-HA measurement revealed five mountaineers with one PC and four mountaineers with two PCs. Post-HA, the number of mountaineers with one PC significantly increased to nine [Chi-square (df = 1) = 5.14, p = 0.023]. There were no participants with two PCs Post-HA. Since we used the Kaiser criterion to determine the number of PCs in the model, the following PC (PC2, etc.) had eigenvalues < 1, i.e., they explained less variance than the original variables. Since one PC includes coordinated variables, one can conclude that the coordination of cardio-respiratory variables in the hypercapnic test increases Post-HA.

Post-HA, the percentage of total variance explained by PC1 significantly increased (Table 2). This also confirms an increase in cardiorespiratory coordination.


TABLE 2. Percentage of total variance explained by PC1 and PC2 pre- and post-high altitude.

[image: Table 2]The loadings of VE, FeO2, and FeCO2 onto PC1 did not change Post-HA, and the heart rate loading significantly increased Post-HA (Table 3). This indicates that the coordination of respiratory variables with heart rate increased. Pre-HA, VE, FeO2, and FeCO2 formed PC1, whereas HR was involved in forming PC2 in four mountaineers with two PCs. Post-HA, in all nine mountaineers, all the selected variables (VE, FeO2, FeCO2, and HR) formed PC1.


TABLE 3. Projection of the cardiorespiratory variables onto PC1 pre- and post-HA (entire measurement).

[image: Table 3]The entire measurement segmentation by the states Baseline, Rebreathing, and Recovery revealed the maximal percentage of total variance explained by PC1 during Rebreathing (Table 2). During the Recovery stage, this percentage was significantly higher than that during the Baseline state. We did not find any significant differences in these percentages before and after the HA expedition.



Relation of Exercise Addiction and Percentage of Total Variance Explained by PC1

Pre-HA, the Pearson correlation coefficients (r) between the exercise addiction score and the percentage of total variance explained by PC1 was 0.67 (p = 0.049), Post-HA r = 0.90 (p = 0.001) (Figure 1). The slopes in the regression equations both pre-HA and Post-HA were about 3. The exercise addiction score as well as the percentage of total variance explained by PC1 Pre- and Post-HA did not correlate with age (r = 0.31, 0.32, 0.31, respectively; NS), weight (r = −0.23, 0.01, −0.33; NS), BMI (r = −0.20, −0.22, −0.25; NS), and muscle mass (r = −0.11, −0.02, −0.26; NS).
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FIGURE 1. Scatterplot: Percentage of total variance explained by PC1 (% Total variance) vs. Exercise Addiction Score (EAS). Pre-HA: Correlation: r = 0.67 (p = 0.049), % Total variance = 10.79 + 3.18 • EAS. Post-HA: r = 0.90 (p = 0.001), % Total variance = 20.03 + 3.04 • EAS. Dashed lines depict 95% confidence interval.




Correlation Between the Delay Following the HA Expedition and the Variables Characterizing the CRC Changes

There was a negative correlation between Post- and Pre-HA difference in the percentage of total variance explained by PC1 (Δ% Total variance) on the one hand and the delay following the high-altitude exposure during Rebreathing on the other hand (r = −0.86; p = 0.003; regression: Δ% Total variance = 16.9–1.3 ∗ Days Post-HA). The regression line crosses the zero level (i.e., CRC return to the Pre-HA value) on the 13th day. We did not find any significant correlation between Δ% Total variance and the delay following the HA exposure during Baseline (r = −0.02; NS), Recovery (r = 0.51; NS) and Entire measurement (r = −0.01; NS). There were no significant correlations between the loadings of VE, HR, FeO2, FeCO2 onto PC1 and the delay after HA expedition (r = 0.37, 0.10, 0.16, 0.30, respectively; NS).



DISCUSSION

Coordination among subsystems is a hallmark of physiologic state and function (Ivanov et al., 2016). Gas exchange, which is the outcome of a more or less coordinated work of the cardiovascular and respiratory systems, is regulated with the participation of the central and peripheral chemoreceptors that respond to the changes in the blood O2 and CO2 concentration as well as the pH in the intercellular fluid. The peculiarities of the cardiorespiratory coordination largely determine the individual reserves and physical ability (Balagué et al., 2016; Garcia-Retortillo et al., 2019a). They are of particular importance for mountaineers. Mountaineering is associated with hypoxic high-altitude sojourn, cold, and intense physical activity. The present study was aimed at studying the delayed effect of high-altitude exposure on the peculiarities of cardiorespiratory coordination revealed during central chemoreceptors stimulation. To the best of our knowledge, the results of this pilot study show for the first time an increase of cardiorespiratory coordination revealed by hypercapnic exposure in mountaineers several weeks after the high-altitude expedition. The second result concerns the increase in CRC during the recovery period after acute hypercapnia, which indicates a coordinating effect of acute hypercapnia. The third result demonstrates a high correlation between the exercise addiction scores and the CRC values after the high-altitude expedition.

The value of the ventilation threshold to CO2 in our study coincides with the value of the central chemoreflex recruitment threshold for ventilation in healthy young men of 46 mmHg (Keir et al., 2019). Previously, researchers considered the features of the influence of hypercapnia on ventilation, using the concepts of threshold, response, reactivity, and sensitivity (slope). This approach has shown some specific ventilatory responses to hypercapnia and hypoxia possibly because of adaptation to frequent high-altitude climbing (Puthon et al., 2016) or training-specific physiological adaptation (Divert et al., 2017), genetic factors (Goldberg et al., 2017), and even the presence of patent foramen ovale (Davis et al., 2019). We have not found any differences in the considered respiratory parameters at rest, as well as ventilatory thresholds and CO2 sensitivities before and after the high-altitude expedition. Probably, the delayed effect of altitude acclimatization on the studied respiratory parameters varies greatly between individuals. At the same time, heart rate and blood pressure significantly reduced after the expedition. According to He (He et al., 2013) the entire process of deacclimatization may take ≥ 100 days.

We revealed the remaining effect of acclimatization on cardiorespiratory coordination several weeks after return from high altitude. Using the principal component analysis, we were able to analyze the cardiorespiratory coordination over the entire measurement, including the transition periods between the baseline, rebreathing, and recovery states. This approach allows obtaining additional information about the CRC, even with the respect to non-stationary states. Various indices obtained as a result of the PC analysis for the entire 17-minute measurement showed the CRC increase Post-HA: the increase in the number of mountaineers with one PC (all the subjects), the increase in the percentage of variance explained by PC1 (eigenvalues), and an increase in the heart rate loading onto PC1. This is consistent with the results obtained by the same method, which has shown the higher sensitivity and responsiveness of cardiorespiratory coordination to exercise effects compared to isolated cardiorespiratory outcomes (Balagué et al., 2016; Garcia-Retortillo et al., 2017, 2019a). The last studies were performed during physical exercise testing. Increasing metabolic demand can be the coordinating factor for cardiorespiratory variables during exercise. In mountaineers Post-HA, changes in cardiorespiratory coordination are presumably associated with the plasticity of medullar regulatory circuits in response to long-term hypoxic stimulation of chemoreceptors (Lindsey et al., 2018).

The negative correlation between the Post- and Pre-HA difference in the percentage of total variance explained by PC1 and days Post-HA during Rebreathing indicates that the Post-HA rebreathing CRC was influenced by the delay following the high-altitude exposure. Meanwhile, we did not find any relationship between Post- and Pre-HA difference in CRC and days Post-HA during Baseline, Recovery, and Entire measurement. Thus, on the one hand, the large variability in the Post-HA exposure re-evaluation delay is a limitation of the study, but on the other hand, this allowed us to estimate the duration of the effects of HA acclimatization on the CRC after returning to the sea level.

The second result concerns an increase in CRC during the recovery period after acute hypercapnia, indicating an acute coordinating effect of hypercapnia. It has long been known that ventilation begins to increase linearly when the concentration of CO2 increases above the ventilatory threshold (Read, 1967; Duffin, 1990). This fact is used in the rebreathing test. However, we found for the first time that in the period immediately after the rebreathing, the percentage of the total variance, explaining PC1, also increases compared to the baseline level. In addition to ventilation and FeCO2, FeO2, and heart rate are included in the PC in our study. It should be mentioned that in our CRC study, we do not concern another type of cardiorespiratory coupling, respiratory sinus arrhythmia (RSA). However, hypercapnia is known to increase the amplitude of RSA (Tzeng et al., 2007; Brown et al., 2014), which also indicates an increase in cardiorespiratory coupling.

The third result relates the cardiorespiratory coordination to the exercise addiction score. When we included the EAI in our methods, we expected to identify subjects at-risk of exercise addiction similar to those found in extreme sports (Heirene et al., 2016). We assumed that the higher the addiction score is, the worse the cardiorespiratory coordination would be during the period between HA expeditions. However, the results obtained turned out to be the opposite. There was a high positive correlation between CRC and EAI scores. Moreover, none of the investigated climbers has reached the cut-off score of 24 points to be at-risk of exercise addiction. All examined subjects had a medium EAI score. Therefore, it is not possible to talk about withdrawal states. In our study, the level of exercise addiction as well as CRC did not correlate with age, weight, BMI, and muscle mass. An increase in the exercise addiction score indicates a greater commitment to a training lifestyle. We could assume that the EAI score is a psychological correlate of the fitness level in mountaineers. Therefore, the obtained high positive correlation between exercise addiction scores and CRC could be explained by the interdependence of these indices on the level of fitness. This is confirmed by the fact that it is after the high-altitude expedition that there is a high correlation. The concept of fitness for mountaineers includes the adaptation of the chemoreflex regulation circuit, as well as physical ability. However, this assumption requires further verification.

The practical relevance of the results obtained is that the cardiorespiratory coordination could serve as an additional marker of specific physiological adaptations to different hypoxic states, including high-altitude hypoxia in mountaineers and the pathological state accompanied by hypoxia.


Limitations

The main limitation of the study is the lack of blood pressure time series, which could significantly improve the PC model. Another limitation is the lack of blood and biochemical analyses, including changes in pH, and indices of autonomic nervous system regulation, which could provide a more detailed integration of dynamics across different systems. Large variability in the Post-HA exposure re-evaluation delay could be a limitation of the study, but this allowed us to estimate the duration of the effects of HA acclimatization on the CRC after returning to the sea level. Moreover, this study investigates nine subjects only, which may limit the statistical power of the study.



Further Considerations

In the future, we consider it appropriate to investigate the effect of autonomic nervous regulation on cardiorespiratory coordination.



Conclusion

Acute hypercapnic exposure reveals the Post-HA increase in cardiorespiratory coordination, which is highly related to the level of exercise addiction. Acute hypercapnia provides a coordinating effect on the cardiorespiratory system. The CRC after the acute hypercapnia during the recovery stage is significantly higher than at baseline. These facts require further investigation.
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The benefits of intermittent hypobaric hypoxia (IHH) exposure for health and its potential use as a training tool are well-documented. However, since hypobaric hypoxia and cold are environmental factors always strongly associated in the biosphere, additive or synergistic adaptations could have evolved in animals’ genomes. For that reason, the aim of the present study was to investigate body composition and hematological and muscle morphofunctional responses to simultaneous intermittent exposure to hypoxia and cold. Adult male rats were randomly divided into four groups: (1) control, maintained in normoxia at 25°C (CTRL); (2) IHH exposed 4 h/day at 4,500 m (HYPO); (3) intermittent cold exposed 4 h/day at 4°C (COLD); and (4) simultaneously cold and hypoxia exposed (COHY). At the end of 9 and 21 days of exposure, blood was withdrawn and gastrocnemius (GAS) and tibialis anterior muscles, perigonadal and brown adipose tissue, diaphragm, and heart were excised. GAS transversal sections were stained for myofibrillar ATPase and succinate dehydrogenase for fiber typing and for endothelial ATPase to assess capillarization. Hypoxia-inducible factor 1α (HIF-1α), vascular endothelial growth factor (VEGF), and glucose transporter 1 (GLUT1) from GAS samples were semi-quantified by Western blotting. COLD and HYPO underwent physiological adjustments such as higher brown adipose tissue weight and increase in blood-related oxygen transport parameters, while avoiding some negative effects of chronic exposure to cold and hypoxia, such as body weight and muscle mass loss. COHY presented an additive erythropoietic response and was prevented from right ventricle hypertrophy. Intermittent cold exposure induced muscle angiogenesis, and IHH seems to indicate better muscle oxygenation through fiber area reduction.

Keywords: cold, erythropoiesis, skeletal muscle, rats, intermittent hypoxia, hypobaria, capillarization


INTRODUCTION

More than 140 million people worldwide live at high altitude (above 2,500 m) and 40 million people are also exposed to altitude environment due to recreational or other reasons (Moore et al., 1998; West et al., 2012). Altitude is characterized by low barometric pressure and, hence, reduced atmospheric oxygen partial pressure (PO2), which in turn results in a decrease in arterial oxygen content leading to tissue hypoxia (Lundby et al., 2009). Mammalian cells are able to sense oxygen changes and to respond to maintain adequate oxygen levels and homeostasis and, thus, ensure cell function and survival (Semenza, 1998). Organisms can react with a wide range of responses to low PO2 (Breen et al., 2008; Lundby et al., 2009), but the magnitude of this response to hypoxia is directly related to the dose because the severity of the hypoxemia, the duration of the hypoxic exposure, and its frequency are responsible for the subsequent beneficial or pathological reaction (hormesis) (Navarrete-Opazo and Mitchell, 2014).

Intermittent hypoxia is characterized by long periods of normoxia alternated with periods in hypoxia, resulting in a potentially cumulative effect that begins with the first exposure (Neubauer, 2001; Viscor et al., 2018). During the last few decades, it has been well documented that intermittent hypobaric hypoxia (IHH) could elicit beneficial responses in the organism without detectable adverse consequences. Among other things, it has been shown that IHH enhances erythropoiesis and aerobic capacity, improves muscle capillarization and metabolism, controls hypertension, accelerates tissue repair, ameliorates bronchial asthma, regulates metabolic syndrome, and improves altitude acclimatization (see for review Viscor et al., 2018).

Despite numerous studies focused on the effect of hypobaric hypoxia, very few works have considered the fact that high altitude in natural environments always involves a simultaneous exposure to hypobaric hypoxia and cold stimuli. Exposure to cold is characterized by increased metabolic rate and blood flow in order to respond to the higher oxygen needs by tissues during thermogenesis. However, during hypoxia, cellular oxygen availability is reduced due to a low PO2, triggering physiological responses oriented to maintain oxygen supply at the tissue level. Interestingly, during concurrent cold and hypoxia, increased oxygen demands and compromised oxygen availability occur simultaneously (Banchero et al., 1985; Jackson et al., 1987).

Mammals have the ability to respond and adapt to different environmental stressors to guarantee their survival (Breen et al., 2008; Maekawa et al., 2013). During acclimatization to hypoxia, increased ventilation and enhanced oxygen transport and delivery are aimed at improving oxygen extraction and use in cells (Neubauer, 2001). Hypoxia-inducible factor 1α (HIF-1α) is the main mediator of cellular hypoxia, regulating more than 100 genes involved in key processes such as erythropoiesis and iron metabolism, angiogenesis, glucose metabolism, cell proliferation and survival, and apoptosis (Ke and Costa, 2006). When homeotherms are exposed to a cold environment, different behavioral responses, morphological adjustments, and physiological adaptations take place in order to reduce heat loss and increase endogenous heat production and, therefore, maintain a stable core temperature (Deveci et al., 2001b; Deveci and Egginton, 2002; Deveci and Egginton, 2003; Maekawa et al., 2013). The hypothalamic–pituitary–adrenal and hypothalamic–pituitary–thyroid axes play a significant role by means of the upregulation of sympathetic effect over the metabolism of carbohydrates and lipids and increasing the expression of beta-adrenergic receptors in hepatic, adipose, and cardiac cells (Zhang Z. et al., 2018). Shivering thermogenesis, which takes place exclusively in the skeletal muscle, is the primary source of heat in the early phase of cold exposure (Suzuki et al., 1997; Egginton et al., 2001; Deveci and Egginton, 2002; Egginton, 2002; Sepa-Kishi et al., 2017; Mahalingam et al., 2020), while during subsequent cold acclimatization, there is a progressive increase of non-shivering thermogenesis via brown adipose tissue (BAT) activation (Suzuki et al., 1997; Deveci and Egginton, 2002; Sepa-Kishi et al., 2017; Mahalingam et al., 2020). Moreover, skeletal muscle is also involved in non-shivering thermogenesis based on the activity of Ca2+-ATPase in the sarcoplasmic reticulum (SR) (Sepa-Kishi et al., 2017). Thermogenesis in skeletal muscle is supported by increased oxidative metabolism (Egginton et al., 2001; Egginton, 2002) and mitochondrial plasticity (Mahalingam et al., 2020) and requires adaptive changes to improve the oxygen transport system and, thereby, support oxygen demands (Suzuki et al., 1997; Deveci and Egginton, 2002).

In the 1980s, the group led by Natalio Banchero pioneered several studies investigating the effect of concurrent hypobaric hypoxia and cold in muscle tissue, showing that when cold and hypoxia were applied simultaneously, a greater capillarity was found in the gastrocnemius (GAS) muscle than that observed after acclimation to these two factors separately (Banchero et al., 1985; Jackson et al., 1987). Later on, other researchers studied the possible cross-adaptation between cold and hypoxia on the autonomous nervous system (Lunt et al., 2010). Moreover, we have recently shown that simultaneous exposure to IHH and intermittent cold counteracts the pro-inflammatory effect and the body weight (BW) loss produced by isolated hypobaric hypoxia exposure (Ramos-Romero et al., 2020).

The aim of the present study was to investigate the physiological responses to IHH and intermittent cold when they were applied separately or simultaneously. We used rats as a widespread animal model having in mind that an in-depth study on hematological and muscular responses to these two environmental factors could help to better understand the altitude acclimatization process and find out the usefulness of both stimuli as a non-pharmacological therapeutic treatment for injury recovery or as a tool for training in sport performance.



MATERIALS AND METHODS


Animals

A total of 108 adult male Sprague–Dawley rats (Envigo, Casatenovo, Italy) with an initial weight of 211 ± 28 g (mean ± SD) were used in the study. Animals were housed at 25°C ± 2°C and maintained on a 12-h light–dark cycle, with ad libitum access to water and food (even during cold and hypoxia exposures). After 1 week of quarantine, rats were randomly divided into four groups: (1) control (CTRL), maintained in normoxia at 25°C; (2) intermittent cold exposed (COLD); (3) IHH exposed (HYPO); and (4) rats simultaneously submitted to intermittent cold and hypobaric hypoxia (COHY). Animals from these different groups were submitted to the assigned intervention procedure for 9 or 21 days.

All procedures were performed in accordance with European Union guidelines for the care and management of laboratory animals and were under license from the Catalan authorities (reference no. 1899), as approved by the University of Barcelona’s Ethical Committee for Animal Experimentation.



Intervention Protocols

A hypobaric chamber was used to expose rats to IHH. The hypobaric chamber had 136-L capacity, allowing for two rat cages to be placed inside it. The chamber walls were made of polymethyl methacrylate plastic, allowing for the animals’ behavior to be observed during the protocol. A relative vacuum (low pressure) in the chamber was produced by a rotational vacuum pump (TRIVAC D5E; Leybold-Oerlikon, Köln, Germany) by regulating the airflow rate at the inlet with a micrometric valve. Inner pressure was controlled by two differential pressure sensors (ID 2000; Leybold-Oerlikon, Köln, Germany) connected to a vacuum controller (Combivac IT23; Leybold-Oerlikon, Köln, Germany) driving a diaphragm (DIA) pressure regulator (MR16; Leybold-Oerlikon, Köln, Germany). The target pressure of 577 hPa (equivalent to 4,500 m of altitude) was achieved steadily over ∼15 min. Once this desired level was reached, the internal barometric pressure of the chamber was regulated and maintained by the control system for 4 h. A continuous entry of air through the inlet valve avoided the accumulation of humidity and CO2 into the hypobaric chamber. At the end of the session, pressurization to normal barometric pressure was gradually restored over ∼15 min. The intermittent cold exposure (ICE) was performed by introducing the rats into their own cages in a cold room at 4°C. Finally, simultaneous cold and hypobaric hypoxia exposure was carried out by placing the hypobaric chamber in the cold room. All intervention consisted of 4 h/day sessions.



Blood and Tissue Sampling

Animals from the different groups were sampled the day after the last intervention at two different points in time (9 or 21 days). After being anesthetized, a blood sample was drawn from the abdominal cava vein and analyzed by a hematological analyzer (Coulter Spincell 3; Spinreact, Girona, Spain). Then, both GAS, both tibialis anterior (TA), perigonadal (epididymal) adipose tissue (PAT), interscapular BAT, DIA, and heart were excised from each rat, rinsed in saline solution, and weighed. Skeletal muscles were frozen in precooled isopentane (Sigma-Aldrich) and stored at −80°C until further analysis. At the end, the animals were euthanized by anesthetic overdose.



Histochemical Procedures

Frozen GAS muscles were embedded in a mounting medium (Tissue-Tek; Sakura Finitek Europe, Zoeterwoude, The Netherlands) and cut in serial transverse sections (14–16 μm) using a cryostat (Leica CM3050S, Wetzlar, Germany) at −22°C. Sections were mounted on gelatinized slides (0.02%), incubated for 5 min in a fixing buffer (Viscor et al., 1992) in order to prevent shrinkage or wrinkling and finally stained for: (1) myofibrillar adenosine triphosphatase (mATPase), following preincubation in alkaline solution (pH 10.7), to differentiate between slow- and fast-twitch fibers (Brooke and Kaiser, 1970); (2) succinate dehydrogenase (SDH), to identify aerobic and anaerobic fibers (Nachlas et al., 1957); (3) endothelial adenosine triphosphatase (eATPase), to reveal muscle capillaries (Fouces et al., 1993). A representative combined image can be seen in Figure 1. A complete set of representative images for all the histochemical assays from the four experimental groups at the two sampling time points is included as Supplementary Material (Supplementary Figure 1).
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FIGURE 1. Representative microphotographs of gastrocnemius cross-section histochemical assays. (A) Endothelial ATPase stain (arrows indicate muscle capillaries); (B) myosin ATPase stain; (C) succinate dehydrogenase stain. (∗) Slow oxidative fiber (SO); (⋅) fast oxidative glycolytic fiber (FOG); (+) fast intermediate glycolytic fiber (FIG); # fast glycolytic fiber (FG). Bar represents 100 μm.




Morphofunctional Measurements

Morphofunctional measurements were performed on microphotographs of stained sections, obtained with a light microscope (BX61; Olympus, Tokyo, Japan) connected to a digital camera (DP70; Olympus, Tokyo, Japan) at × 20 magnification. Since GAS muscle has a heterogeneous muscle fiber type distribution and morphometry, three different zones from each muscle (red, intermediate, and white), as previously described by Armstrong and Phelps (1984), were photographed and further analyzed (Armstrong and Phelps, 1984). All the parameters listed below were measured or calculated from transverse cross-section tissues with an area of 5.5 × 105 μm2 using ImageJ software (v. 1.51n; National Institutes of Health, United States).

All muscle fibers were typified according to their metabolic and contractile character (Figures 1B,C) and classified as slow-twitch oxidative (SO), fast-twitch oxidative glycolytic (FOG), fast-twitch glycolytic (FG), or fast-twitch intermediate glycolytic (FIG). SO fibers were unstained for mATPase (pH 10.7) and presented high SDH activity; FOG fibers displayed a dark mATPase and SDH stain; FG fibers presented moderate mATPase stain and remained unstained for SDH assay; and FIG fibers presented moderate to high mATPase and intermediate SDH stain (higher than FG fibers but lower than FOG fibers). Images from eATPase (Figure 1A) were used to measure or calculate the following parameters: fiber cross-sectional area (FCSA), Feret diameter, number of capillaries per 1,000 μm2 of FCSA (CCA = NCF⋅103/FCSA), number of capillaries per fiber (NCF), fiber density (FD), capillary density (CD), and capillary-to-fiber ratio (C/F = CD/FD). The mean total number of fibers per rat included for the analysis was 477 ± 112 (±SD). The same researcher performed fiber typing and identification of the capillaries to guarantee that the same criteria were used in all the analyzed images.



Protein Extraction and Western Blotting

HIF-1α protein expression and two of its target proteins, vascular endothelial growth factor (VEGF) and glucose transporter 1 (GLUT1), were semi-quantified using Western blot technique. Whole GAS muscles were homogenized in urea lysis buffer [6 M urea, 1% sodium dodecyl sulfate (SDS)], supplemented with protease and phosphatase inhibitors (Complete Protease Inhibitor Cocktail and PhosphoSTOP, Sigma-Aldrich), using the Precellys® Evolution tissue homogenizer (Bertin Technologies, Montignt-le-Bretonneux, France). The lysates were centrifuged at 25,000 g for 15 min at 4°C to remove cell debris, and total protein content of the collected supernatants was quantified by the bicinchoninic acid assay (Thermo Fisher Scientific). Muscle protein extracts were solubilized in an electrophoresis loading buffer (62.5 mM Tris⋅HCl, pH 6.8; 2.3% SDS; 10% glycerol; 5% mercaptoethanol; and bromophenol blue), and equal amounts of protein (between 10 and 55 μg) were loaded onto each lane of the gel, and electrophoresis was run on 10% SDS–polyacrylamide gel electrophoresis (PAGE) gels. Ten study samples and one control sample in triplicate (to verify the possible variability between samples across each membrane) were loaded onto each gel. The following internal quality control criteria were used to consider a valid blot: the variation between the control samples had to be less than 20%, and the same control sample was loaded in all the gels to compensate for the variability between gels and to be able to compare them, as described by Martin-Rincon et al. (2019).

After electrophoresis, proteins were transferred to an Immun-Blot polyvinylidene fluoride (PVDF) membrane for protein blotting (Bio-Rad Laboratories). To verify that equal amounts of muscle protein were charged in each well and the efficiency of transference, the membranes were stained with Ponceau S stain (Sigma-Aldrich). For immunoblotting, membranes were blocked with 4% bovine serum albumin (BSA) in TBS-T (Tris-buffered saline containing 0.1% Tween 20) for 1 h at room temperature. To detect our target proteins, membranes were incubated overnight at 4°C with primary antibodies against HIF-1α (MA1-516; Thermo Fisher Scientific), VEGF (MA1-16629; Thermo Fisher Scientific), and GLUT1 (#12939; Cell Signaling Technology) diluted 1:1,000 in 4% BSA-TBS-T. Following this, the membranes were incubated with the corresponding secondary horseradish peroxidase (HRP)-conjugated antibody (#31460 and #31430; Thermo Fisher Scientific) diluted 1:5,000 in 5% Blotto in TBS-T for 1 h at room temperature. The specific bands were visualized with the Clarity TM Western ECL Substrate Kit (Bio-Rad Laboratories), and the chemiluminescence signal was measured using the Odyssey Fc Imaging System (LI-COR Inc. Biotechnology, Lincoln, Nebraska, United States) and quantified with the Image Studio Software (v. 5.2.5, LI-COR Inc. Biotechnology). Muscle signaling data were reported (in arbitrary units) as the sample band intensity relative to Ponceau S stain, and the final data were normalized to the mean value (band densities) of the three control samples loaded on all the gels.



Statistical Analysis

Data were analyzed using a one-way ANOVA test followed by the Holm–Sidak post hoc test or Student’s t when appropriate. Statistical comparisons were only tested by comparing groups within the same time point. Statistical significance was set at p < 0.05. The results are reported as mean ± standard error (SE) in histograms, tables, and throughout the text, unless otherwise indicated. Most figures are represented through box-and-whisker plots. The box represents the first and third quartiles separated by the median. Whisker end points represent minimum and maximum values, and the mean is represented with a black dot. All statistical tests were performed using the statistical package SigmaPlot 11 (Systat Software, Inc., San Jose, CA, United States, 2008–2009).



RESULTS


Animal Body Weight, Time Course, and Body Composition

Rats’ BW was monitored throughout the study, and the weight change percentage was calculated every 2 days (Figure 2). The weight of all the animals increased gradually over time, but with some differences between experimental groups at some time points. On day 2 of intervention, animals exposed to IHH (HYPO and COHY) suffered a significant (p < 0.001 and p < 0.001, respectively) BW loss compared to CTRL, whose BW increased slightly respective to its initial values. Moreover, HYPO presented a significantly reduced BW gain in relation to COLD (p < 0.001). Between days 2 and 4 of the study, COHY exhibited significant lower growth than the other groups (p < 0.001), while no differences were found across the rest of the experimental groups. On day 8, COHY presented, compared to the previous day, a significantly lower BW increase than CTRL and COLD (p = 0.005 and p = 0.009, respectively). Nevertheless, from days 10 to 12, only COLD exhibited changes, specifically, larger BW increase than CTRL and COHY (p = 0.006 and p = 0.001, respectively). No more statistical differences were found among the different experimental groups in the remaining measures. Data showing the percentage changes in BW from the start to the end of the study are shown in Table 1. After 9 days, a statistically significant lower BW gain in animals exposed to hypoxia (alone or combined with cold) when compared to CTRL was evident. COHY also presented reduced BW gain compared to COLD (p < 0.026). However, after 21 days, COLD presented a significantly higher weight gain than the rest of the groups.
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FIGURE 2. Body weight change during the study. Statistically significant differences are indicated as follows: *p < 0.05, **p < 0.001 between the following pairs: a, CTRL vs. COLD; b, CTRL vs. HYPO; c, CTRL vs. COHY; d, COLD vs. HYPO; e, COLD vs. COHY; f, HYPO vs. COHY. CTRL, control; COLD, intermittent cold; HYPO, intermittent hypoxia; COHY, intermittent cold + hypoxia.



TABLE 1. Rats’ body composition parameters.
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Rats exposed to hypoxia for 9 days exhibited higher limb lean mass (GAS+TA weight) than COLD and CTRL, although these differences were only statistically significant when hypoxia was applied alone (HYPO) (p < 0.001 vs. COLD; p = 0.006 vs. CTRL). After 21 days, all animals submitted to any intervention sessions (cold and/or hypoxia) showed a significantly higher GAS+TA weight than CTRL (p < 0.001). There were also significant differences in lean mass weight between HYPO and COHY (3.35 ± 0.11 g vs. 3.01 ± 0.06 g, p = 0.001). Regarding adipose tissue, IHH alone induced a statistically significant decrease in BAT/BW ratio, which was already appreciated after 9 days and was maintained throughout the whole time that the intervention lasted. Furthermore, after 9 days of ICE sessions, COLD presented a significantly higher BAT/BW ratio than CTRL, HYPO, and COHY (p < 0.001, p < 0.001, and p = 0.005, respectively). Nevertheless, after 21 days, COLD group only presented significant differences in BAT weight when compared to CTRL and HYPO (p = 0.003 and p < 0.001, respectively). Regarding PAT, no statistical differences were found among the different groups on day 9 of the study, but a significant reduction in PAT/BW ratio was found in HYPO compared with the other three groups after 21 days of IHH sessions.

No changes were found in DIA or in heart weight between different experimental groups at any time point (Table 1). Nevertheless, a significant increase in the right ventricular index (calculated as the ratio of right ventricle to whole heart weight) was found in HYPO at day 9 of the experimental period (vs. CTRL, p = 0.003; vs. COLD, p = 0.012; vs. COHY, p = 0.004).



Hematological Parameters

Oxygen-related transport hematological parameters are shown in Figure 3. After 9 days of IHH exposure, alone (HYPO) or combined with cold (COHY), animals had a significantly higher hemoglobin concentration ([Hb]) and hematocrit (Htc) compared to CTRL. COHY also exhibited a significantly higher [Hb] and Htc than COLD after 9 days ([Hb]: p = 0.024, Htc: p = 0.007) and significantly higher Htc (p = 0.001) after 21 days. COLD compared to CTRL increased [Hb] significantly (p = 0.021) within the first 9 days of exposure and had non-significantly higher [Hb] after 21 days. Regarding red blood cell (RBC) count, COHY presented significantly higher values than CTRL both after 9 and 21 days of exposure and higher than COLD after 21 days (p = 0.007). An almost significantly greater RBC count (p = 0.058) was found in HYPO when compared to CTRL on both days 9 and 21.
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FIGURE 3. Hematological parameters after 9 and 21 days. (A) Hematocrit; (B) red blood cell counts; (C) hemoglobin concentration. CTRL, control; COLD, intermittent cold; HYPO, intermittent hypoxia; COHY, intermittent cold + hypoxia. Statistically significant differences are indicated as follows: *p < 0.05 vs. CTRL, **p < 0.001 vs. CTRL, #p < 0.05 vs. COLD, ##p < 0.001 vs. COLD. Sample size: n = 8–13 per group at each temporal time point.


Table 2 shows hematimetric indices and white blood cell (WBC) and platelet counts. Statistically significant differences were only found after 9 days in COHY when compared to CTRL and COLD in mean corpuscular volume (MCV) and after 21 days in mean corpuscular hemoglobin concentration (MCHC), all groups having higher values than CTRL. All intervened groups showed higher WBC than CTRL after 9 days, while after 21 days, only HYPO presented significantly higher values than the other groups. Regarding platelets, CTRL and COLD had statistically significant higher counts than HYPO and COHY after 9 days, which was not observed after 21 days.


TABLE 2. Rats’ blood haematimetric parameters.
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Fiber Cross-Sectional Area and Feret Diameter

Figures 4A–D show the FCSA measurements of the different fiber types presented separately. All rats subjected to any treatment for 9 days presented a slight FCSA reduction relative to CTRL group in SO fiber type, which is statistically significant (p = 0.049) in COHY. After 21 days, SO fibers in COLD-treated animals presented a similar mean FCSA to CTRL (3,314 ± 258 μm2 vs. 3,400 ± 225 μm2), while both hypoxic groups had a non-significant FCSA reduction (Figure 4A). After 9 days, FOG and FIG fibers (Figures 4B,C) had very similar values in all groups. However, after 21 days, a consistent trend in FOG and FIG fiber size reduction was evident in groups exposed to intermittent hypoxia (HYPO and COHY). These reductions were not statistically significant and ranged from 16 to 18% in FOG fibers and from 10 to 24% in FIG fibers. Finally, no changes were found in FG fibers FCSA among the different groups at any time point.
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FIGURE 4. Gastrocnemius muscle fiber morphometry after 9 and 21 days in the different fiber types. (A–D) Fiber cross-sectional area (FCSA), (E–H) Feret diameter. SO, slow oxidative; FOG, fast oxidative glycolytic; FIG, fast intermediate glycolytic; FG, fast glycolytic. CTRL, control; COLD, intermittent cold; HYPO, intermittent hypoxia; COHY, intermittent cold + hypoxia. Statistically significant differences are indicated as follows: *p < 0.05 vs. CTRL. Sample size: n = 6 per group at each temporal time point.


Feret diameter parameter shows the longest distance between any two points along the section boundary, also known as maximum caliper. As shown in Figures 4E–H, COLD, HYPO, and COHY showed smaller maximum Feret diameter than CTRL in SO fiber type after day 9 (p = 0.095, p = 0.043, and p = 0.007, respectively). After 21 days, only HYPO and COHY presented smaller mean maximum Feret diameter than CTRL, but without reaching significant differences (80.1 ± 6.6 and 80.1 ± 4.5 vs. 88.3 ± 4.0) (Figure 4E). No changes on Feret diameter were found in FOG and FIG fibers at 9 days of intervention protocols (Figures 4F,G). However, at 21 days, a trend toward smaller mean maximum Feret diameter was found in FOG fibers of all treated groups, and smaller mean was observed in FIG fibers of COHY. No changes were found in FG fibers in any group at any temporal point.



Individual Fiber Capillarization

After 9 days, the intervened groups showed in all fiber types a trend to reduce the NCF compared to CTRL (Figures 5A–D). This reduction was statistically significant in FG fibers of the animals exposed to IHH (HYPO and COHY) with a higher significant reduction in COHY (p = 0.003) than in HYPO (p = 0.022). However, after 21 days, COLD had non-significant increases in the NCF (ranging from 2 to 8%) in all fiber types compared to CTRL. Conversely, HYPO presented a non-significantly lower NCF than CTRL in SO, FOG, and FIG fibers, while COHY did show similar values than CTRL in all fiber types.
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FIGURE 5. Gastrocnemius individual fiber capillarization after 9 and 21 days in the different fiber types. (A–D) Number of capillaries per fiber (NCF), (E–H) fiber capillarization index (CCA). SO, slow oxidative; FOG, fast oxidative glycolytic; FIG, fast intermediate glycolytic; FG, fast glycolytic. CTRL, control; COLD, intermittent cold; HYPO, intermittent hypoxia; COHY, intermittent cold + hypoxia. Statistically significant differences are indicated as follows: *p < 0.05 vs. CTRL, #p < 0.05 vs. COLD, $p < 0.05 vs. HYPO. Sample size: n = 6 per group at each temporal time point.


The NCF parameter is highly influenced by fiber size. To correct this influence, CCA index was calculated. CCA could be seen as an estimate of the average area to which each adjacent capillary supplies oxygen. After 9 days of any treatment, no changes were found in any fiber type nor between groups for this index (Figures 5E–H), but after the longer exposure period of 21 days, COLD, HYPO, and COHY showed a tendency to increase CCA in SO, FOG, and FIG fiber types. This increase was statistically significant in COHY for FOG and FIG fiber types.



Fiber Density, Capillary Density, and Capillary-to-Fiber Ratio

No statistical differences were found in CD between the different groups at any time point, although the COLD group showed a slight increase (6 and 9%) at 9 and 21 days (Figure 6A). Non-significant increases in FD were observed in all intervened groups at both temporal points (Figure 6B). To analyze the relationship between the capillary and fiber densities, the C/F ratio was calculated. At 9 days, the results showed similar values to CTRL for COLD and non-significant reductions (10–13%) for both hypoxic groups (Figure 6C). After 21 days, COLD had 9% higher values than CTRL, while HYPO and COHY remained unaltered.


[image: image]

FIGURE 6. Gastrocnemius global capillarization and morphometric parameters after 9 and 21 days. (A) Capillary density, (B) fiber density, (C) capillary-to-fiber ratio. Sample size: n = 6 per group at each temporal time point.




Fiber Type Distribution

Fiber type proportions in different groups are shown in Figure 7. After 9 days, the proportion of SO fibers remained unaltered in all conditions studied (averaging 22%), while a significant 10% reduction relative to CTRL was found on day 21 in HYPO. A higher significant percentage of FOG fibers was found in COLD compared to CTRL and COHY and in HYPO compared to COHY after 9 days. Similar percentages of FOG were shown (between 30 and 35%) for all groups after 21 days. FIG and FG fiber proportions remained unchanged in the different groups at both temporal points.
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FIGURE 7. Gastrocnemius fiber type distribution after 9 and 21 days. SO, slow oxidative; FOG, fast oxidative glycolytic; FIG, fast intermediate glycolytic; and FG, fast glycolytic. CTRL, control; COLD, intermittent cold; HYPO, intermittent hypoxia; COHY, intermittent cold + hypoxia. Data are presented as mean ± standard error. *p < 0.05 vs. CTRL, #p < 0.05 vs. COLD, $p < 0.05 vs. HYPO. Sample size: n = 6 per group at each temporal time point.




Hypoxia-Inducible Factor 1α Pathway Protein Expression

After 9 days, the expression of the three proteins analyzed had its higher values in COLD (Figure 8). For HIF-1α and GLUT1, the differences were statistically significant compared to COHY and non-significantly higher compared to CTRL (25 and 27%, respectively) (Figures 8A,B), while for VEGF, these were additionally significant with respect to CTRL (Figure 8C). VEGF also had a significantly higher expression in HYPO compared to COHY and a trend to higher values than CTRL (26%). The results obtained for HIF-1α and GLUT1 after 9 days contrasted with the absence of significant differences between groups obtained after 21 days. The significant reduction in VEGF expression in COHY was also evident after 21 days.
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FIGURE 8. Hypoxia-inducible factor 1α (HIF-1α) signaling pathway protein expression in gastrocnemius muscle after 9 and 21 days. (A) HIF-1α; (B) glucose transporter 1 (GLUT 1); (C) vascular endothelial growth factor (VEGF). CTRL, control; COLD, intermittent cold; HYPO, intermittent hypoxia; COHY, intermittent cold + hypoxia. Data are presented as mean ± standard error and expressed in arbitrary units (a.u.). Statistically significant differences are indicated as follows: *p < 0.05 vs. CTRL, #p < 0.05 vs. COLD, $p < 0.05 vs. HYPO. Sample size: n = 6 per group at each temporal time point.




DISCUSSION


Body Weight and Body Composition Time Course

We have found a significant increment of BW and higher BAT/BW ratio in animals submitted to ICE (COLD) and lower PAT/BW and BAT/BW ratios in animals exposed to IHH alone (HYPO). This adipose tissue reduction could account for the increased skeletal muscle/BW ratio (Table 1). Two more interesting conclusions are derived from our results: (i) simultaneous exposure to intermittent cold and hypoxia (COHY) reverted the decrease of adipose tissue/BW ratios to control values; and (ii) these changes were already evident from 9 days of exposure to the treatment. Although previous studies in non-hibernator rodents have reported that chronic cold exposure either does not produce any changes (Deveci et al., 2001b; Egginton et al., 2001; Deveci and Egginton, 2002, 2003; Sepa-Kishi et al., 2017) or does produce a significant BW reduction (Suzuki et al., 1997; Mizunoya et al., 2014; Tsibul’nikov et al., 2016), our results agree with those reported by others who found that ICE caused an increase in rodents’ BW (Yoo et al., 2014; Tsibul’nikov et al., 2016), which was accompanied by inguinal adipose tissue and BAT weight increase, as well as by the activation of proteins involved in thermogenesis and energy balance, such as uncoupling protein 1 (UCP-1) and proliferator-activated receptor-γ coactivator 1α (PGC-1) (Egginton et al., 2001; Ravussin et al., 2014; Yoo et al., 2014; Tsibul’nikov et al., 2016). These results suggest that intermittent exposure to cold induces adaptive responses preconditioning thermogenic mechanisms for subsequent cold exposures (Yoo et al., 2014; Tsibul’nikov et al., 2016) and did not compromise tissue metabolism and function, maintaining the increase of animal growth and muscle mass (Ravussin et al., 2014; Yoo et al., 2014; Tsibul’nikov et al., 2016).

“Altitude anorexia” has been well documented in high-altitude sojourns. It is characterized by BW loss (muscle mass waste and fat mass reduction), increased metabolic rate, loss of water, and food intake reduction due to a reduced appetite and an increased energy expenditure at altitude (Mathieu-Costello, 2001; Debevec et al., 2014; Dünnwald et al., 2019). The changes of body composition occurring at altitude depend on the severity and the duration of the exposure, as well as the intensity of the physical activity performed. This has been observed in animals housed in both a well-controlled environment (cold, humidity, food availability, activity) and high-altitude expeditions (Kayser et al., 1993; Hoppeler and Vogt, 2001; Mathieu-Costello, 2001; Cabrera-Aguilera et al., 2018; Dünnwald et al., 2019; Flores et al., 2020). Thus, different response patterns have been found depending on the exposure protocols, ranging from the reduction of animals’ weight and retarded animals’ growth (Mathieu-Costello, 2001; Siqués et al., 2006; Cabrera-Aguilera et al., 2018; Flores et al., 2020) to the absence of changes and increase of muscle mass (Deveci et al., 2002; Rizo-Roca et al., 2017, 2018). In concordance with the results of the present study, previous studies carried out in our laboratory based on similar IHH protocols have shown no significant changes in BW (Panisello et al., 2007, 2008; Rizo-Roca et al., 2017, 2018) and in soleus and TA muscle weight (Rizo-Roca et al., 2017) and GAS muscle weight after 3–4 weeks of intermittent hypoxic exposure (Cabrera-Aguilera et al., 2018). Moreover, our results suggest that the lower BW gain observed during the first week of hypoxic stimulus (HYPO) could be directly related to a reduction of fat mass (Mathieu-Costello, 2001). Finally, no reductions in food intake during IHH have been registered in a previous study (Ramos-Romero et al., 2020). Taking all these results together, it seems that 4 h/day of IHH exposure below 5,000 m of altitude and during 9–33 days did not disturb the animals’ growth, preserving muscle mass.

One of the main objectives of this work was to assess the different physiological responses to intermittent cold and hypoxia when they act simultaneously or separately. Regarding registered anatomical measurements, we can observe that COHY presented a reduction in growth-related BW gain during the first days of intervention sessions. Moreover, this reduction was slightly greater than that observed when hypoxia was applied alone (Table 1). However, these differences disappeared in the following days in agreement with previous findings (Banchero et al., 1985), suggesting acclimation of the animals to the stressful environment. Additionally, the high muscle mass suggests that no catabolic process related to physiological stress has occurred. COHY, as well as COLD, presented adaptations to cold exposure by increasing BAT mass.

Another widely known consequence of hypoxia is pulmonary arterial hypertension (PAH) (Ma et al., 2015; Mirrakhimov and Strohl, 2016; Brito et al., 2020), which finally resulted in right ventricle hypertrophy (Ma et al., 2015; Rizo-Roca et al., 2017). This hypoxia-related PAH is produced by pulmonary vasoconstriction and subsequently increased pulmonary vascular resistance and is accompanied by pulmonary vascular remodeling (Pak et al., 2007; Ma et al., 2015; Mirrakhimov and Strohl, 2016; Brito et al., 2020). Our results show a significant increase in right ventricle relative mass (Table 1) after 9 days of intermittent hypoxic exposure, which is in accordance with recent publications (Rizo-Roca et al., 2017). After 21 days, the higher values found in the right ventricle/BW ratio in HYPO were not significant compared to CTRL, which could indicate acclimatization to hypoxic environment as was already suggested by Panisello et al. (2007). Interestingly, the absence of right ventricular hypertrophy when cold and hypoxia stressful stimuli acted simultaneously (COHY, Table 1) suggests a protection against hypoxia-related PAH (Banchero et al., 1985). The mechanism for this phenomenon can be the generalized peripheral constriction induced by cold (Granberg, 1991) that causes a higher vascular resistance in peripheral vessels, thus balancing both vascular resistance and cardiac work in the pulmonary and systemic circuits.



Hematological Parameters

Our results indicate that intermittent exposure to cold (COLD) induces a moderate increase in blood oxygen transport-related parameters such as Hct, RBC, and [Hb] (Figure 3) and in the hematimetric indices (Table 2), this increase being statistically significant in [Hb] after 9 days and in MCHC after 21 days. The high interquartile variation shown by the box plots depicted in Figure 2, especially after 9 days, could explain why the increase in some parameters failed to show statistical significance. These results match the current knowledge on prolonged exposures to cold, where non-shivering thermogenesis and higher metabolic heat production lead to enhanced oxygen consumption and, hence, the need to increase oxygen-carrying capacity (Deveci et al., 2001b; Maekawa et al., 2013). The results also agree with the studies performed in chronic exposure to cold, where increases of [Hb], RBC, and Htc in non-hibernator rodents were reported (Deveci et al., 2001b; Maekawa et al., 2013).

Regarding intermittent exposure to hypoxia (HYPO), a more consistent, statistically significant and greater response was evident. The hematological responses already took place after the shorter exposure period (9 days) and lasted while the hypoxic stimulus was present at least until day 21 (Figure 2). These results agree with previous studies where similar intermittent exposure protocols were applied (Casas et al., 2000; Esteva et al., 2009; Núñez-Espinosa et al., 2014, 2015). It has been widely known that exposure to high altitude per se produces an increase of oxygen transport capacity both in humans and animals except for those adapted to life at high altitude (Vinegar and Hillyard, 1972; León-Velarde et al., 1993; Heinicke et al., 2003; Zhang H. et al., 2018; Laguë et al., 2020). Moreover, intermittently exposed subjects can achieve [Hb], RBC, and Htc values close to those observed in high-altitude residents or in chronically exposed subjects (Heinicke et al., 2003). In fact, it has been previously reported that single exposure to altitude during 90 min is enough to produce a significant increase of EPO in humans (Rodríguez et al., 2000) and that nine alternate sessions of 90 min at 4,000–5,000 m are enough to induce significant hematological adaptive responses to hypoxia (Casas et al., 2000).

Interestingly, we have found that the greatest erythropoietic response appeared when intermittent cold and hypoxia were simultaneously applied (COHY), with significant differences not only to CTRL but also to COLD and greater non-significant values than HYPO, indicating a synergistic effect of cold and hypoxia on erythropoiesis. These results were in contrast to those obtained by Lechner et al. (1981) who reported reduced erythropoietic response after exposure to cold and hypoxia compared to hypoxia alone.



Fiber Morphometry and Muscle Oxidative Capacity


Intermittent Cold Exposure

In the current study, we have seen that ICE produced a tendency toward smaller FCSA, as it happens with chronic exposure (Suzuki et al., 1997). This trend to lower FCSA has been observed even after a short period of ICE (9 days) and was accompanied by light reduction of fiber Feret diameter, which indicates that muscle fibers became smaller and more rounded to reduce oxygen diffusion distance and their capillary domain area, facilitating homogeneous oxygen delivery to whole fiber (Suzuki et al., 1997; Egginton et al., 2001). Regarding individual fiber capillarization, our results show that despite the observed trend to lower NCF compared to CTRL after 9 days of ICE, there were no changes in CCA, suggesting that muscle fiber oxygenation was maintained due to fiber size reduction in the first days of ICE (Suzuki et al., 1997; Egginton et al., 2001; Deveci and Egginton, 2003). However, after 21 days of cold exposure, we found a slightly higher NCF, which in turn was translated into higher CCA, which would lead to an improvement in oxygen delivery per fiber area (Suzuki et al., 1997; Deveci and Egginton, 2002). In the same way, regarding whole-muscle capillarization, a higher C/F ratio was observed at day 21 in COLD, indicating that an angiogenic process occurs after ICE. To ensure adequate oxygen supply, an increase in vascularity is needed (Jackson et al., 1987), but capillary bed is not only important to supply oxygen and fuel to the fibers, it is also relevant to remove metabolic end products and to maintain local thermal balance (Deveci and Egginton, 2002). These observed increases in NCF and in C/F ratio after 21 days of ICE could be directly related to the increase of VEGF protein expression observed in day 9 samples. These results match the hypothesis that angiogenesis is a progressive event in rats (Deveci and Egginton, 2003). Thus, the observed increase in VEGF expression on the first days of ICE underwent histological evidence after 21 days. Additionally, we observed an overexpression of GLUT1 protein in COLD after 9 days of ICE, in accordance with previous findings that suggested that cold adaptation facilitates glucose uptake by skeletal muscle and upregulates oxidative pathway by an insulin-independent manner (Bukowieckh, 1989; Vallerand et al., 1990; Sepa-Kishi et al., 2017). Taken together, all these results indicate that ICE could upregulate HIF-1α signaling pathway based on the higher HIF-1α protein expression and the consequent overexpression of its targets VEGF and GLUT1.



Intermittent Hypoxia Exposure

In the present study, we have seen that IHH applied alone (HYPO) produced a trend to smaller FCSA in SO and FG fibers after 9 days, this reduction being accompanied by smaller Feret diameter. After 21 days, the oxidative fibers (SO, FOG, and FIG) largely respond to the hypoxic stimulus, presenting a clear trend to decrease their FCSA and Feret diameter. On the other hand, fibers from HYPO showed the lowest NCF. Considering that NCF and fiber size are closely related, this finding is not surprising because HYPO had smaller fibers overall. It is interesting to note that after 21 days, SO and FOG fibers presented a clear trend to higher CCA probably mostly due to the reduced FCSA found in these fibers. These changes in SO and FOG fiber morphometry indicate that the hypoxic stimulus reduced capillary domain area and diffusion distance in fibers with a predominant oxidative metabolism. It has been shown that hypoxia per se is not able to produce angiogenesis in the skeletal muscle, exercise or activity being necessary to activate the angiogenic process (Jackson et al., 1987; Deveci et al., 2001a; Deveci and Egginton, 2002; Rizo-Roca et al., 2018). Deveci et al. (2001a) conducted some experiments in which chronic normobaric hypoxia was applied during different time periods. They found that after 3 weeks of hypoxia, only the active muscles such as DIA (respiratory muscle) and soleus (postural muscle) showed an increased capillarity, while the locomotor muscles such as extensor digitorum longus (EDL) and TA did not show any increase in C/F ratio. Moreover, they did not report changes in FCSA in any of the muscles studied (Deveci et al., 2001a). Nevertheless, after a longer period of hypoxia (6 weeks), fiber capillarity increased in all studied muscles (DIA, SOL, EDL, and TA), and no changes or increases in FCSA were reported (Deveci et al., 2002), confirming the importance of hypoxic dose (exposure time) and the activity in the muscle responses. Thus, our results confirm that IHH at rest did not produce angiogenesis, which may be due to the lack of adequate metabolic or mechanical stimuli necessary to show capillary growth (Deveci et al., 2001a, 2002; Rizo-Roca et al., 2018). Analyzing HIF-1α signaling pathway modulation in HYPO, VEGF protein presented a tendency toward higher expression than CTRL. Despite the higher VEGF expression, we did not find an increase in C/F ratio nor in NCF after IHH at any time point, suggesting that new capillaries there were not generated. Capillary bed arrangement is the result of a combination of continuous and simultaneous angiogenesis, remodeling, and pruning processes in response to hemodynamic and metabolic stimuli (Pries and Secomb, 2014). Therefore, it is important to underline that one role of VEGF is to protect and preserve the capillary bed, even when there is muscle mass loss (Breen et al., 2008). VEGF could be modulated by the HIF-1α signaling pathway (when PO2 is low), but also it could be regulated by inflammatory cytokines, high oxidative stress, and energy balance-related AMP-activated protein kinase (AMPK) (Breen et al., 2008). From our results, we are not able to differentiate or identify which stimulus has induced higher VEGF expression after IHH, since HIF-1α pathway upregulation was not clear (Figure 8). Interestingly, the local and systemic adaptations carried out during hypoxic adaptation could attenuate the degree of hypoxia in some tissue cells (Lundby et al., 2009), and maybe our stimulus was not intense enough at muscle to induce angiogenesis. Moreover, HIF-1α is only slightly altered during hypoxic stimulus due to a preexisting high level of this protein in skeletal muscle (Lundby et al., 2009).



Simultaneous Intermittent Cold and Hypoxia Exposure

Similarly to what was observed in HYPO, simultaneous exposure to intermittent cold and hypoxia (COHY) showed a reduction of FCSA and Feret diameter in SO fibers within the first days of exposure (9 days). These reductions also affected FOG and FIG fibers, indicating that fibers having the more oxidative profile had a greater response to IHH and ICE, confirming the differential behavior of each fiber type when facing the stressful environmental stimuli (Banchero et al., 1985; Deveci et al., 2002; Panisello et al., 2007; Rizo-Roca et al., 2017, 2018). It is noteworthy that FCSA reductions were larger in COHY than in HYPO and COLD. NCF was reduced in all fibers within the first 9 days, but the absence of changes in CCA indicates that fiber irrigation was maintained. However, after 21 days, COHY presented similar NCF as CTRL, but CCA was significantly increased, reducing the capillary domain in oxidative fibers (SO, FOG, FIG) through fiber area reductions. In contrast to what Banchero et al. (1985) observed after chronic exposure to concurrent cold and hypoxia, intermittent COHY acclimation did not produce increases in CD nor in C/F ratio in any of the time points studied. Moreover, the VEGF angiogenic factor appeared significantly reduced compared to HYPO and COLD, and HIF-1α signaling pathway remained inactivated after COHY exposure (Figure 8). As well as during IHH exposure alone, other systemic and local adaptations, such as increased RBC and [Hb], could attenuate skeletal muscle hypoxia and, hence, would have reduced subsequent muscle adaptive responses.



Fiber Type Distribution

We found an increase of FOG fiber type proportion in HYPO and COLD after 9 days. In the case of HYPO, this increase was at the expense of reducing FIG proportion, which would be explained by the metabolic flexibility of these fibers to shift to a more oxidative or a more glycolytic character. Surprisingly, increased proportion of FOG percentage in COLD was accompanied by reduced SO fiber type proportion. After 21 days, however, only HYPO presented changes in fiber type composition, showing reduced SO fiber type percentage. This increase of FOG fiber type proportion in HYPO has been previously well documented and could be the cause of the observed reduction in SO percentage due to an inhibition of the well-known type shift from FOG to SO fiber type that takes place during growth in normoxic rats (Ishihara et al., 2000). Moreover, a higher FG fiber type proportion in HYPO and COHY is also observed (22 and 17%, respectively), which would be a more efficient path to produce energy when oxygen availability is compromised (Jackson et al., 1987).



CONCLUSION

In conclusion, ICE produced adaptive changes in the physiology of the animals to afford thermogenesis, increasing BAT mass, muscle capillarity, and glucose transport capacity. IHH elicited a reduction in FCSA to enhance blood oxygen transport and preserve muscle fiber oxygenation. Concurrent intermittent cold and hypoxia induced increased BAT, RBC count, and [Hb] and reduced right ventricle hypertrophy but, in contrast to our initial hypothesis, did not produce angiogenesis in skeletal muscle, although reduced capillary supply domain area to facilitate oxygen delivery to the muscle fibers.
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Introduction: We investigated whether nocturnal oxygen therapy (NOT) mitigates the increase of pulmonary artery pressure in patients during daytime with chronic obstructive pulmonary disease (COPD) traveling to altitude.

Methods: Patients with COPD living below 800 m underwent examinations at 490 m and during two sojourns at 2,048 m (with a washout period of 2 weeks < 800 m between altitude sojourns). During nights at altitude, patients received either NOT (3 L/min) or placebo (ambient air 3 L/min) via nasal cannula according to a randomized crossover design. The main outcomes were the tricuspid regurgitation pressure gradient (TRPG) measured by echocardiography on the second day at altitude (under ambient air) and various other echocardiographic measures of the right and left heart function. Patients fulfilling predefined safety criteria were withdrawn from the study.

Results: Twenty-three COPD patients [70% Global Initiative for Chronic Obstructive Lung Disease (GOLD) II/30% GOLD III, mean ± SD age 66 ± 5 years, FEV1 54% ± 13% predicted] were included in the per-protocol analysis. TRPG significantly increased when patients traveled to altitude (from low altitude 21.7 ± 5.2 mmHg to 2,048 m placebo 27.4 ± 7.3 mmHg and 2,048 m NOT 27.8 ± 8.3 mmHg) difference between interventions (mean difference 0.4 mmHg, 95% CI −2.1 to 3.0, p = 0.736). The tricuspid annular plane systolic excursion was significantly higher after NOT vs. placebo [2.6 ± 0.6 vs. 2.3 ± 0.4 cm, mean difference (95% confidence interval) 0.3 (0.1 − 0.5) cm, p = 0.005]. During visits to 2,048 m until 24 h after descent, eight patients (26%) using placebo and one (4%) using NOT had to be withdrawn because of altitude-related adverse health effects (p < 0.001).

Conclusion: In lowlanders with COPD remaining free of clinically relevant altitude-related adverse health effects, changes in daytime pulmonary hemodynamics during a stay at high altitude were trivial and not modified by NOT.

Clinical Trial Registration: www.ClinicalTrials.gov, identifier NCT02150590.

Keywords: chronic obstructive pulmonary disease, altitude, oxygen, echocardiography, right heart function


INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is a highly prevalent disease and according to the World Health Organization one of the three leading causes of death worldwide (Rhodes et al., 1991). Inhaled noxious particles, mainly cigarette smoke and indoor air pollution, cause chronic inflammation leading to increased collapsibility and narrowing of the airways reflected by a decreased forced expiratory volume in 1 s (FEV1) (Global Initiative for Chronic Obstructive Lung Disease, 2019). It is known that patients with COPD frequently suffer from right heart dysfunction due to progressive pulmonary hypertension (PH) especially during exercise and in the presence of frequent comorbidities, such as obstructive sleep apnea or nocturnal hypoxemia (Macnee, 2010; Ulrich et al., 2010; Fossati et al., 2014; Global Initiative for Chronic Obstructive Lung Disease, 2019). It has been shown that COPD patients with an elevated pulmonary artery pressure (PAP) have a worse survival than those with a normal PAP (Macnee, 2010).

The current Global Initiative for Chronic Obstructive Lung Disease (GOLD) guidelines include recommendations for the use of long-term oxygen therapy (>15 h/day) in hypoxemic patients as well as the use of short-term oxygen therapy during air travel (Johnson, 2010). During flights, a partial pressure of oxygen (PaO2) of at least 50 mmHg should be maintained, and patients with an oxygen saturation (SpO2) above 95% at rest and SpO2 > 84% during the 6-min walking test at sea level are usually able to travel without supplemental oxygen. Recommendations for altitude sojourns in COPD patients are lacking; meanwhile, several studies on COPD patients and altitude travel have been conducted (Furian et al.,2018b,c, 2019; Muralt et al., 2018; Latshang et al., 2019; Lichtblau et al.,2019a,b, 2020; Schwarz et al., 2019; Tan et al., 2020; Carta et al., 2021). It is known that patients with COPD may suffer from hypoxemia when traveling to altitude and that altitude travel increases PAP, induces the occurrence of intracardiac and intrapulmonary right-to-left shunts, and reduces exercise capacity (Furian et al.,2018a,b; Lichtblau et al., 2018, 2019b, 2020; Latshang et al., 2019; Schwarz et al., 2019).

Nocturnal oxygen therapy (NOT) has been shown to improve hypoxemia, sleep apnea, and subjective sleep quality in patients with COPD traveling to altitude (Tan et al., 2020). Whether NOT positively affects the altitude-induced increase of the PAP is unknown. Thus, the aim of the current study was to investigate whether NOT could mitigate the effect of altitude on PAP in stable COPD patients traveling to 2,048 m.



MATERIALS AND METHODS


Study Design

This randomized, placebo-controlled, crossover trial in patients with COPD living below 800 m was performed between January 1 and October 31, 2014 within the scope of a project evaluating effects of oxygen on various outcomes in COPD patients staying at high altitude. Baseline characteristics and data on nocturnal oxygenation, sleep apnea, and altitude-related adverse health effects have been reported (Tan et al., 2020); but data on echocardiographic findings, the focus of the current study, have not been published. Patients were assessed at low altitude (Zurich, 490 m); and during two altitude sojourns for 2 days at 2,048 m (St. Moritz), where they either received NOT or placebo (ambient air) during nights, in a randomized order, echocardiography was performed in the morning after the first night at altitude. Between the altitude sojourns, they had a 2-weeks washout period < 800 m. The protocol was approved by the cantonal ethics committee of Zurich (KEK 2013–0088), and all patients gave written informed consent.



Patients

Adult patients (18–75 years) diagnosed with COPD GOLD grades 2–3 permanently living < 800 m were included. Exclusion criteria were hypoxemia defined as oxygen saturation by pulse oximetry (SpO2) lower than 92% at 490 m, home oxygen or continuous positive airway pressure (CPAP) therapy, any uncontrolled cardiovascular disease, or history of obstructive sleep syndrome (Tan et al., 2020).



Randomization, Intervention, Blinding, and Sample Size

Patients were randomly assigned by blocks of four: (1) 490 m, placebo 2,048 m, NOT 2,048 m; (2) 490 m, NOT 2,048 m, placebo 2,048 m; (3) placebo 2,048 m, NOT 2,048 m, 490 m; and (4) NOT 2,048 m, placebo 2,048 m, 490 m. Patients traveled from 490 to 2,048 m by train and car within 3 h. During nights at altitude, patients received either 3 L/min NOT or placebo (ambient air) provided by an identical-looking oxygen concentrator (EverFlo, Philips Respironics, Zofingen, Switzerland) via nasal cannula. Patients were monitored with an online sleep study with camera view during the night, ensuring compliance. Patients and assessors of echocardiography were blinded to the gas mixture.

A total of 18 participants were required for a minimal detectable change of tricuspid regurgitation pressure gradient (TRPG) of 5 (SD ± 5 mmHg) with a power of 0.8 and a significance level of 0.05.



Assessments

Echocardiography was performed at 490 m and on the second day at 2,048 m (after the first night with NOT/placebo) during ambient air breathing as described before (Lichtblau et al., 2019b). Echocardiographic recordings were performed with a real-time, phased array sector scanner (CX 50, Philips, Philips Respironics, Zofingen, Switzerland) with an integrated color Doppler system and a transducer containing crystal sets for imaging (1–5 MHz) and for continuous-wave Doppler. Measurements were carried out according to guidelines of the European Association of Echocardiography (Galderisi et al., 2017). Systolic PAP (sPAP) was calculated by summing up the TRPG (calculated with the Bernoulli equation from the peak velocity of the tricuspid regurgitation ΔP = 4 × V2max) and the right atrial pressure (RAP; estimated on the basis of the inferior vena cava diameter and collapse) (Rudski et al., 2010; Lichtblau et al., 2019b). The right atrium and ventricle were manually traced, and fractional area change (FAC) calculated (% systolic/diastolic right ventricular area). Tricuspid annular plane systolic excursion (TAPSE) was measured by M-mode and the right ventricular free wall velocity by tissue Doppler imaging. Mean PAP (mPAP) was calculated from sPAP with the following formula: mPAP = sPAP × 0.61 + 2 (Chemla et al., 2004). Pulmonary artery wedge pressure (PAWP) was calculated as 1.24 × (E/e′) + 1.9 (Doutreleau et al., 2016). Cardiac output was calculated using the left ventricular (LV) outflow tract velocity time integral. Pulmonary vascular resistance (PVR) was calculated with the following formula: PVR = (mPAP − PAWP)/cardiac output, and left heart function was assessed according to the current guidelines (Galderisi et al., 2017). Pressure/flow relation was calculated with mPAP/cardiac output, and right ventricular arterial coupling was calculated with TAPSE/sPAP (Tello et al., 2019).

Arterial blood gas analysis was performed on radial artery blood sample and was drawn in the morning during ambient air breathing (RapidPoint 405, Siemens Healthcare Diagnostics AG, Zurich, Switzerland).



Outcomes

Primary outcome was the differences in TRPG between NOT and placebo treatment. Secondary outcomes were additional echocardiographic variables of the right and left heart.

Patients who suffered from an altitude-related adverse health effects were excluded from the study, according to the following predefined safety criteria (Tan et al., 2020):


-severe hypoxemia (SpO2 < 75% for > 30 min at any time while at high altitude),

-intercurrent illness (e.g., exacerbation of COPD, cardiovascular disease, infection, or new diseases),

-AMS (Environmental Symptoms Questionnaire Cerebral score ≥ 0.7; Sampson et al., 1983), and

-any other conditions that required therapy.





Statistical Analysis

Analysis was performed per protocol including patients who underwent all three sessions; missing values were not replaced. The data are summarized as mean and SD. Mean differences and 95% confidence intervals (95% CIs) between measures at 490 m and at 2,048 m with NOT or placebo were calculated. All outcomes were computed using linear mixed models with outcomes as dependent variables and altitude and intervention as independent variables. We herewith included all time points in one model and assumed that data are normally distributed (n > 30). Statistical significance was assumed when 95% CIs of mean differences did not overlap zero or p < 0.05. Statistical analysis was performed with Stata version 15.1 (StataCorp, College Station, TX, United States).



RESULTS

The patient flow is shown in Figure 1. Five patients were excluded from the analysis because they received oxygen therapy at night in the placebo phase due to hypoxemia during sleep, according to predefined safety criteria. Two patients dropped out due to COPD exacerbations, and another two patients due to acute onset of cardiovascular disease. A total of 23 patients were included in the per-protocol analysis.
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FIGURE 1. Patient flow.


Patients were on average 66 ± 5 years old (10 males and 13 females, FEV1 53.7% ± 12.8% predicted), and baseline characteristics including medications are listed in Table 1. Patients were mostly classified as COPD GOLD II (70%) and the remaining as GOLD III.


TABLE 1. Baseline characteristics.

[image: Table 1]At 2,048 m, patients revealed a significantly higher heart rate (72 ± 9 bpm at low altitude vs. 79 ± 9 bpm at 2,048 m placebo and 78 ± 11 bpm at 2,048 m NOT), along with a significant lower oxygen saturation (95.3% ± 1.6% vs. 90.6% ± 2.8% with placebo and 91.3% ± 3.3% with NOT) and a lower PaO2 (67.7 ± 6.6 vs. 59.3 ± 6.0 mmHg with placebo and 58.7 ± 7.2 mmHg with NOT) and PaCO2 (36.9 ± 3.0 vs. 34.2 ± 3.8 mmHg with placebo, 34.1 ± 4.1 mmHg with NOT) compared with low altitude (Table 2). Hematocrit did significantly differ from 490 to 2,048 m with NOT (41.2% ± 3.2% vs. 42.5% ± 3.6% with placebo, p = 0.078 and 42.9% ± 3.9% with NOT, p = 0.037) and hemoglobin with both placebo and NOT (14.1 ± 1.2 vs. 14.5 ± 1.2 g/L, p = 0.031 and 14.6 ± 1.3 g/L with NOT, p = 0.016) (Table 2). No relevant differences between placebo and NOT treatment were found.


TABLE 2. Vital signs and blood gases.

[image: Table 2]Table 3 displays echocardiography measurements of the participants at low altitude and at high altitude with and without NOT. COPD patients significantly increased their TRPG from 490 to 2,048 m (490 m 21.7 ± 5.2 mmHg vs. 2,048 m 27.4 ± 7.3 mmHg with placebo and 2,048 m 27.8 ± 8.3 mmHg with NOT) and consequently the sPAP and mPAP with no significant difference between treatments (Figure 2).


TABLE 3. Echocardiographic measurements.
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FIGURE 2. Systolic pulmonary artery pressure displayed as sum of the tricuspid regurgitation pressure gradient (TRPG) and the right atrial pressure (RAP) at 490 and 2,048 m [with placebo and nocturnal oxygen therapy (NOT), respectively]. The lower part shows the differences of the TRPG and the RAP for ●, 2,048 m oxygen, 2,048 m placebo; ■, 2,048 m placebo, 490 m baseline; and ▲, 2,048 m oxygen, 490 m baseline.


TAPSE was higher after NOT vs. placebo [2.5 ± 0.5 vs. 2.3 ± 0.4 cm with placebo and 2.6 ± 0.6 cm with NOT, mean differences (95% CI) 0.3 (0.1 −0.5), p = 0.005], whereas the right ventricular anterior wall diameter was measured slightly higher under NOT vs. placebo [0.6 ± 0.2 vs. 0.5 ± 0.3 cm with placebo and 0.6 ± 0.3 cm with NOT, mean difference (95% CI) 0.1 (0.0−0.2), p = 0.046].

Right ventricular arterial coupling was decreased and PVR elevated at 2,048 m with no difference between treatments [coupling: 490 m 1.1 ± 0.3 mm/mmHg vs. 2,048 m 0.8 ± 0.2 mm/mmHg with placebo and 0.8 ± 0.2 mm/mmHg with NOT, both p < 0.05; PVR: 490 m 1.2 ± 0.6 Wood units (WU) vs. 2,048 m 2.1 ± 1.1 WU with placebo and 1.8 ± 1.1 WU with NOT, both p < 0.05] (Table 3).



DISCUSSION

This is the first randomized controlled trial investigating the effect of NOT on the PAP in patients with COPD traveling to altitude. NOT did not mitigate the effect of hypoxia-induced increase of the TRPG measured on ambient air the second day in lowlanders with COPD traveling to 2,048 m compared with placebo.

At low altitude, TRPG of the presently investigated COPD patients was 21.7 ± 5.2 mmHg and thus within a normal range and comparable with that of healthy subjects, where a tricuspid regurgitation velocity of 2.55 m/s, corresponding to a TRPG of 26 mmHg, is defined as the upper limit of normal (Marra et al., 2018).

The altitude-induced increase of TRPG was less pronounced than in a study published previously (Lichtblau et al., 2019b), where COPD patients increased their TRPG from 23 (19; 29) mmHg to 32 (25; 41) mmHg during a sojourn to 2,590 m in comparison to the increase to 27.4 ± 7.3 mmHg with placebo and to 27.8 ± 8.3 mmHg NOT at an altitude of 2,048 m in the current study. The difference in altitude can be one of the reasons for this less pronounced PAP increase or the fact that in the current study patients with altitude-related adverse health effects were excluded. At an altitude of 3,100 m, even higher values were obtained (from 20 ± 4 mmHg at lowland to 31 ± 9 mmHg at highland) in COPD patients with milder disease severity (GOLD 1 and 2 only) (Lichtblau et al.,2019a,b). In another study, lifelong altitude residents with COPD showed a significantly higher mPAP than did lowlanders with COPD (lowlanders 26.8 ± 11.1 mmHg and highlanders 36.1 ± 10.2 mmHg) and also comparably higher with our results (mPAP 16 ± 4 mmHg at lowland, 21 ± 4 mmHg at altitude with placebo, and 22 ± 5 mmHg with NOT). However, while mPAP in the current study was derived from sPAP, Guvenc et al. (2013) estimated mPAP from pulmonary acceleration time, and therefore, the comparison of the studies is difficult.

Likewise to TRPG, for heart rate and FAC, similar changes in patients with COPD at increasing altitudes were found (Lichtblau et al., 2019b).

There were two significant differences between treatments, namely, the TAPSE [0.3 (0.1−0.5)] and the PAWP [1.9 (0.4−3.4)]. The difference of the PAWP is difficult to interpret since this variable is prone to measurement inaccuracy, and we therefore caution to overinterpret this result. TAPSE as a measure of right heart function was better after NOT, potentially indicating a beneficial effect of NOT or showing an increase in right heart contractility as a reaction to the acute drop in oxygen levels after the night on NOT.

Exposure to altitude induced an increase in PVR in both treatment arms, with a tendency toward a lesser increase with NOT but no relevant difference between the groups with a mean difference of −0.33 (−0.76−0.10) WU. In a previous study with 95 COPD patients exposed to 3,100 m, preventive treatment with dexamethasone showed a significant mitigating effect with a mean difference of −0.5 (−0.9 to −0.1) WU between the placebo and the treatment group (Lichtblau et al., 2019a). The less pronounced and non-significant effect of NOT in the current study might be explained by the fact, that in this study, all measurements were performed on ambient air at 2,048 m after the night with NOT; and thus, a potential vasodilator effect of oxygen may not have persisted anymore, which was already shown in the arterial blood gas analysis published in the main paper where no difference was found between NOT and placebo at 2,048 m (Tan et al., 2020). Looking more closely at the course of PAP and PVR during acute exposure to hypoxia reveals that an excess increase occurs within the acute phase (<180 min) as described in vitro and in vivo, followed by a dip and a steady increase over the next hours (Sommer et al., 2016). In the current study, echocardiography was performed only few hours after receiving either oxygen or ambient air, and therefore, patients receiving NOT were potentially still in the overcompensating phase. Two studies in patients with PH have shown reduction in mPAP during acute exposure with oxygen therapy. The first study in 104 PH patients revealed a reduction of mPAP from 46.4 ± 1.3 to 42.2. ± 1.3 mmHg with 5 L/min oxygen therapy via nasal cannula (Leuchte et al., 2013), and the second study in 28 PH patients has shown that acute hyperoxia with 100% FiO2 lowers mPAP by 4 (2–6) mmHg (Groth et al., 2018). Hemodynamics after oxygen withdrawal have not been studied; however, Leuchte et al. (2013) found that the effect of oxygen on invasively measured hemodynamics disappeared 15 min after stopping supplemental oxygen. We can only speculate that patients in the current study had a mitigating effect on PAP while receiving NOT during the nights; however, potential beneficial effects seem not to be sustainable during the following morning when echocardiography was performed, and whether NOT given for several nights would be beneficial during longer altitude sojourns remains unclear. At lowland, a study in COPD patients did not show a significant benefit after 2 years with NOT on PAP (control group 19.8 ± 5.6−20.5 ± 6.5 mmHg and NOT 18.3 ± 4.7 −19.5 ± 5.3 mmHg, p = 0.79). A recent trial was stopped prematurely because of recruitment and retention difficulties, showing—in this underpowered analysis—no clear positive or negative effect on survival or progression to long-term oxygen therapy in COPD patients (Lacasse et al., 2020) and therefore emphasizing again the need of efficiently powered trials to study the long-term effect of NOT in patients with COPD. However, according to our previous publication from the current trial, NOT had a positive effect on various sleep measures, but not on daytime exercise capacity, blood gases, or cognitive performance compared with placebo at altitude (Tan et al., 2020). Echocardiographic right-to-left shunt measurements were not performed during this study, but from previous trials, it is known that hypobaric hypoxia induces a higher prevalence of intracardiac and intrapulmonary right-to-left shunts in lowlander COPD patients traveling to altitude (Lichtblau et al., 2020); and therefore, patients with COPD and right-to-left shunt might even less profit from supplemental oxygen. On the contrary, Lovering et al. (2008) have demonstrated prevention of exercise-induced intrapulmonary shunts in healthy humans with high levels of hyperoxia (100% FiO2).


Limitations

According to the safety criteria of the current study protocol, patients who experienced altitude-related adverse health effects received oxygen and were excluded from this analysis, which biased our results toward no between-group difference, as the proportion of excluded patients in the group receiving placebo was much higher than that in those who received NOT. However, performing an echocardiography immediately during the night when patients under placebo got hypoxemic was not feasible, and performing an echocardiography under oxygen therapy in these patients would also have biased the results. We chose the time point of echocardiography after the first night at altitude on NOT vs. placebo in order to see whether NOT would have a prolonged effect on pulmonary hemodynamics even after several hours on ambient air. Whether long-term treatment with oxygen at altitude or a longer treatment with NOT would have had a beneficial effect on pulmonary hemodynamics remains to be investigated. The sample size of our study was relatively small, but estimation for a minimal detectable change of a TRPG 5 ± 5 mmHg with a power of 0.8 and a significance level of 0.05 would have required 18 participants, a number that was met by the 23 patients who completed the study. We included COPD GOLD 2 and 3, and our data cannot be extrapolated for more or less severe COPD patients.



CONCLUSION

In lowlanders with COPD remaining free of clinically relevant altitude-related adverse health effects, changes in daytime pulmonary hemodynamics during a stay at high altitude were trivial and not modified by NOT.
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Living at high altitudes is extremely challenging as it entails exposure to hypoxia, low temperatures, and high levels of UV radiation. However, the Tibetan population has adapted to such conditions on both a physiological and genetic level over 30,000–40,000 years. It has long been speculated that fetal growth restriction is caused by abnormal placental development. We previously demonstrated that placentas from high-altitude Tibetans were protected from oxidative stress induced by labor compared to those of European descent. However, little is known about how placental mitochondria change during high-altitude adaptation. In this study, we aimed to uncover the mechanism of such adaptation by studying the respiratory function of the placental mitochondria of high-altitude Tibetans, lower-altitude Tibetans, and lower-altitude Chinese Han. We discovered that mitochondrial respiration was greater in high-altitude than in lower-altitude Tibetans in terms of OXPHOS via complexes I and I+II, ETSmax capacity, and non-phosphorylating respiration, whereas non-ETS respiration, LEAK/ETS, and OXPHOS via complex IV did not differ. Respiration in lower-altitude Tibetans and Han was similar for all tested respiratory states. Placentas from high-altitude Tibetan women were protected from acute ischemic/hypoxic insult induced by labor, and increased mitochondrial respiration may represent an acute response that induces mitochondrial adaptations.

Keywords: Tibetan, mitochondria respiration, placenta, hypoxia, high altitude adaptation


INTRODUCTION

The oxygen content of the atmosphere is 21% regardless of altitude, while the barometric pressure decreases as the altitude increases. In medical research, high altitude is defined as ≥2,500 m above sea level (Julian and Moore, 2019). The main challenges at high altitudes are hypoxia, low temperatures, and high levels of UV radiation (Peacock, 1998; Butaric and Klocke, 2018; Song et al., 2020). The Tibetan population is considered both physiologically and genetically adapted to such hypoxic conditions since they have lived and successfully reproduced at high altitudes for 30,000–40,000 years (Zhang et al., 2018; Bhandari and Cavalleri, 2019). Tibetans are protected from polycythemia, pulmonary hypertension, low birth weight, and other hypoxia-related diseases that normally result from prolonged exposure to such inhospitable environments (Yang et al., 2017; Jeong et al., 2018; Bhandari and Cavalleri, 2019; Song et al., 2020). Most research has focused on Tibetans living permanently at high altitudes, and there have been few studies of Tibetans living at relatively low altitudes. Therefore, we decided to devote a study to the differences between lower- and high-altitude Tibetans, as well as between lower-altitude Tibetans and other ethnic groups, such as Chinese Han, living at the same altitude.

At high altitudes, an insufficient maternal supply of O2 and nutrients leads to fetal growth restriction (Bailey et al., 2019; Lorca et al., 2019, 2020; Lane et al., 2020a,b). Fetal growth restriction is a condition in which the fetus fails to reach its full growth potential, related to the increased risk of development of metabolic syndrome in childhood and multiple diseases in adulthood; therefore, it has received increasing attention (de Rooij et al., 2007; Veenendaal et al., 2013; Sayama et al., 2020). The placenta plays an essential role in fetal growth (Shaw et al., 2018; Sferruzzi-Perri et al., 2019). It has long been speculated that fetal growth restriction is initially caused by abnormal placental development and functional deficiency (Tong and Giussani, 2019; Sangkhae et al., 2020; Turner et al., 2020). Most Tibetans experience unrestricted fetal growth at high altitudes and our previous study indicated that placentas of Tibetans living at high altitudes are protected from labor-induced oxidative stress compared to those of other high-altitude residents (Tana et al., 2021). Placental mitochondria are critical to the healthy development of the fetus; however, little is known about mitochondrial respiration in populations adapted to high altitudes. Impaired placental mitochondrial function can have a detrimental effect on fetal development (Tissot van Patot et al., 2010). Therefore, etiologic studies of hypoxia-related pregnancy diseases, such as pre-eclampsia and intrauterine growth restriction, should include focus on the mitochondria.

The aim of this study was to investigate mitochondrial respiration in Tibetan women permanently residing at high altitudes and compare it with those permanently residing at lower altitudes. We hypothesized that Tibetan placenta possesses enhanced mitochondria respiration capacity to remedy the increased energy demand of labor and oxidative stress during the labor in the oxygen deprived environment. This was done in the attempt to further our understanding of the mechanism of adaptation to high altitudes and the risk factors that change the growth trajectory of the fetus. Ultimately, we strived to identify opportunities to improve the health of children and reduce the risk of many adult diseases related to fetal growth restriction.



MATERIALS AND METHODS


Materials and Sample Collection

All chemical substrates were purchased from Sigma Aldrich, Australia. This study was approved by the Qinghai University Affiliated Hospital Ethics Committee. In total, 21 human full-term (37–40 weeks) placentas were collected after laboring vaginal delivery, with the written consent of donors after receiving an explanation from local doctors in their native language. Placental tissues from high-altitude Tibetan women (n = 9) were collected at Yushu Bayi Hospital (3780 m); those from lower-altitude Tibetan (n = 7) and Han (n = 5) woman were collected at the Guide County Hospital (2200 m) and Qinghai University Affiliated Hospital (2261 m). The general characteristics of the pregnancies are provided in Table 1. All neonates had Apgar scores between 7 and 9.


Table 1. Maternal and infant characteristics.
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Each placenta was weighed immediately after delivery and divided into six sections for random sampling. Samples from the fetal side of the placenta were biopsied within 15 min, placed on ice and in PBS, and delivered to the laboratory.



High-Resolution Respirometry

In order to most accurately assess the metabolic characteristics of mitochondrial activity in placentas delivered at high altitude, we installed a respirometer in a laboratory at the delivery site. The respirometer was carefully recalibrated for optimal accuracy in the low-O2 environment.

The samples were washed in ice-cold PBS to remove blood. The plasma membranes were permeabilized for 40 min on ice and mixed with 50 μg/mL saponin in 1 mL biopsy preservation solution containing CaK2EGTA (2.77 mM), K2EGTA (7.23 mM), Na2ATP (5.77 mM), MgCl2·6H2O (6.56 mM), taurine (20 mM), sodium phosphocreatine (15 mM), imidazole (20 mM), dithiothreitol (0.5 mM), and MES (50 mM) at pH 7.1. The samples were washed twice for 10 min on ice in mitochondria respiration medium (MiR05) containing 0.5 mM EGTA, 3 mM MgCl2·6H2O, 60 mM K-lactobionate, 20 mM taurine, 10 mM KH2PO4, 20 mM HEPES, 110 mM sucrose, and 1 g/L BSA (fatty acid free) at pH 7.1, after which the tissue was used for respirometry.

To measure mitochondrial respiration, 5–10 mg wet-weight tissue was added to the chamber of an Oxygraph-2k respirometer (Oroboros Instruments, Austria) containing MiR05 at 37°C, and a substrate-uncoupler-inhibitor titration protocol was used, as illustrated in Figure 1 (from a high-altitude Tibetan sample) (Supplementary Figure 1A for low altitude Tibetan and Supplementary Figure 1B for low altitude Han).


[image: Figure 1]
FIGURE 1. Substrate-uncoupler-inhibitor titration (SUIT) protocol. Representative oxygraph traces of oxygen flux relative to tissue mass. The vertical lines show the introduction of various substrates or inhibitors. LEAK refers to non-phosphorylating respiration; OXPHOS CI, CII, and CIV represent oxidative phosphorylation through mitochondrial complexes I, II, and IV, respectively; ETSmax represents electron transfer system maximum capacity; ROX represents non-ETS respiration; PMG represents pyruvate, glutamate, and malate; CYC represents cytochrome c; ROT represents rotenone; SCC represents succinate; CCCP represents the uncoupler, 2-[(3-chlorophenyl)hydrazinylidene]propanedinitrile (CCCP); AMA represents antimycin A; TA represents 1-N,1-N,2-N,2-N-tetramethylbenzene-1,2-diamine;dihydrochloride and ascorbate.


Glutamate (10 mM), malate (5 mM), and pyruvate (5 mM) were added to stimulate non-phosphorylating (LEAK) respiration mediated by complex I (CI). Subsequently, ADP (5 mM) was added to activate the phosphorylation of ADP to ATP through CI. Cytochrome c (10 μM) was added to confirm the integrity of the outer mitochondrial membrane; Succinate (10 mM) was added to stimulate oxidative phosphorylation (OXPHOS) through complex II (CII). Carbonyl cyanide m-chloro phenyl hydrazine (stepwise titration of 1 mM) was used to uncouple OXPHOS and investigate the capacity of the electron transfer system (ETS). CI was inhibited using rotenone (1 mM), to separately determine the succinate-linked ETS capacity. Complex III was inhibited using antimycin A (2.5 μM) to determine the residual O2 consumption. Finally, 1-N,1-N,2-N,2-N-tetramethylbenzene-1,2-diamine; dihydrochloride (0.5 mM) and ascorbate (2 mM) were added to measure OXPHOS through complex IV (CIV).

Thus, the main outcome measures were LEAK respiration and OXPHOS capacity through CI, CII, ETS maximum capacity, and CIV. The respiratory control ratio (RCR) was calculated as OXPHOS capacity with CI substrates and saturating ADP as a fraction of LEAK respiration with CI substrates.



Statistical Analysis

GraphPad Prism version 8 (GraphPad Software, San Diego, California, USA)1 was used for statistical analyses. Values are expressed as means ± standard errors of the mean. Data were analyzed using the D'Agostino-Pearson omnibus normality test, and Student's t-tests were used to evaluate the differences between two groups at a time. Statistical significance was defined as p < 0.05.




RESULTS


Respiration of Placental Mitochondria at Different Altitudes

As illustrated in Figure 2A, the mitochondrial respiration capacity in the high-altitude Tibetan group was greater than that in the lower-altitude Tibetan group in terms of OXPHOS with substrates for CI and CI+II, as well as for ETS maximum capacity and LEAK. Non-ETS respiration and OXPHOS with substrates for CIV, however, remained stable across different altitude Tibetan groups. As displayed in Figure 2B, the RCR in the high-altitude Tibetan group was higher than that in the lower-altitude Tibetan group, LEAK/ETS was not change, which suggests stronger coupling of mitochondrial respiration and ATP synthesis in the high-altitude Tibetan group.
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FIGURE 2. Respiration in high- vs. lower-altitude Tibetan groups. (A) Oxidative phosphorylation (OXPHOS) through mitochondrial complex I, complex I+II, non-phosphorylating (LEAK) respiration, and electron transfer system (ETS) maximum capacity respiration were statistically significantly increased in high-altitude Tibetan group compared to lower-altitude Tibetan group. Non-ETS respiration (ROX) and OXPHOS through mitochondrial complex IV did not change with altitude. (B) The respiratory control ration (RCR) was statistically significantly increased in the high-altitude Tibetan group compared to the lower-altitude Tibetan group. But the LEAK/ETS was not significant change. ns: p ≥ 0.05; **p < 0.01; ****p < 0.0001. Statistical significance was determined via Student's t-test. Columns represent means and error bars present standard errors of the mean.




Respiration of Placental Mitochondria in Different Nationality

Respiration in the lower-altitude Tibetan and Han groups was similar for all measured respiratory states (Figure 3). The respiratory function of mitochondria in Tibetan and Han women at the same altitude and mode of delivery was similar. We observed a low RCR in lower-altitude Tibetan (RCR: 1.4) and Han (RCR: 1.5) mitochondria using substrates for CI, suggesting that these mitochondria have impaired respiratory efficiency.


[image: Figure 3]
FIGURE 3. Respiration in lower-altitude Tibetan vs. Han groups. (A) Oxidative phosphorylation (OXPHOS) with substrates for mitochondrial complexes I (CI), C I+II, and CIV; non-phosphorylating respiration (LEAK); ETS maximum capacity respiration; and non-ETS respiration (ROX) were not statistically significantly different between the lower-altitude Tibetan and Han groups. ns: p ≥ 0.05. (B) The respiratory control ration (RCR) and LEAK/ETS was not statistically significantly different between the lower-altitude Tibetan and Han groups.





DISCUSSION

Our study provides evidence that significant differences in human placental mitochondrial respiration exist between Tibetan women living at high and those at lower altitudes. Specifically, through the utilization of mitochondrial complexes.

The energy metabolism of cardiac and skeletal muscles is altered at high altitudes. Hypoxic rats (13% O2, 2 weeks) exhibited a loss of fatty acid oxidation capacity, complex I-supported respiration, and ATP levels in the left ventricle, and experienced increased oxidative stress (Ashmore et al., 2014). Further investigations have been carried out on the metabolic response of human skeletal muscle at high altitudes. At moderately high altitudes, respiratory capacity of fatty acid oxidation decreased without changes in mitochondrial volume density (Murray, 2016). In high altitude residents, pregnant women had increased O2 demand and blood O2 saturation compared to pregnant women at sea level. However, the decrease in arterial blood oxygen content during high-altitude pregnancies may lead to physiologic anemia due to the expansion of circulating plasma volume in the second trimester, which is also related to an insufficient increase in cardiac output. Interestingly, it was observed that women who lived on the Tibetan plateau for less than three generations had less hemoglobin and arterial blood O2 content during pregnancy, compared with those who live in a multi generations there (McAuliffe et al., 2001). Tibetan women at high altitudes also have a greater uterine artery blood flow than women at low altitude, providing more O2 and nutrients to the fetus (Moore, 1990). There is evidence to suggest that they may also have an increased mitochondrial activity and a larger RCR to use O2 more efficiently, ensuring sufficient growth of the fetus and a higher birth weight (Moore, 1990).

Our results suggest that mitochondrial respiration was higher in all tested states, except for non-ETS and CIV-mediated respiration, in the high- compared to the lower-altitude Tibetan group. The RCR was also greater in the high- as compared with the lower-altitude Tibetan group, suggesting improved coupling to ATP production and/or less oxidative damage. A decrease in the RCR often coincides with elevated oxidative stress. These findings are consistent with those of Bustamante et al. (2014). The respiratory function of mitochondria at lower altitudes was less than that in high-altitude Tibetans. This may be related to the oxidative stress experienced by mitochondria in response to labor-induced placental ischemia and reperfusion. However, previous studies have indicated a decrease in placental ATP (Bloxam and Bobinski, 1984) and an increase in placental oxidative stress markers during vaginal delivery (Diamant et al., 1980; Cindrova-Davies et al., 2007). The placental mitochondria of high-altitude Tibetans appear to make more efficient use of O2 than do those of lower-altitude Tibetans when there is oxygen shortage at higher altitude, which may be the outcome of adaptation to high altitudes. Mitochondria in the skeletal muscles have been demonstrated to adapt to strength and endurance training (Zoll et al., 2002; Pesta et al., 2011). Changes in placental mitochondria have been reported for several disease states (Mandò et al., 2014; Mele et al., 2014; Holland et al., 2017), many of which are thought to include hypoxia/reperfusion injury (Holland et al., 2017). Our data indicate that mitochondrial respiration is less robust in Tibetans residing at an altitude of 2,200 m as compared with those living at 3780 m. Sufficient O2 supply, a high partial pressure of arterial O2, and sufficient uterine artery blood flow maintain the physiological needs of the fetus without increasing the activity of mitochondria. Additionally, our previous study suggested that placentas from Tibetan women living at high altitudes were better protected from labor-induced oxidative stress than were high-altitude residents of European descent (Tana et al., 2021). The reproductive success of Tibetans is therefore likely to be, at least in part, due to cardiac-related traits and placental adaptation, via increased mitochondrial respiration (Burton et al., 2016; Jeong et al., 2018).

Our data suggests that the result might be of genetic selection. We intend to examine the correlation between gene variants, fetal birth weight and placental function. Limited by the interrelatedness of the geographical location, environment surroundings and one's ethnic cultural background, very few Han women are known to live at high altitude during their pregnancy so that collecting appropriate placental specimens and data of the high plateau Han women became extremely difficult for us. Meanwhile our study is also restricted by the fact that as majority of Tibetan women are permanent residents at an altitude above 2000 m, the chance of them living at sea level was rare, therefore recruiting sea level Tibetan pregnant women for our research had been impossible for years. That being said, our study still provides strong evidence that the adaptation of mitochondrial respiration in high altitude Tibetans is likely to contribute to reproductive success at plateau.
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Objective: Chronic hypoxia induces pulmonary and cardiovascular pathologies, including pulmonary hypertension (PH). L-arginine:glycine amidinotransferase (AGAT) is essential for homoarginine (hArg) and guanidinoacetate synthesis, the latter being converted to creatine by guanidinoacetate methyltransferase. Low hArg concentrations are associated with cardiovascular morbidity and predict mortality in patients with PH. We therefore aimed to investigate the survival and cardiac outcome of AGAT knockout (Agat−/−) mice under hypoxia and a possible rescue of the phenotype.

Methods: Agat−/− mice and wild-type (WT) littermates were subjected to normoxia or normobaric hypoxia (10% oxygen) for 4 weeks. A subgroup of Agat−/− mice was supplemented with 1% creatine from weaning. Survival, hematocrit, blood lactate and glucose, heart weight-to-tibia length (HW/TL) ratio, hArg plasma concentration, and Agat and Gamt expression in lung, liver, and kidneys were evaluated.

Results: After 6 h of hypoxia, blood lactate was lower in Agat−/−-mice as compared to normoxia (p < 0.001). Agat−/− mice died within 2 days of hypoxia, whereas Agat−/− mice supplemented with creatine and WT mice survived until the end of the study. In WT mice, hematocrit (74 ± 4 vs. 55 ± 2%, mean ± SD, p < 0.001) and HW/TL (9.9 ± 1.3 vs. 7.3 ± 0.7 mg/mm, p < 0.01) were higher in hypoxia, while hArg plasma concentration (0.25 ± 0.06 vs. 0.38 ± 0.12 μmol/L, p < 0.01) was lower. Agat and Gamt expressions were differentially downregulated by hypoxia in lung, liver, and kidneys.

Conclusion: Agat and Gamt are downregulated in hypoxia. Agat−/− mice are nonviable in hypoxia. Creatine rescues the lethal phenotype, but it does not reduce right ventricular hypertrophy of Agat−/− mice in hypoxia.

Keywords: creatine, homoarginine, hypoxia, L-arginine:glycine amidinotransferase, pulmonary hypertension


INTRODUCTION

In patients with newly diagnosed, treatment-naïve pulmonary hypertension (PH), low homoarginine (hArg) plasma concentration was identified as an independent predictor of morbidity and mortality (Atzler et al., 2016). PH is a rare disease with a poor prognosis; it is based on an increase in vascular resistance, which leads to elevated blood pressure in the pulmonary circulation. The increased afterload leads to an increased stress on the right ventricle, causing right ventricular hypertrophy. Eventually, heart failure evolves, which is a major cause of death in PH patients (Giordano, 2005).

The detailed pathophysiological mechanisms leading to idiopathic pulmonary hypertension are not yet fully understood. Pulmonary vasoconstriction is one of the compensatory mechanisms that help to maintain sufficient oxygen supply in focal pulmonary hypoxia; however, excessive and global pulmonary vasoconstriction in global hypoxia may lead to pulmonary hypertension and fatal outcome (Hannemann et al., 2020b). Increased vasoconstriction of the pulmonary vessels is assumed to play an important role, due to an increased release of vasoconstrictor prostaglandins and endothelin-1, and a reduced release of the vasodilator nitric oxide (NO; Lourenco et al., 2012; Giannakoulas et al., 2014). Accumulation of endogenous inhibitors of NO synthesis contributed to this dysregulation, and we and others have shown that chronic hypoxia induces pulmonary and cardiovascular phenotypes that are similar to PH (Hannemann et al., 2020a; Smith et al., 2020); therefore, chronic hypoxia was used as an experimental model in this study.

hArg is a non-proteinogenic amino acid that is synthesized by L-arginine:glycine amidinotransferase (AGAT, Kayacelebi et al., 2015). The same enzyme catalyzes the formation of guanidinoacetic acid, which is further metabolized to creatine by guanidinoacetate methyltransferase (GAMT, Kan et al., 2004). Accordingly, Agat-deficient mice (Agat−/− mice) are characterized by low circulating hArg and creatine concentrations (Choe et al., 2013a; Nabuurs et al., 2013). hArg is a weak substrate of NO synthase (NOS) and an inhibitor of arginase (Hrabák et al., 1994; Moali et al., 1998). Phosphorylated creatine, on the other hand, plays a key role in energy metabolism and acts as a rapidly available energy buffer due to its capacity to recycle adenosine triphosphate (ATP, Lygate et al., 2013; Stockebrand et al., 2018).

Our group has previously shown that Agat−/− mice develop significantly larger stroke areas in a temporary middle cerebral artery occlusion model as compared to WT littermates. Stroke size was significantly reduced to WT size in Agat−/− mice supplemented with hArg, but only slightly in creatine-supplemented animals (Choe et al., 2013a). Likewise, Faller and co-workers have shown that impaired cardiac contractile function in Agat−/− mice is rescued by hArg, but not creatine (Faller et al., 2018). By contrast, Laasmaa et al. showed that impaired calcium handling by isolated cardiomyocytes from Agat−/− mice is normalized by creatine supplementation when creatine is supplemented from weaning (Laasmaa et al., 2021). Taken together, these data suggest that hArg and creatine play differential roles in mediating the pathophysiological phenotypes of Agat−/− mice, which are not yet fully understood.

Chronic hypoxia is a condition that is associated with a global dysbalance of energy metabolism. We therefore hypothesized that Agat−/− mice may be specifically vulnerable in chronic hypoxia and that creatine or hArg supplementation may help to maintain a healthy phenotype.



MATERIALS AND METHODS


Animals and Study Design

Agat−/− mice used in the present study were described previously and have a life expectancy similar to WT littermates (Choe et al., 2013a,b; Nabuurs et al., 2013). Female mice were kept at 20 to 24°C and a 12:12 light–dark cycle with free access to chow and water. Agat−/− mice and WT littermates aged 3–4 months were placed in normobaric hypoxia (10% O2) or normoxia (21% O2) for 4 weeks (8–9 animals per group, Supplementary Figure 1). A separate group of Agat−/− mice was supplemented with 1% creatine from weaning in standard chow (Ssniff, Soest, Germany) and placed in normoxia or hypoxia, respectively, together with WT littermates in hypoxia (8–9 animals per group). For each group separately, mice from the same litter were kept in one cage. Throughout the study period, all animals were monitored daily for survival and chow was changed from dry to moistened starting 4 to 7 days prior to hypoxia for Agat−/− mice. For the first hours of hypoxia, mice were housed on external heating mates. After 6 h of hypoxia, a blood sample was collected by puncture; surviving animals were killed in anesthesia after 4 weeks of hypoxia or normoxia. Blood and tissues were collected and processed for analysis as previously described (Hannemann et al., 2020a). This study was approved by the Animal Care and Use Committee of the Freie und Hansestadt Hamburg (Approval no. 40/16). The use of animals was consistent with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH publication No. 85-23, revised 1996).



Analysis of Hematocrit, Glucose, Lactate, Cardiac Troponin I, Hypertrophy, and Echocardiography

Hematocrit, glucose, and lactate were determined after puncture of the Vena facialis and subsequent blood analysis with an ABL 90 FLEX (Radiometer, Krefeld, Germany) after 6 h of hypoxia and after 4 weeks of hypoxia or normoxia. Cardiac troponin I (cTnI) was determined by ARCHITECT STAT high-sensitive cTnI immunoassay (i2000SR, Abbott Diagnostics, IL, United States) in serum samples diluted 1:5 with 0.9% NaCl. The epitope of the antigen showed 96% similarity between mice and human. Body weight and wet weights of the right ventricle (RV) and left ventricle (LV), septum, and the tibia length were determined. The Fulton index was calculated by dividing the RV to the sum of LV and septum. Cardiac echography was performed using the Vevo 3100 System (VisualSonics, Toronto, Canada) using standardized procedures (Zacchigna et al., 2021). Mice were anaesthetized with isoflurane (1–2%) and taped to a warming platform in a supine position. B-mode images were obtained using a MX400 transducer. Images were obtained in a parasternal short- and long-axis view, and dimensions of the left ventricle were measured in a short-axis view in diastole and systole. Fractional area shortening (FAS) was calculated as:
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Quantification of Homoarginine Plasma Concentration

hArg plasma concentrations were determined from EDTA plasma obtained from cardiac puncture; blood samples were centrifuged at 3,000 × g for 3 min at 4°C and stored at −80°C until analysis. hArg concentration was determined by liquid chromatography–tandem mass spectrometry (LC–MS/MS) as previously described (Atzler et al., 2011). Briefly, 25 μl of plasma was diluted with 100 μl of stable isotope-labeled hArg dissolved in methanol. After protein precipitation, hArg was converted to its butyl ester derivative and analyzed by LC–MS/MS (Varian 1200, Agilent Technologies, Santa Clara, CA, United States). Quantification was performed by calculation of peak area ratios and calibration with known concentrations of hArg in dialyzed EDTA plasma (Atzler et al., 2011).



Analysis of Agat and Gamt mRNA Expression

RNA preparation, reverse transcription, and quantitative real-time PCR (qRT-PCR) were performed as previously described (Hannemann et al., 2020a). Briefly, total RNA was isolated from snap-frozen, homogenized lung, liver, and renal tissues using Trizol (Thermo Fisher Scientific, Waltham, MA, United States). Genomic DNA was removed by an on-column clean-up procedure using PureLink™ RNA Mini Kit in combination with PureLink™ DNase (both Thermo Fisher). RNA was reverse transcribed with SuperScript™ IV VILO™ (Thermo Fisher). qRT-PCR was performed with gene-specific, FAM-labeled Taqman™ assays for Agat (Mm00491882_m1) and Gamt (Mm00487473_m1) and a VIC-labeled control assay (Tbp, Mm01277042_m1) for normalization (all Thermo Fisher). For all experiment, technical triplicates were analyzed. Relative gene expression was calculated using the ΔΔCt method (Schmittgen and Livak, 2008).



Analysis of Agat Protein Expression

Preparation of tissue lysates was performed as previously described (Hannemann et al., 2020a). Samples were prepared for SDS-PAGE (kidney, 30 μg total protein; liver, 50 μg total protein per lane) by boiling in beta-mercaptoethanol containing sample buffer; samples were subjected to 10% SDS-PAGE. Subsequently, proteins were transferred onto a 0.2 μm nitrocellulose membrane (GE Healthcare, Munich, Germany). Membranes were incubated with the primary antibody (anti-AGAT, 1:300 in liver, 1:500 in kidney; 12801, Proteintech Chicago, Illinois, United States; anti-β-tubulin: 1:500, Abcam ab6046, Cambridge, United Kingdom) for 1 h at room temperature. Incubation with the secondary antibody (1:10,000; A0545, Merck, Darmstadt, Germany) was done for 1 h at room temperature. Protein was detected using enhanced chemiluminescence detection according to the manufacturer’s protocol (GE Healthcare, Munich, Germany).



Statistical Analyses

Data are expressed as mean ± standard deviation (SD). A two-sided independent Student’s t-test was used to compare two groups. One-way ANOVA with Bonferroni post-hoc test was used to compare more than two groups. Chi-square test was used to compare dichotomized variables; Kaplan–Meier curves were generated for survival analysis. p < 0.05 was considered statistically significant in all analyses. Statistical analyses were performed by GraphPad Prism 6.0 (La Jolla, CA, United States).




RESULTS


Acute Effects of Hypoxia in Agat−/− Mice vs. WT Littermates

We analyzed the acute effects of hypoxia after 6 h of exposure to 10% oxygen. By comparison with normoxia, there was a significant reduction of blood lactate concentration in Agat−/− mice (7.5 ± 1.8 vs. 2.6 ± 0.3 mmol/L; p < 0.001), while no significant reduction was observed in WT littermates (Figure 1A). No significant difference was observed in hematocrit or glucose after 6 h of hypoxia in Agat−/− or WT animals (Figures 1B,C).
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FIGURE 1. Blood analyses of Agat−/− mice and wild-type (WT) littermates. (A–C) Mean values ± SD from blood gas analyses under normoxia (NX), after 6 h of hypoxia (6 h HX) and after 4 weeks of hypoxia (HX) in unsupplemented and Agat−/− mice supplemented with 1% creatine from weaning (Cre). (A) Lactate (Lac). (B) Hematocrit (Hct %). (C) Glucose (Glc). Agat, arginine:glycine amidinotransferase; Cre, supplemented with 1% creatine. ***p < 0.001 vs. NX (ANOVA with Bonferroni post-hoc test).


All Agat−/− mice died within 48 h of hypoxia, whereas all WT littermates survived until the end of the study after 4 weeks of hypoxia (p < 0.001 Chi-square test; Figure 2A). The lethal phenotype in hypoxia was completely reversed in Agat−/− mice supplemented with creatine (Figure 2A). Agat−/− mice showed a trend of cTnI increase as compared with WT littermates and Agat−/−-mice supplemented with creatine in hypoxia (Figure 2B).
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FIGURE 2. Kaplan–Meier survival analysis and cardiac troponin I (cTnI). (A,B) Outcome of Agat−/− mice with and w/o creatine (Cre) supplementation and WT littermates in hypoxia (HX). (A) Kaplan–Meier survival analysis of Agat−/− mice (n = 9), WT littermates (WT, n = 17) and Agat−/− mice supplemented with 1% creatine from weaning (Agat−/−+Cre, n = 8). All mice were kept in hypoxia and followed for up to 32 days. (B) cTnI in Agat−/− mice (n = 3, 1–2 days of HX), WT littermates (WT, n = 5, 4 weeks of HX) and Agat−/− mice supplemented with 1% creatine from weaning (Agat−/−+Cre, n = 3, 4 weeks of HX) Agat, arginine:glycine amidinotransferase; Cre, supplemented with 1% creatine.




Effects of Chronic Hypoxia on Agat and Gamt Expression and hArg Plasma Concentration in WT Mice

Agat mRNA was highly expressed in kidneys and to a lower extent in liver, heart, and lungs, while Gamt showed highest gene expression in liver and low gene expression levels in kidneys, heart, and lungs (Figure 3). As compared to normoxia, chronic hypoxia caused a significant reduction of Agat mRNA expression in kidneys (p = 0.001) and lungs (p = 0.005), but not in heart and liver (Figure 3A). Likewise, Gamt gene expression in liver was lower in chronic hypoxia (p = 0.001), but remained unchanged in kidneys, heart, and lungs (Figure 3B). In line with the gene expression results, AGAT protein is downregulated in the hypoxic kidney. In the liver, where Agat expression is rather low, no effect of hypoxia was obvious (Figure 3C). Plasma hArg concentrations were significantly lower in hypoxia as compared to normoxia (0.25 ± 0.06 vs. 0.38 ± 0.12 μmol/L, p < 0.01).
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FIGURE 3. Agat and Gamt mRNA expression in lungs, liver, heart, and kidneys, and L-arginine:glycine amidinotransferase (AGAT) protein expression in liver and kidneys. mRNA expression of Agat (A) and Gamt (B) in normoxia (NX) and hypoxia (HX) as determined by quantitative real-time PCR normalized to Tbp as housekeeping gene. (C) Western Blot of AGAT in liver and kidneys as compared to β-tubulin as loading control. **p < 0.01 and ***p < 0.001 vs. NX (ANOVA with Bonferroni post-hoc test).




Effects of Creatine Supplementation in Agat−/− Mice

At the beginning of the intervention, Agat−/− mice had a lower mean body weight than their WT littermates (13.3 ± 1.3 vs. 19.0 ± 1.7 g, respectively, p < 0.001). Agat−/− mice supplemented with creatine from weaning had a body weight similar to WT littermates (18.0 ± 1.4 g, p = n.s. vs. WT).

After 4 weeks of hypoxia, hematocrit was significantly elevated in Agat−/− mice supplemented with creatine (73 ± 3% vs. 54 ± 2%, p < 0.001) and their unsupplemented WT littermates (74 ± 4% vs. 55 ± 2%, p < 0.001; Figure 1B) as compared with normoxic littermates. No significant differences in blood lactate and glucose concentrations were observed between mice of both groups exposed to either normoxia or hypoxia (Figures 1A,C).

Heart weight-to-tibia length (HW/TL) ratio was significantly elevated in WT mice exposed to chronic hypoxia; however, it was not significantly different between normoxia and hypoxia in Agat−/− mice supplemented with creatine (Figure 4A). Of note, there was a significant increase in Fulton index in both, Agat−/− mice supplemented with creatine (0.43 ± 0.04 vs. 0.27 ± 0.05, p < 0.001) and unsupplemented WT mice after 4 weeks of hypoxia (0.43 ± 0.06 vs. 0.29 ± 0.04, p < 0.001; Figure 4B) as compared with normoxic littermates. Hypoxia did not change tibia length or the sum of LV and septum (Supplementary Figure 2).
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FIGURE 4. Phenotypes of cardiac hypertrophy of Agat−/− mice and WT littermates. (A,B) Mean values ± SD from hearts from Agat−/− mice supplemented with 1% creatine and WT littermates (WT) under normoxia (NX) and after 4 weeks of hypoxia (HX). (A) Heart weight to tibia length. (B) Fulton index {right ventricle (RV) weight/[left ventricle (LV) + septum weight]}. Agat, arginine:glycine amidinotransferase; Cre, supplemented with 1% creatine. **p < 0.01 vs. WT NX, ***p < 0.001 vs. WT NX, $$$p < 0.001 vs. Agat−/−+Cre NX (ANOVA with Bonferroni post-hoc test).


Echocardiography revealed higher FAS and ejection fraction in Agat−/− mice as compared with WT littermates and Agat−/− mice supplemented with creatine (Figures 5A,B). Hypoxia did not change FAS and ejection fraction in WT mice or AGAT−/− mice supplemented with creatine.
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FIGURE 5. Echocardiography of Agat−/− mice and WT littermates. (A,B) B-mode images were obtained in a parasternal short- and long-axis view, and dimensions of the left ventricle were measured in a short-axis view in diastole and systole from Agat−/− mice supplemented with 1% creatine and WT littermates (WT) at baseline and after 4 weeks of hypoxia (HX). Mean values ± SD are presented. (A) Fractional area shortening. (B) Ejection fraction. Agat, arginine:glycine amidinotransferase; Cre, supplemented with 1% creatine. *p < 0.05 vs. WT baseline, §p < 0.05 vs. Agat−/− baseline (ANOVA with Bonferroni post-hoc test).





DISCUSSION

The main findings of our study are threefold: (1) Chronic hypoxia downregulates Agat expression and reduces hArg plasma concentrations. (2) Agat-deficient mice are not viable in hypoxia. (3) Supplementation with creatine rescues the lethal phenotype and cardiac hypertrophy.

The enzyme AGAT catalyzes the formation of guanidinoacetate from L-glycine and L-arginine; guanidinoacetate is subsequently methylated to creatine by GAMT activity (Kan et al., 2004; Barsunova et al., 2020). AGAT is involved not only in creatine synthesis but also in the formation of hArg from L-arginine and L-lysine (Kayacelebi et al., 2015). Relative mRNA expression of Agat and Gamt was highest in kidney and liver, respectively (Figure 3). Under hypoxia, Agat and Gamt were found downregulated in kidney and liver, respectively. Downregulation of Agat mRNA was paralleled by decreased AGAT protein detected in the kidney. Moreover, we found impaired hArg in the circulation of hypoxic WT mice. We thus conclude that renal AGAT is essential for hArg synthesis and whole body supply via the circulation.

hArg is a non-essential amino acid that differs from arginine by an additional methylene group in the carboxylic acid chain (Bell, 1962). Both L-arginine and hArg serve as substrates for NOS, with a 5- to 15-fold higher catalytic efficiency for L-arginine (Moali et al., 1998). Furthermore, hArg has been shown to be a weak inhibitor of the L-arginine-degrading enzyme arginase (Hrabák et al., 1994). In various clinical studies, low hArg concentrations have been associated with an increased risk of cardiovascular disease and mortality, as recently reviewed by our group (Atzler et al., 2015). Moreover, hArg plasma concentrations in treatment-naive PH patients are low and indicate a risk for mortality (Atzler et al., 2016). In line with these observations in PH patients, chronic hypoxia decreased hArg plasma concentration as well as Agat mRNA expression in mice. While this decrease in AGAT expression and function might be maladaptive, the absence of AGAT under hypoxia was deleterious. Agat−/− mice were not viable in hypoxia for more than 2 days. This phenotype was reversed by supplementation with 1% creatine from weaning and enabled Agat−/− mice to survive under hypoxic conditions for the complete study period of 4 weeks.

In neuronal and in muscle cells, creatine is phosphorylated to phosphocreatine by creatine kinase, thus serving as a quickly available energy buffer (Lygate et al., 2013; Nabuurs et al., 2013). Adenosine monophosphate-activated protein kinase (AMPK) is a key enzyme regulating energy metabolism; it downregulates energy-consuming metabolic processes in the presence of ATP deficiency. AMPK has been shown to be involved in hypoxic pulmonary vasoconstriction (Evans et al., 2015). In the event of a lack of energy in the cells, AMPK upregulates voltage-dependent potassium channels (Kv5.1), which contributes to cellular repolarization in pulmonary artery smooth muscle cells (Firth et al., 2011). In line with this, we previously observed chronic activation of AMPK in skeletal muscle of AGAT-deficient mice (Choe et al., 2013b). Even though we do not show AMPK activation in tissues of Agat−/− mice in hypoxia in the current study, we observed a dramatic decrease of blood lactate in Agat−/− mice as early as 6 h after the initiation of hypoxia. The heart can utilize glucose, lactate, fatty acids, and creatine for maintaining energy supply (Neubauer, 2007; Branovets et al., 2021). The decrease of blood lactate may thus indicate an increased anaerobic energy demand triggered by hypoxia, which cannot be buffered by cellular stores of creatine/phosphocreatine in the heart of Agat−/− mice as previously shown in hypoxic muscle tissue of these mice (Nabuurs et al., 2013).

Four weeks of hypoxia caused a significant increase of hematocrit as well as cardiac and – more specifically – right ventricular hypertrophy, as assessed by the HW/TL ratio for global cardiac hypertrophy and by the Fulton index for right ventricular hypertrophy. Clearly, the same extent of right ventricular hypertrophy was also found in Agat−/− mice supplemented with creatine, suggesting that right ventricular hypertrophy is not prevented by creatine but hArg supplementation might have an impact. Global cardiac hypertrophy seemed less pronounced in Agat−/− mice supplemented with creatine than in unsupplemented WT mice; however, this finding may have been influenced by the slightly reduced total body growth of the Agat−/− mice supplemented with creatine.

Our study has several limitations. Firstly, Agat−/− mice were supplemented with creatine from weaning; therefore, we cannot extend our findings to a possible effect of creatine supplementation if initiated after the induction of hypoxia. Secondly, animal welfare prevented us from studying the effects of hArg supplementation on the phenotype of Agat−/− mice. Supplementation of WT animals with hArg in hypoxia might be an alternative strategy; however, this was beyond the focus of our study. Although hArg has been implicated with heart failure and cardiomyocyte contractility (Faller et al., 2018), we have no definite proof if the PH-like phenotype, i.e., increase in Fulton index, may be caused, at least in part, by lack of hArg.



CONCLUSION

We show here that creatine rescues lethality of Agat−/− mice in hypoxia, showing a pathophysiological significance of creatine-related metabolic pathways. Creatine may therefore be a potentially valuable supplement in individuals having impaired AGAT activity, e.g., caused by genetic missense polymorphisms in the Agat gene, during conditions of impaired oxygen availability, e.g., at high altitude. However, creatine supplementation did not affect the PH-like phenotype in hypoxia, suggesting that mechanisms other than creatine-related ones may be involved in its pathogenesis. Further studies in animals and humans are needed to investigate the potentially differential roles of creatine and hArg in PH.
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Altitude hypoxia exposure results in increased sympathetic activity and heart rate due to several mechanisms. Recent studies have contested the validity of heart rate variability (HRV) analysis on sympathetic activity measurement. But the plethora of HRV metrics may provide meaningful insights, particularly if linked with cardiovascular and autonomic nervous system parameters. However, the population-specific nature of HRV and cardiorespiratory response to altitude hypoxia are still missing. Six Italian trekkers and six Nepalese porters completed 300 km of a Himalayan trek. The ECG analysis was conducted at baseline, and before (bBC) and after (aBC) the high-altitude (HA) circuit. Urine was collected before and after the expedition in Italians, for assessing catecholamines. Heart rate increased with altitude significantly (p < 0.001) in the Italian group; systolic (p = 0.030) and diastolic (p = 0.012) blood pressure, and mean arterial pressure (p = 0.004) increased with altitude. Instead, pulse pressure did not change, although the Nepalese group showed lower baseline values than the Italians. As expected, peripheral oxygen saturation decreased with altitude (p < 0.001), independently of the ethnic groups. Nepalese had a higher respiratory rate (p = 0.007), independent of altitude. The cardiac vagal index increased at altitude, from baseline to bBC (p = 0.008). Higuchi fractal dimension (HFD) showed higher basal values in the Nepalese group (p = 0.041), and a tendency for the highest values at bBC. Regarding the urinary catecholamine response, exposure to HA increased urinary levels, particularly of norepinephrine (p = 0.005, d = 1.623). Our findings suggest a better cardiovascular resilience of the Nepalese group when compared with Italians, which might be due to an intrinsic adaptation to HA, resulting from their job.

Keywords: heart rate variability, urinary catecholamines, himalayas, altitude hypoxia, adaptiveness, blood pressure


INTRODUCTION

The occurrence of hypobaric hypoxia at high altitude (HA) challenges human homeostasis, providing an ecological model for measuring the physiological responses to such environmental stressors (Cerretelli, 2013; West, 2016; Moore, 2017), both in the short- and long-term (Beall, 2003; Mulliri et al., 2019). The cardiorespiratory system is massively affected by altitude exposure since low partial pressure of oxygen in arterial blood induces acute and chronic hemodynamic changes (West, 2016; Verratti et al., 2020a). Hyperventilation occurs as an essential step of acclimatization (San et al., 2013), with a hypoxia-related switch to rapid and shallow breaths, rather than an increase in tidal volume (Brinkman et al., 2020). Concerning blood pressure (BP), the acute response in lowlanders is typically increased during ascent, especially at the beginning of exposure (Calbet and Lundby, 2009). The BP increment occurs early even after exposure to moderate altitude (Torlasco et al., 2020) and persists after acclimatization (Parati et al., 2015). BP also increases as a chronic response, despite the fact that systemic O2 delivery improves with acclimatization (Calbet, 2003).

The higher the altitude, the higher the heart rate, both at rest and at a standardized workload (Gamboa et al., 2003; Princi et al., 2008). What subsequently generates a chronic acclimatization process is the maintenance of cardiac output, while heart rate may continue to be high and stroke volume decreases, probably due to a reduction in plasma volume (Reeves et al., 1987; Stembridge et al., 2019). The major extrinsic factor for heart rhythmicity is the autonomic nervous system (ANS), which regulates heart rate by modulating sympathetic and parasympathetic tone (Mangoni and Nargeot, 2008). In humans, during acute exposure to altitude hypoxia, a significant increase in sympathetic activity and heart rate occurs due to the carotid body and brain stem chemoreceptors activation (Marshall, 1994; Solomon, 2000).

The sympathetic branch of ANS acts on the cardiovascular system by stimulating all the four hemodynamic effectors: inotropism, chronotropism, cardiac preload, and afterload (Furnival et al., 1971; Schümann, 1983; Takahashi et al., 1993; Ullian, 1999). Plasmatic and urinary catecholamines levels increases in response to HA exposure in subjects staying for more than 1 week (Rostrup, 1998). However, combining pharmacological inhibition of sympathetic and/or parasympathetic control of the heart, Siebenmann et al. demonstrated reduced cardiac parasympathetic activity as the main mechanisms underlying the increase of resting heart rate in response to middle-term exposure to altitude hypoxia (Siebenmann et al., 2017). The same evidence was reported in rats, with a parasympathetic withdrawal after 24 h of exposure to 3,270 m above sea level (Beltrán et al., 2020). A few evidence exists about ethnic differences in the autonomic control of the cardiovascular response to altitude hypoxia; e.g., altered muscle sympathetic nerve activity and beneficial lower sympathetic vasoconstrictor activity have been suggested as beneficial hypoxic adaptations in Sherpas (Simpson et al., 2019). Cardioprotective phenotypes in Sherpas prevent them from developing apnea-induced bradyarrhythmias at altitude (Busch et al., 2018).

Despite broad historical use of HRV as a convenient surrogate of other measures to evaluate ANS activity, strong reservations have been recently claimed, especially regarding the sympathetic influence on HRV (Thomas et al., 2019). Moreover, in HRV analysis, the contextual measurement importance of the factors has been stressed along with the accurate interpretation of the diverse parameters, which can be clustered in time-domain, frequency-domain, and non-linear indexes (Shaffer and Ginsberg, 2017). Indeed, the recent development of non-linear metrics allowed to extend the methodological rationale of HRV, e.g., Gomes and colleagues (Gomes et al., 2017) reported physical exercise to acutely reduce the chaotic behavior of heart rate dynamics, through the complex Higuchi Fractal Dimension (HFD) analysis. Indeed, alternative approaches to the typical HRV investigation may add novel interpretation levels to the non-uniform alterations in the several HRV domains observed in response to altitude exposure (Verratti et al., 2019). Dhar et al. (2018) reported higher mean RR, LF (low frequency) power ms2, LF (normalized units: nu), and LF/HF ratio values, with lower RMSSD (root mean square of successive RR interval differences), NN50, pNN50 (percentage of successive RR intervals that differ by more than 50 ms), SD1 (Poincaré plot standard deviation perpendicular the line of identity), HF (high frequency) power ms2 and HF (nu) values, in acclimatized lowlanders (15–18 months residence at >3,500 m asl) compared to HAs native and sea-level residents never exposed to HAs. However, to our knowledge, no study investigated the differential response of non-habitual altitude trekkers, compared with the altitude porters, both lowland natives. Studying the possible differences in Westerner trekkers vs. Himalayan porters could be of great interest to identify, if any, the advantages of lowland native Nepalese porters in cardiac rhythms adaptations, for providing novel insights on the occupational adaptation to HA, and for defining extended models of physiology and pathophysiology related for current expeditioners.

In the broad and extensive background of cardiovascular responses to hypoxia, population-specificity of HRV, BP, and breathing response to middle-term altitude hypoxia remains to be elucidated. The present study aimed to explore the cardiorespiratory adaptive response during a Himalayan trek, comparing Westerners and Easterners using an ecological field study design. In particular, the present work aimed to focus on the physiological meaning of the several responses as a function of altitude and/or ethnicity, as depicted by the different metrics.



METHODS


Study Design and Participants

This study was part of the “Kanchenjunga Exploration & Physiology” project, a subset of the broad project entitled “Environmentally-modulated metabolic adaptation to hypoxia in altitude natives and sea-level dwellers: from integrative to molecular (proteomics, epigenetics, and ROS) level,” approved by the Ethics Review Board of the Nepal Health Research Council (NHRC)—ref. no. 458. All study procedures were performed under the ethical standards of the 1964 Declaration of Helsinki and all its amendments (World Medical Association, 2013). All participants provided their written, informed consent to participate in the study.

The participants completed a combined circuit of 300 km distance (south and north base camps of Kanchenjunga), covering a daily average of about 6 h walk for about 110 h. They were exposed throughout the trek to low (500–2,000 m), moderate (2,000–3,000 m) and high (3,000–5,500 m) altitudes (Schommer and Bärtsch, 2011), along a demanding route with ascent and descent tracts covering totally over 16,000 m in altitude, in the Himalayan mountain range of eastern Nepal (Figure 1).


[image: Figure 1]
FIGURE 1. Altimetric plan and measurement time of psychological tests of “Kanchenjunga Exploration and Physiology” project.


This research project investigated adaptive cardiovascular responses to HA exposure stressors in two experimental groups composed of six healthy Italian trekkers and six healthy Nepalese porters, both lowland dwellers. Characteristics of the two studied groups were as follows: Italians, five men, and one woman, aged 44 ± 15 years, body mass index (BMI) of 25.81 ± 3.25 Kg/m2; Nepalese, all men, aged 30 ± 8 years, BMI of 24.36 ± 4.70 kg/m2. The Italian trekkers usually live at low altitudes, and some of them reported previous HA experiences, although not in the last 3 years. The Nepalese trekkers habitually live at low altitudes and reported frequent exposure to HAs, with a working experience of 2-to-5 similar expeditions per year in the last 3 years.

The expedition was continuously supervised by an expert medical doctor. None of the participants suffered from AMS during the trek, neither did they report any cardiovascular nor respiratory disease. The Caucasian participants only took one acetazolamide pill of 250 mg daily, at 6 p.m. during the 2 days between the acclimatization day and the stay at the highest altitude point of the expedition. However, two out of three measurements were conducted before the use, and the last measurement was conducted largely after the drug washout. No drugs were used by participants that may have affected uptake transporter proteins, metabolizing enzymes, or clearance of catecholamines. The technical requirements of the devices concerning transport, storage, and operating temperature were all met. Even though distance and difference in altitude were identical among groups, the workload was different, reflecting the typical situation in modern Himalayan expeditions: while Italian trekkers carried light loads, Nepalese porters carried heavier loads (10–30 kg), throughout the whole route. All participants underwent ECG recording, before the trek (Pre), at 3,427 m of altitude before the North base camp (5,143 m of altitude) circuit (bBC), and after that circuit (aBC). BP and SpO2 assessments were conducted eight times during the trek. From urine samples collected before (Pre) and after the expedition (Post), catecholamines concentration was assessed. Urine samples were obtained only by Italians, before and 10 days after the expedition. Unfortunately, the logistics of the current study did not allow to sample and store adequately the urine samples of the Nepalese.



Procedures and Data Analysis

Peripheral oxygen saturation (SpO2) was measured using a pulse oximeter (APN-100, Contec Medical Systems Co. Ltd, China); values allowing several seconds to detect a pulse and waiting for a stable value were considered. The device measured in the range of 70–100% with an accuracy of 2%. A rubber finger SpO2 probe was attached over a clean and dry skin (WHO, 2011), in the morning before breakfast. All the SpO2 tests were performed in duplicate.

Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured using an oscillometric device (ABPM50, Contec Medical Systems Co. Ltd, China). The devices measured in a range of 40–270 mmHg with an accuracy of 3 mmHg. SBP and DBP data were taken in a sitting position at rest, with the cuff at heart level (Whelton et al., 2018), in the morning before breakfast. Pulse pressure (PP) was calculated as a diastolic–systolic difference and mean arterial pressure (MAP) was calculated as (SBP + 2DBP) ÷ 3 (Giles and Sander, 2013). All the BP tests were performed in duplicate.

The ECG signal was captured with the individual lying in a supine position through a single-lead Shimmer2ECG sensor (Shimmer Sensing, Dublin, Ireland) with a sampling frequency of 500 Hz to allow the estimation of the relevant HRV features according to the guidelines (Malik, 1996) and taking advantage of the Einthoven I derivative. From 5 min-ECG recording at rest, we extracted the tachogram by the Pan-Tompkins algorithm (Pan and Tompkins, 1985) and we evaluated HRV by the mean of time-domain (SDNN and pNN50), frequency-domain (absolute LF and HF power, and the normalized counterparts, computed taking into account the whole Power Spectral Density) and non-linear parameters (CSI, CVI, and HFD). Spectral calculations (see Figure 2) were computed according to the Welch model (Welch, 1967) using 64 samples in the window, 32 to overlap, and 512 points in the frequency axis. As for frequency bands, we employed the bands 0.04–0.15 Hz for LF and 0.15–0.4 Hz for HF, according to the literature (Shaffer and Ginsberg, 2017), which was also used as a reference to extrapolate considerations about short-term HRV applicability.


[image: Figure 2]
FIGURE 2. An example of the frequency spectra (A) and of the Poincaré plot (B) for a sample individual enrolled in the study.


The sensor was attached to the body of the volunteer through a fitness-like chest strap (Polar Electro Oy, Kempele, Finland), avoiding discomfort for the individuals tested.



Catecholamines Dosage

The obtained first-voided urinary samples were immediately stored and transferred in ice (−20°C) and subsequently analyzed frozen in liquid nitrogen for transport until analyses were carried out in Italy in the Department of Pharmacy Laboratory, University “G. d'Annunzio” of Chieti. One milliliter urine samples were stirred for 1 min using a vortex mixer, centrifuged at 13,000 g for 10 min to remove sediments, and finally filtered through Millipore 0.25 μm nylon filters. This was followed by HPLC-EC assay of NE and E and HPLC-UV assessment of creatinine. The detailed protocols are described below. Urinary creatinine levels were determined as previously reported (Verratti et al., 2020a,b). The HPLC apparatus consisted of a Jasco (Tokyo, Japan) PU-2080 chromatographic pump and a Jasco MD-2010 Plus absorbance detector. Integration was performed by Jasco Borwin Chromatography software, version 1.5. The chromatographic separation was performed by isocratic elution on the GraceSmart reverse phase column (C18, 150 mm × 4.6 mm i.d., 5 μm). The mobile phase was (1:99, v/v) acetonitrile and 25 mM pH 5.00 phosphate buffer containing octanesulfonic acid 10 mM and triethylamine 0.03%, v/v. The flow rate was 1.0 ml/min, and the samples were manually injected through a 20 μl loop. Creatinine analyses were performed by two hundred-fold diluting urinary samples before injection and monitoring absorbance at 235 nm. Creatinine peaks were identified by comparison with pure standard retention time, while their concentrations in the urinary samples were calculated by linear regression curve (y = bx + m) obtained with the standard. The standard stock solution of the solution of creatinine (2 mg/ml) was purchased from Alexis Biochemicals, San Diego, CA, USA. The stock solution was stored at 4°C. Work solutions (20–200 μg/ml) were daily obtained, progressively diluting stock solutions in the mobile phase. NE and E levels were analyzed through an HPLC apparatus consisting of a Jasco (Tokyo, Japan) PU-2080 chromatographic pump and an ESA (Chelmsford, MA, USA) Coulochem III coulometric detector, equipped with a microdialysis cell (ESA-5014b) porous graphite working electrode and a solid-state palladium reference electrode. The experimental conditions for biogenic amine identification and quantification were selected as follows. The analytical cell was set at −0.150 V for detector 1 and at +0.300 V for detector 2, with a range of 100 nA. The chromatograms were monitored at the analytical detector 2. Integration was performed by Jasco Borwin Chromatography software version 1.5. The chromatographic separation was performed by isocratic elution on a Phenomenex Kinetex reverse phase column (C18, 150 × 4.6 mm i.d., 2.6 μm). Regarding the separation of NE and E, the mobile phase was (10:90, v/v) acetonitrile and 75 mM pH 3.00 phosphate buffer containing octanesulfonic acid 1.8 mM, EDTA 30 μM, and triethylamine 0.015%, v/v. The flow rate was 0.6 ml/min, and the samples were manually injected through a 20 μl loop. Neurotransmitter peaks were identified by comparison with the retention time of pure standard. Neurotransmitter concentrations in the samples were calculated by linear regression curve (y = bx + m) obtained with the standard. The standard stock solutions of NE and E at 2 mg/ml were prepared in bidistilled water containing 0.004% EDTA and 0.010% sodium bisulfite. The stock solutions were stored at 4°C. Work solutions (1.25–20.00 ng/ml) were obtained daily by progressively diluting the stock solutions in the mobile phase.



Statistics

The statistical analysis of HR, BP, SpO2, and breathing rate was carried out using the R-based open-source software Jamovi Version 1.2.27.0 (retrieved from https://www.jamovi.org). Graphs were created using the GraphPad Prism Version 5.01 (GraphPad Software, La Jolla, USA). The assumption check was based on Shapiro–Wilk's test for normality, Levene's tests for homoscedasticity and Q–Q plots. General linear mixed model (GLMM) was used to test altitude × ethnicity comparison, with residual maximum likelihood (REML) estimator, AIC and BIC as model fit measures, the Satterthwaite method for degrees of freedom, and participants as a random variable; the random effect was tested by likelihood ratio test (LRT). Marginal R2 and conditional R2 were reported, and partial eta squared ([image: image]) and partial omega squared ([image: image]) were calculated as measures of effect size (Fritz et al., 2012). Experimental data of urine NE and E were analyzed through paired sample Student's t-test; considering the small sample size, Cohen's d was adjusted to unbiased Cohen's d (dunb) (Fritz et al., 2012).

Concerning the ECG signal, a normality test (Shapiro–Wilk's test) was conducted prior to the overall analysis. Given the results obtained with this investigation (significant deviation from the normality), we performed non-parametric tests for the various features, including Friedman's Test with Wilcoxon post-hoc correction for the comparison between the different phases within the same group, or Mann–Whitney's test for comparing the data between the two different cohorts included in the investigation.




RESULTS

Heart rate increased with altitude; this trend was particularly evident for Italians, who also had lower overall values than Nepalese; SBP and DBP increased with altitude, as well as MAP, without significant differences by ethnicity. Instead, PP did not change, but Nepalese had lower overall values than Italians. SpO2 decreased with altitude, without differences in the ethnic comparison. Surprisingly, breath frequency was overall lower in Nepalese, and statistical analysis failed to demonstrate a significant response to HA exposure (see Table 1). Among the several measurements, SpO2 represented the best parameter to identify the response to HA, considering the greatest effect size (see Supplementary Materials) and the lowest model fit measures (AIC and BIC). In all the models, individuality played a significant role in response to HA, particularly for BP parameters.


Table 1. Cardiorespiratory results, clustered by altitude, and ethnic group.

[image: Table 1]

Results of HRV are summarized in Table 2. Splitting the whole population based on nationality, Italian volunteers have displayed the same trends as the whole group concerning pNN50—a trend also reported among Nepalese participants, with no difference by altitude. In contrast, significance was found in CSI decrease at mid-point, further increase at the final evaluation, and in HFD, displaying the opposite trend. The baseline comparison between Italian and Nepalese individuals displayed higher values for Nepalese volunteers concerning HFD (1.601 ± 0.036 vs. 1.553 ± 0.026, p = 0.041). The total power of frequency bands was significantly higher before the trek started, compared with the midpoint; therefore, the absolute power of both VLF, LF, and HF bands followed the same trend. No other features were found to be significantly different between the two ethnicities.


Table 2. Data extracted from the ECG signal for the whole study population.

[image: Table 2]

As depicted in Figure 3, the exposure to HA increased the urinary levels of epinephrine and norepinephrine, expressed as μg/mg of creatinine. This difference was significant for NE, with t(5) = 4.719, p = 0.005, and dunb = 1.623 whereas there was a strong tendency for E, with t(5) = 2.382, p = 0.063, and dunb = 0.819.


[image: Figure 3]
FIGURE 3. Stimulating effects induced by HA trek on urinary norepinephrine and epinephrine levels, expressed as μg/mg of creatinine and shown as boxplots. Urine samples were collected in Italians only. Data were analyzed through paired samples Student's t-test; **p < 0.01.




DISCUSSION

A recent massive increase in activities at HA, such as touristic sojourn, hiking, mountaineering, and sports training, raises the call for the evaluation of adaptive health consequences. In this regard, monitoring the cardiorespiratory variables emerges as a cornerstone and raises the need to use devices with adequate characteristics, i.e., compact and portable enough to perform in this harsh environment (Ridolfi et al., 2010).

Of particular importance is the assessment of a vast amount of information using simplified, low-cost, lightweight instruments, like the ECG sensor interfaced with a fitness-like chest strap. This kind of device can be carried on without a significant increase in the efforts of the carriers, but at the same time providing useful information about the ANS activation, as previously demonstrated (Billeci et al., 2019; Tonacci et al., 2019). It is worth noting that HRV metrics have been claimed as measures of ANS response, particularly regarding the sympathetic influence on heart rate and the autonomic reactivity (Thomas et al., 2019). However, logistics sometimes impairs the possibility to obtain direct measures of ANS functioning during field studies in extreme conditions. In the current work, no direct measures of ANS were conducted, but a wide set of metrics related to the cardiorespiratory system were assessed. According to the results obtained from the ECG analysis, all participants displayed likely ANS response at bBC. This was likely due to the higher altitude reached in this stage. This response remained sustained even at aBC, albeit the absolute value of SDNN did not reach the lower values displayed at the Pre point.

This overall trend can be affected by the higher vagal activation described by the pNN50, which could drive the overall ANS reactivity toward higher values at bBC. As a confirmation for this trend on the overall population, the CVI was also increased at bBC with respect to the Pre, with a further decrease at aBC, thus confirming a parasympathetic activation that occurred at the second assessment with respect to the baseline and to the third evaluation point. Conversely, limitedly to the Italian trekkers, CSI followed the opposite trend, with lower values reported at bBC. The higher values found for both absolute LF and HF power bands at bBC compared with baseline followed the higher values of total power. However, it may be misleading to use absolute power values per se, rather than relative values of power bands and/or integrating time-domain and non-linear values. Indeed, absolute values are greatly sensitive to artifacts and to the computational model used (Miranda Dantas et al., 2012; Stapelberg et al., 2018).

Taken together, these results might indicate a counter-intuitive autonomic behavior at HA, since several investigations have clearly demonstrated a significant sympathetic activation with the hypoxic conditions experienced at altitude (Hainsworth et al., 2007). However, it is worth noting that, in the present protocol, the Pre test was performed at 3,427 m, which could have driven basal measurements. Indeed, despite the response preceding the protocol start, the effects of hypoxia on the sympathetic activation within the autonomic nervous system might already appear as low as 3,000 m, especially in non-natives (Hainsworth et al., 2007).

Such effects are more likely to occur at higher altitudes. However, the concentration required to prepare the trekking might have challenged the sympathetic tone before the expedition, eventually experienced toward a higher parasympathetic activation at bBC with respect to the previous measurement. After the trek, the effect of physical activity on the delay of parasympathetic response, already demonstrated by others investigators (Al Haddad et al., 2012), could have determined a lack of variation with respect to the bBC measurement. Indeed, it can be supposed that, before the trek started, participants had greater arousal and stress with respect to bBC. After the base camp circuit, albeit participants were tested at the same altitude as bBC, the hypobaric hypoxia exposure, along with the physical conditioning, posed a high stressor on participants, determining a chronic sympathetic activation and parasympathetic de-activation, as previously reported (Siebenmann et al., 2017; Beltrán et al., 2020). Considering reduced cardiac parasympathetic activity as the main mechanisms underlying the increase of resting heart rate in response to middle-term exposure to altitude hypoxia (Siebenmann et al., 2017), and that HRV metrics could be considered more adequate in estimate parasympathetic, rather than sympathetic, dynamics (Fontolliet et al., 2018; Thomas et al., 2019), all in all, HRV can be considered effective in monitoring altitude effects on autonomic control of cardiac rhythms, when direct or more effective measures (such as microneurography) are harsh to implement.

Urinary catecholamines have been highlighted as an effective assessment of ANS role in regulating blood pressure (Missouris et al., 2016). The urinary catecholamines findings of Italians revealed the likely summatory and chronic response of the sympathetic system due to the HA trek. Indeed, consistent with our recent findings, we found an increase in urinary levels of catecholamines, thus suggesting the activation of the sympathetic nervous system following exposure to HA (Verratti et al., 2020b). Although structurally similar, catecholamines have different affinities for specific adrenergic receptors, inducing a wide range of physiological effects (Eisenhofer and Lenders, 2018). Physiologically, epinephrine produces a prolonged increase in resting energy expenditure, with increased carbohydrate oxidation (Ratheiser et al., 1998).

It has been suggested that the lipolytic activity of the skeletal muscle is increased by endogenous catecholamines in vivo and appears to be more responsive to epinephrine than norepinephrine stimulation (Qvisth et al., 2006). For its part, norepinephrine significantly affects blood pressure, primarily acting on alpha-adrenoreceptors in the blood vessels. In particular, urinary norepinephrine is linked with chronic alterations of blood pressure, as the higher BP, the higher urinary NE excretion (Missouris et al., 2016). Thus, a more marked increase of norepinephrine in our study indicates that BP increase after hypobaric hypoxia exposure may be due to a large extent by vasoconstriction.

Short-term exposure to hypobaric hypoxia does not increase plasma catecholamines; to be noted that, although these findings are biased by increased clearance, reduced synthesis of catecholamines during short-term hypoxia has been demonstrated (Rostrup, 1998). The time course of HRV parameters in our study, together with the chronic increase in urinary catecholamines, is in line with these findings. Therefore, we support the notion that middle (>1 week) and long-term hypobaric hypoxia exposure increases sympathetic activity (Rostrup, 1998) and consequently, blood pressure. Among the mechanisms shown to drive the cardiovascular responses to altitude hypoxia, muscle sympathetic nerve activity, sympathetic vasoconstrictor activity (Simpson et al., 2019), pulmonary arterial baroreceptors (Simpson et al., 2020), asymmetric dimethylarginine activity (Verratti et al., 2020b) have been recently pointed out.

Finally, the comparison between Italians and Nepalese individuals showed no significant differences at baseline, except for a slightly increased value for HFD in the latter. This result could demonstrate a better cardiovascular resilience (He et al., 2019) for Nepalese trekkers with respect to the Italian colleagues, possibly due to a wider experience, and consequent habit, to HAs. This phenomenon appears to be challenging in being demonstrated by “ordinary” HRV features, but non-linear, fractal measures could help retrieve possibly hidden information related to such physiological processes (Di Rienzo et al., 2010). Therefore, we suggest using non-linear measures, such as HFD (Gomolka et al., 2018), in addition to the most common ones in HRV, to evaluate hypoxia-related responses.

The result of a higher breathing rate of Nepalese porters, compared with Italian trekkers, add a novel finding to the results of Dhar and colleagues (2018), who reported a higher respiration rate of HAs native and acclimatize lowlanders (15–18 months residence at >3,500 m asl) compared with sea-level residents never exposed to HAs. As breathing rate is regulated by the brain, brainstem, respiratory muscles, lungs, airways, and blood vessels (Chourpiliadis and Bhardwaj, 2020), the ethnic difference in this summary physiological outcome, related to acute or chronic altitude exposure, may unveil novel insights on cardiorespiratory responses and adaptations.

In BP regulation at altitude, ion channels should deserve to be focused on, as they are sensitive to oxygen deprivation and play a major role in cardiac contractility and control of vasomotor tone (Shimoda and Polak, 2011). A worth investigating topic also lies on nitric oxide (NO) system, as it plays a fundamental role in cardiovascular homeostasis; NO synthases enzymes and oral nitrate-reducing bacteria supply bioactive NO (Pignatelli et al., 2020). Thus, the interplay of NOS activity, nutrition, and oral health may unveil novel insights on altitude-related hypertension. Finally, HRV has been interpreted as a global measure of the network of an organism interconnectedness and complexity, reflecting biologic rhythm variability and adaptability of the human organism (Sturmberg et al., 2015). In this vein, unveiling the different responses of HRV indexes, particularly the novel ones of non-linear analysis, will provide insights into a novel interpretation of human responses to acute and chronic environmental and physical stressors.

This study did not come without limitations, particularly related to the baseline differences between tourists and porters, and to the difference in the load carried throughout the trek. However, the ecological nature of this study did not allow to control for the baseline variables to adhere to the homogeneity of groups. These differences that may have biased the results are likely to occur in similar field studies aiming to detect the response of different populations. Therefore, further evidence is needed to extend and ameliorate the original findings herein discussed.

Considering our results, further studies may focus on the starting point of the expedition, evaluating the mood state of expeditioners, that may experience feelings such as enjoyment and emotional stresses, that are strongly linked to HRV parameters, as a sign of the well-known mind-cardiorespiratory system connection (Bernardi et al., 2001). This starting state is possibly different between the diverse groups of expeditioners (tourists, mountaineers, porters, medical doctors, and guides).
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Background: The carotid body (CB) plays a critical role in oxygen sensing; however, the role of glutamatergic signaling in the CB response to hypoxia remains uncertain. We previously found that functional multiple glutamate transporters and inotropic glutamate receptors (iGluRs) are expressed in the CB. The aim of this present research is to investigate the expression of group I metabotropic glutamate receptors (mGluRs) (mGluR1 and 5) in the CB and its physiological function in rat CB response to acute hypoxia.

Methods: RT-PCR and immunostaining were conducted to examine the mRNA and protein expression of group I mGluRs in the human and rat CB. Immunofluorescence staining was performed to examine the cellular localization of mGluR1 in the rat CB. In vitro carotid sinus nerve (CSN) discharge recording was performed to detect the physiological function of mGluR1 in CB response to acute hypoxia.

Results: We found that (1) mRNAs of mGluR1 and 5 were both expressed in the human and rat CB. (2) mGluR1 protein rather than mGluR5 protein was present in rat CB. (3) mGluR1 was distributed in type I cells of rat CB. (4) Activation of mGluR1 inhibited the hypoxia-induced enhancement of CSN activity (CSNA), as well as prolonged the latency time of CB response to hypoxia. (5) The inhibitory effect of mGluR1 activation on rat CB response to hypoxia could be blocked by GABAB receptor antagonist.

Conclusion: Our findings reveal that mGluR1 in CB plays a presynaptic feedback inhibition on rat CB response to hypoxia.

Keywords: carotid body, hypoxia, glutamate, group I metabotropic glutamate receptors, DHPG


INTRODUCTION

Oxygen sensing mediated by central and peripheral chemoreceptors is essential for survival of multicellular organisms. Carotid body (CB), a highly vascular tissue, is mainly a peripheral chemoreceptor located in the adventitia of the bifurcation of the common carotid artery. CB is usually organized in glomeruli clusters, which are composed of four to eight neuron-like glomus cells (type I cells) and one to two glia-like sustentacular cells (type II cells) (Ortega-Sáenz and López-Barneo, 2020). Type I glomus cells are tyrosine hydroxylase (TH)-positive O2 sensing cells, and their cytoplasm is rich in abundant synaptic vesicles that contain neurotransmitters and neuromodulators. Type II sustentacular cells that encase clusters of type I cells are glial fibrillary acidic protein (GFAP) positive cells and can be transformed into type I glomus cells under certain conditions (Platero-Luengo et al., 2014).

Evidence supports that the type I glomus cells, as presynaptic neuroendocrine cells, establish synapses with afferent sensory fibers of carotid sinus nerve (CSN) (as postsynaptic nerve endings) (Ortega-Sáenz and López-Barneo, 2020). There is general acceptance that transduction of the hypoxic stimulus in the CB involves closure of O2-sensitive K+ channels, which leads to membrane depolarization of type I cells. This process induces Ca2+-dependent release of neurotransmitters from type I cells; subsequently, the neurotransmitters act on specific postsynaptic receptors on CSN afferent fibers (Chang et al., 2015). It is established that these neurotransmitters [such as ATP, GABA, and acetylcholine (ACh)] in type I cells regulate CB oxygen sensing not only by acting on the corresponding ionotropic receptors of chemosensory nerve endings (Zhang et al., 2000, 2009; Rong et al., 2003; Varas et al., 2003; Alcayaga et al., 2007; Sacramento et al., 2019) but also by acting on non-ionotropic receptors of chemosensory nerve endings (such as ATP and ACh) (Alcayaga et al., 2000; Shirahata et al., 2004) or non-ionotropic receptors of type I cells themselves (such as GABA and ATP) (Fearon et al., 2003; Tse et al., 2012). Studies show that neurotransmitters acting on non-ionotropic receptors of type I cells provide feedback mechanisms to regulate the CB hypoxia response. Xu et al. (2005) found that ATP exert strong negative feedback regulation on CB hypoxia response by restricting the increase in [Ca2+]i during hypoxia or acting on P2Y receptors on type I cells to close the background ion channels. GABA was also demonstrated to play a negative feedback role by acting on GABAB receptors located on type I cells to inhibit the hypoxia-induced release of ATP and ACh (Fearon et al., 2003). Although evidence supports numerous mechanisms by which hypoxia-triggered depolarization of type I cells leads to excitation of the CSN, the glutamatergic neurotransmitter system its expression in CB as well as its effect on the hypoxia-triggered excitation of the CSN has not been systematically explored.

In the central nervous system, glutamate is the major neurotransmitter. In the process of glutamatergic synaptic transmission, once an action potential depolarizes the presynaptic membrane, glutamate accumulated in presynaptic transmitter vesicles by the vesicular glutamate transporters (VGluTs) is released into the synaptic cleft by exocytosis and then acts on the corresponding postsynaptic receptors to transmit neuronal signaling. Excitatory amino acid transporters (EAATs) on adjacent glial cells scavenge glutamate from the synaptic cleft to terminate glutamate’s functions (Zhou and Danbolt, 2014; Reiner and Levitz, 2018). Glutamate receptors are divided into two families: ionotropic glutamate receptors (iGluRs) and metabotropic glutamate receptors (mGluRs) (Reiner and Levitz, 2018). Playing an important role in synaptic transmission/plasticity, iGluRs are ligand-gated ion channels, which once activated leads to a rapid ion flux, and are further divided into three main subfamilies: alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptors (AMPARs), N-methyl-D-aspartate receptors (NMDARs), and kainate receptors (KARs) (Traynelis et al., 2010; Reiner and Levitz, 2018). mGluRs belong to the G protein-coupled receptor family and are divided into group I mGluRs (GluR1/5), group II mGluRs (mGluR2/3) and group III mGluRs (mGluR4, mGluR6–8) (Niswender and Conn, 2010; Reiner and Levitz, 2018). mGluRs activate the G protein-coupled signal cascades leading to changes in synaptic function/excitability by inhibiting the presynaptic transmitter release (Sladeczek et al., 1993; Gereau and Conn, 1995) or by regulating the postsynaptic response (Sheng et al., 2017; Jin et al., 2018).

It is established that glutamatergic signaling functions not only in the central nervous system but also in the peripheral nervous system (Tremolizzo et al., 2012; Chen and Kukley, 2020). Multiple VGluTs, EAATs (Li et al., 2020), and iGluRs (Liu et al., 2009, 2018) have been demonstrated to exist in the rat CB. We found that exposure of rats to cyclic intermittent hypoxia (CIH) alters the expression of some of these molecules. iGluRs in the CB are functional because blockading with the NMDAR antagonist MK801 reduces endothelin-induced CSN activity (CSNA) (Liu et al., 2018). These data suggested that iGluR-mediated glutamatergic signaling might occur in the CB, but the information regarding the mGluRs expression in the CB and its physiological function in the CB reponse to hypoxia is unknown.

We previously demonstrated that group I mGluRs exist in human and rat adrenal glands and that mGluR1 is involved in hypoxia-induced upregulation of TH in cultured rat adrenal medulla (Fan et al., 2020). Both adrenal medulla and CB originate from the neural crest and function as peripheral chemoreceptors in acute oxygen sensing (Gao et al., 2019). Taken together, these observations led us to speculate that group I mGluRs might be present in the CB and are involved in the carotid chemoreflex. In this study, we examined the expression of group I mGluRs in the human and rat CB and its cellular localization in the rat CB by RT-PCR and immunostaining. Moreover, we investigated the physiological function of mGluR1 in rat CB response to acute hypoxia.



MATERIALS AND METHODS


Human Carotid Body

Human surgical specimens were obtained from The First Affiliated Hospital of Xinxiang Medical University with consent from patients (grant approval number: 2016008). Human CB specimen was obtained from a patient with left CB paraganglioma, and human cerebral cortex tissue was obtained from a patient with craniocerebral trauma. The protocol related to human subjects was conducted in accordance with the declaration of Helsinki and approved by the Human Ethics Committee of The First Affiliated Hospital of Xinxiang Medical University.



Animals and Rat Carotid Body Harvest

Adult male Sprague-Dawley (SD) rats were ordered from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). The age of the rats was 8 weeks, and the body weight was 240–250 g at entry into the protocol. Rats were housed under room temperature and standard humidity (50 ± 5%) with a 12-h day/night cycle with laboratory chow and water ad libitum. All procedures performed in this study were in accordance with national animal research regulations, and all animal experimental protocols were approved by the Institutional Animal Ethics Committee at The First Affiliated Hospital of Xinxiang Medical University.

After the SD rat was anesthetized by inhalation of 2% isoflurane (RWD Life Science, Shenzhen, China), the rat was decapitated and the bilateral carotid bifurcations were rapidly removed and placed into 95% O2–5% CO2 saturated ice-cold phosphate-buffered saline (PBS). The CBs were dissected (within 4 min) and immediately soaked in RNAlater (Qiagen, Valencia, CA, United States), then stored at −80°C until analyzed.



RNA Extraction and Reverse Transcription-PCR

Total RNA was extracted from human CB specimens and rat CBs (total 16 CBs pooled from 8 rats) using TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, United States) according to the manufacturer’s protocol. After removal of gDNA, 500 ng of total RNA was reversely transcribed into cDNA by using QuantiTect Reverse Transcription Kit (Qiagen, Valencia, CA, United States), in accordance with the manufacturer’s protocol. The RNA without reverse transcriptase was used in reverse transcription (RT) reaction to obtain a negative cDNA control. The mRNA expression level was detected by semi-quantitative PCR in a Veriti® 96-well Thermal Cycler (Applied Biosystems, Foster City, CA, United States) using HotStarTaq® Master Mix Kit (Qiagen, Valencia, CA, United States). Two microliters of cDNA samples was mixed with 10 μl of HotStarTaq Master Mix and 1 μl of gene-specific primer pairs in a final reaction volume of 20 μl to amplify the target gene. The PCR reactive conditions included an initial step at 95°C for 10 min, followed by 40 cycles at 94°C for 50 s, proper annealing temperature for 50 s, extension at 72°C for 1 min, and then ending at 72°C for 10 min. An equal volume of the negative cDNA control was used in the PCR reaction as negative PCR control. The PCR product was loaded into 1.2% agarose gel. A total of three technical replicates were conducted for each target gene. All primers were exon spanning and designed using Primer-BLAST.1 Details of all primers are listed in Tables 1, 2.


TABLE 1. Sequence of human primers used in RT-PCR experiment.
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TABLE 2. Sequence of rat primers used in RT-PCR experiment.
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Immuno-Staining

After the rats were fixed with 4% neutral buffered formalin by cardiac perfusion, the carotid bifurcations containing the CB were removed and embedded in paraffin. The paraffin-embedded carotid bifurcations were cut by ShandonTM FinesseTM 325 Microtomes (Thermo Fisher Scientific, Waltham, MA, United States) to prepare CB sections (3 μm).

For immunohistochemistry staining, after being deparaffinized, hydrated, and antigen retrieved, the CB sections were blocked with 10% goat serum at room temperature for 1 h, then incubated at 4°C overnight with the following primary antibodies: rabbit anti-mGluR1 (1:300, Abcam, Cambridge, United Kingdom, Cat No. ab82211) and anti-mGluR5 (1:100, Abcam, Cambridge, United Kingdom, Cat No. ab76316). After being washed three times in PBS, sections were incubated with GTVisionTM III Detection System Mouse & Rabbit Kit (HRP/DAB) (GeneTech, Shanghai, China), according to the manufacturer’s instruction, to yield a brown crystalline antigen–antibody complex product. The paraffin-embedded rat brain sections were incubated with primary antibodies as the positive control. The negative staining control was prepared by replacing the primary antibody to PBS containing 5% normal goat serum. The staining was examined through the Nikon H600L microscope and photographed with Nikon digital camera DS-Fi1c (Nikon, Tokyo, Japan).

For double immunofluorescence staining, after blocking with 10% goat serum, the CB sections were exposed to a mixture of two primary antibodies as follows: rabbit anti-mGluR1 (1:100, CST, Danvers, MA, United States, Cat No. 12551) with mouse anti-TH (1:2,000, Sigma, St. Louis, MO, United States, Cat No. T2928); rabbit anti-mGluR1 (1:100, CST, Danvers, MA, United States, Cat No. 12551) with mouse anti-GFAP (1:200, CST, Danvers, MA, United States, Cat No. 3670). After washing with PBS, the sections were incubated with a mixture of second antibody of Alexa Fluor 488 goat anti-rabbit IgG (1:400, CST, Danvers, MA, United States, Cat No. 4412) with Alexa Fluor 555 goat anti-mouse IgG (1:400, CST, Danvers, MA, United States, Cat No. 4409). The negative staining control was prepared by omitting the primary antibody. The staining was examined and photographed with the Nikon C2 confocal microscope (Nikon, Tokyo, Japan).



In vitro Carotid Sinus Nerve Discharge Recording

The CB response to hypoxia was recorded by in vitro CSN discharge recording similar to the method described in a previous report (Rong et al., 2003). Briefly, SD rat was anesthetized by inhalation of 2% isoflurane, and then decapitated. The bilateral carotid bifurcations containing the CB were then rapidly removed and placed into 95% O2–5% CO2 saturated ice-cold Kreb’s solution (in mM: NaCl 113, KCl 5.9, NaH2PO4 1.2, MgSO4 1.2, NaHCO3 25, glucose 11.5, CaCl2 2, and pH 7.4). The sinus nerve attached to the CB was dissected under a microscope, and the bifurcation was placed into a recording chamber (3 ml) perfused with 95% O2–5% CO2 saturated warm Kreb’s solution (15 ml/min) with the chamber temperature being kept at 33°C. The CSN discharge was recorded using a suction electrode (Warner Instruments, Hamden, CT, United States). The signaling was amplified (1,000×) and filtered (100–1,000 Hz) by a DP-311 differential amplifier (Warner Instruments, Hamden, CT, United States), then collected by PowerLab 8/35 (AD Instruments, Bella Vista, NSW, Australia) and analyzed and integrated by LabChart 8 software (AD Instruments, Bella Vista, NSW, Australia). To detect the CB response to hypoxia, the CB was exposed to 5% O2–5% CO2–90% N2 saturated Kreb’s solution for a period of 90 s at an interval of 15 min. Hypoxia-induced CSNA was normalized by integrated CSNA under hypoxia divided by the integrated baseline CSNA under 95% O2–5% CO2 condition. Group I receptor agonist (S)-3,5-dihydroxyphenylglycine (DHPG, 40 μM) (Sigma, St. Louis, MO, United States), mGluR1 antagonist (3,4-dihydro-2H-pyrano[2,3-b]quinolin-7-yl)-(cis-4-methoxycyclohexyl)-methanone (JNJ16259685, 20 μM) (Santa Cruz Biotechnology, Dallas, TX, United States), and DHPG (40 μM) combined with JNJ or DHPG combined with GABAB receptor antagonist CGP52432 (10 μM) (Selleck Chemicals, Houston, TX, United States) were applied by switching the basal perfusate to 95% O2–5% CO2 saturated Kreb’s solution containing the compound for 10 min before switching to 5% O2–5% CO2–90% N2 saturated Kreb’s solution containing the compound.



Statistical Analysis

The Shapiro–Wilk normality tests of all data could be conducted with the SPSS statistical software. All data were normally distributed, and the normality test results were shown in the online supplementary tables. The data were presented as mean ± SEM. Statistical evaluation was conducted by one-way ANOVA with repeated measures. p < 0.05 was considered significant.



RESULTS


mRNA Expression of Group I Metabotropic Glutamate Receptors in Human and Rat Carotid Body

Reverse transcription-PCR was performed to detect the mRNA expression of group I mGluRs (GRM1 and GRM5) in human and rat CB. As shown in Figure 1, PCR-amplified transcripts corresponding to the predicted sizes of GRM1 and GRM5 were detected in human (Figure 1A) and rat CB (Figure 1B) as well as brain cerebral cortex, which was used as positive control. These results indicate that both human and rat CB express all group I mGluR mRNAs.
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FIGURE 1. mRNA expression of group I mGluRs in human and rat CB. (A,B) Representative agarose gel images show the RT-PCR results of group I mGluR mRNA expression in human and rat CB. CB, left lanes in (A,B). RNA extracted from the human brain cerebral cortex was used as positive control (brain, middle lanes in A,B). An equal volume of the negative cDNA control was used in the PCR as PCR negative control (NC; right lanes in A,B). GRM, glutamate metabotropic receptor.




Protein Expression of Group I Metabotropic Glutamate Receptors in Rat Carotid Body

To detect the protein expression of group I mGluRs (mGluR1 and mGluR5) in rat CB, immunohistochemistry was performed. Representative photomicrographs in Figures 2A1,A2 showed that mGluR1-positive immunoreaction was ubiquitously detected in the clustering glomeruli of rat CB. However, mGluR5-specific immunostaining was not observed in rat CB (Figures 2B1,B2). The representative negative controls (NCs) in the absence of the anti-mGluR1 or mGluR5 antibody did not yield specific staining in rat CB (Figures 2C1,C2). Rat brain sections with intense immunoreactive mGluR1 (Figure 2D) or mGluR5 (Figure 2E) were used as positive controls. These results indicate that mGluR1 protein rather than mGluR5 protein is present in rat CB.


[image: image]

FIGURE 2. Immunohistochemical staining of mGluR1 and mGluR5 in rat CB. Representative images of rat CB and brain sections were immunostained with mGluR1 and mGluR5. Panels (C1,C2) are negative staining controls obtained by omitting the primary antibody. mGluR1 (D) or mGluR5 (E) staining of rat brain sections were used as positive controls. Panels (A2–C2) are higher-magnification images of framed areas in (A1–C1), respectively. The brown staining represents the mGluR1 or mGluR5, while the blue staining represents hematoxylin-stained cell nuclei. mGluR, glutamate metabotropic receptor; NC, negative control. Scale bar, 50 μm for all images.




Cellular Localization of Metabotropic Glutamate Receptors 1 in Rat Carotid Body

The CB is composed of type I glomus cells and type II sustentacular cells. To further ascertain the localization of mGluR1 in rat CB, double immunofluorescence was performed. TH was used as the type I glomus cell marker and GFAP was used as the type II cell marker. As shown in Figure 3, the mGluR1 immunoreactive signal was diffusely present in the cytoplasm of round-shaped cells which are clustered in rat CB and co-localized with TH-positive immunoreactivity (Figures 3A–C), but not detected with GFAP-positive signals (Figures 3D–F), thus indicating that mGluR1 distributes in type I cells rather in type II cells in rat CB.
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FIGURE 3. Distribution of mGluR1 in rat CB. Panels (A–C) are double immunofluorescence staining of mGluR1 (green) with TH (red) in rat CB. Panels (D–F) are double immunofluorescence staining of mGluR1 (green) and GFAP (red) in rat CB. Some TH-immunoreactive type I cells are immunoreactive for mGluR1 (arrows), whereas the GFAP-immunoreactive type II cells are not immunoreactive for mGluR1 (arrowheads). TH, tyrosine hydroxylase, the CB type I cells marker; GFAP, glial fibrillary acidic protein, the CB type II cells marker; mGluR, glutamate metabotropic receptor. Scale bar, 10 μm for all images.




Activation of Group I Metabotropic Glutamate Receptors Attenuates Carotid Body Response to Hypoxia

As a chemoreceptor, the CB senses the reduction of arterial PO2 during hypoxia, resulting in afferent activation of the CSN, which is also known as the CB response to hypoxia. To investigate the effect of mGluR1 on the CB response to hypoxia, CSN discharge was recorded from CB-sinus nerve preparations ex vivo. A representative trace of CSNA is shown in Figure 4A. Similar to a previous study (Rong et al., 2003), the baseline CSNA under 95% O2 was increased sharply after exposure to 5% O2 hypoxia. The time from exposure to hypoxia to the onset of CSNA increase is referred to as latency time (t; Figure 4C) of CB response to hypoxia. After application of selective group I mGluR agonist DHPG into basal perfusate (95% O2–5% CO2 saturated Kreb’s solution) for 10 min, DHPG (40 μM) significantly inhibited the CSNA under hypoxia conditions (normalized integrated CSNA before treatment with DHPG vs. normalized integrated CSNA while treatment with DHPG: 248.80 ± 26.17 vs. 175.03 ± 19.23%; n = 9, p < 0.005) (Figures 4A,B). The latency time of CB response to hypoxia was 47.78 ± 2.52 s before treatment with DHPG, 83.89 ± 1.82 s during treatment with DHPG, and 45.56 ± 2.36 s after treatment with DHPG (Figures 4C,D; n = 9, p < 0.01). These results indicate that group I mGluR activation inhibits CSNA under hypoxia and increases the latency time of CB response to hypoxia; that is, activation of group I mGluRs attenuates the CB response to hypoxia.
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FIGURE 4. DHPG attenuates CB response to hypoxia. (A) Effect of DHPG (40 μM) on the CSNA under hypoxia conditions. Note that DHPG reversibly reduces the CSNA under hypoxia condition. (B) DHPG (40 μM) reduces the integrated CSNA during hypoxia. (C) Changes in integrated CSNA within 5 min of switching to 5% O2–5% CO2–90% N2 saturated Kreb’s solution. t1, latency time of CB response to hypoxia before treatment with DHPG (40 μM); t2, latency time of CB response to hypoxia while treatment with DHPG; t3, latency time of CB response to hypoxia after treatment with DHPG. (D) DHPG (40 μM) reversibly increases the latency time of CB response to hypoxia. DHPG, group I mGluRs agonist; CSNA, carotid sinus nerve activity; t, time. The data were presented as mean ± SEM. n = 9, ∗∗p < 0.01 and ∗∗∗p < 0.005 indicate significant difference (one-way ANOVA with repeated measures).




Activation of Metabotropic Glutamate Receptors 1 Attenuates Carotid Body Response to Hypoxia

To assess the role of mGluR1 in DHPG-attenuated CB response to hypoxia, we first investigated the effects of mGluR1 antagonist JNJ16259685 (JNJ) on CB response to hypoxia by applying JNJ (20 μM) in basal perfusate for 10 min before exposing it to hypoxia. We found that JNJ enhanced the CSNA under hypoxia conditions, as indicated by an increase in normalized integrated CSNA from 186.72 ± 13.72 to 232.77 ± 17.61% (n = 7, p < 0.005) (Figures 5A,B). The inhibitory effect of DHPG on CSNA under hypoxia conditions was also blocked by pre-perfusion with JNJ for 5 min, as the normalized integrated CSNA increased from 144.60 ± 8.05 (treatment with DHPG only) to 200.87 ± 15.77% (treatment with DHPG and JNJ) (n = 4, p < 0.05) (Figures 5C,D). These results indicate that DHPG attenuates CB response to hypoxia by activating mGluR1; that is, mGluR1 in CB may act as an inhibitory feedback regulator to modulate CB chemoreflex.
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FIGURE 5. mGluR1 antagonist JNJ blocks the inhibitory effect of DHPG on CB response to hypoxia. (A) Effect of JNJ (20 μM) on the CSNA under hypoxia conditions. Note that DHPG reversibly enhances the CSNA under hypoxia conditions. (B) JNJ (20 μM) increases the normalized integrated CSNA during hypoxia. n = 7. (C,D) Pretreatment with JNJ prevents the inhibitory effect of DHPG on CB response to hypoxia. The data were presented as mean ± SEM. n = 4. ∗p < 0.05 and ∗∗∗p < 0.05 indicate significant difference (one-way ANOVA with repeated measures). CSNA, carotid sinus nerve activity; JNJ, JNJ16259685, mGluR1 antagonist.




Inhibitory Effect of (S)-3,5-Dihydroxyphenylglycine on Carotid Body Response to Hypoxia Involves the GABAB Receptor

Previous studies found that GABA inhibits hypoxia-induced postsynaptic sensory responses in coculture of rat CB type I cells with petrosal neurons by acting on GABAA receptors (Zhang et al., 2009). We also found that GABA inhibits the rat CB hypoxia response in vitro (unpublished data). GABA also plays an autoreceptor feedback inhibition in CB response to hypoxia via acting on the GABAB receptor in CB type I cells (Fearon et al., 2003), and the cross talk has been demonstrated between the GABAB receptor and other receptors (such as GABAA receptor, mGluR1, and NMDA receptor) (Xu et al., 2014). Therefore, we speculate that the GABAB receptor may be involved in the DHPG-induced inhibitory effect on CB response to hypoxia by activating mGluR1. To determine whether activated mGluR1 exerts its inhibitory effect on CB response to hypoxia through GABAB receptor, we applied the GABAB receptor antagonist CGP52432 (10 μM) for 5 min before DHPG treatment. As shown in Figure 6, compared with normalized integrated CSNA during treatment with DHPG (148.96 ± 21.28%), the normalized integrated CSNA was increased to 208.00 ± 36.18% (n = 5, p < 0.05) after pre-perfusion with CGP52432. That is, CGP52432 could prevent the inhibitory effect of DHPG on CB response to hypoxia. This result indicates that the GABAB receptor in CB may be involved in the mGluR1-induced feedback inhibition in CB response to hypoxia.
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FIGURE 6. GABAB receptor antagonist CGP52432 blocks inhibitory effect of DHPG on CB response to hypoxia. (A) Representative traces of changes in raw CSNA and integrated CSNA recordings. Note that pretreatment with CGP52432 prevents the inhibitory effect of DHPG on CSNA under hypoxia conditions. (B) Statistical analysis of normalized integrated CSNA after difference treatment. The data were presented as mean ± SEM. n = 5, ∗p < 0.05 indicates significant difference (one-way ANOVA with repeated measures). CSNA, carotid sinus nerve activity; CGP52432, GABAB receptor antagonist; DHPG, group I mGluRs agonist.




DISCUSSION

In this study, we found for the first time that mRNAs of group I mGluRs (mGluR1 and mGluR5) were expressed in human and rat CB, whereas the protein of mGluR1 instead of mGluR5 was detected in rat CB and scattered throughout the CB. Moreover, we determined that mGluR1 was distributed in type I glomus cells. Our investigation indicates that group I mGluR activation by DHPG inhibited CB response to hypoxia, while mGluR1 antagonist JNJ16259685 enhanced CB response to hypoxia and blocked the inhibitory effect of DHPG on CB response to hypoxia. We also found that the inhibitory effect of DHPG on CB response to hypoxia might be related to the GABAB receptor in CB type I cells, as the inhibitory effect could be blocked by inhibition of the GABAB receptor. Taken together, these results indicate that, rather than mGluR5, functional mGluR1 exists in the CB and may play a role in presynaptic feedback inhibition in rat CB hypoxia sensitivity.

The CB transmits the changes of oxygen levels in arterial blood through chemosensory synapses formed by type I cells (as presynaptic neuroendocrine cells) with CSN afferent fibers (as postsynaptic nerve endings). Hypoxia-induced depolarization of type I cells releases a variety of neurotransmitters, which are the material basis of CB oxygen sensory transmission (Ortega-Sáenz and López-Barneo, 2020), acting on the corresponding receptors of CSN afferent fibers. Studies have confirmed that neurotransmitters in CB type I cells such as ATP, ACh, 5-HT, and GABA regulate CB response to hypoxia by acting on P2X receptors (Zhang et al., 2000; Prasad et al., 2001; Iturriaga et al., 2007), nicotinic ACh receptors (nAChR; Zhang et al., 2000; Varas et al., 2003; Iturriaga et al., 2007), 5-HT2 receptors (Jacono et al., 2005), and GABAA receptors (Zhang et al., 2009) on postsynaptic CSN afferent fibers, respectively. Nonetheless, the role of glutamate and its receptors, the most important neurotransmitter in the central nervous system, in CB response to hypoxia is unclear.

Torrealba et al. (1996) report that type I cells in the cat CB had high concentrations of glutamate, but glutamate release from in vitro cat CB superfusion with high potassium within 2 min was not observed. The perfusate used in this study was 50 or 70 mM potassium Krebs–Ringer–HEPES (KRH) solution. Accordingly, they speculated that glutamate could not be released as a neurotransmitter from type I cells. Interestingly, when Kim et al. (2004) measured the ACh release from rabbit CB, they found that 30 or 60 mM KCl stimulation for 15 min had no effect on ACh release, but increasing the KCl concentration to 100 mM significantly induced the ACh release from the CB, indicating whether or not a transmitter release from the CB triggered by high potassium in vitro might be dependent on potassium concentration and duration time. Hence, it cannot entirely exclude the possibility that the superfusion condition in the study by Torrealba was not optimum to induce glutamate release from the CB stimulated with high-potassium solution in vitro. Interestingly, Yokoyama et al. (2014) found that VGluT2 is localized in the carotid sinus afferent nerve terminals. Recently, we have demonstrated multiple subtypes of VGluTs (VGluT3) and EAATs (EAAT2 and 3) being present in the CB (Li et al., 2020). These data suggested that glutamate might be releasing from CB itself or carotid sinus afferent nerve terminals, and then acting as a neurotransmitter. We also found that functional NMDAR1 and AMPAR1 in rat CB might regulate the CB chemoreflex plasticity (Liu et al., 2009, 2018). In this study, we further discovered that mRNAs of group I mGluRs (mGluR1 and 5) were also expressed in human and rat CB (Figure 1); this finding is consistent with our previous report; i.e., the adrenal medulla, another oxygen sensor originating similarly with the CB, expresses both mGluR1 and 5 (Fan et al., 2020). Among group I mGluRs, only mGluR1 protein was detected in rat CB by immunostaining (Figure 2). Awobuluyi et al. (2003) reported that glutamate inotropic receptor NMDAR1 (NR1) mRNA was present in PC12 cells but not its protein, and the underlying mechanism might be from the 3′ untranslated region of NR1 blocking the translation of NR1 mRNA at initiation in PC12 cells. Therefore, rat CB expressing mGluR5 mRNA but lacking obviously expression of mGluR5 protein implies translational or posttranscriptional modification. Additional work will be necessary to characterize the discrepancy expression between mGluR5 mRNA and protein in rat CB.

As members of the G protein-coupled receptor family, mGluRs are divided into three subtypes, groups I, II, and III, based on its receptor structure and physiological activity (Ohashi et al., 2002). In the central nervous system, the three groups of mGluRs have different precise synaptic site locations. Generally, group I mGluRs are located primarily on the postsynaptic membrane, and groups II and III mGluRs are primarily on the presynaptic membrane (Shigemoto et al., 1997). However, some studies have shown presynaptic group I mGluRs. Romano et al. (1995) reported that some mGluR5 were located in the presynaptic axon terminal. Wittmann et al. (2001) also found that mGluR1 was localized on presynaptic elements of the excitatory synapses of substantia nigra pars reticulata by immunohistochemistry at the electron microscope level. In this study, mGluR1 immunoreactive signals were co-localized with TH immunoreactives, and moreover, both signals were diffusely present in the cytoplasm of clustered round-shaped cells (Figure 3), demonstrating the ubiquitous presence of mGluR1 in type I cells of rat CB. However, we cannot rule out that mGluR1 is also present in TH-positive nerve terminals projected from petrosal ganglion neurons, which has been shown to express TH (Czyzyk-Krzeska et al., 1991; Finley et al., 1992). Additional co-staining of mGluR1 with a specific marker of postsynaptic nerve ending, such as the P2X2 receptor, will help answer this question. Due to type I cells being presynaptic neuroendocrine cells to the afferent nerve terminal of CSN, we thus speculate that mGluR1 in the carotid chemoreflex might regulate the synaptic transmission via a presynaptic mechanism.

Group I mGluRs play an important role in synaptic transmission and synaptic plasticity through G protein coupling (Anwyl, 2009; Reiner and Levitz, 2018) or through non-canonical effector pathways (Eng et al., 2016). Previous studies demonstrated that group I mGluRs participated in pathogenic and adaptogenic response to hypoxia in rat brain development (Simonyi et al., 1999; Vetrovoy et al., 2021) and mGluR1/5 was involved in the enhancement of respiratory rhythm during early hypoxia by concomitant activation of L-type Ca(2+) channels in inspiratory brainstem neurons (Mironov and Richter, 2000). Our previous study also found that inhibition of mGluR1 blocked the hypoxia-induced activation of ERK1/2 in rat adrenal medulla (Fan et al., 2020). These data suggested that group I mGluRs are likely to be involved in hypoxic modification of channel activity or regulation of hypoxia response molecules in some conditions. In this study, we observed that superfusion of rat CB in vitro with DHPG, an agonist of group I mGluRs, decreased the acute hypoxia-evoked discharge activity of CSN (Figure 4), and this effect was blocked by mGluR1 antagonist JNJ16259685 (Figure 5), indicating an inhibitory effect of mGluR1 on CB response to acute hypoxia. There is evidence shown that, via activation of the G protein-coupled receptor downstream protein kinase C, postsynaptic mGluR1 mediates the potentiation of NMDAR activity in hippocampus glutamatergic synapses (Skeberdis et al., 2001) or the hyper-excitability of layer 5 pyramidal neurons in the rat anterior cingulate cortex (Gao et al., 2016). In contrast, some evidence showed that mGluR1 or 5 inhibits excitatory or inhibitory synaptic transmission in the hippocampus CA1 (Gereau and Conn, 1995; Manzoni and Bockaert, 1995) and the superior colliculus (White et al., 2003) via presynaptic mechanism. Studies also found that activation of group I mGluRs by DHPG induces a long-term depression of excitatory synaptic transmission in the hippocampus (Fitzjohn et al., 2001; Faas et al., 2002) or hippocampal interneurons via presynaptic P/Q-type Ca2+ channels (Le Duigou et al., 2011). Thus, activation of group I mGluRs results in different functions in the central and peripheral nervous systems, which depends on its localization on the synaptic site. Based on these above studies and our results in this study, we speculate that activation of mGluR1 likely reduces hypoxia-induced CB response by regulating the release of other neurotransmitters in presynaptic type I cells or by regulating P/Q-type Ca2+ channels in type I cells.

We also found that activation of mGluR1 by DHPG prolonged the latency time of CB response to hypoxia (Figures 4C,D). Hypoxia induces Ca2+-dependent release of a variety of excitatory (such as ATP and ACh) (Zhang et al., 2000) and inhibitory (such as GABA and dopamine) (Zhang et al., 2009, 2018) transmitters in rat CB. These transmitters, which released from rat CB, act on postsynaptic P2X2/3 receptors and nAChR to produce excitatory effects or on GABAA receptors and D2 receptors to produce inhibitory effects on CSNA to regulate the final CSN afferent signal. Jacono et al. (2005) detected the release of neurotransmitters in the perfusion solution after treatment with acute hypoxia by using high-performance liquid chromatography coupled with an electrochemical detection system. They found that hypoxia induced the release of different neurotransmitters from type I cells in a time-dependent manner, i.e., different neurotransmitters released at different times following hypoxia. Therefore, we speculated that DHPG may inhibit the release of some neurotransmitters in CB type I cells under early hypoxia, subsequently leading to the prolonged latency of CB response to hypoxia.

Carotid body has a complex regulatory network. A variety of neurotransmitters or neuromodulators act on the corresponding receptors in type I cells or CSN afferent fibers to produce excitatory or inhibitory effects and ultimately regulate the input of CB type I cells’ oxygen-sensitive signals (Aldossary et al., 2020; Ortega-Sáenz and López-Barneo, 2020). Many of these receptors are G protein-coupled receptors located not only in CSN afferent fibers but also in type I cells and type II cells (Guidolin et al., 2018). For example, GABA inhibits hypoxia-induced release of ATP and ACh by acting on presynaptic GABAB receptor-mediated activation of TWIK-related acid-sensitive potassium channel 1 (TASK-1) (Fearon et al., 2003). Evidence showed that G protein-coupled receptors may interact with each other under various physiological and pathological conditions (Guidolin et al., 2018, 2019). Based on a varietyof G protein-coupled receptors located in CB, the researchers suggested that there may be receptor–receptor interactions in CB (Porzionato et al., 2018). Previous studies found that there is also an interaction between GABAB and mGluR1, which is not a direct physical interaction between both receptors but rather a synergistic enhancement effect between G protein-coupled receptors (Rives et al., 2009; Xu et al., 2014). In this study, our results showed that pre-blocking GABAB receptor activity by superfusion with its antagonist CGP52432 at least partially blocked the inhibitory effect of DHPG on acute hypoxia-evoked discharge of CSN (Figure 6). This suggests that the inhibitory effect of mGluR1 activation on CB hypoxia response is at least partially related to the GABAB receptor. Future studies will determine how mGluR1 activates GABAB directly or indirectly.

Taken together, our results in this study provide a novel candidate molecule that is involved in regulating CB response to hypoxia. We speculate that hypoxia not only stimulates the release of ATP, ACh, and GABA from CB type I cells but also stimulates the release of glutamate, which activates mGluR1 receptors on the surface of type I cells. Subsequently, mGluR1 may enhance the effect of GABAB receptors by directly interacting with GABAB receptors or indirectly modulating the release of GABA, and ultimately attenuates hypoxia-evoked enhancement of CSN afferent discharges (Figure 7).
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FIGURE 7. Schematic representation of mGluR1-mediated regulation of neurotransmitter release from rat CB type I cells during hypoxia. Inhibition of TASK-1 in type I cells by hypoxia leads to membrane depolarization and release of various neurotransmitters. Among these neurotransmitters, glutamate and GABA act on presynaptic mGluR1 and GABAB receptors in themselves or in adjacent type I cells. GABAB activation further activates TASK-1, thus leading to an increase of potassium outflow, then limiting the degree of depolarization of type I cells in order to inhibit the further release of ATP and ACh induced by hypoxia. Additionally, mGluR1 activation may enhance the activation effect of GABAB receptor on TASK-1 through synergistic enhancement or modulate the release of GABA. In other words, both mGluR1 and GABAB receptors on type I cells regulate the CSN afferent signals of CB response to hypoxia through a presynaptic feedback mechanism. P2X2/3, purinergic P2X2/3 receptor; nACh, nicotinic ACh receptor.


Although this study found that GABAB receptors may be involved in the inhibitory effect of mGluR1 on CB response to hypoxia, we cannot rule out other presynaptic mechanisms involved in this inhibitory effect. Further studies via single unit electrophysiological recording, along with primary coculture of type I cells with petrosal ganglion cells, will hopefully clarify the specific mechanism of mGluR1 on CB response to hypoxia. In addition, we cannot rule out that glutamate, like 5-HT (Jacono et al., 2005), participates in CB response to hypoxia as a modulator rather than an initiator. Therefore, further work on detecting glutamate release from CB after hypoxia treatment is necessary.



CONCLUSION

In summary, our study found that the protein of mGluR1, rather than mGluR5, is mainly expressed in the CB and plays a presynaptic feedback inhibition on CB response to hypoxia.
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The Chilean workforce has over 200,000 people that are intermittently exposed to altitudes over 4,000 m. In 2012, the Ministry of Health provided a technical guide for high-altitude workers that included a series of actions to mitigate the effects of hypoxia. Previous studies have shown the positive effect of oxygen enrichment at high altitudes. The Atacama Large Millimeter/submillimeter Array (ALMA) radiotelescope operates at 5,050 m [Array Operations Site (AOS)] and is the only place in the world where pressure swing adsorption (PSA) and liquid oxygen technologies have been installed at a large scale. These technologies reduce the equivalent altitude by increasing oxygen availability. This study aims to perform a retrospective comparison between the use of both technologies during operation in ALMA at 5,050 m. In each condition, variables such as oxygen (O2), temperature, and humidity were continuously recorded in each AOS rooms, and cardiorespiratory variables were registered. In addition, we compared portable O2 by using continuous or demand flow during outdoor activities at very high altitudes. The outcomes showed no differences between production procedures (PSA or liquid oxygen) in regulating oxygen availability at AOS facilities. As a result, big-scale installations have difficulties reaching the appropriate O2 concentration due to leaks in high mobility areas. In addition, the PSA plant requires adequacy and maintenance to operate at a very high altitude. A continuous flow of 2–3 l/min of portable O2 is recommended at 5,050 m.

Keywords: pressure swing adsorption (PSA), liquid oxygen, oxygen generation, operation at 5050 m, heart rate, oxygen saturation (SpO2), portable oxygen, chronic intermittent hypobaric hypoxia


INTRODUCTION

High altitude is a geographical condition where barometric pressure and inspired partial pressure of oxygen (PiO2) are reduced with altitude. Today, about 140 million people live or work at altitudes above 2,500 m (Moore, 2001). According to the periodicity of exposure, hypoxia can be acute (observed in tourists, climbers, and hikers), chronic (people who live permanently at high altitudes, between 3,000 and 4,500 m), and intermittent (people who alternate exposure between hypoxia and normoxia) (Gassmann et al., 2021). However, the term “intermittent hypoxia” refers to a wide spectrum of contexts: episodic intermittent hypoxia (EIH), in obstructive sleep apnea-hypopnea syndrome (OSAHS); intervallic intermittent hypoxia (IIH), during intercontinental commercial flight crews; and the chronic intermittent hypobaric hypoxia (CIHH), in people who work under a shift system at high altitude and rest at sea level (Viscor et al., 2018).

The CIHH model of exposure is common in the mining industry in the Andes and the Central Asian regions but is also observed in astronomical observatories and border control personnel (including military, police, and customs) in many high-elevation countries (Moraga et al., 2014, 2018). In Chile, over 200,000 people ascend to high altitudes for work (Consejo de Competencias Mineras, 2017, available at http://www.ccm.cl/ReporteCCM_13-11_FINAL). Nowadays, we know that this exposure model is associated with acute mountain sickness, sleep disorders, polycythemia, pulmonary hypertension, and an acute increase in arterial pressure (Ministry of Health Chile, 2014, available at https://www.minsal.cl/sites/default/files/guia_hipobaria_altitud.pdf). These symptoms are present each time workers arrive at their high altitude worksite and do not disappear over time (Richalet et al., 2002; Moraga et al., 2014, 2018). To meet the requirements of the work unions of mining companies and studies about the safety of work at high altitudes, the Chilean Ministry of Health recognized altitude exposure as a health risk and by Decree 28 of 2013 defined chronic intermittent hypoxia exposure when workers are exposed to altitudes over 3,000 m for business reasons for more than 6 months, with a minimum stay of 30% of the time in rotating work shifts at high altitude and rest at low altitude (Ministry of Health Chile, 2013, available at http://bcn.cl/1vgrd). Considering this, in 2014, the Ministry of Health provided a technical guide for high altitude workers that includes a series of recommendations to reduce malaise or risk during exposure to altitudes over 3,000 m and considers altitudes over 5,500 m as extreme altitudes. In regard to environmental oxygenation, the oxygen equivalent must be below 3,000 m with permanent control of temperature, relative humidity, and room ventilation (Ministry of Health Chile, 2014, available at https://www.minsal.cl/sites/default/files/guia_hipobaria_altitud.pdf).

One way to avoid the consequences of high-altitude hypoxemia is to reduce the equivalent altitude (altitude that provides the same PiO2 when ambient air with an oxygen concentration of 21% is inhaled) (West, 2002). The first physiological response is increased pulmonary ventilation, which can be reduced by increasing the room PiO2 with an artificial increase in oxygen supply (Cudaback, 1984). West (2016) explored the possibility of oxygen supplementation at high altitudes to reduce the malaise associated with high altitude exposure, i.e., miners camps, observatories, hotels, trains, schools, and hospitals. He defined that each increase of oxygen concentration by 1% resulted in a reduction equivalent to 300 m (West, 1995, 2002; Luks et al., 1998). In an oxygen-enriched ambient air room, the oxygen is a comburent and significantly increases the risk of ignition and fire. However, the fire hazard in ambient air decreases at higher altitudes than sea level since the decrease in oxygen partial pressure reduces the number of oxygen molecules available for combustion (West, 1995, 2015). Thus, despite oxygen enrichment of the atmosphere at high altitudes, the PiO2 is still far below that of air at sea level.

Nowadays, it is possible to recognize two different procedures to reduce the equivalent altitude by oxygen enrichment in the air ambient of a workplace at high altitudes (i.e., room dormitories, office): First, an oxygen concentrator, a device that increases oxygen concentration to 90–95%, through a separation process that employs a technology called pressure swing adsorption (PSA). In this system, a non-flammable ceramic material (zeolite) adsorbs N2 more readily than O2, increasing oxygen concentration in the delivered gas mixture (West, 1995). In a series of studies, oxygen concentrators were considered as low-cost systems in installation and maintenance and only required electrical power (West, 1995, 2002; Luks et al., 1998). Second, the use of liquid oxygen, which requires the installation of bigger tanks with liquid oxygen obtained from a cryogenic plant. In both the cases (oxygen concentrators or liquid oxygen), it is required to install pipelines, valves, sensors, and control systems to maintain O2, CO2, temperature, and humidity (West, 1995, 2002; Moraga et al., 2014, 2018).

The Atacama Large Millimeter/submillimeter Array (ALMA) is a radiotelescope operating at 5,050 m in the Chajnantor Plateau. The ALMA operation is carried out by near of 400 workers and has two locations: the first is the base camp or Operations Support Facility (OSF), located 16 km from the town of San Pedro de Atacama and situated at 2,900 m, providing all the personnel facilities (residential, food services, and leisure facilities) and the second is the Array Operations Site (AOS), located 30 km from the OSF at an altitude of 5,050 m. The ALMA is the only place in the world where both the technologies (PSA and liquid oxygen) have been installed at a large scale to reduce equivalent altitude by increasing oxygen availability at very high altitudes. In this way, the aim of this study is a retrospective comparison between the use of both technologies for oxygen supplementation during the operation of the ALMA laborers at 5,050 m.



SUBJECTS, MATERIALS, AND METHODS

All the evaluated workers lived at a low altitude (<1,000 m) and worked at the ALMA (2,900 and 5,050 m), with a shift pattern of 8 days of work at high altitude followed by 6 days of rest at sea level. All the subjects worked as operators and maintenance crew with CIHH exposure experience for more than 4 years and were free of cardiovascular, pulmonary, hematological, renal, or hepatic diseases. This study complied with the Helsinki guidelines and was previously approved by the Ethics Committee of the Facultad de Medicina of Universidad Catoìlica del Norte and the ALMA Safety Department.


Oxygen Enrichment Inside the AOS Building Areas at 5,050 m

In 2008, the ALMA installed an onsite oxygen generator machine capable of producing oxygen by using PSA technology to satisfy oxygenation requirements in all the AOS rooms at 5,050 m, obtaining an oxygen concentration of 28%, equivalent to an altitude of 2,900 m. The installed oxygen system has two external tanks (2,498 L × 2). The maximum oxygen pressure is 75 psi with a delivery of 850 l/min with 90–95% oxygen purity and 45 psi outlet pressure. The oxygen concentration in the ambient air was controlled by a wide range oxygen sensor (0–50%, accuracy ± 0.05%, Area Safety Monitor, model 221, Advanced Micro Instruments, Costa Mesa, CA, United States) and maintained by a precise servo control system that increased oxygen concentration to 28 ± 0.5%. All the ambient variables (O2, temperature, and humidity) were recorded continuously in the available AOS rooms (corridor, hall, office, and correlator; Figure 1). All the variables recorded, such as O2, temperature, and humidity, were compiled monthly for at least 1 year for each AOS room. After installing and operating the PSA, we performed cardiorespiratory evaluations in 9 of 13 acclimatized AOS workers of 30.5 ± 6.4 years. A nurse or paramedic measured variables such as heart rate (HR) (bpm) and pulse oxygen saturation (SpO2) (%) using a multiparameter monitor (model BM3, Bionet, Tustin, CA, United States). However, in 2011, the ALMA shut down the oxygen administration procedure in the building areas at 5,050 m due to problems in the operation of the PSA plant.
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FIGURE 1. The scheme represents a diagram of oxygen enrichment inside Array Operations Site (AOS) facilities at 5,050 m.


In 2015, one liquid oxygen tank was installed with a maximal net volume of 14.75 m3, enabling a 70 normalized m3/h (or Nm3/h) flow rate (installation and liquid oxygen supply was performed by Indura). The ambient oxygen concentration, temperature, and humidity were controlled and maintained, as previously described. Additionally, we evaluated cardiorespiratory parameters routinely at the arrival of 40 workers to AOS rooms and values represent the mean of 1 year of operation. In this case, the evaluation of variables such as HR (bpm) and SpO2 (%) was measured by a nurse or paramedic using a multiparameter monitor (model BM3, Bionet, Tustin, CA, United States).



Use of Portable Oxygen in Outdoor Operations at 5,050 m

We evaluated efficiency during a period of workers’ activity (changing an antenna). We defined the oxygen flow requirements using two different pieces of equipment: first is a piece of equipment that supplies oxygen by continuous flow (range flow of 0.5–15 l/min, model 108 MF 870, Corpus™ INDURA, Santiago, Chile) and the second the CHAD® Evolution™ Motion Auto-Adjusting Oxygen Conserver (probably model OM-900M; Drive DeVilbiss Healthcare, Somerset, PA, United States), both gaseous medicinal oxygen, compressed in the high-pressure cylinder, were administrated via a nasal cannula. We performed dose-response curves of oxygen saturation vs. flow breathing between 0 and 6 l/min in six antenna maintenance personnel. We continuously recorded the subjects while changing an antenna with a pulse oximeter (Wristox 3100, Nonin, MN, United States). All the recordings were analyzed by nVision software (Nonin, MN, United States).



Statistical Analysis

All the results were expressed as mean ± SD. Variables compiled of AOS rooms O2, temperature, and humidity of PSA or liquid oxygen were analyzed using the paired t-test. Cardiorespiratory variables SpO2 and HR recorded in AOS rooms or taken outdoors were analyzed using the paired t-test. All the differences were considered statistically significant when p < 0.05. Data analyses were performed using the GraphPad Prism version 5.03 (GraphPad Software Incorporation, San Diego, CA, United States).




RESULTS


Oxygen Enrichment Inside Array Operations Site Facilities at 5,050 m

A similar oxygenation pattern was observed in both the procedures to increase oxygen concentration (PSA or liquid oxygen) inside AOS rooms. Table 1 shows ambient measurements of O2, relative humidity, and temperature at all the AOS sites without an observed difference. O2 variations in the corridor, hall room, and office were not significantly different between the PSA and liquid oxygen system 26.5 ± 1.2 and 26.1 ± 1.3%, respectively. Furthermore, when evaluating cardiorespiratory responses such as oxygen saturation and HR in all the subjects during ascents to AOS, subjects presented increased arterial oxygenation and reduction in the HR in both the conditions (PSA and liquid oxygen) (Table 2).


TABLE 1. Conditioning and ambient oxygen (O2) enrichment in the Array Operations Site (AOS) building areas.
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TABLE 2. Comparison of cardiorespiratory variables in O2-enriched AOS rooms.

[image: Table 2]


Use of Portable Oxygen in Outdoor Operations

The use of individual oxygen supplementation showed that efficient oxygenation, equivalent to 2,900 m, was obtained using a continuous flow (3 l/min) rather than the demand flow that obtained equivalent values at 5 l/min (Figure 2).


[image: image]

FIGURE 2. Oxygen saturation dose-response curve vs. inhalatory flow (l/min). Closed circle represents the use of a continuous flow and open circle represents the use of a demand flow. Each circle represents a mean ± SD. *p < 0.05 continuous vs. demand and **p < 0.05 vs. 0 flow.





DISCUSSION


Oxygen Enrichment Within Array Operations Site Facilities at 5,050 m

Our results demonstrate that both the oxygen production procedures (PSA or liquid oxygen) effectively increase the fraction of inspired oxygen (FiO2) at very high altitudes, protecting the health of the workers as noted by the increase in oxygen saturation and reduced HR.

The use of an oxygen concentrator (PSA plant) vs. liquid oxygen for oxygen enrichment produced similar oxygenation patterns at AOS facilities at 5,050 m. These patterns were characterized by a variation in the oxygen concentration within AOS facilities. Even though these facilities have double door access, these oxygen variations could be explained by the movement of personnel, resulting in the doors being constantly opened and closed and promoting a fall in FiO2 to 26.5%. In contrast, offices and correlators have access through doors that are usually maintained shut. In this pilot study, we used a comfortable and mobile module in the AOS facilities at 5,050 m where liquid oxygen was administered to the room air to increase oxygen concentration to 28 ± 0.5%. This oxygen concentration represents an equivalent altitude of 2,900 m (for more detail, see Moraga et al., 2018), with higher precision and maintenance of the oxygen concentration, potentially explained by a reduced module size where the leakage is lower. However, when we measured cardiorespiratory response before or after access to oxygenated AOS facilities, a similar increase in oxygen saturation was observed in both the oxygenation procedures. In contrast, we only observed a reduced HR in workers within AOS facilities with liquid oxygen, similar to previous reports (Moraga et al., 2018).

The PSA plant oxygen concentrator was shut down, even though a series of studies emphasize that oxygen concentrators are low cost in installation and maintenance and only require electrical power support (West, 1995, 2002; Luks et al., 1998). It was also proposed that the molecular sieve will last indefinitely (West, 1995, 2015), as long as it does not become contaminated with water and oil vapors (Litch and Bishop, 2000). However, after installation in 2008, a series of operational troubles were reported such as not reaching the required oxygenation. Inspection of the PSA plant following shutdown reported a series of malfunctions, starting with oil contamination along the air preparation route. This fact was unacceptable due to the risk of rapid self-ignition and possible explosions with fatal consequences for the ALMA operating staff. In addition, zeolite beds, O2 storage tanks, and pipelines needed to be exchanged due to the oil and water contamination mentioned in the same report. This experience was corroborated in an article that mentioned regular maintenance is required such as cleaning cabinet filters, changing bacterial and particulate filters, and zeolite columns after 15,000–20,000 h of use, depending on local conditions (Litch and Bishop, 2000). The same authors indicated that output oxygen concentration at high altitudes decreases by approximately 10% for each 2,000 m gain in elevation (Litch and Bishop, 2000). Therefore, we expect a decrease in oxygen concentration by 25% at 5,050 m. This suggests that the PSA plant at very high altitude its efficiency decreases. Then, how is it possible that this technology is not helpful at very high altitudes? In our opinion, the studies that supported this technology did not consider the loss in equipment efficiency at very high altitudes, as mentioned by Litch and Bishop (2000). In this sense, we believe that installing the PSA plant at high and very high altitudes requires that the efficiency of this technology is validated in real ambient conditions such as very low pressure, dust, and air dry and consider periodic maintenance.

Previous studies developed in real conditions at 4,200 m used liquid oxygen to enhance sleep quality (Moraga et al., 2014). In the Collahuasi mine, the same solution was taken at a large scale with 60 oxygen-enriched dormitory rooms using liquid oxygen at 3,800 m (West, 2004). However, we recognize the major weakness of this procedure for oxygen-enrichment areas given by the complications associated with refilling liquid oxygen tanks due to road accessibility and weather conditions. However, programming delivery, having backup tanks, and providing supplemental oxygen equipment could cover any delays.



Use of Portable Oxygen in Outdoor Operations

Our results show that oxygen administration was more efficient when using a continuous flow than a demand flow. This was proven by arterial oxygen saturation, where values of 2–3 l/min for continuous flow reached saturation values over 85%, but 5 l/min was necessary with the demand flow. A similar pattern was observed in a study showing that the administration of low-flow oxygen (1 or 3 l/min) via a face mask enhances physical performance in unacclimatized subjects following rapid ascent to the ALMA in the Chajnantor plateau (Silva-Urra et al., 2011). However, previous studies reported oxygen saturation values lower than expected at 5,050 m (Moraga et al., 2018), suggesting that a flow of 1 or 3 l/min was insufficient. An explanation based on the results reported by Silva-Urra et al. (2011) is that the study was performed in acutely exposed subjects to 5,050 m. In contrast, our results were obtained in acclimatized personal evaluated in AOS. The outcomes of this study are that all the subjects that ascend (visitors and operators) to AOS and outdoor activities and drivers of light or heavy trucks must use oxygen with a continuous O2 flow of 2.0–3.0 l/min to maintain an O2 saturation of 85–91%, supporting that the demand flow is not recommended at very high altitude.




CONCLUSION

No differences were observed between both the oxygen production procedures (PSA or liquid oxygen) in regular operations. Big-scale installations have difficulties reaching the oxygen concentration due to leaks in areas of high mobility. However, the PSA plant requires adequacy and maintenance to operate at a very high altitude. At 5,050 m, portable oxygen should operate with a continuous flow of 2–3 l/min. In addition, new equipment for individual oxygen supplementation at 5,050 m must be evaluated, considering ergonomics and autonomy during exposure/operation.
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Purpose: This study aimed to investigate the differences between normobaric (NH) and hypobaric hypoxia (HH) on supine heart rate variability (HRV) during a 24-h exposure. We hypothesized a greater decrease in parasympathetic-related parameters in HH than in NH.

Methods: A pooling of original data from forty-one healthy lowland trained men was analyzed. They were exposed to altitude either in NH (FIO2 = 15.7 ± 2.0%; PB = 698 ± 25 mmHg) or HH (FIO2 = 20.9%; PB = 534 ± 42 mmHg) in a randomized order. Pulse oximeter oxygen saturation (SpO2), heart rate (HR), and supine HRV were measured during a 7-min rest period three times: before (in normobaric normoxia, NN), after 12 (H12), and 24 h (H24) of either NH or HH exposure. HRV parameters were analyzed for time- and frequency-domains.

Results: SpO2 was lower in both hypoxic conditions than in NN and was higher in NH than HH at H24. Subjects showed similarly higher HR during both hypoxic conditions than in NN. No difference in HRV parameters was found between NH and HH at any time. The natural logarithm of root mean square of the successive differences (LnRMSSD) and the high frequency spectral power (HF), which reflect parasympathetic activity, decreased similarly in NH and HH when compared to NN.

Conclusion: Despite SpO2 differences, changes in supine HRV parameters during 24-h exposure were similar between NH and HH conditions indicating a similar decrease in parasympathetic activity. Therefore, HRV can be analyzed similarly in NH and HH conditions.

Keywords: heart rate variability, arterial oxygen saturation, normobaric normoxia, hypobaric hypoxia, normobaric hypoxia, autonomic nervous system, altitude


INTRODUCTION

Altitude training is an effective method commonly used by elite athletes (Millet and Brocherie, 2020). Prolonged altitude exposure increases erythropoiesis, which is explained by increased plasma erythropoietin concentration (Stray-Gundersen et al., 2001) and leads to an apparent increase in peripheral tissues oxygen delivery. This altitude-related increase in red blood cell mass increases the oxygen-carrying capacity of the blood and improves aerobic power (Hauser et al., 2016). Moreover, skeletal muscle adaptations could improve oxygen extraction during altitude exposition (Brooks et al., 1992).

The two main methods used for hypoxic exposure are hypobaric hypoxia (HH; FIO2 = 20.9%; PB <760 mmHg; real altitude in mountain or hypobaric “decompression” chamber) and normobaric hypoxia (NH; FIO2 <20.9%; PB = 760 mmHg; simulated altitude by using hypoxic facilities). On the one hand, HH has been used for years by endurance athletes during training camps On the other hand, the democratization of NH, accelerated by technical progress, allows the use of the usual lowland infrastructures, and avoids the time and inconvenience of transport to altitude. An updated panorama of all HH and NH hypoxic training methods is available in Girard et al. (2017). Based on the equivalent air altitude equivalent model (Conkin and Wessel, 2008), NH is frequently used as a surrogate to HH. However, recent research suggested that NH and HH are not interchangeable (Fulco et al., 2011; Millet et al., 2012; Saugy et al., 2014, 2016a; Coppel et al., 2015; DiPasquale et al., 2015a; Conkin, 2016) although the differences between HH and NH are still debated (Millet and Debevec, 2020; Richalet, 2020). The following differences were already reported for a matched inspired oxygen pressure (PIO2) in HH vs. NH, respectively: (1) lower pulse oximeter oxygen saturation (SpO2) (Saugy et al., 2016c; Aebi et al., 2020; Debevec et al., 2020); (2) greater performance impairment (Beidleman et al., 2014; Saugy et al., 2016a), both recently confirmed in a study with perfectly controlled environmental factors (Takezawa et al., 2021); (3) higher oxidative stress (Faiss et al., 2013; Ribon et al., 2016); (4) impaired nitric oxide bioavailability (Faiss et al., 2013); (5) greater fluid retention (Loeppky et al., 2005; Conkin and Wessel, 2008), and (6) sleep structure perturbation (Heinzer et al., 2016; Saugy et al., 2016b). In addition, breathing patterns are affected as well: lower tidal volume, lower minute ventilation, higher physiological dead space, and higher respiratory frequency during HH exposure compared to NH (Savourey et al., 2003; Conkin and Wessel, 2008; Saugy et al., 2014). It was also demonstrated that HH provokes stronger hypoxic pulmonary vasoconstriction, altering the ventilation-perfusion ratio (Loeppky et al., 1997). Moreover, hypocapnia and blood alkalosis are greater in HH than NH (Savourey et al., 2003; Coppel et al., 2015). Despite all these differences, which suggest that exposure in terrestrial altitude (HH) may induce more pronounced stress with larger physiological responses than simulated altitudes (NH), there is still an ongoing debate about their clinical significance. A “point-counterpoint” (Millet et al., 2012; Mounier and Brugniaux, 2012) reported the main arguments on this subject, and a more recent crosstalk (Millet and Debevec, 2020; Richalet, 2020) brought the debate back to the forefront. All protagonists agreed that further studies with a rigorous methodological approach and new perspectives would allow a more comprehensive understanding of the role of barometric pressure per se in different hypoxic conditions.

One of the potential perspectives to evaluate the differences between HH and NH could be the heart rate variability (HRV). HRV is the fluctuation in the time intervals between adjacent heartbeats (Malik et al., 1996). There are two main methods for the HRV analyses: time-domain and frequency-domain. Time-domain indices of HRV (LnRMSSD, natural logarithm of root mean square of the successive differences) quantify the amount of variability in measurements of the interbeat interval. Frequency-domain measurements [The low frequency spectral power (LF) and HF, respectively low and high frequency spectral power] estimate the distribution of absolute or relative power into frequency bands. This non-invasive method is used to assess cardiac autonomic control (Buchheit, 2014). It is especially an accurate means of estimating parasympathetic activation by looking specifically at HF with frequency-domain analysis (Malik et al., 1996; Grossman and Taylor, 2007). Moreover, those frequency-domain analyses are known to be more sensitive than time-domain (Schmitt et al., 2015a). In general, acute hypoxia decreases HRV and parasympathetic activity (Wille et al., 2012). Since SpO2 is lower in HH, the hypoxic chemoreflex should lead to a greater vagal withdrawal in HH than in NH (Parati et al., 2015) and thus potentially result in differences in the autonomic cardiac control. Moreover, variations in SpO2 are related to variations in HRV parameters. Indeed, a decrease in SpO2 is related to a decrease in both LnRMSSD (Krejèí et al., 2018) and HF and to an increase in the low-to-high frequency ratio (LF/HF) (Botek et al., 2015). Since ventilation influences cardiac autonomic activity (Brown et al., 1993), the above-mentioned differences in breathing patterns between NH and HH could also generate distinct HRV responses. Considering those physiological mechanisms, one may speculate on different influences of NH vs. HH on HRV.

The effects of NH vs. HH on HRV were studied only during acute exposures (≤ 30 min) (Basualto-Alarcón et al., 2012; Aebi et al., 2020). The LF/HF ratio was slightly higher in HH, but the evidence for a hypobaric effect per se on HRV in hypoxia during acute exposures was not strong enough (Aebi et al., 2020). Therefore, the present study aimed to compare the influence of a 24-h exposure in NH vs. HH on supine HRV. Since HH induced a larger desaturation than NH, the hypothesis of a greater decrease in parasympathetic-related HRV parameters (such as LnRMSSD and HF) in HH condition was tested. Furthermore, since breathing patterns are different between HH and NH, greater differences in frequency-domain parameters (especially in HF influenced by respiratory sinus arrhythmia) (Grossman and Taylor, 2007) than in time-domain parameters (i.e., LnRMSSD) were expected.



METHODS


Subjects

Forty-one healthy lowland trained men regularly practicing endurance sports have participated in our study. The main characteristics of all subjects were: age 30 ± 7 years, body height 179 ± 5 cm, body weight 73 ± 7 kg, VO2max 62 ± 8 mL⋅kg–1⋅min–1. Subjects were included only if exposed to the three NN, NH, and HH conditions. They were non-smokers and neither acclimatized nor recently exposed to altitude for at least a month before the experiment. Subjects’ characteristics are displayed in Table 1.


TABLE 1. Data are reported as mean ± standard deviations.
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Study Design

This study brings together original unanalyzed data from three previous studies performed by our laboratory (Faiss et al., 2013; Saugy et al., 2016a,c). All these studies have in common a randomized continuous 24 h exposure in NH and HH for each subject and a comparison with the control condition (NN). The measurements in NN were performed a few hours before each hypoxic exposure, whether in NH or HH. Regarding the washout period that was different between the two hypoxic exposures (see Table 1), the minimum duration required has always been respected to avoid potential interactions between hypoxic exposures. Many more methodological details are reported in the already published studies, but their respective main characteristics are also outlined in Table 1 for the reader’s convenience.

Since these studies were planned independently and their measurement times do not match exactly, measurement time points were grouped into the following three categories:


•NN: H0 (all three studies, control condition before each hypoxic exposition).

•H12: H8 and H12 (Faiss et al., 2013); H10 (Saugy et al., 2016a).

•H24: H24 (Saugy et al., 2016c); H20 and H24 (Faiss et al., 2013); H20 (Saugy et al., 2016a).





Measurements

Measurements included SpO2, heart rate (HR), and supine HRV with identical equipment and measurement protocol between studies. SpO2 and HR were recorded continuously using a wrist oximeter connected to a finger sensor (Wristox 3100TM with 8000SM-WO Sensor; Nonin, Plymouth, MN) at each measurement time point during a 7 min supine rest period at 0.25 Hz.

The HRV measurement was performed during the last 5 min of a 7 min supine rest period. Measurement of the interval duration between two R waves of the cardiac electrical activity was performed with an HR monitor. Heartbeats that do not originate from the sino-atrial node have been shown to have drastic effects on the outcome of HRV indexes (Malik et al., 1996). To this end, the RR-intervals were first analyzed to remove ectopic beats from the recordings using automatic and visual inspections of the RR series. Then, time-domain analyses were performed with LnRMSSD, reflecting mainly the activity of the parasympathetic system (Kleiger et al., 2005; Plews et al., 2013). The spectral power was calculated with Fast Fourier Transform and was expressed in ms2: with HF (0.15–0.40 Hz) reflecting modulation of parasympathetic influence to the heart (Malik et al., 1996; Shaffer et al., 2014) and related to respiratory sinus arrhythmia (Grossman and Taylor, 2007); and LF (0.04–0.15 Hz) reflecting mainly baroreceptor activity during resting conditions (Goldstein et al., 2011; Shaffer et al., 2014; Mccraty and Shaffer, 2015). LF was calculated in absolute spectral power units (ms2) as described above and in normalized units (nu) with LFnu = LF/(LF + HF). This study does not show HFnu because of its total dependence with LFnu, both in absolute values and statistical analysis. The total spectral power (TP) was calculated by adding LF and HF. The LF/HF ratio was also calculated. All procedures were carried out according to the Task Force recommendations (Malik et al., 1996).



Statistical Analysis

Data are reported as mean ± standard deviation in the text and table, mean ± standard error in graphs. Data were tested for both homogeneity of variance (Fisher-Snedecor F-test) and normality (Shapiro–Wilk test). When both conditions were met, a two-way measures analysis of variance (ANOVA) was performed to assess whether physiological variables were differentially affected depending on the condition (NH, HH) and time points (H0, H12, and H24). Tukey’s post hoc tests were used to localize differences when significant main or interaction effects were found. When either equality of variance or normality were not satisfied, variables were analyzed for each condition using a Friedman test for repeated measures to determine time effects using pairwise multiple comparison procedures (Bonferroni test). Differences between overall exposure mean (H12 and H24 combined) in NH vs. HH were compared using paired t-test. Corrections for multiple comparisons were applied (Bonferroni). Null hypothesis was rejected at p < 0.05. The statistical analyses were performed with SPSS 27.0 software (IBM Corp., New York, NY, United States).




RESULTS

The statistical power (calculated with G*Power software, version 3.1.9.7, Heinrich-Heine-Universität Düsseldorf) was satisfying for the four “main” variables in descending order; SpO2 (0.95); LnRMSSD (0.85); HR (0.74); and HF (0.69).


Oxygen Saturation

There were significant main effects on SpO2 between exposures (p = 0.009) and time points (p < 0.001). The interaction was significant (p = 0.038). As expected, SpO2 decreased in both hypoxic conditions at H12 (p < 0.001) and H24 (p < 0.001) when compared to NN. SpO2 was higher in NH than in HH only at H24 (p = 0.002). SpO2 was higher at H24 than at H12 in both NH (p < 0.001) and HH (p = 0.021) (Figure 1). The overall exposure mean (H12 and H24 combined) yielded a higher SpO2 in NH vs. HH (p = 0.008).
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FIGURE 1. Values are presented as mean ± SE. n = 41, 25, and 41 for NN, H12, and H24, respectively (n = 36, 18, and 37 for SpO2). HR, heart rate; LnRMSSD, natural logarithm of the root mean square of the successive differences; LF, low frequency; HF, high frequency; TP, total power; NN, normobaric normoxia; NH, normobaric hypoxia; HH, hypobaric hypoxia; bpm, beat per minute; h, hours; *p < 0.05, **p < 0.01, and ***p < 0.001 for difference with NN, #p < 0.05, ###p < 0.001 for difference with H12, $$p < 0.01 for difference with NH.




Heart Rate

There was a significant main effect on HR between time points (p < 0.001). HR increased in both exposures at H12 (p < 0.001, p < 0.001) and H24 (p < 0.001, p < 0.001) when compared to NN (Figure 1). No differences between NH and HH were found either in individual time or overall exposure mean (H12 and H24 combined).



Heart Rate Variability

There were significant main effects between time points on all HRV parameters except LF. LnRMSSD was lower in both NH and HH at H12 (p = 0.044, p = 0.022), but only in HH at H24 (p = 0.008), when compared to NN (Figure 1). LF did not show any significant main effect (Figure 1). HF decreased in NH and HH at H12 (p < 0.001, p = 0.004) and H24 (p = 0.008, p < 0.001) when compared to NN (Figure 1). TP decreased in both exposures at H12 (p = 0.041, p = 0.041), but only in HH at H24 (p = 0.012) when compared to NN (Figure 1). LFnu increased in NH and HH at H12 (p < 0.001, p < 0.001) and H24 (p < 0.001, p = 0.003) when compared to NN (Figure 1). LF/HF ratio increased in both exposures at H12 (p < 0.001, p < 0.001) and H24 (p < 0.001, p < 0.001) when compared to NN (Figure 1). No differences in HRV parameters between NH and HH were found either in individual time or overall exposure mean (H12 and H24 combined).




DISCUSSION

To our knowledge, the present study is the first to compare heart rate variability between normobaric normoxia, normobaric hypoxia, and hypobaric hypoxia during prolonged exposures. The main finding was that NH and HH elicited similar HRV changes during 24-h exposures despite a higher mean SpO2 in NH. Indeed, the decrease in parasympathetic-related parameters (LnRMSSD and HF) was similar between NH and HH, contrary to our hypothesis.

To properly interpret the results of this study, it is necessary to mention the main cardiorespiratory adaptations in acute hypoxia: (1) a decrease in SpO2 due to reduction in inspired oxygen pressure (PiO2) (Maufrais et al., 2017), even at low altitude (Goldberg et al., 2012) and despite the diverse hypoxic-related ventilatory and cardiovascular compensations; (2) an increase in resting heart rate and cardiac output (Duplain et al., 1999; Bärtsch and Gibbs, 2007; Naeije, 2010), due to increased sympathetic activity and vagal withdrawal (Koller et al., 1988, 19) and inversely proportional to the decrease in SpO2 to maintain unchanged oxygen delivery to the tissues (Naeije, 2010); and (3) a largely unchanged blood pressure (Wolfel et al., 1994; Parati et al., 2015). The baroreflex and chemoreflex are also of great importance when considering the effects of hypoxia on the autonomic nervous system. On the one hand, the peripheral chemoreceptors in the carotid body respond primarily to hypoxemia and increase sympathetic activity while decreasing parasympathetic activity (Parati et al., 2015). On the other hand, the baroreflex ensures strict blood pressure regulation with stretch-sensitive baroreceptors located in the carotid sinuses and aortic arch. An increased blood pressure activates the baroreceptors, leading to decreased sympathetic activity and greater parasympathetic activation (Pitzalis et al., 1998). Finally, the already well-documented higher SpO2 in NH vs. HH can be explained by faster and shallower respiration, which increases dead space ventilation in HH (Faiss et al., 2013). The initial triggers of this SpO2 difference between NH and HH are still unclear. However, since chemosensitivity seems not to be changed in altitude (Loeppky et al., 1996), modification in gases density and diffusivity are the main hypotheses (Savourey et al., 2003). Our study confirmed a higher oxygen saturation in NH vs. HH after 24 h of hypoxic exposure. This is already well described for shorter exposition times (Aebi et al., 2020; Debevec et al., 2020) and logically was also already reported in the three support experiments of the present study. However, the latter was still debated for exposures longer than 8 h (Coppel et al., 2015). As expected, HR was higher in hypoxic conditions compared to normoxia in response to the increased sympathetic activity and vagal withdrawal. Several studies have further found lower HR in NH vs. HH (Savourey et al., 2003; DiPasquale et al., 2015b; Heinzer et al., 2016; Ross et al., 2019; Aebi et al., 2020) but only during short exposures. In addition, studies examining longer exposures (>8 h) found no difference in HR (Faiss et al., 2013; Richard et al., 2014). Unsurprisingly, our results hence suggest similar HR between NH and HH.

A decrease in LnRMSSD (Liu et al., 2001; Long et al., 2006) and HF (Bernardi et al., 1998; Sevre et al., 2001) in hypoxia is already well described and demonstrates a clear hypoxic-related parasympathetic decrease. Firstly, since LnRMSSD mainly reflects the activity of the parasympathetic system (Kleiger et al., 2005; Plews et al., 2013) and is not very sensitive to respiratory variations (Hill et al., 2009; Buchheit, 2014), its decrease in both hypoxic conditions at H12 was not surprising. When compared to NN, a potentially larger parasympathetic tone reduction might explain that LnRMSSD remained lower in HH but not in NH at H24. However, the difference between NH and HH was not significant (p = 0.328). Secondly, since vagal activity is the major contributor to the HF component (Malik et al., 1996; Shaffer et al., 2014), a significant decrease in both hypoxic exposures at H12 and H24 was observed as expected. HF is called the “respiratory band” because it corresponds to the frequency of the respiratory sinus arrhythmia variations (Grossman and Taylor, 2007). Therefore, considering the differences in respiratory patterns between NH and HH mentioned in the introduction, one may expect differences in HF between NH and HH. However, these differences remained non-significant, maybe due to limited breathing differences or other confounding factors (as discussed below in “Strengths and limitations”). Thus, considering the LnRMSSD and HF data, it can be concluded that parasympathetic activity is similarly decreased in NH and HH compared to NN.

Hypoxia increases sympathetic activity (Duplain et al., 1999) mainly via peripheral chemoreceptor activation (Heistad and Abboud, 1980), as proved by increased plasma and urinary catecholamines (Mazzeo et al., 1991; Bogaard et al., 2002) and skeletal muscle sympathetic activity (Hansen and Sander, 2003). Therefore, the similar increase in HR between NH and HH may be seen as a consequence of similar sympathetic activity between those two hypoxic conditions. However, since there is no well-established marker of sympathetic activity in the HRV parameters measured in this study, it is not possible to make a stronger statement about the sympathetic activity similarities in NH vs. HH here.

LF reflects baroreceptor activity during resting conditions (Goldstein et al., 2011; Shaffer et al., 2014; Mccraty and Shaffer, 2015) which is primarily vagally mediated (Keyl et al., 2001). Therefore, it should not be used as a marker of sympathetic nervous system activity at rest (Eckberg, 1983; Kember et al., 2001; Billman, 2013; Shaffer et al., 2014). Since hypoxia increases sympathetic activity partly through altered baroreceptor function (Hainsworth et al., 2007), and as already reported (Schmitt et al., 2015b,2018; Aebi et al., 2020), a decrease in LF during hypoxic exposures could theoretically be observed. However, that was not the case in this study since no difference in LF between normoxia and hypoxia was found, thus confirming the challenging interpretation of LF. Two additional precautions should be kept in mind when considering the data presented here. On the one hand, the consequent decrease in HF can alone be the reason behind the significant increase of LFnu in NH and HH exposures, especially considering that both branches of the autonomic nervous system are frequently non-reciprocal (Billman, 2013). On the other hand, it is often assumed that LF/HF ratio reflects the sympathetic-parasympathetic balance (Taylor, 2006). However, it is frequently shifted due to reductions in LF power which do not reflect sympathetic nervous system activity at rest. The LF/HF ratio should thus be interpreted with caution (Shaffer et al., 2014). Moreover, both branches of the autonomic nervous system can be simultaneously active (Berntson and Cacioppo, 1999). Furthermore, the interactions between parasympathetic and sympathetic nervous systems are complex, non-linear, and frequently non-reciprocal (Billman, 2013). Therefore, as LF is not decreased, it can be stated that this increase in LF/HF ratio mainly displays the hypoxic sympathetic-parasympathetic misbalance due mainly to a parasympathetic alteration.

Altogether, despite the greater hypoxemia in HH, which could lead to a potential greater decrease in parasympathetic activity, no differences in HRV between NH and HH were found. When taken as a whole, the above results converge toward lowered parasympathetic activity during hypoxic exposures and confirmed previous findings (Marshall, 1998; Wille et al., 2012), again without differences between NH and HH. However, HRV analyses need to be conducted carefully as many other factors than autonomic tone affects HRV. These are, for instance, the already mentioned regulation loops as baroreflex or respiratory sinus arrhythmia (Aebi et al., 2020).


Perspectives

The present study showed once again that normobaric and hypobaric hypoxia are not interchangeable and elicit different responses on physiological parameters (SpO2) but same HRV responses. Because HRV and hypoxic exposures are increasingly used among athletes (Schmitt et al., 2018), this has important implications. Considering our results, HRV can be used independently of the hypoxic methods for monitoring the athletes’ adaptations to altitude and training loads. However, further investigations, particularly on standing HRV in NH vs. HH, are required before a possible replication of the diagnosis of fatigue sub-category in hypoxia (Schmitt et al., 2015b). Furthermore, standing HRV provides information about the dynamic adaptations of the autonomic nervous system and orthostatic tolerance (Schmitt et al., 2015b). Moreover, since supine and standing HRV are independent (Schmitt et al., 2015a), one cannot be extrapolated from the other, and hypoxia effects on standing HRV remain to be clarified. Further research could also increase the altitude and lengthen the duration of NH and HH exposures. Further research could also increase the altitude and lengthen the duration of NH and HH exposures.



Strengths and Limitations

On the one hand, this pooling study included more subjects than most other studies in this field, allowing us to reduce the risk of type II errors (false negative). Moreover, the subjects had homogeneous individual characteristics (Table 1). As the eight variables in this study are measured only at three different times, and corrections for multiple comparisons were applied, the risk of type I errors (false positive) remained reasonably low as well. Both hypoxic exposures were performed with rigorous protocol ensuring close experimental conditions and thus limiting external confounding factors. This allowed a targeted and specific analysis on the effects of barometric pressure per se in hypoxia. Finally, the perfectly matched control conditions between groups allow an appropriate comparison between two close conditions.

On the other hand, despite that the three protocols performed by our laboratory were quite similar (same crossover design, similar subjects, same measuring equipment and protocol, same data analysis, …), one cannot rule out some potential flaws since the altitude level was different between the three “original” studies. In addition, the present protocols were performed with uncontrolled breathing frequency, known for potentially changing the LF- HF band boundary. However, in our view, this point is not relevant since (1) strictly imposing a breathing frequency may per se alter HRV, and (2) this may hide the searched differences in HRV, particularly HF between NH and HH. Moreover, with sensitive variables like HRV, differences in comfort, stress, and environmental conditions such as temperature, humidity, and hypercapnia between exposures may have affected the results (Bernardi et al., 2001).




CONCLUSION

Altitude training (alternating “live high – train high” in HH and “live high – train low” in NH) (Millet et al., 2010) and HRV are increasingly used for enhancing and monitoring the athletes’ fatigue and responses to training. In this context, the present study showed that, at least during 24-h hypoxic exposures, the decrease in parasympathetic activity was similar between NH and HH. Therefore, HRV could be analyzed similarly in NH and HH conditions. Furthermore, together with previous results on acute exposures (Aebi et al., 2020), it forms a reliable basis for a similar interpretation of HRV in NH and HH during both acute and long hypoxic exposures.
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Calcium signaling is key for the contraction, differentiation, and proliferation of pulmonary arterial smooth muscle cells. Furthermore, calcium influx through store-operated channels (SOCs) is particularly important in the vasoconstrictor response to hypoxia. Previously, we found a decrease in pulmonary hypertension and remodeling in normoxic newborn lambs partially gestated under chronic hypoxia, when treated with 2-aminoethyldiphenyl borinate (2-APB), a non-specific SOC blocker. However, the effects of 2-APB are unknown in neonates completely gestated, born, and raised under environmental hypoxia. Accordingly, we studied the effects of 2-APB-treatment on the cardiopulmonary variables in lambs under chronic hypobaric hypoxia. Experiments were done in nine newborn lambs gestated, born, and raised in high altitude (3,600 m): five animals were treated with 2-APB [intravenous (i.v.) 10 mg kg–1] for 10 days, while other four animals received vehicle. During the treatment, cardiopulmonary variables were measured daily, and these were also evaluated during an acute episode of superimposed hypoxia, 1 day after the end of the treatment. Furthermore, pulmonary vascular remodeling was assessed by histological analysis 2 days after the end of the treatment. Basal cardiac output and mean systemic arterial pressure (SAP) and resistance from 2-APB- and vehicle-treated lambs did not differ along with the treatment. Mean pulmonary arterial pressure (mPAP) decreased after the first day of 2-APB treatment and remained lower than the vehicle-treated group until the third day, and during the fifth, sixth, and ninth day of treatment. The net mPAP increase in response to acute hypoxia did not change, but the pressure area under the curve (AUC) during hypoxia was slightly lower in 2-APB-treated lambs than in vehicle-treated lambs. Moreover, the 2-APB treatment decreased the pulmonary arterial wall thickness and the α-actin immunoreactivity and increased the luminal area with no changes in the vascular density. Our findings show that 2-APB treatment partially reduced the contractile hypoxic response and reverted the pulmonary vascular remodeling, but this is not enough to normalize the pulmonary hemodynamics in chronically hypoxic newborn lambs.
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INTRODUCTION

The failure in the fetal-to-neonatal transition ensuing in a functional pulmonary circulation after birth results in pulmonary hypertension of the newborn, a syndrome that affects up to 6.8 per 1,000 of the births in lowlands (Walsh-Sukys et al., 2000), but whose prevalence could reach ∼10% of neonates under hypobaric hypoxia of the Andean Altiplano (Keyes et al., 2003; Peñaloza and Arias-Stella, 2007; Herrera et al., 2015). The pulmonary hypertension of the newborn is characterized by high postnatal mean pulmonary arterial pressure (mPAP), pulmonary vascular resistance (PVR), and contractility, resulting from an imbalance between vasoconstrictor and vasodilator mechanisms, and a pathological remodeling involving hyperplasic/hypertrophic growth of the wall of distal pulmonary arteries (Gao and Raj, 2011; Suresh and Shimoda, 2016; Mathew and Lakshminrusimha, 2017). The persistent high mPAP can lead to right ventricle hypertrophy, cardiac failure, and death. Moreover, survivors may have impaired neurological development and recurrent pulmonary hypertension later in life (Nair and Lakshminrusimha, 2014). Both fetal and postnatal pulmonary arteries quickly contract and develop a pathological remodeling in response to hypoxia (Gao and Raj, 2011; Dunham-Snary et al., 2017; Hussain et al., 2017). Therefore, the high-altitude chronic hypoxia during pregnancy and early after birth results in pulmonary hypertension of the newborn and associated cardiopulmonary risk later in life (Herrera et al., 2015; Gonzaléz-Candia et al., 2020). We have previously established two ovine models of neonatal pulmonary hypertension induced by high-altitude hypoxia. In the first model, conception, 100% of gestation, birth, and postnatal study were conducted at 3,600 meters above sea level (m.a.s.l) (Herrera et al., 2007). In the second model, conception and first 30% of gestation occurred at lowland; the last 70% of gestation and birth at 3,600 m.a.s.l. to return to the lowland at 2 days of postnatal age for the study (Herrera et al., 2010). Both models of perinatal hypoxia exposure showed increased mPAP, PVR, and hypoxic pulmonary vasoconstriction, right ventricular hypertrophy, and thickened pulmonary arterial walls compared with lowland healthy controls. Nevertheless, the first model is hypoxemic (Herrera et al., 2007), while the second is normoxemic after birth, simulating in the latter, the human neonatal pulmonary hypertension that persists despite oxygenation (Herrera et al., 2010). Store-operated Ca2+ entry (SOCE) is a Ca2+ influx across the plasma membrane, which is activated by a decrease in intraluminal Ca2+ of sarcoplasmic reticulum released through inositol triphosphate receptors (IP3R) or ryanodine receptors. SOCE allows replenishment of Ca2+ stores, but it can itself generate long-term Ca2+ signals. The major components of store-operated channels (SOCs) are Orai1 and stromal interacting molecule 1 (Stim1) that form the pore at the plasma membrane and the Ca2+ sensor of the sarcoplasmic reticulum, respectively. In resting cells, Stim1 is uniformly found in the sarcoplasmic reticulum. Fall of Ca2+ from sarcoplasmic reticulum results in oligomerization and redistribution of Stim1 near the plasma membrane to activate Orai1 and initiate an inwardly rectifying and Ca2+-selective current known as Ca2+-release-activated Ca2+ current (Icrac). In both pulmonary artery smooth muscle and endothelial cells, this Ca2+ entry through Orai1 allows recruitment, and activation of transient receptor potential canonical (TRPC), mainly TRPC1 to provide additional and less selective Ca2+ influx. The sum of both Orai- and TRPC-mediated currents generates a sustained Ca2+ influx termed store-operated Ca2+ current (Isoc) (Fernandez et al., 2012; Earley and Brayden, 2015; Ambudkar et al., 2017; Putney, 2018; Reyes et al., 2018a). There is great evidence about the involvement of this Ca2+ signaling complex in adults forms hypoxic pulmonary over-constriction and remodeling, the main components of pulmonary hypertension (Reyes et al., 2018a). Our group has also found evidence on the participation of these channels on neonatal pulmonary hypertension in ovine models. Thus, the treatment of normoxic pulmonary hypertensive newborn lambs with 2-aminoethyldiphenyl borinate (2-APB), a non-selective inhibitor of store-operated Ca2+ signaling, results in a partial reversal of pulmonary hypertension (Castillo-Galán et al., 2016). In contrast, we have observed that these channels are functionally upregulated in the pulmonary circulation of hypoxic high-altitude newborn lambs where they contribute to increased vasoconstrictor response to acute hypoxia (Parrau et al., 2013). Nevertheless, in addition to their hypoxemia, highland lambs also differ from lambs with partial gestation at high altitude in their greater pulmonary arterial medial layer thickening (Quezada et al., 2014). The window of perinatal hypoxia exposure also determines differences in key proteins involved in vascular contraction and remodeling: soluble guanylate cyclase (sGC) is downregulated in the high-altitude lambs but is unchanged in lambs with partial gestation at highlands, while big conductance Ca2+-dependent potassium channel (BKCa channels) expression is constant in the former and upregulated in the later (Herrera et al., 2008a,2010, 2019). These differences could have a great influence on the response to treatments against pulmonary hypertension. The ability to reverse pulmonary hypertension has not been studied in lambs with gestation, birth, and postnatal development in high altitude. In this study, we evaluated the effect of treatment with 2-APB in hemodynamic variables and pulmonary vascular remodeling of lambs developed and raised at 3,600 m.a.s.l.



MATERIALS AND METHODS

All experimental protocols were reviewed and approved by the Faculty of Medicine Bioethics Committee of the University of Chile (CBA 0476 and 1172 FMUCH). Animal care, maintenance, procedures, and experimentation were performed in accordance with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (NIH Publication No. 85-23, Revised 1996) and adhered to the ARRIVE guidelines.


Animals

Experiments were performed on 10 newborn sheep (Ovis aries) gestated, born, and raised at Putre Research Station, International Center for Andean Studies (INCAS), at 3,600 m.a.s.l.



Surgical Preparation and in vivo Experiments

At 3 days old, newborn lambs were chronically instrumented for in vivo studies as reported previously (Herrera et al., 2007, 2010; Parrau et al., 2013; Castillo-Galán et al., 2016). Briefly, animals were anesthetized with a combination of ketamine [10 mg/kg, intramuscularly (i.m.)] and xylazine (0.05 mg/kg i.m.) and also an additional local infiltration of 2% lidocaine. Polyvinyl catheters were placed into the femoral artery to record systemic variables and a Swan–Ganz catheter was placed into the pulmonary artery to record cardiopulmonary variables. Oxytetracycline [20 mg/kg, subcutaneously (s.c.)] and sodium metamizole (0.1 mg/kg i.m.) were given for 3 days after surgery (Herrera et al., 2007, 2010; Parrau et al., 2013; Castillo-Galán et al., 2016).

At 4 days old, the lambs were randomly divided into two groups and submitted to 10-day treatment with a single daily dose of infusion vehicle [dimethyl sulfoxide (DMSO): NaCl 1:10 intravenous (i.v.), n = 4] or 2-APB infusion (10 mg/kg/day bolus in vehicle i.v., n = 5) every morning. A similar dose of 2-APB administered to lambs with partial gestation under chronic hypoxia induced marked hemodynamic improvement (Castillo-Galán et al., 2016). Pulmonary arterial pressure (PAP), systemic arterial pressure (SAP), and heart rate (HR) were recorded via a data acquisition system (PowerLab/8SP System, ADInstruments, Bella Vista, NSW, Australia and Lab Chart version 7.0 Software, ADInstruments, Castle Hill, NSW, Australia) connected to a computer. Cardiac output (CO) was determined using the thermodilution method by injecting 3 ml of chilled (0°C) 0.9% NaCl into the pulmonary artery through the Swan–Ganz catheter connected to a CO computer (COM-2, Baxter, Healthcare Corporation’s Edwards Critical-Care Division, United States). mPAP, mean SAP (mSAP), PVR, and systemic vascular resistance (SVR) were calculated as described previously (Herrera et al., 2007, 2010, 2019; Parrau et al., 2013; Castillo-Galán et al., 2016). Arterial blood samples were taken daily to determine arterial pH, PO2, PCO2, hemoglobin saturation percentage (SaO2), total hemoglobin (THb), and oxygen content (O2ct) (IL-synthesis 25, Instrumentation Laboratories, AACC’s Washington DC, United States; measurements corrected to 39°C). Cardiopulmonary variables and arterial blood gasses were measured every day, 5 min before the infusion, so that the first day corresponds to the basal condition before starting the treatment, and on the following days, values were recorded 24 h after the infusion of the previous day.

Twenty-four hours after the last infusion, animals were subjected to a 3-h experimental protocol of a superimposed acute hypoxic challenge as previously described (Herrera et al., 2010, 2019; Parrau et al., 2013; Castillo-Galán et al., 2016), consisting in 1 h of basal recording (breathing room air), 1 h of superimposed isocapnic hypoxia, and 1 h of recovery during which they returned to breath room air. Superimposed isocapnic hypoxia was induced via a transparent, loosely tied polyethylene bag placed over the head of the animal into which a known mixture of air, N2, and CO2 was passed at a rate of 20 L/min to reach an arterial PO2 of ∼30 mmHg with a constant PCO2. Cardiopulmonary variables and arterial blood gasses were also recorded during this protocol. The contractile response of the pulmonary circulation to acute hypoxia after the end of the treatment was calculated as the mPAP/ΔPO2 ratio or the area under the curve (AUC) as described previously (Castillo-Galán et al., 2016; Reyes et al., 2018b).



Euthanasia and Tissue Sampling

Twenty-four hours after the superimposed hypoxic challenge test, the lambs underwent euthanasia with an overdose of sodium thiopental (100 mg/kg i.v.), and lung samples were immediately obtained for in vitro analyses.



Histological Staining and Immunohistochemistry

Lungs were perfused at 25 mmHg through the pulmonary artery with saline for blood removal, and then the left lung was perfused-fixed in 4% paraformaldehyde (PFA) in PBS 1×. Then, ∼1 cm3 piece of pulmonary tissue was taken from the distal portion of the central lobe, close to the pleura, and immersed-fixed with 4% PFA for 24 h at 4°C, followed by conservation in sodium azide 0.01% in 1× PBS at 4°C. The fixed tissue was embedded in paraffin, cut in 4–5 μm serial slices.

A van Gieson staining was used to assess vascular morphometry. Images were captured at 10× and 40× with an optical microscope (Olympus BX-41, Shinjuku-ku, Tokyo, Japan) coupled with a digital camera and computer. Notably, 20–25 representative resistance pulmonary arteries (150–250 μm of internal diameter) from each animal were selected for these analyses. Vascular density (number of arteries/area), percentage luminal area (luminal area/total area), and the wall, media, and adventitia thicknesses were calculated as described previously (Herrera et al., 2008b; Torres et al., 2015; Castillo-Galán et al., 2016; Castillo-Galan et al., 2020). The analysis of the microphotographs was performed with the Image Pro-Plus 6.2 software (Media Cybernetics, Inc., Rockville, MD, United States).

The immunohistochemical detection for SM-α-actin was performed with commercial antibodies (Sigma-Aldrich, Saint Louis, MO, United States, dilution: 1:400). The antigen retrieval was performed at 100°C with citrate buffer pH: 6, 1× (Dako, CA, United States). Primary antibody incubation was performed for 4 h for SM-α-actin at 4°C and labeling was developed using an HRP-diaminobenzidine kit (Envision TM+, Dako, CA, United States). The immunoreactivity of the small arteries muscle layer was calculated as described previously (Herrera et al., 2014).



Statistical Analysis

Data are expressed as mean ± SEM. The cardiovascular variables from the baseline time point (B), from the 2-APB- and vehicle-treated lambs, were analyzed using an unpaired t-test and the time course using two-way ANOVA for repeated measures and the post hoc Newman–Keuls test. The latter test was used to analyze the cardiovascular variables from the two groups in the systemic and pulmonary responses to a superimposed hypoxic challenge. The histological and immunohistochemistry data, from the 2-APB- and vehicle-treated lambs, were analyzed using an unpaired t-test. For all comparisons, differences were considered statistically significant when P < 0.05.




RESULTS


Animal Weight

The weight of the lambs used in the study was 4.90 ± 0.54–5.82 ± 0.67 kg for animals assigned to the vehicle-treated group and 4.85 ± 0.14–6.73 ± 0.29 kg for those assigned to the 2-APB-treated group at the beginning and the end of the study, respectively.



Effect of 2-Aminoethyldiphenyl Borinate Administration on Basal Systemic and Pulmonary Variables

The mSAP, HR, CO, and SVR were similar in control lambs and 2-APB-treated lambs along with the treatment (Figure 1). Before starting the infusion, the basal mPAP was similar in both animals assigned to the vehicle-treated group (34.04 ± 2.34 mmHg) and the 2-APB group (31.33 ± 8.55 mm Hg) (Figure 2A). However, after the first day of treatment, mPAP significantly decreased and remained lower in the 2-APB group than in the vehicle-treated group until the fourth day, and during the eighth and ninth day of treatment (Figure 2A). On the last day of treatment, the values of mPAP were similar in both groups (26.40 ± 2.83 vs. 20.85 ± 2.11 mmHg, for vehicle- and 2-APB-treated lambs, respectively) (Figure 2A). The daily recording of PVR showed similar values for both groups along the experimental period (Figure 2C). Nevertheless, the AUC along with the treatment for both mPAP and PVR, reflecting the integrated value for these variables, was lower in the 2-APB-treated lambs than in the vehicle-treated lambs (Figures 2B,D).
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FIGURE 1. Systemic cardiovascular variables during the experimental period. Basal values for mean systemic artery pressure (mSAP) (A), heart rate (HR) (B), cardiac output (CO) (C), and systemic vascular resistance (SVR) (D) were recorded 5 min before the daily infusion of vehicle (white circles) or 2-APB (black circles). The B day corresponds to basal values before treatment and the following days to values recorded 24 h after the infusion of the previous day. Values are the mean ± SEM. Statistical analysis, unpaired t-test for basal values, two-way ANOVA for repeated measures with Newman–Keuls post hoc test, for daily treatment.
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FIGURE 2. Pulmonary variables during the experimental period. Basal values for mean pulmonary artery pressure (mPAP) (A), the area under the curve for mPAP (mPAP AUC) (B), pulmonary vascular resistance (PVR) (C), and the AUC for PVR (PVR AUC) (D) were measured 5 min before the daily infusion of vehicle (white symbols) or 2-APB (black symbols). The B day corresponds to basal values before starting the treatment and the following days to values recorded 24 h after the infusion of the previous day. Values are the mean ± SEM. *P ≤ 0.05, significant differences for vehicle vs. 2-APB, two-way ANOVA for repeated-measures with Newman–Keuls post hoc test for daily recording, unpaired t-test for basal values, and AUC.




Cardiovascular Response to a Superimposed Hypoxic Challenge After the Treatment

Basal values for arterial pH, PO2, PCO2, THb, SaO2, and O2ct at the end of treatment were similar in both experimental groups. During the superimposed hypoxic challenge, PO2, SaO2, and O2ct decreased to a similar degree reaching similar values in both experimental groups. During recovery, all these variables returned to basal values in both groups (Table 1).


TABLE 1. Arterial pH and blood gasses during a superimposed hypoxic challenge.
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In both experimental groups, mSAP was similar and remained stable along with the protocol (Figure 3A). HR and CO were similar in the control and 2-APB-treated lambs under basal conditions, and they showed a similar increase in both groups during acute hypoxia, and during recovery, they returned to baseline values (Figures 3B,C). The basal SVR was also similar in control and 2-APB-treated lambs decreased to similar values under acute hypoxic challenge and normalized during recovery (Figure 3D).
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FIGURE 3. Systemic cardiovascular responses to a superimposed hypoxic challenge. Vehicle-treated (white symbols) and 2-APB-treated (black symbols) lambs were submitted to a superimposed acute hypoxic challenge 1 day after the end of the treatment and mSAP (A), HR (B), CO (C), and SVR (D) were evaluated and expressed as the mean ± SEM for each experimental period. †P ≤ 0.05, significant differences vs. all in the same group, two-way ANOVA for repeated measures with Newman–Keuls post hoc test.


Basal mPAP was similar in control and 2-APB-treated lambs, increased during the hypoxemic challenge in both experimental groups, and decreased during recovery but remained slightly higher than the basal values (Figure 4A). The ΔmPAP/ΔPO2 ratio did not change with the treatment (1.26 ± 0.22 vs. 1.25 ± 0.17, for vehicle- and 2-APB-treated group, respectively), but the AUC for mPAP during the hypoxic challenge was lower in the 2-APB-treated lambs (Figure 4A insert). PVR followed a similar pattern in both vehicle and 2-APB-treated groups: basal values were similar in the control and 2-APB treated groups and increased during the acute hypoxemic challenge but did not return to baseline values during recovery (Figure 4B).
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FIGURE 4. Pulmonary responses to a superimposed hypoxic challenge. Vehicle-treated (white symbols) and 2-APB-treated (black symbols) animals were submitted to a superimposed acute hypoxic challenge 1 day after the end of the treatment and mPAP, PVR, and AUC during acute hypoxia were determined as indicated in section “Materials and Methods”. (A) Continuous recording of mPAP, (A, insert) AUC during acute hypoxia, and (B) PVR expressed as the mean ± SEM for each experimental period. *P ≤ 0.05, significant differences for vehicle vs. 2-APB, unpaired t-test for AUC; †P ≤ 0.05, significant differences vs. all in the same group, two-way ANOVA for repeated measures with Newman–Keuls post hoc test for acute hypoxia challenge test.




Pulmonary Vascular Morphometry

The pulmonary vascular density was similar in both groups (Figures 5A,B), but the luminal vascular surface of the lung was increased in the 2-APB-treated lambs compared with the vehicle-treated lambs (Figures 5A,C). Pulmonary arteries from animals treated with 2-APB did not change the adventitial area but showed a decrease in the media layer area (Figure 6A) and in the immunoreactivity to SM-α-actin (Figure 6B) compared with the vehicle-treated lambs.
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FIGURE 5. Pulmonary vascular density and luminal surface. Representative micrographs of van Gieson-stained lung sections were performed in lung slices 48 h after the end of the treatment (A), vascular density (B), and luminal surface area (C). Scale bar = 100 μm; magnification: 10×. Values are the mean ± SEM. *P ≤ 0.05, significant differences for vehicle vs. 2-APB, unpaired t-test.
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FIGURE 6. Small pulmonary arteries remodeling. Medial and adventitial layer area (A) and SM-α-actin (B) immunostaining of pulmonary arteries, performed in lung slices 48 h after the end of the treatment. Scale bar = 100 μm; magnification: 40×. Values are the mean ± SEM. *P ≤ 0.05, significant differences for vehicle vs. 2-APB, unpaired t-test.





DISCUSSION

In this study, we tested whether treatment with 2-APB for 10 days can ameliorate the pulmonary arterial hypertension in hypoxic newborn lambs, conceived, gestated, born, and studied during their first 15 days of postnatal life at the Andean Altiplano at 3,600 m.a.s.l. This is a well-established model, showing increased basal mPAP and PVR, with also a greater increase in mPAP and PVR in response to acute hypoxia compared with the lowland controls (Herrera et al., 2007, 2019; Lopez et al., 2016; Gonzaléz-Candia et al., 2020). Our results showed that 2-APB-treated lambs had a lower mPAP between the first and the third day of treatment and during the fifth, the sixth, and the ninth day of treatment compared with the vehicle-treated lambs (P < 0.001 for the global effect of the factor treatment in two-way ANOVA), but at the end of the treatment, mPAP did not differ between groups. Nevertheless, the AUC for mPAP, as an integrated assessment of this variable along with the treatment, was lower in the 2-APB-treated group. The postnatal evolution of basal HR, CO, mSAP, and SVR was unaffected by the treatment, in agreement with previous findings on acute administration of a single dose of 2-APB (Parrau et al., 2013). The net basal PVR was similar in the vehicle- and 2-APB-treated high-altitude lambs at the end of the treatment, but in the latter, the AUC during the treatment was lower in agreement with analogous observation in mPAP. The increase in mPAP in response to acute hypoxic stress evaluated 24 h after the end of the treatment was slightly attenuated by the treatment, but neither PVR nor CO responses to hypoxia were modified despite a significant decrease in pulmonary vascular remodeling. In a previous study, our group observed that a single dose of 8 mg/kg of 2-APB did not modify the basal mPAP or PVR in either low- or high-altitude lambs, but it attenuated the hypoxic pulmonary vasoconstriction in both when measurements are carried out immediately after the drug infusion. Moreover, the inhibitory action of 2-APB in these responses was greater in the high-altitude lambs than in the low-altitude lambs (Parrau et al., 2013). The marked attenuation of hypoxic pulmonary vasoconstriction with a single dose of 2-APB observed in our previous study compared with its mild action observed with repetitive doses over 10 days may result from differences in the time spent between the drug infusion and the acute hypoxic challenge test. This is suggestive of rapid clearance of 2-APB away from the pulmonary circulation in high-altitude hypoxemic lambs. In our previous studies performed on highland lambs, we suggested that a similar single dose of this compound would allow reaching a concentration in the 10–100 μM range in the extracellular space, assuming a distribution volume of 40% of the body weight. The same concentration order blocks SOC in the pulmonary arteries isolated from those animals (Parrau et al., 2013) and in HEK293 cell lines transfected with Orai/Stim or TRPC subunits (Lievremont et al., 2005; DeHaven et al., 2008; Peinelt et al., 2008). Nevertheless, a pharmacokinetic study is needed to elucidate the time needed to reach maximal plasma and tissue concentration and the clearance rate of 2-APB. In fact, when measured ex vivo, under conditions of blockade of voltage-dependent Ca2+ channels with nifedipine, the pulmonary arterial contraction elicited by voltage-independent Ca2+ entry from extracellular space was upregulated in high-altitude lambs, and the relaxation in response to either 2-APB or SKF-96365, another non-selective TRPC channels inhibitor was also greater. These responses are in agreement with the upregulation of Stim1 and TRPC4 transcripts in lungs from high-altitude lambs (Parrau et al., 2013). Taken together, these findings, in addition to extensive pharmacological characterization of 2-APB on Ca2+ signaling, suggest that cardiopulmonary actions of this drug in newborn lambs are the result of their action on SOC, even though we cannot preclude its targeting on intracellular Ca2+ sources, such as IP3 receptors, as discussed below (reviewed in Putney, 2010; Parrau et al., 2013). 2-APB also inhibits TRPM7 channels and connexin proteins from GAP junctions. Nevertheless, it seems unlikely that cardiopulmonary actions observed here are related to these targets because neither TRPM7 nor 2-APB-sensitive connexins are upregulated in the pulmonary vasculature under chronic hypoxia, and the concentrations needed to inhibit the former are excessively high and related to acidification of intracellular milieu rather than direct action on the channel (Bai et al., 2006; Billaud et al., 2011; Chokshi et al., 2012). There is also evidence that 2-APB can act as a reactive oxygen species (ROS) scavenger, and in doing so, it protects cardiomyocytes, ovary, and testis tissue against ischemia/reperfusion damage (Taskin et al., 2014; Sari et al., 2015; Morihara et al., 2017). Inhibition of oxidative stress through melatonin administration increases NO bioavailability and NO-dependent vasodilation of pulmonary arteries in highland lambs (Torres et al., 2015). It is possible that 2-APB, under our experimental conditions, produces similar effects as melatonin, increasing NO bioavailability, but in that case, the NO-vasodilation would be limited by blunted sGC observed in highland lambs (Herrera et al., 2008a). Previously, we reported the effects of a similar treatment with 2-APB but in lambs with partial gestation and birth at high altitude, and postnatally raised at low altitude under normoxia (Castillo-Galán et al., 2016). These lambs have also increased PAP and resistance, enhanced pulmonary vasoconstrictor response to acute hypoxic pulmonary vasoconstriction and pulmonary arterial remodeling compared with the control lambs gestated, born, and studied at low altitude (Herrera et al., 2010). Nevertheless, these lambs are normoxemic, while the lambs used in this study are hypoxemic (Herrera et al., 2010, 2019). When the hemodynamic effects of the treatment with cumulative doses of 2-APB are compared in both models, we observed that basal mPAP decreases from ∼31 mmHg at the beginning of this study to ∼21 mmHg at the end, while the initial and final PVR were ∼0.071 and ∼0.058 mmHg ml kg–1 min–1, respectively. In contrast, in lambs with partial gestation at high-altitude basal mPAP decreases from ∼22 mmHg at the beginning of the treatment to ∼15 mmHg at the end, while basal PVR lowers from ∼ 0.06 to ∼0.045 mmHg ml kg–1 min–1 (Castillo-Galán et al., 2016). In contrast, under acute hypoxic challenge after the end of the treatment, mPAP and PVR reached ∼38–40 mmHg and 0.105 mmHg ml kg–1 min–1 in high-altitude lambs from this study. A similar response is reported in previous studies (Parrau et al., 2013; Lopez et al., 2016; Herrera et al., 2019). After 2-APB treatment, hypoxic mPAP and PVR were ∼35 mmHg and 0.081 mmHg ml kg–1 min–1, respectively. In lambs with partial gestational hypoxia, the mPAP and PVR under acute hypoxia reached ∼32 mmHg and ∼0.085 mmHg ml kg–1 min–1, respectively, while 2-APB treatment markedly lowered these values to ∼22 mmHg and ∼0.055 mmHg ml kg–1 min–1, respectively (Herrera et al., 2010; Castillo-Galán et al., 2016). We speculate that the higher initial mPAP of lambs used in this study, as well as their hypoxemic state, compared with lambs with partial gestation at high altitude but treated under normoxia could partially explain these differences. Both pulmonary vasoconstriction and remodeling induced by the environmental hypoxia are related to the enhancement of store-operated Ca2+ signaling through rapid association and upregulation of their Stim, Orai, and TRPC protein components, respectively (Lin et al., 2004; Ng et al., 2012; Hou et al., 2013; Chen et al., 2017; Wang et al., 2017; He et al., 2018; Reyes et al., 2018a). Increased basal mPAP probably results from the combination of hypoxic pulmonary vasoconstriction together with the pulmonary arterial remodeling in the hypoxemic lambs, while it could mainly result from remodeling in our previous study with normoxemic lambs with less severe disease (Castillo-Galán et al., 2016). Therefore, the administration of the combination of postnatal reoxygenation and 2-APB results in a better reversal of pulmonary arterial hypertension. It is interesting to note that neither CO nor SAP and resistance was modified by 2-APB, under basal conditions or acute hypoxic challenge, reinforcing the idea that vasoactive mechanisms modified by 2-APB are functionally present in the pulmonary vessels than in other vascular beds as described for SOC (Snetkov et al., 2003). When the action of 2-APB on pulmonary vascular remodeling in both ovine models is compared, similarities and differences are found. In this study, we detected a decrease in pulmonary arterial medial layer area in 2-APB-treated lambs, associated with increased luminal vascular surface and decreased α-actin immunoreactivity, while the adventitial layer was not modified. In contrast, α-actin staining, medial, and adventitial layers are diminished in normoxemic pulmonary hypertensive lambs treated with 2-APB (Castillo-Galán et al., 2016). The attenuated regression of remodeling involving only the medial layer in hypoxic pulmonary hypertensive lambs against medial and adventitial layers in normoxic pulmonary hypertensive lambs could be also a partial explanation of the difference in pulmonary hypertension improvement after 2-APB treatment in both models, but this assumption needs further investigation. Regardless of the model, basal mPAP does not normalize to the ∼10–12 mmHg and PVR does not reach the values of ∼0.04 mmHg ml kg–1 min–1 or lower reported for healthy lowland lambs (Herrera et al., 2007, 2010, 2019). Moreover, in this study, we observed a rapid initial decrease in basal mPAP at the beginning of the treatment followed by stabilization on the following days. Various explanations are possible for this finding. First, other sources of Ca2+ influx, such as L-type or T-type Ca2+ channels, could be present and compensate as SOCE inhibition by 2-APB is taking place. Both L- and T-type channels are upregulated in pulmonary arteries from hypoxic adult mice and contribute to pulmonary hypertension (Rodman et al., 2005; Wan et al., 2013; Chevalier et al., 2014). Whether those channels contribute to neonatal pulmonary hypertension in hypoxic lambs remains to be established. Second, the lack of selectivity of this drug and its action on other targets, such as IP3 receptors, could play a role. IP3 receptors contribute to Ca2+ release, Ca2+ store depletion, and SOCE activation in pulmonary arterial smooth muscle. However, it has been recently reported that the type II IP3 receptor subtype can also play a counter-regulatory role by limiting excessive intracellular Ca2+ increase through inhibition of SOCE, vasoconstriction, and remodeling (Shibata et al., 2019). At micromolar concentration, 2-APB could simultaneously block Stim1/Orai1 interaction, and IP3 receptor II, and also activates Orai3 channels in a Stim-independent way (Reyes et al., 2018a; Rosenberg et al., 2019). Consequently, cumulative treatment with 2-APB may prevent both Stim1-dependent activation of Orai1 and subsequent SOCE, but it also could attenuate the counter-regulation dependent on type II IP3 receptors. In addition, this can stimulate Stim1-independent Ca2+ entry through Orai3, limiting, in this way, the regression of pulmonary hypertension. The use of emerging drugs blocking selectively Orai1, independently of its interaction with Stim1 or IP3 receptors, such as AnCoA4 or CM-4620, are needed to validate SOCE as a pharmacological target against hypoxic pulmonary hypertension can achieve normalization (Reyes et al., 2018a; Stauderman, 2018; Waldron et al., 2019).



CONCLUSION

The treatment of hypoxic pulmonary hypertensive lambs with 2-APB, a non-selective inhibitor of store-operated Ca2+ signaling, has a mild effect on pulmonary hypertension and PAP response to acute superimposed hypoxia, without any significant action on other systemic cardiovascular variables. Considering that 2-APB is not a specific blocker, new selective inhibitors for Orai1, the primary pore-forming subunit of store-operated Ca2+ channels, need to be assessed. The improvement promoted by 2-APB on hemodynamic variables in high-altitude hypoxemic newborn lambs is less marked than those previously documented by the same treatment on pulmonary hypertensive normoxemic lambs, despite significant regression of pulmonary vascular remodeling. Therefore, we suggest that oxygenation and 2-APB treatment could have additive actions in the reversal of pulmonary hypertension induced by perinatal hypoxia and validate this signaling pathway as a potential complementary treatment for hypoxic pulmonary arterial hypertension of the neonate.
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Background: Acute hypoxia exposure is associated with an elevation of pulmonary artery pressure (PAP), resulting in an increased hemodynamic load on the right ventricle (RV). In addition, hypoxia may exert direct effects on the RV. However, the RV responses to such challenges are not fully characterized. The aim of this systematic review was to describe the effects of acute hypoxia on the RV in healthy lowland adults.

Methods: We systematically reviewed PubMed and Web of Science and article references from 2005 until May 2021 for prospective studies evaluating echocardiographic RV function and morphology in healthy lowland adults at sea level and upon exposure to simulated altitude or high-altitude.

Results: We included 37 studies in this systematic review, 12 of which used simulated altitude and 25 were conducted in high-altitude field conditions. Eligible studies reported at least one of the RV variables, which were all based on transthoracic echocardiography assessing RV systolic and diastolic function and RV morphology. The design of these studies significantly differed in terms of mode of ascent to high-altitude, altitude level, duration of high-altitude stay, and timing of measurements. In the majority of the studies, echocardiographic examinations were performed within the first 10 days of high-altitude induction. Studies also differed widely by selectively reporting only a part of multiple RV parameters. Despite consistent increase in PAP documented in all studies, reports on the changes of RV function and morphology greatly differed between studies.

Conclusion: This systematic review revealed that the study reports on the effects of acute hypoxia on the RV are controversial and inconclusive. This may be the result of significantly different study designs, non-compliance with international guidelines on RV function assessment and limited statistical power due to small sample sizes. Moreover, the potential impact of other factors such as gender, age, ethnicity, physical activity, mode of ascent and environmental factors such as temperature and humidity on RV responses to hypoxia remained unexplored. Thus, this comprehensive overview will promote reproducible research with improved study designs and methods for the future large-scale prospective studies, which eventually may provide important insights into the RV response to acute hypoxia exposure.

Keywords: acute hypoxia, high-altitude, right ventricle, pulmonary hypertension, echocardiography


INTRODUCTION

With increasing altitude, the partial pressure of oxygen in the atmosphere falls along with the barometric pressure, leading to a gradually decreasing oxygen availability. Consequently, exposure to high-altitude results in diminished arterial blood oxygen content and initiates acclimatization processes consisting in a series of physiological responses of various organs and systems to maintain an adequate oxygen delivery to the tissues. Particularly, major changes occur in the cardiovascular system. While, the systemic vascular resistance may increase only up to 20%, there is more significant elevation of pulmonary artery pressure (PAP) and pulmonary vascular resistance (PVR) due to hypoxic pulmonary vasoconstriction (HPV), against which the right ventricle (RV) should maintain its contractility (Baggish et al., 2014). HPV is a remarkable cardiovascular response to high-altitude hypoxia exposure (Sydykov et al., 2021). Although, the main purpose of the HPV is to maintain local ventilation-perfusion matching and improve blood oxygenation, in the setting of global lung hypoxia during high-altitude exposure, diffuse HPV results in PAP and PVR increase (Swenson, 2013). The degree of the PAP elevation is usually mild-to-moderate and is not associated with serious adverse health consequences (Sydykov et al., 2021). If exposure to hypoxia persists, PAP may remain elevated (Hilty et al., 2016; Gaur et al., 2021) or become partially attenuated over the course of 2–3 weeks (Ghofrani et al., 2004; Baggish et al., 2010). However, a certain proportion of the population displays an exaggerated HPV (B?rtsch and Gibbs, 2007), which may predispose to high altitude pulmonary edema (HAPE), a potentially life-threatening condition that typically occurs in otherwise healthy individuals after rapid ascent to high-altitude (Sydykov et al., 2021). Importantly, alleviation of HPV by an immediate descent leads to a full recovery from HAPE.

A fall in arterial blood oxygen content initiates cardiac responses, including cardiac output increase, in order to maintain adequate oxygen delivery to the tissues (Naeije, 2010). The cardiac output enhancement observed upon high-altitude exposure is explained mainly by increased heart rate with maintained or decreased stroke volume (Naeije, 2010). In high-altitude hypoxia conditions with decreased oxygen availability, augmented cardiac output along with the enhanced load to the RV due to elevated PVR increases myocardial oxygen demand, thus predisposing the RV to myocardial dysfunction. In addition, cardiac performance may be hampered by various factors associated with the high-altitude exposure, such as increased blood viscosity, sympathetic nervous system activation and hypovolemia (Naeije, 2010). Thus, the RV not only should maintain or couple its contractility to increased afterload but also withstand other adverse challenges associated with high-altitude. All these factors together require RV functional and geometrical adaptation to maintain cardiac function and oxygen delivery to the tissues.

Available studies that evaluated the effects of acute high-altitude exposure on the RV produced conflicting results (Naeije and Dedobbeleer, 2013; Richalet and Pichon, 2014). While some studies demonstrated an augmented RV function in response to acute hypoxia-induced afterload increase (Berger et al., 2018; Sareban et al., 2020), others found no change (Huez et al., 2005) or even an impaired RV function (Reichenberger et al., 2007; Hanaoka et al., 2011; Page et al., 2013). Furthermore, there is anecdotal evidence of acute RV failure due to increased RV pressure overload in a healthy individual upon high-altitude exposure (Huez et al., 2007). These discrepancies in the existing literature are poorly understood but might be related to the considerable differences in methods and research designs between the studies and lack of compliance with the guidelines for the assessment of the RV function and morphology (Rudski et al., 2010). In addition, gender (Boos et al., 2016), age (Stewart et al., 2020), ethnicity (Gaur et al., 2021), individual susceptibility (Huez et al., 2007) and some other factors can impact RV performance upon high-altitude hypoxia exposure. Further, at high altitude, RV might be subjected to hemodynamic load of variable severity in different individuals due to great inter-individual variability in the HPV.

In lowlanders, prolonged high-altitude stay is associated with sustained HPV and pulmonary vascular remodeling (Groves et al., 1987; Maggiorini et al., 2001; Luks et al., 2017). Depending on their severity, these changes can cause persistent elevation of PAP and PVR resulting in increased RV afterload, which may lead to RV remodeling and dysfunction (Yang et al., 2015). During prolonged stay at extreme high-altitudes (5800-6700 m), some healthy lowlanders might develop severe RV failure with peripheral congestion syndrome, which is fully reversible upon returning to low altitude (Anand et al., 1990). However, it remains unknown whether acute RV dysfunction affects subsequent development of RV remodeling and failure with prolonged stay at high-altitude.

Although right heart catheterization is the gold standard method for the assessment of pulmonary hemodynamics and RV function, its application in healthy humans in high-altitude settings is challenging due to logistics (remote area) and its invasive nature. Alternatively, echocardiography has become a widely available and reliable method to study cardiovascular physiology (Soria et al., 2016, 2019). It has been proven to be a valuable tool to characterize RV function and morphology in various cardiovascular conditions (Taleb et al., 2013; Greiner et al., 2014). Importantly, echocardiography allows measuring cardiac function serially over the specified time periods and altitude levels (Galie et al., 2016). Consequently, echocardiography has become a widely available and reliable method to study cardiovascular physiology in high-altitude research (Fagenholz et al., 2012; Feletti et al., 2018).

Recently emerged state-of-the-art echocardiography imaging modalities such as speckle-tracking and 3D echocardiography have significantly improved our understanding of the left ventricular (LV) physiology in lowlanders acutely exposed to high-altitude and in permanent high-altitude residents (Stembridge et al., 2015, 2016, 2019). However, these techniques remain underutilized for the in-depth characterization of the RV function and morphology in high-altitude settings. Understanding the physiology of the RV responses to acute hypoxia is of significant importance for gaining insights into mechanisms underlying acute RV dysfunction and failure in various cardiopulmonary diseases. Thus, this systematic review aims to evaluate the RV responses to acute simulated altitude exposure and high-altitude ascent in healthy lowland individuals.



METHODS


Data Sources and Search Strategy

A comprehensive literature search for the relevant articles was performed between January 2005 and May 2021 using online databases PubMed and Web of Science. The aim was to identify studies investigating the effects of acute simulated altitude or high-altitude exposure on RV systolic and diastolic function and morphologic parameters in healthy lowland adults. The search strategy was implemented using the following Boolean operators (AND/OR) and terms: “right ventricular function” OR “right ventricular dysfunction” OR “cardiac function” AND healthy subjects OR healthy individuals OR humans AND “echocardiography” OR “ultrasound imaging” AND hypoxia exposure OR “high altitude” OR hypoxia chamber OR hypoxia room. The search was refined by applying the limits “Humans” and “All adult: +19 years” in PubMed and searching within the subject areas of physiology, respiratory system, cardiovascular system and cardiology in the Web of Science. The exact search terms and Boolean operators used in PubMed and Web of Science are provided in the Supplementary Material. Additionally, manual searches were conducted using Google Scholar and reference lists of the eligible articles to retrieve further articles.



Inclusion and Exclusion Criteria

The inclusion criteria for the relevant studies were: (1) involving healthy lowland subjects aged ≥19 years that had not been exposed to altitudes over 2,500 m in the last 3 weeks before study inclusion; (2) simulated altitude or high-altitude field studies at elevations of 2,500 m and over; (3) reporting at least one of the echocardiographic parameters of the RV systolic or diastolic function or its morphology with numerical values or plots with indicated statistical changes; (4) measurements were performed at baseline (see level with normoxia breathing) and after hypoxia exposure for 15 min up to 1 month; (5) full-text in English; and (6) human subjects. Exclusion criteria were: (1) not reporting measurement results at baseline or after hypoxia exposure; (2) studies with unclear design; (3) case reports, reviews, abstracts, and editorials.



Study Selection and Data Extraction

Two authors (Argen Mamazhakypov and Meerim Sartmyrzaeva) independently screened the retrieved articles by titles and abstracts according to the inclusion and exclusion criteria. Then, the full-texts of the relevant articles were obtained, and the same two authors independently screened the full-text of the articles. Disagreements were resolved by discussions between all the authors.

Two authors (Argen Mamazhakypov and Meerim Sartmyrzaeva) independently extracted the following data (Tables 1, 2): publication details (authors, publication year), sample characteristics (sample size, gender, age), hypoxia exposure profile (simulated altitude or high-altitude field study, hypoxia exposure duration, altitude elevation), mode of ascent (staged acclimatization or without pre-acclimatization), and summarized the outcome measures (RV function and morphology parameters) and the changes in RV parameters upon simulated altitude or high-altitude exposure (Tables 4, 6).


Table 1. Summary of the studies evaluating right ventricular function and morphology upon acute simulated altitude exposure.
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Table 2. Summary of the studies evaluating right ventricular function and morphology upon acute high-altitude exposure.
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RESULTS


Study Selection

Using electronic searches of the databases PubMed and Web of Science, the initial search retrieved 160 records. Additional 19 articles were identified through other sources. After excluding duplicates and articles in languages other than English, we screened the remaining 151 articles by their title and abstract and excluded animal experiments, case reports, review articles, editorials, conference abstracts and articles on irrelevant topics. The remaining 76 records were evaluated for eligibility by full-text assessment, of which 37 studies fulfilled the inclusion criteria and thus were selected for systematic review. The selection process is shown in the PRISMA flow diagram in Figure 1.


[image: Figure 1]
FIGURE 1. Flow chart representation of literature search.




Study Characteristics

The characteristics of the selected 37 studies are summarized in Tables 1, 2. The studies differed in their design (e.g., mode of ascent, altitude level, and measurement time-points at high-altitude), simulated altitude characteristics (e.g., hypoxia breathing, normobaric or hypobaric hypoxia chamber exposure), reported RV parameters, and subject characteristics (number, gender, and age). The marked methodological heterogeneity across these studies and the small number of papers prevented meta-analysis. Hence, we provide a descriptive analysis of the results.

According to the mode of hypoxia exposure the selected studies were divided into simulated altitude and high-altitude field studies. Twelve studies exploited simulated altitude using normobaric or hypobaric hypoxia chambers or hypoxia breathing, and 25 studies were conducted in high-altitude field conditions.



Effects of Simulated Altitude on the Right Ventricle

Twelve studies explored effects of simulated altitude and included a total of 199 healthy adults (Huez et al., 2005; Kjaergaard et al., 2007; Reichenberger et al., 2007; Hanaoka et al., 2011; Pavelescu and Naeije, 2012; Boos et al., 2013, 2016; Goebel et al., 2013; Netzer et al., 2017; Seccombe et al., 2017; Pezzuto et al., 2018; Ewalts et al., 2021). Study participants were exposed to various degrees of hypoxia from 9.9 to 12.5% fraction of inspired oxygen (FiO2), which correspond to altitude levels ranging from 4,000 to 5,500 m. Altitude was simulated by either hypobaric or normobaric hypoxic chamber exposure or hypoxia breathing. Duration of the hypoxia exposure varied from 15 to 150 min. In the majority of the studies, a single echocardiography investigation was performed at high altitude, but in few of them, serial investigations were done. Echocardiographic parameters assessed systolic and diastolic RV function and RV morphology. The summary of the assessed RV parameters is presented in Table 3 and the changes of the parameters upon hypoxia exposure are summarized in Table 4.


Table 3. Echocardiographic parameters assessed in acute simulated altitude studies.
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Table 4. Summary of the studies evaluating the impact of simulated altitude exposure on the right ventricle.
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Right Ventricular Systolic Function

In all of the studies, at least one of the following RV systolic function parameters was reported: tricuspid annular plane systolic excursion (TAPSE), RV fractional area change (RV-FAC), tissue Doppler-derived peak tricuspid annulus systolic velocity (RV-S′), RV myocardial performance index (RV-MPI) and RV global longitudinal strain (RV-GLS). The most frequently measured RV systolic parameter was TAPSE, which was evaluated in 10 studies (Huez et al., 2005; Kjaergaard et al., 2007; Reichenberger et al., 2007; Pavelescu and Naeije, 2012; Boos et al., 2013, 2016; Goebel et al., 2013; Netzer et al., 2017; Seccombe et al., 2017; Pezzuto et al., 2018). In 7 of these studies, TAPSE values remained unchanged upon exposure to acute hypoxia (Huez et al., 2005; Pavelescu and Naeije, 2012; Boos et al., 2013, 2016; Goebel et al., 2013; Seccombe et al., 2017; Pezzuto et al., 2018). One study reported significant elevation of TAPSE following 1 h of hypoxia breathing (FiO2 = 12.5%) suggesting augmented RV function (Kjaergaard et al., 2007). Significantly decreased TAPSE values upon hypoxia breathing (FiO2 = 10%), suggesting RV systolic dysfunction, were observed in one study (Reichenberger et al., 2007). One more study evaluating TAPSE at several time points over the course of 150 min hypoxia showed that TAPSE decreased after 1 h of hypoxia breathing (Netzer et al., 2017).

Other frequently reported RV systolic function parameters included RV-MPI (Kjaergaard et al., 2007; Reichenberger et al., 2007; Hanaoka et al., 2011; Boos et al., 2013; Netzer et al., 2017; Seccombe et al., 2017) and RV-S′ (Huez et al., 2005; Kjaergaard et al., 2007; Pavelescu and Naeije, 2012; Boos et al., 2013; Netzer et al., 2017; Pezzuto et al., 2018), which were evaluated in 6 studies each. RV-MPI was not changed in 3 studies (Kjaergaard et al., 2007; Boos et al., 2013; Seccombe et al., 2017), while its values were significantly increased in one study (Reichenberger et al., 2007). In addition, RV-MPI values increased in subjects susceptible to HAPE (Hanaoka et al., 2011) and in those who were exposed to hypoxia for more than 100 min (Netzer et al., 2017). RV-S′ values remained unchanged in 4 studies (Huez et al., 2005; Kjaergaard et al., 2007; Pavelescu and Naeije, 2012; Pezzuto et al., 2018) and were increased in one study (Boos et al., 2013) or decreased in another study after 1 h hypoxia exposure (Netzer et al., 2017). RV-GLS was evaluated in 2 studies and showed opposite results (Goebel et al., 2013; Ewalts et al., 2021).



Right Ventricular Diastolic Function

In 6 studies, at least one of the following RV diastolic function parameters was reported: early diastolic tricuspid inflow velocity (RV-E), late diastolic tricuspid inflow velocity (RV-A), early-to-late diastolic tricuspid inflow velocities ratio (RV-E/A), tissue Doppler-derived early diastolic tricuspid annular velocity (RV-E′), tissue Doppler-derived late diastolic tricuspid annular velocity (RV-A′), tissue Doppler-derived early-to-late diastolic tricuspid annular velocities ratio (RV-E′/A′) (Huez et al., 2005; Kjaergaard et al., 2007; Pavelescu and Naeije, 2012; Boos et al., 2013; Goebel et al., 2013; Netzer et al., 2017). The RV diastolic parameters RV-E′ and RV-A′ were assessed in 5 (Huez et al., 2005; Kjaergaard et al., 2007; Pavelescu and Naeije, 2012; Boos et al., 2013; Netzer et al., 2017) and 4 studies (Huez et al., 2005; Kjaergaard et al., 2007; Pavelescu and Naeije, 2012; Netzer et al., 2017), respectively. In all these studies, RV-E′ remained unchanged upon exposure to acute hypoxia. In 3 studies, RV-A′ values increased upon hypoxia exposure suggesting increased right atrial (RA) contribution to the RV filling (Huez et al., 2005; Pavelescu and Naeije, 2012; Boos et al., 2013). Consequently, two studies reported decreased RV-E′/A′ values upon acute hypoxia exposure (Huez et al., 2005; Pavelescu and Naeije, 2012).



Right Ventricular Morphology

Seven of the studies reported at least one of the following RV morphology parameters: RV end diastolic area (RV-EDA), RV end systolic area (RV-ESA), RV basal diameter (RVD1), RV mid diameter (RVD2), RV longitudinal size (RVD3) (Huez et al., 2005; Kjaergaard et al., 2007; Pavelescu and Naeije, 2012; Netzer et al., 2017; Seccombe et al., 2017; Pezzuto et al., 2018; Ewalts et al., 2021). The most frequently evaluated RV morphology parameter RV-EDA was reported in 7 studies (Huez et al., 2005; Kjaergaard et al., 2007; Pavelescu and Naeije, 2012; Netzer et al., 2017; Seccombe et al., 2017; Pezzuto et al., 2018; Ewalts et al., 2021). None of the studies revealed changes in the RV morphology following simulated altitude exposure (Huez et al., 2005; Kjaergaard et al., 2007; Pavelescu and Naeije, 2012; Seccombe et al., 2017; Pezzuto et al., 2018; Ewalts et al., 2021), except one study, which showed RV dilation after 10% oxygen breathing (Netzer et al., 2017).




Effects of High-Altitude Exposure on the Right Ventricle

Twenty-five studies were conducted in high-altitude field conditions and included 1144 healthy adults exposed to altitudes of 3100 to 7042 m (Huez et al., 2009; de Vries et al., 2010; Pratali et al., 2010; Page et al., 2013; Boos et al., 2014; Stembridge et al., 2014, 2019; Dedobbeleer et al., 2015; Hilty et al., 2016, 2019; Maufrais et al., 2017, 2019; Qiu et al., 2017; Berger et al., 2018; De Boeck et al., 2018; Sareban et al., 2020; Stewart et al., 2020; Tian et al., 2020; Yang et al., 2020a,b; Ewalts et al., 2021; Gaur et al., 2021; He et al., 2021; Lichtblau et al., 2021; Yuan et al., 2021). At high-altitude, echocardiographic examinations were conducted at various time points of the sojourn ranging from a few hours to 26 days. In some studies, serial echocardiographic investigations were performed over the course of several days of high-altitude stay (Huez et al., 2009; Page et al., 2013; Boos et al., 2014; Hilty et al., 2016, 2019; Maufrais et al., 2017; Berger et al., 2018; De Boeck et al., 2018; Sareban et al., 2020; Stewart et al., 2020; Gaur et al., 2021). In 3 of them, measurements were taken serially over a progressive altitude increment (Huez et al., 2009; Boos et al., 2014; Stewart et al., 2020). In 12 studies, both male and female subjects were included (Huez et al., 2009; de Vries et al., 2010; Pratali et al., 2010; Page et al., 2013; Boos et al., 2014; Dedobbeleer et al., 2015; Berger et al., 2018; De Boeck et al., 2018; Hilty et al., 2019; Stewart et al., 2020; Lichtblau et al., 2021; Yuan et al., 2021), while in 13 studies participants consisted of male subjects only (Stembridge et al., 2014, 2019; Hilty et al., 2016; Maufrais et al., 2017, 2019; Qiu et al., 2017; Sareban et al., 2020; Tian et al., 2020; Yang et al., 2020a,b; Ewalts et al., 2021; Gaur et al., 2021; He et al., 2021). Mode of ascent also differed significantly between the studies ranging from a rapid transportation to high-altitude by airplanes to a staged acclimatization with spending nights at intermediate altitudes. Echocardiographic examination included assessment of RV systolic and diastolic function and morphology. The summary of the assessed RV parameters is presented in Table 5 and the changes of the parameters following high-altitude exposure are summarized in Table 6.


Table 5. Echocardiographic parameters assessed in acute high-altitude exposure studies.
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Table 6. Summary of the studies evaluating the impact of high-altitude exposure on the right ventricle.
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Right Ventricular Systolic Function

In all studies, at least one of the following RV systolic function parameters was reported: TAPSE, RV-S′, RV-FAC or RV-MPI. In addition, RV free wall or global strain were assessed in 8 studies (Page et al., 2013; Stembridge et al., 2014, 2019; Maufrais et al., 2017; Sareban et al., 2020; Yang et al., 2020a,b; Ewalts et al., 2021). The most frequently reported RV systolic function parameter TAPSE was assessed in 18 studies (Huez et al., 2009; de Vries et al., 2010; Pratali et al., 2010; Page et al., 2013; Stembridge et al., 2014; Dedobbeleer et al., 2015; Hilty et al., 2016, 2019; Maufrais et al., 2017, 2019; Berger et al., 2018; De Boeck et al., 2018; Sareban et al., 2020; Stewart et al., 2020; Yang et al., 2020a; Gaur et al., 2021; Lichtblau et al., 2021; Yuan et al., 2021). In 6 of these studies (de Vries et al., 2010; Stembridge et al., 2014; Dedobbeleer et al., 2015; Maufrais et al., 2019; Lichtblau et al., 2021; Yuan et al., 2021), TAPSE was evaluated once while in others it was measured at two (Huez et al., 2009; Pratali et al., 2010; Page et al., 2013; De Boeck et al., 2018; Hilty et al., 2019; Stewart et al., 2020), or 3 (Berger et al., 2018; Sareban et al., 2020) or 4 (Hilty et al., 2016; Maufrais et al., 2017; Sareban et al., 2020; Gaur et al., 2021) time-points over the course of high altitude acclimatization. Regardless of measured time-points in 8 studies out of 18, TAPSE values were maintained during high-altitude stay suggesting preserved RV systolic function (Huez et al., 2009; Pratali et al., 2010; Page et al., 2013; Hilty et al., 2016; Maufrais et al., 2017, 2019; De Boeck et al., 2018; Lichtblau et al., 2021). Only one study reported increased TAPSE values upon high-altitude exposure (Berger et al., 2018). However, other six studies reported reduced TAPSE values at high-altitude on days 3, 4, 8, 10, 12, and 14 suggesting RV systolic dysfunction (de Vries et al., 2010; Stembridge et al., 2014; Dedobbeleer et al., 2015; Stewart et al., 2020; Yang et al., 2020a; Yuan et al., 2021). In addition, three studies reported inconsistent changes in TAPSE values over the course of high-altitude acclimatization (Hilty et al., 2019; Sareban et al., 2020; Gaur et al., 2021).

Another frequently evaluated RV systolic function parameter RV-S′ was reported in 17 studies (Huez et al., 2009; Page et al., 2013; Boos et al., 2014; Stembridge et al., 2014; Dedobbeleer et al., 2015; Maufrais et al., 2017, 2019; Berger et al., 2018; De Boeck et al., 2018; Sareban et al., 2020; Stewart et al., 2020; Tian et al., 2020; Yang et al., 2020a,b; Gaur et al., 2021; He et al., 2021; Yuan et al., 2021). In 11 studies, RV-S′ values were maintained up to 21 days of high-altitude sojourn suggesting preserved RV systolic function (Huez et al., 2009; Page et al., 2013; Boos et al., 2014; Stembridge et al., 2014; Dedobbeleer et al., 2015; Maufrais et al., 2017; Tian et al., 2020; Yang et al., 2020a,b; Gaur et al., 2021; He et al., 2021). Moreover, in 5 studies, RV-S′ values were significantly increased on days 3, 8, and 10 of high-altitude stay, suggesting enhanced RV performance (Berger et al., 2018; De Boeck et al., 2018; Sareban et al., 2020; Stewart et al., 2020; Yang et al., 2020a; Yuan et al., 2021).

Similarly, no changes in RV-FAC were revealed in 9 studies out of 15 (Dedobbeleer et al., 2015; Hilty et al., 2016; Maufrais et al., 2017; Berger et al., 2018; De Boeck et al., 2018; Stembridge et al., 2019; Sareban et al., 2020; Ewalts et al., 2021; Lichtblau et al., 2021). In contrast, in other 6 studies, decreased RV-FAC upon acute high-altitude induction suggested reduced RV systolic function (Stewart et al., 2020; Tian et al., 2020; Yang et al., 2020a,b; He et al., 2021; Yuan et al., 2021). Maintained RV-MPI over the course of high-altitude stay was reported in 3 studies out of 9 (Berger et al., 2018; Sareban et al., 2020; Gaur et al., 2021). In other 6 studies, elevated RV-MPI values suggested compromised RV function (Huez et al., 2009; Page et al., 2013; Dedobbeleer et al., 2015; Hilty et al., 2016; Qiu et al., 2017; Tian et al., 2020). Unchanged RV-GLS was revealed in 6 studies out of 8 suggesting preserved RV function (Page et al., 2013; Maufrais et al., 2017, 2019; Stembridge et al., 2019; Sareban et al., 2020; Ewalts et al., 2021). Reduced RV-GLS values were reported in other 3 studies (Stembridge et al., 2014; Yang et al., 2020a; Yuan et al., 2021).



Right Ventricular Diastolic Function

Fifteen studies reported at least one of the following RV diastolic function parameters upon high-altitude exposure: RV-E, RV-A, RV-E/A, RV-E′, RV-A′, or RV-E′/A′(Huez et al., 2009; de Vries et al., 2010; Page et al., 2013; Boos et al., 2014; Stembridge et al., 2014, 2019; Maufrais et al., 2017, 2019; Stewart et al., 2020; Tian et al., 2020; Yang et al., 2020a,b; Gaur et al., 2021; He et al., 2021; Yuan et al., 2021). The most frequently evaluated parameter was RV-E′ (Huez et al., 2009; de Vries et al., 2010; Boos et al., 2014; Stembridge et al., 2014; Maufrais et al., 2017, 2019; Stewart et al., 2020; Tian et al., 2020; Yang et al., 2020a,b; Gaur et al., 2021; He et al., 2021; Yuan et al., 2021). In 11 studies out of 13, no changes in RV-E′ values were revealed at various time-points and altitude levels (Huez et al., 2009; de Vries et al., 2010; Boos et al., 2014; Stembridge et al., 2014; Maufrais et al., 2019; Stewart et al., 2020; Tian et al., 2020; Yang et al., 2020a,b; He et al., 2021; Yuan et al., 2021). In one study, RV-E′ values increased at an early time point of high-altitude acclimatization and subsequently returned to baseline values at later stages (Maufrais et al., 2017), while they decreased after 3 weeks of high-altitude stay in another study (Gaur et al., 2021).

Another frequently evaluated diastolic parameter RV-E/A was reported in 11 studies (Huez et al., 2009; Page et al., 2013; Maufrais et al., 2017, 2019; Stembridge et al., 2019; Tian et al., 2020; Yang et al., 2020a,b; Gaur et al., 2021; He et al., 2021; Yuan et al., 2021). RV-E/A was decreased in 9 studies (Huez et al., 2009; Page et al., 2013; Maufrais et al., 2017, 2019; Tian et al., 2020; Yang et al., 2020a,b; He et al., 2021; Yuan et al., 2021) and it was unchanged in two studies (Stembridge et al., 2019; Gaur et al., 2021). In 5 studies out of 9, RV-E values remained unaffected at high-altitude (Boos et al., 2014; Maufrais et al., 2017, 2019; Stembridge et al., 2019; Gaur et al., 2021), and they were significantly reduced in 4 studies (Huez et al., 2009; Tian et al., 2020; He et al., 2021; Yuan et al., 2021). RV-A values were not affected upon high altitude exposure in 3 studies out of 8 (Huez et al., 2009; Stembridge et al., 2019; Gaur et al., 2021) and were reduced in 2 studies (Tian et al., 2020; He et al., 2021). Three studies reported significantly increased RV-A values at high-altitude (Maufrais et al., 2017, 2019; Yuan et al., 2021). RV-E′/A′ was reported in 4 studies, which showed preserved values in 2 studies (Huez et al., 2009; Maufrais et al., 2019) and reduced values in one study (Stewart et al., 2020; Gaur et al., 2021).



Right Ventricular Morphology

Fourteen studies reported at least one of the following RV morphology parameters: RV-EDA, RV-ESA, RVD1, RVD2, or RVD3 (Stembridge et al., 2014, 2019; Hilty et al., 2016; Maufrais et al., 2017; De Boeck et al., 2018; Sareban et al., 2020; Stewart et al., 2020; Tian et al., 2020; Yang et al., 2020a,b; Ewalts et al., 2021; Gaur et al., 2021; He et al., 2021; Yuan et al., 2021). The most frequently reported RV morphology parameters were RV-EDA and RV-ESA (Stembridge et al., 2014, 2019; Hilty et al., 2016; Maufrais et al., 2017; De Boeck et al., 2018; Sareban et al., 2020; Stewart et al., 2020; Tian et al., 2020; Yang et al., 2020a,b; Ewalts et al., 2021; He et al., 2021; Yuan et al., 2021). In some studies, RV-EDA and RV-ESA values were indexed to body surface area (Tian et al., 2020; He et al., 2021). In 8 studies out of 13, RV-EDA values remained unchanged upon high-altitude exposure (Stembridge et al., 2014, 2019; Hilty et al., 2016; Maufrais et al., 2017; Sareban et al., 2020; Yang et al., 2020b; Ewalts et al., 2021; Yuan et al., 2021), while they were increased in 2 (De Boeck et al., 2018; Stewart et al., 2020) and decreased in 3 studies (Tian et al., 2020; Yang et al., 2020a; He et al., 2021). Similarly, high-altitude induction did not alter RV-ESA values in 10 studies (Stembridge et al., 2014, 2019; Maufrais et al., 2017; Sareban et al., 2020; Tian et al., 2020; Yang et al., 2020a,b; Ewalts et al., 2021; He et al., 2021; Yuan et al., 2021) and was associated with increased RV-ESA values in 2 studies (De Boeck et al., 2018; Stewart et al., 2020).

Three studies reported unaltered RVD1 and RVD2 values upon high-altitude exposure (Sareban et al., 2020; Gaur et al., 2021; Yuan et al., 2021). Similarly, RVD3 values remained unchanged at high-altitude in 2 studies (Sareban et al., 2020; Gaur et al., 2021).





DISCUSSION

The present systematic review aimed to analyze the effects of acute altitude simulation and high-altitude exposure on the echocardiography-based RV systolic and diastolic function as well as RV morphology parameters in healthy lowland individuals. Both, simulated altitude and high-altitude field conditions have been used to study the effects of reduced arterial partial oxygen pressure on the RV function and morphology. Literature search identified 37 eligible articles that assessed at least one of the RV echocardiography parameters at sea level and at various time points after hypoxia exposure. Of these, 12 studies were conducted using simulated altitude (Huez et al., 2005; Kjaergaard et al., 2007; Reichenberger et al., 2007; Hanaoka et al., 2011; Pavelescu and Naeije, 2012; Boos et al., 2013, 2016; Goebel et al., 2013; Netzer et al., 2017; Seccombe et al., 2017; Pezzuto et al., 2018; Ewalts et al., 2021) and 25 studies were performed in high-altitude field conditions (Huez et al., 2009; de Vries et al., 2010; Pratali et al., 2010; Page et al., 2013; Boos et al., 2014; Stembridge et al., 2014, 2019; Dedobbeleer et al., 2015; Hilty et al., 2016, 2019; Maufrais et al., 2017, 2019; Qiu et al., 2017; Berger et al., 2018; De Boeck et al., 2018; Sareban et al., 2020; Stewart et al., 2020; Tian et al., 2020; Yang et al., 2020a,b; Ewalts et al., 2021; Gaur et al., 2021; He et al., 2021; Lichtblau et al., 2021; Yuan et al., 2021). The simulated altitude studies have exploited either hypoxic breathing (Huez et al., 2005; Kjaergaard et al., 2007; Hanaoka et al., 2011; Pezzuto et al., 2018; Ewalts et al., 2021) or normobaric hypoxia (Goebel et al., 2013; Boos et al., 2016; Netzer et al., 2017) or hypobaric hypoxia chambers (Boos et al., 2013; Goebel et al., 2013).


Right Ventricular Systolic Function

Only a few studies followed the international guidelines and assessed multiple parameters for the comprehensive RV evaluation (Pavelescu and Naeije, 2012; Boos et al., 2013; Maufrais et al., 2017; Netzer et al., 2017; Stewart et al., 2020; Tian et al., 2020; Yang et al., 2020a; Gaur et al., 2021; Yuan et al., 2021). Most of the studies have evaluated only one or 2 or 3 of the following RV systolic function parameters: TAPSE, RV-S′, RV-FAC, RV-MPI or RV-GLS.

Assessment of multiple parameters revealed inconsistent changes in RV systolic function parameters at different time-points and altitude levels. More specifically, TAPSE and RV-S′ remained unchanged upon exposure to high-altitude in the majority of the studies (Huez et al., 2009; Page et al., 2013; Hilty et al., 2016; Maufrais et al., 2017; Gaur et al., 2021). However, in a few studies, RV function assessed by TAPSE was augmented at earlier time-points of exposure (with 24 h) (Berger et al., 2018; Sareban et al., 2020) and then decreased at later stages of high-altitude stay (Stewart et al., 2020; Gaur et al., 2021). Similarly, RV-S′ values were increased at certain time-points of high-altitude exposure in several studies (Berger et al., 2018; De Boeck et al., 2018; Sareban et al., 2020; Stewart et al., 2020; Yang et al., 2020a). Notably, assessment of RV-FAC and RV-MPI revealed augmented RV systolic function in none of the studies (Huez et al., 2009; Page et al., 2013; Dedobbeleer et al., 2015; Maufrais et al., 2017; Berger et al., 2018; De Boeck et al., 2018; Stembridge et al., 2019; Sareban et al., 2020; Stewart et al., 2020; Tian et al., 2020; Yang et al., 2020a; Ewalts et al., 2021; He et al., 2021; Lichtblau et al., 2021; Yuan et al., 2021). In fact, in several studies, the changes of RV-FAC and RV-MPI values indicated diminished RV systolic function (Huez et al., 2009; Page et al., 2013; Dedobbeleer et al., 2015; Hilty et al., 2016; Qiu et al., 2017; Stewart et al., 2020; Tian et al., 2020; Yang et al., 2020a; He et al., 2021; Yuan et al., 2021). Moreover, serial assessment of the RV systolic function parameters within the same study showed inconsistent changes over the course of high-altitude acclimatization (Sareban et al., 2020; Stewart et al., 2020; Gaur et al., 2021). Taken together, in the majority of the studies conventional echocardiography demonstrated maintained RV systolic function upon acute high-altitude exposure, although with variations in the directions of changes in RV systolic parameters and measurement points over the course of high-altitude acclimatization.

Recently, the advent of speckle-tracking echocardiography and its utilization to assess myocardial strain allowed less angle-dependent and load-independent insights into intrinsic myocardial function (Salvo et al., 2015). Speckle-tracking echocardiography has been shown to be a reliable technique in the analysis of RV myocardial mechanics (Kossaify, 2015). In addition, it enables assessment of additional alterations of myocardial mechanics such as contraction dyssynchrony (Badagliacca et al., 2015). Using this technique, RV dyssynchrony was shown in various cardiopulmonary conditions associated with an increased RV pressure overload (Kalogeropoulos et al., 2008; Badagliacca et al., 2017; Pezzuto et al., 2018). Speckle-tracking echocardiography was utilized to evaluate RV-GLS in two simulated altitude studies (Goebel et al., 2013; Ewalts et al., 2021) and in several high-altitude studies (Page et al., 2013; Maufrais et al., 2017; Stembridge et al., 2019; Sareban et al., 2020; Yang et al., 2020a; Ewalts et al., 2021; Yuan et al., 2021). Although, the RV-GLS values remained unchanged upon hypoxia exposure in most of the studies (Page et al., 2013; Maufrais et al., 2017, 2019; Stembridge et al., 2019; Sareban et al., 2020; Ewalts et al., 2021), three studies demonstrated RV dyssynchrony in healthy adults upon exposure to acute simulated altitude and high-altitude (Pezzuto et al., 2018; Ewalts et al., 2021; Yuan et al., 2021).

Augmented RV afterload predisposes the RV to myocardial dysfunction. Although, there is significant amount of information on the pressure overload-induced RV dysfunction, hypoxia itself induces activation of several molecular pathways that could contribute to RV remodeling and dysfunction (Pena et al., 2020). In addition, preclinical studies have demonstrated that hypoxia can directly exert negative inotropic effects in intact animal preparations (Tucker et al., 1976) and in isolated cardiomyocytes (Silverman et al., 1997). The depressive effects of hypoxia on embryonic mouse cardiomyocytes may be related to hypoxia-inducible factor-1 mediated sarcoplasmic reticulum Ca2+-ATPase downregulation (Ronkainen et al., 2011). Direct negative inotropic effects of hypoxia were corroborated in a recent study that demonstrated preservation of the RV contractile function by improved oxygen delivery to the hypoxic myocardium in lambs exposed to acute hypoxia (Boehme et al., 2018).

Besides the direct effects of hypoxia on the myocardium, reduced venous return due to plasma volume contraction might also be responsible for the RV dyssynchrony as increasing venous return to the right heart alleviates it (Ewalts et al., 2021). In addition, in a recent study, high-altitude-induced RV dyssynchrony was associated with a lower degree of oxygen saturation and higher PAP (Yang et al., 2020a) suggesting its relationship with hypoxemia and increased RV afterload. Interestingly, there were no differences in the conventional echocardiography systolic function parameters between subjects with RV dyssynchrony and those without (Yang et al., 2020a). Taken together, while conventional echocardiography-derived parameters suggest maintained RV systolic function upon exposure to hypoxia, subtle changes can be revealed by speckle-tracking echocardiography. Interestingly, the findings derived by the latter suggested that these changes might be driven not only by increased afterload but also by other factors such as decreased preload and direct effects of hypoxia.

High-altitude exposure causes major changes in various functions of the cardiovascular system (Naeije, 2010). In addition to HPV and an associated increase in PAP and PVR, other initial cardiovascular responses include an increase in cardiac output along with tachycardia (Naeije, 2010). Of note, non-cardiovascular factors might contribute to the cardiovascular responses at high-altitude. For example, previous studies demonstrated plasma volume contraction upon high-altitude exposure (Singh et al., 1990), which can remain below sea level values even for up to 4–6 months above 4,000 m (Pugh, 1964). Reduced plasma volume causes, in turn, alterations in the LV function (Stembridge et al., 2019). These findings are supported by recent studies with plasma volume expansion (Stembridge et al., 2019). In healthy lowlanders, plasma volume expansion during acclimatization to 3,800 m restored LV end-diastolic volume, mitral inflow velocities and stroke volume (Stembridge et al., 2019).

Differences in ethnicity (Gaur et al., 2021), age (Stewart et al., 2020), gender (Boos et al., 2016) and exposure duration (Gaur et al., 2021) and physical activity might account for the discrepancies between the study results. The magnitude of the RV response to high-altitude exposure might also be related to the susceptibility to HAPE. For example, exposure to normobaric hypoxia was associated with RV dysfunction in Japanese HAPE-susceptible subjects, while HAPE-resistant subjects displayed maintained RV function (Hanaoka et al., 2011). In line with these findings, in healthy subjects at high-altitude, the degree of RV dysfunction was associated with subclinical pulmonary edema (Page et al., 2013). Importantly, HAPE-susceptible individuals exhibit an exaggerated HPV and display higher PAP values at high-altitude compared to HAPE-resistant subjects (Hanaoka et al., 2011). There is anecdotal evidence of severe acute hypoxic PH with RV dilatation in a previously healthy lowlander upon arrival to 3,700 m within 24 h (Huez et al., 2007). All these findings suggest that lowland apparently healthy HAPE-susceptible subjects are also prone to develop RV dysfunction, most probably due to an augmented HPV. However, direct effects of the gene-variants associated with HAPE susceptibility on the RV cannot be ruled out yet.



Right Ventricular Diastolic Function

It should be noted that only a few studies followed the international guidelines to evaluate multiple parameters for full characterization of the RV diastolic function. Most of the studies provided only a few RV diastolic function parameters. Thus, 7 out of 12 simulated altitude and 15 out of 24 high-altitude exposure studies reported at least one of the following RV diastolic function parameters: RV-E, RV-A, RV-E/A, RV-E′, RV-A′, and RV-E′/A′.

The most consistent change upon high-altitude exposure was the decrease in RV-E/A (Huez et al., 2009; Page et al., 2013; Maufrais et al., 2017, 2019; Tian et al., 2020; Yang et al., 2020a; He et al., 2021; Yuan et al., 2021). However, in a few studies, RV-E/A values remained unchanged (Stembridge et al., 2019; Gaur et al., 2021). Interestingly, the values of RV-E and RV-A were unaffected in the majority of the studies (Boos et al., 2014; Stembridge et al., 2014, 2019; Maufrais et al., 2017, 2019; Gaur et al., 2021). In contrast to the conventional Doppler echocardiography, only a few studies reported changes of RV-E′, RV-A′, RV-E′/A′ in the TDI-derived RV filling parameters (Huez et al., 2009; de Vries et al., 2010; Boos et al., 2014; Stembridge et al., 2014; Maufrais et al., 2019; Stewart et al., 2020; Tian et al., 2020; Yang et al., 2020a; He et al., 2021; Yuan et al., 2021).

Hypoxia has been shown to alter myocardial relaxation (Tucker et al., 1976; Gibbs, 2007). However, LV and RV intrinsic relaxation estimated by TDI echocardiography derived E′ remained unchanged upon acute exposure to high-altitude suggesting that ventricular early filling may be unaffected by hypoxia (He et al., 2021). Interventricular interaction between the RV and LV may impair LV filling through the septal shift toward the LV due to RV pressure overload (B?rtsch and Gibbs, 2007). Alterations in the traditional LV diastolic function markers such as E/A ratio at high-altitude may not be associated with an impairment in myocardial relaxation but might rather reflect lower LV filling pressure (Holloway et al., 2011). Impairment of the LV relaxation seems less likely because pulmonary capillary wedge pressure, which is considered as a surrogate marker of left atrial pressure, is not elevated upon exposure to high-altitude (Reeves et al., 1987). Moreover, increased LV untwist velocity upon acute high-altitude exposure despite attenuated LV filling (Dedobbeleer et al., 2015; Stembridge et al., 2015; Osculati et al., 2016), suggests preserved or even augmented LV relaxation. Increased sympathetic activation may contribute to the enhanced LV untwisting (Rademakers et al., 1992). Likewise, changes in RV diastolic filling patterns upon hypoxia exposure may develop due to increased RV afterload and sympathetic nervous system activation but not due to altered RV relaxation (Huez et al., 2005, 2009; Naeije, 2010).

Atrial contraction is the final component of the ventricular diastole and contributes ~15–20% of stroke volume (He et al., 2021), and thus is intricately related to cardiac performance. As atria actively participate in the ventricular filling, atrial function is considered as a part of ventricular diastolic function. Atrial function can be affected by a number of factors such as decreased energy supply and preload, increased afterload, and altered ventricular mechanics observed upon exposure to high-altitude (Yang et al., 2020a; Ewalts et al., 2021; He et al., 2021). However, despite its importance, literature on atrial function at high-altitude remains scarce. Only a few studies evaluated atrial function upon exposure to high-altitude using speckle-tracking echocardiography (Sareban et al., 2020; He et al., 2021). Thus, unchanged left atrial and enhanced RA contractile function was reported a few hours following an ascent to 4,559 m (Sareban et al., 2019, 2020). In contrast, a more recent study revealed a slightly impaired left atrial function and a prominent RA dysfunction at high-altitude (He et al., 2021). More specifically, acute high-altitude exposure led to a decrease of the reservoir and conduit functions of both atria and reduced RA contractility (He et al., 2021). Notably, atrial dyssynchrony occurred only to the RA and was associated with worse RV performance (He et al., 2021). Taken together, in addition to conventional RV diastolic indices, evaluating RA function by means of speckle-tracking echocardiography can provide additional insights into the RV diastolic function in response to high-altitude exposure. However, exploitation of such methods remains underutilized.



Clinical Implication of Acute Hypoxia Induced Right Ventricular Dysfunction

Understanding the physiology of the RV responses to acute hypoxia is important for gaining insights into mechanisms underlying acute RV dysfunction and failure in some diseases encountered at low-altitude. For example, acute RV dysfunction associated with HPV is common during exacerbation of respiratory diseases such as chronic obstructive pulmonary disease and diffuse fibrotic lung diseases (Weitzenblum, 1994; Judge et al., 2012; Swenson, 2013). Further, episodes of transient hypoxemia accompany sleep-disordered breathing. The most common type of sleep-disordered breathing is obstructive sleep apnea. HPV contributes to transient increases in PAP during sleep in obstructive sleep apnea patients (Kholdani et al., 2015). Taken together, acute hemodynamic load exerted on the RV due to HPV is common during exacerbation in diverse cardiopulmonary conditions and understanding of its pathophysiology may lead to the development of better management strategies.

Therapeutic approaches that could potentially improve RV performance upon acute high-altitude exposure should either reduce RV afterload or improve RV oxygenation. Decreased aerobic exercise capacity observed upon exposure to high-altitude is ascribed to both a decrease in arterial oxygen content and a limitation in maximal cardiac output (Fulco et al., 1998). Combined effects of several factors such as decreased blood volume, hypocapnia, increased blood viscosity, alterations of autonomic nervous system have been shown to limit maximal cardiac output (Wagner, 2000). A limitation in RV flow output due to HPV has also been shown to contribute to reduced maximal cardiac output and exercise capacity (Naeije et al., 2010). Indeed, several vasodilators such as sildenafil (Ghofrani et al., 2004; Richalet et al., 2005), bosentan (Faoro et al., 2009) and sitaxsentan (Naeije et al., 2010) have been shown to improve maximal exercise capacity along with decreasing PAP in humans upon acute high-altitude exposure. Sitaxsentan (Naeije et al., 2010), sildenafil (Reichenberger et al., 2007) and epoprostenol (Pavelescu and Naeije, 2012) also improved RV function in healthy volunteers upon acute high-altitude exposure or hypoxic breathing. Although, their direct impact on the RV cannot be excluded, these beneficial effects on the RV were probably due to lowering PAP and PVR. Taken together, vasodilators can improve RV function and exercise capacity at least in part due to reduction of RV afterload.

Another strategy to improve RV function is to improve RV oxygenation. Artificial oxygen carriers initially developed as “blood substitutes” are now considered also for other therapeutic concepts as “oxygen therapeutics” (Spahn, 2018). Recently, a beneficial effect of a novel cross-linked hemoglobin-based oxygen carrier was demonstrated in an experimental model of acute mountain sickness in rabbits and goats (Zhang et al., 2021). Application of a carbon monoxide-saturated hemoglobin-based oxygen carrier significantly improved cardiac performance in mice exposed to high-altitude (Wang et al., 2017). Furthermore, in lambs exposed to acute hypoxia, administration of a novel oxygen delivery biotherapeutic Omniox-cardiovascular was associated with preserved RV contractile function despite elevated PVR (Boehme et al., 2018). Thus, artificial oxygen carriers might be useful in improving RV function in conditions of acute hypoxia exposure. Similarly, agents improving cardiomyocyte tolerance to hypoxia may also help to maintain cardiac function and exercise capacity at high-altitude. For example, trimetazidine has been shown to prevent cardiorespiratory fitness impairment and improve left ventricular systolic function in healthy volunteers during acute high-altitude exposure (Yang et al., 2019). However, it remains unknown whether trimetazidine can improve RV function upon acute exposure to high-altitude.




LIMITATIONS

Our systematic review has several limitations. As with any systematic review, publication bias and the possibility of missing potentially relevant articles cannot be excluded. However, we attempted to minimize such issues by using a robust search strategy including checking bibliography of original and review articles on the relevant topics.

In general, heterogeneity and small sample size limit the conclusions that can be drawn from the systematic analysis of the studies. Our systematic review identified considerable heterogeneity between study results. In the majority of the studies, RV function and morphology parameters were under-reported. Studies also differed significantly in terms of mode of altitude ascent. In studies with a staged acclimatization, participants spent nights at intermediate altitudes, while in other studies, subjects were brought to high-altitude by vehicles within a short time. In addition, results of acute altitude simulation studies cannot be fully extrapolated to the high-altitude field conditions. For example, reduction of total blood volume that occurs at high-altitude is not observed during acute simulated altitude (Stembridge et al., 2016). Moreover, the debate about the potential differences in modalities of hypoxia challenge remains unresolved (Savourey et al., 2003; Mounier and Brugniaux, 2012). Furthermore, echocardiography examinations were performed at different time-points of exposure to hypoxia. All these factors might have influenced the changes in the RV function parameters at a target altitude. Moreover, only very few studies considered other factors potentially influencing the RV response to acute hypoxia such as gender (Boos et al., 2016), age (Stewart et al., 2020) and ethnicity (Gaur et al., 2021).

With the advent of speckle-tracking echocardiography, detection of subtle cardiac abnormalities might have been improved. However, only in a few of the included studies such a sensitive technique was employed. In addition, in most of the studies, participants were middle-aged males; thus, our results probably are not applicable to other groups such as females and other age groups. Since we considered studies only on healthy subjects, our conclusions cannot be extended to individuals with underlying diseases. Conventional echocardiography and Doppler echocardiography are considered as less accurate non-invasive methods to assess pulmonary hemodynamics and cardiac function compared to invasive techniques (Fisher et al., 2009). Invasive methods, such as right heart catheterization, are less suitable due to ethical considerations in healthy individuals and challenging logistics in remote areas (Fagenholz et al., 2012; Feletti et al., 2018). Nevertheless, numerous studies have validated echocardiography by comparing it with invasive measurements of pulmonary hemodynamics at high-altitude (Allemann et al., 2000; Fagenholz et al., 2012).

Some studies included in the review reported similar number of subjects from the same authors, which might be the case that the same subject's data might have been used twice in two different publications. Although, we did not contact the authors regarding this issue, we have been very careful to screen the included studies if the authors have mentioned that the data presented in their studies had been used in previous publications.



CONCLUSION

This systematic review demonstrated that the reports on the effects of acute exposure to hypoxia on the RV are controversial and inconclusive. This may be due to significantly different study designs and non-optimal reporting of multiple RV parameters as recommended by international guidelines. Moreover, the potential impact of other factors such as gender, age, mode of ascent and physical activity on RV responses to hypoxia largely remained neglected. Larger-scale studies and longer follow-up are needed to explore RV adaptation to hypoxia and associated increased afterload and its clinical relevance. Future research should study RV physiology by assessing multiple conventional echocardiography parameters along with the recently developed techniques, such as speck-tracking and 3D echocardiography. Thus, this comprehensive overview will promote reproducible research with improved study design and methods for the future large-scale prospective studies assessing RV function in accordance with the international guidelines, which eventually may provide important insights into the RV response to acute hypoxia exposure.
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Although the human body may dynamically adapt to mild and brief oxygen shortages, there is a growing interest in understanding how the metabolic pathways are modified during sustained exposure to chronic hypoxia. Located at an equivalent altitude of approximately 3,800 m asl, the Concordia Station in Antarctica represents an opportunity to study the course of human adaption to mild hypoxia with reduced impact of potentially disturbing variables else than oxygen deprivation. We recruited seven healthy subjects who spent 10 months in the Concordia Station, and collected plasma samples at sea level before departure, and 90 days, 6 months, and 10 months during hypoxia. Samples were analyzed by untargeted liquid chromatography high resolution mass spectrometry to unravel how the non-polar and polar metabolomes are affected. Statistical analyses were performed by clustering the subjects into four groups according to the duration of hypoxia exposure. The non-polar metabolome revealed a modest decrease in the concentration of all the major lipid classes. By contrast, the polar metabolome showed marked alterations in several metabolic pathways, especially those related to amino acids metabolism, with a particular concern of arginine, glutamine, phenylalanine, tryptophan, and tyrosine. Remarkably, all the changes were evident since the first time point and remained unaffected by hypoxia duration (with the exception of a slight return of the non-polar metabolome after 6 months), highlighting a relative inability of the body to compensate them. Finally, we identified a few metabolic pathways that emerged as the main targets of chronic hypoxia.

Keywords: chronic hypoxia, adaptation, Antarctica, metabolites, metabolomics, lipidomics


INTRODUCTION

About 83 million people permanently reside above 2,500 m asl (Beall, 2014) and numberless people are exposed to moderate or high altitudes for touristic and job-related reasons worldwide, yet sojourning at altitude still represents a challenge because of systemic hypoxia, i.e., lower oxygen supply with respect to the body’s need. Although humans can adapt, at least partially, to mild and brief oxygen shortages, hypoxia still remains a potentially lethal situation that represents a great burden in terms of lost lives and social costs for care and rehabilitation, especially for children in low- and middle-income countries (Lam et al., 2020). Nevertheless, despite a plethora of studies (10,194 articles with the term “hypoxia” in the title have been published in PubMed in 2020, compared to 5,610 in 2010 and 2,670 in 2000), systemic hypoxia has not yet been examined to a sufficient detail to grant adequate and safe therapeutic countermeasures. This issue is further aggravated by the occurrence of adaptive patterns that may potentially lead to pathological conditions.

Long-term adaptation of sea-level dwellers to hypoxia involves metabolic, respiratory, circulatory, and genetic mechanisms (Julian, 1985; Moore, 1985; Storz, 2021). Among these, the mechanisms related to respiratory adaptation are particularly suitable to monitor hypoxia adaptation. Yet the comprehension of these mechanisms requires the availability of experimental models wherein altitude hypoxia represents the unique major variable, with exclusion of poorly controllable factors, such as strenuous exercise, psychological stress, excessive temperature fluctuations, altitude changes, irregular feeding, and liquids assumption. The French-Italian Concordia Station in the Antarctica represents an opportunity to study the progress of human adaptation to hypoxia. The station is located at 3,233 m asl, but high latitude reduces the local barometric pressure and the amount of oxygen in breathed air mimics an approximate altitude of 3,800 m asl that leads to arterial oxygen saturation in the 91–94% range (Porcelli et al., 2017). As this condition is to be classified as mild hypoxia (Jahan et al., 2014), it represents a non-dangerous situation to whom healthy humans are predicted to adapt. As the subjects who winter-over at the Concordia Station do not have any possibility to change altitude for up to 10 months, this provided the chance to get an insight into the effects of mild hypoxia in the absence of disturbing factors.

In this study, we report the non-polar and polar metabolomes in plasma samples obtained from subjects exposed to mild hypoxia in the search of signs of long-term adaptation or return to baseline conditions. The non-polar and polar metabolomes were investigated by an up-to-date liquid chromatography high resolution mass spectrometry (LC-HR-MS) platform looking for metabolic pathways with impact on the human body response to hypoxia. The working hypothesis is that the absence of confounding factors and the lack of observable distressful outcomes would enable to focus into the physiological mechanisms underlying the body adaptation to mild hypoxia, a stressing condition that is more common than moderate and extreme hypoxia.



MATERIALS AND METHODS


Subjects

Seven healthy crew members in the Concordia Station (all men, aged 25–55, mean 41 years old) participated in this study. All enrolled subjects signed a declaration whereby they were informed of the risks of the study and agreed in performing the planned measurements for the full duration of the study. This study, that was approved by the Ethical Committee of the San Paolo Hospital in Milan, was conducted within the framework of the European Space Agency’s Life Science campaign at the Concordia Station.



Study Design

The data reported in this study were obtained during the winter-over campaign in 2019. Baseline measurements (Group 0) were performed before the start of the mission at the European Space Agency Centre in Cologne (Germany, 91 m asl). Then, subjects were studied at three time points: 90 days (Group 90) after reaching the Concordia Station, 150–180 days (Mid-Winter, Group MW), and at the end of the winter-over campaign, immediately before leaving, 300 days after their arrival (Group END). The temperature inside the Concordia Station, a French-Italian research facility located at Dome C on the Antarctic Plateau, was permanently 22 ± 2°C despite the average air temperature, humidity and wind speed outside the Station were −58 ± 9°C, 41 ± 10%, and 2.8 m/s, respectively. Located at a geographical altitude of 3,233 m asl, the mean barometric pressure during the winter-over (478 mmHg) corresponds to an altitude of approximately 3,800 m asl in the rest of the world, a value slightly lower than that reported elsewhere (Venemans-Jellema et al., 2014), probably because the oxygen fraction in the Antarctica air (20.82–20.90%) is lower than that in the rest of the world (Kanwisher, 1957). However, all subjects were examined weekly by a staff physician for assessment of the Acute Mountain Sickness (AMS) score according to the Lake Louise symptom scale (Ferrazzini et al., 1987).

At all time points, blood samples were obtained from the antecubital vein in K2 EDTA vacuum tubes while fasting in the morning, centrifuged (2,500 rpm, 15 min) and plasma was stored at −80°C until analyses performed in the laboratory in Milan.



Chemicals and Reagents

The chemicals acetonitrile, 2-propanol, methanol, ethanol, chloroform, formic acid, ammonium acetate, and ammonium formate were all at analytical grade and purchased by Sigma-Aldrich (St. Louis, MO, United States). All aqueous solutions were prepared using purified water at a Milli-Q grade (Burlington, MA, United States).



Creation of an In-House Metabolites Library

The Mass Spectrometry Metabolite Library (Supplied by IROA Technologies; Gonzalez-Ruiz et al., 2017; Pezzatti et al., 2019) was purchased by Sigma-Aldrich (St. Louis, MO, United States) and includes 603 unique metabolites divided in seven plates: five with polar metabolites and two with lipid-related molecules (for the composition of the plates, see Supplementary Table S1). Stock solutions of the analytes were prepared at the concentration of 25 μg/ml according to the manufacturer’s instructions by using 5% methanol in water for plates 1–5 and methanol/chloroform (1:1, v/v) for lipids. Each plate was shaken on an oscillator thermo-mixer for 30 min at 1,000 rpm at 5°C. Twenty-nine pools were prepared, so that each one contained a maximum of 22 standards with distinct exact masses; isomers were never mixed in the same vial. The different mixes’ final concentration was about 1.25 μg/ml (for the composition of each pool, see Supplementary Table S2). Five μl of each vial was directly injected in LC–MS/MS (see “Analysis by LC-HR-MS”).

After LC–MS analysis of the standard pools, data were manually processed by MS-DIAL (ver 4.0) or semi-automatically by MSLDiscovery (ver. 3.1B.15), checking for the most prominent adducts for each analyte in both polarities (Simon-Manso et al., 2013; see “LC-HR-MS Data Processing”). The retention time (Rt), intensity, three prevalent MS/MS fragments, and S/N for each standard peak were annotated only when at least one of the accurate masses of the adducts was in accordance with those reported in MSLDiscovery Database (m/z ± 0.02 Da, <30 ppm). Final curation of the “in-house” attained Database, and compounds validation, was then made on the basis of isotopic distribution, the number of recognized adducts, and MS/MS spectra. The in-house Database comprised at the end 506 metabolites (see Supplementary Table S3).



Plasma Extraction Procedures


Non-polar Metabolites

Plasma (25 μl) was diluted with water (75 μl) and added with cold methanol/chloroform mixture (850 μl, 2:1, v/v). They were ice-sonicated and extracted with an oscillator thermo-mixer (30 min 5°C, 1,000 rpm). After centrifugation (15 min at 13,400 rpm), the organic phase was evaporated under a stream of nitrogen. The residues were dissolved in 100 μl of isopropanol/acetonitrile (2:1, v/v) + 0.1 mm BHT and withdrawn in a glass vial (Dei Cas et al., 2020).



Polar Metabolites

Plasma (50 μl) was diluted with water (50 μl) and added with cold methanol/ethanol mixture (400 μl, 1:1, v/v). They were ice-sonicated and extracted with an oscillator thermo-mixer (30 min 5°C, 1,000 rpm). After centrifugation (15 min at 13,400 rpm), the protein debris was discharged, and the clean supernatant was evaporated under a stream of nitrogen. The residues were dissolved in 50 μl of water and withdrawn in a vial (Wawrzyniak et al., 2018).




Analysis by LC-HR-MS

The instrument consisted of a Shimadzu UPLC coupled with a Triple TOF 6600 Sciex (Concord, Canada) equipped with Turbo Spray IonDrive. All samples were analyzed in duplicate in both positive and negative mode with electrospray ionization.


Untargeted Lipidomics

The instrument settings were as follows: CUR = 35, GS1 = 55, GS2 = 65, capillary voltage ±5.5 kV, and source temperature 350°C. Spectra were contemporarily acquired by full-mass scan from m/z 200 to 1,500 (100 ms accumulation time) and data-dependent acquisition from m/z 50 to 1,500 (40 ms accumulation time, top-20 spectra per cycle 0.8 s). Declustering potential (DP) was fixed to 50 eV, and the collision energy (CE) was 35 ± 15 eV. The chromatographic separation was reached on a reverse-phase Acquity CSH C18 column 1.7 μm, 2.1 × 100 mm (Waters, MA, United States) equipped with a pre-column by using, as mobile phase (A) water/acetonitrile (60:40) and, as mobile phase (B) 2-propanol/acetonitrile (90:10), both containing 10-mm ammonium acetate and 0.1% of formic acid (Dei Cas et al., 2020). The flow rate was 0.4 ml/min, and the column temperature was 55°C. The elution gradient (%B) was set as below: 0–2.0 min (40%), 2.0–2.5 min (40–50%), 2.5–12.5 min (50–55%), 12.5–13.0 min (55–70%), 13.0–19.0 min (70–99%), 19.0–24.0 min (99%), and 24.0–24.2 (99–40%) and kept constant until 30 min. Five μl of clear organic supernatant was directly injected in the LC–MS/MS.



Untargeted Metabolomics

The instrument settings were as follows: CUR = 35, GS1 = 40, GS2 = 40, capillary voltage ±5.5 kV, and source temperature 500°C. Spectra were contemporarily acquired by full-mass scan from m/z 50 to 1,000 (100 ms accumulation time) and data-dependent acquisition from m/z 40 to 1,000 (40 ms accumulation time, top-20 spectra per cycle 0.8 s). Declustering potential (DP) was fixed to 60 eV, and collision energy (CE) was 30 ± 15 eV. Chromatographic separation was achieved on a reverse-phase Acquity HSS T3 column 1.7 μm, 2.1 × 100 mm (Waters, MA, United States) equipped with pre-column using as mobile phase (A) water and as mobile phase (B) methanol both containing 0.1% of formic acid (Want et al., 2013). The flow rate was 0.4 ml/min and the column temperature was 40°C. The elution gradient (%B) was set as below: 0–2.0 min (1%), 2.0–6.0 min (1–25%), 6.0–10.0 min (25–80%), 10.0–12.0 min (80–90%), 12.0–21.0 min (90–99%), 21.0–23.0 min (99–99%), and 23.0–23.2 min (99–1%) held until 30 min. Five μl of clear aqueous supernatant was directly injected in LC–MS/MS.



LC-HR-MS Data Processing

The spectra deconvolution, peak alignment, and sample normalization were attained using MS-DIAL (ver. 4.0; Tsugawa et al., 2015; Cajka et al., 2017; Huan et al., 2017). MS and MS/MS tolerance for peak profile were set to 0.01 and 0.05 Da, respectively. Identification was achieved matching molecular (m/z ± 0.02) and MS/MS experimental spectra (m/z ± 0.05) with (Beall, 2014) the Fiehn Hilic library for metabolomics or (Lam et al., 2020) the LipidBlast library for lipidomics. MS-DIAL post-identification was completed by the in-house library, which also considered analytes retention times. Features that met the following criteria were extracted and used for further analysis: (Beall, 2014) the CV% of the feature in the QC sample, repeatedly injected all along with the batch, should be <30%, and (Lam et al., 2020) the value of the feature peak was more than 10-fold the value of the same feature in the blank. Intensities of the remained metabolites were normalized by Lowess algorithm.




Statistical Analysis

Multivariate analysis was achieved with MetaboAnalyst 5.0, after data log-transformation and auto-scaling. Partial least squares discriminant analysis (PLS-DA) was performed to increase the group separation and to identify the variables with high Variance Importance in Projection score (VIP), assuming a cut-off value of 1.0 to disclose the discriminating variables. In PLS-DA, the dimension of a dataset is reduced while retaining as much information as possible; particularly, all the data acquired from a sample are condensed in a single dot, characterized by two dimensions. To further corroborate data, univariate statistical analysis was performed by GraphPad Prism 9.0 (GraphPad Software, Inc., La Jolla, California, United States) using one-way ANOVA followed by the Dunnett post-hoc test to compare metabolites against baseline (time 0) for each subject.

To confirm the relevance of the identified metabolites in precise metabolic pathways affected by hypoxia, the pathway analysis was performed based on Homo sapiens KEGG pathway networks (release 99, 2021/07). The value of p was corrected for the false discovery rate. Visualization of the results was attained using GraphPad Prism 9.0 (GraphPad Software, Inc., La Jolla, California, United States). In all tests, p < 0.05 was considered statistically significant.




RESULTS

The environmental conditions at the Concordia Station were predicted to cause some degree of emotional stress (Caputo et al., 2020), but all subjects remained in good health for the whole duration of the study and never experienced signs of high-altitude illness (AMS score < 1).


Non-polar Metabolome

By processing the LC-HR-MS data as described in “LC-HR-MS Data Processing”, we identified ~1,000 lipid species in the plasma of each subject. The discriminant analysis (PLS-DA), useful to highlight the changes in the lipidome along the chronic hypoxia exposure period, showed a separation of 28.1% on principal component (PC1). The analysis showed a remarkable separation between the lipidome gathered at sea level before departure (time 0), and all the other observation times during hypoxia (Figure 1A).
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FIGURE 1. Alterations in circulating lipidome during 10 months of chronic hypoxia in the Antarctica. (A) Multivariate analysis visualized as principal discriminant analysis of lipids in plasma after 0, 90, 150–180 (MW), and 300 days (END) in the Antarctica. (B) Discriminant lipids were chosen between those with a VIP > 1.0, then ordered and summed according to their class, and finally visualized as a heat map after transformation to values of z. Data are shown as log-fold change of each time points (90, MW, END) over baseline values. The three columns on the right show the significance of the difference vs. time 0 by one-way ANOVA and the Dunnett post-hoc test. (C) Discriminant (VIP) lipids grouped in their classes and subclasses as a donut chart graph.


To rank the discriminating features alongside the exposure to hypoxia, we used the VIP scores derived from the PLS-DA, assuming 1.0 as cut-off value. With this process, we selected 220 discriminant lipid species with VIP > 1.0 that emerged as markers of the differences among the plasma samples gathered at the four time points. They were then ordered and grouped according to their classes and visualized as a heat map after transformation to values of z (Figures 1B,C and Supplementary Figure S1). To detect those metabolites that were changed (p < 0.05) in at least one time point with respect to baseline, we employed univariate ANOVA. Apart from the 90-day time point, which often showed mild non-significant changes in some lipid species, the trend depicted a decrease in nine plasma lipid species along with hypoxia time, while Vitamin E levels resulted increased (Figure 1B). Although the data points taken in hypoxia appear consistently different from baseline at any time, a slight but significant (p < 0.01) change was observed between MW and END along PC1, highlighting a possible normalization of the non-polar metabolome after 6-month hypoxia. Such change, however, was not observed along neither PC2 nor PC3.



Polar Metabolome

After applying to LC-HR-MS data the same processing procedure described in paragraph “LC-HR-MS Data Processing”, we identified n = 146 polar metabolites in the plasma of each subject (Supplementary Table S4). PLS-DA on polar metabolites showed a more remarkable separation than lipids between non-hypoxic and hypoxic conditions (PC1 = 41.2% vs. 28.3%; Figure 2A). The PLS-DA performed on these metabolites helped identifying n = 69 metabolites with VIP > 1 that are related with hypoxia (Figure 2B). Figure 2C shows as the heat map of the metabolites that satisfy two conditions: VIP > 1 and p < 0.05 at least at one time point during the observation period (n = 65). Whereas PLS-DA component 1 describes the immediate responses to environment changes, component 2 shows the progressive change of the polar metabolome during hypoxia exposure. The VIP metabolites calculated on both PC1 and PC2 are listed in Supplementary Table S5. Particularly, the results from this analysis appear consistent with the previous ones, as most of the metabolites are found in both VIP groups, such as ornithine, nicotinamide, and N-acetylputrescine. By contrast, other molecules, such as, for instance, propionylcarnitine, are VIP metabolites following PC2 only.
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FIGURE 2. Alterations in the circulating polar metabolome during 10 months of chronic hypoxia in the Antarctica. (A) Multivariate analysis visualized as principal discriminant analysis of polar metabolites in plasma after 0, 90, 150–180 (MW), and 300 days (END) in Antarctica. (B) Number of identified metabolites in each subgroup: VIP, metabolites with p < 0.05 and VIP with p < 0.05. (C) Heat map of discriminant metabolites with VIP > 1.0, and at least one time point with p < 0.05 vs. time 0 after transformation to values of z. Data are shown as log-fold change of each time points (90, MW, END) over baseline. The three columns on the right show the significance of the difference vs. time 0 by one-way ANOVA and the Dunnett post-hoc test.



Pathway Analysis

To discover the metabolic pathways mostly involved during hypoxia adaptation, we performed three different pathway analyses comparing the metabolomes of the three time points during hypoxia with the baseline one. The bubble graph in Figure 3 shows schematically the modulation of the pathways. For each metabolism pathway, the coverage is represented by the size of the circles, while the position on the X-axis indicates the impact in a scale from 0 to 1 and the bubble color the value of p. All the pathways indicated therein have an impact of at least 0.3. Most of the pathways implicated in chronic hypoxia seem to be linked to the metabolism of amino acids. More specifically, the pathways with higher impact and coverage resulted to be associated to the biosynthesis of phenylalanine, tyrosine, and tryptophan (map 00040 in KEGG). Figure 4 displays, instead, the relation of each metabolite to the modulated pathway itself and their levels across the groups. For each of the pathways represented as a bubble in Figure 3, all the detected metabolites are annotated from the H. sapiens KEGG pathway networks, their variation over time and the significance of the variation.
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FIGURE 3. Schematic diagram of the most altered metabolic pathways after 90 days, MW and 9 months in Antarctica with respect to baseline. Values of p were corrected for false discovery rate. Enrichment pathway analysis was performed based on Homo sapiens KEGG pathway networks. In purple, are reported those significantly modulated by performing one-way ANOVA and the Dunnett post-hoc test; in yellow, those not modulated. For each metabolism pathway, the coverage is represented by the size of the circles, while the position on the X-axis indicates the impact in a scale from 0 to 1.
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FIGURE 4. Heat map of the metabolites included in the pathways significantly affected by hypoxia for every time point. On the right, are indicated in violet those significantly modulated by performing one-way ANOVA and the Dunnett post-hoc test; in yellow, those not modulated.






DISCUSSION

When the effects of chronic hypoxia in humans are investigated at altitude, many disturbing factors may interfere with the measurement of metabolic and physiological variables. These may include exposure to cold, development of anxiety, heavy exercise, abrupt altitude changes, environmental-born stress, food ingestion irregularities, or even starving. By contrast, the logistics of the Concordia Station, with reduced fluctuations in temperature and humidity, comforting environment, regular feeding, and drinking, impossibility to change altitude and relatively controlled psychological stress should reduce, or even prevent, the occurrence of disturbing factors. Specifically, although cold exposure during outdoor activities may affect the lipidome profile (Lynes et al., 2018; Coolbaugh et al., 2019), we exclude this as a potential confounding factor in this study, due to the low exposure volume and the great preventive attention paid by the subjects. It is known that the lack of natural sunlight may alter the fasting plasma metabolome in healthy subjects (Noordam et al., 2019). Therefore, it is possible that the rupture in the circadian rhythms in the subjects studied here may represent a confounding factor because the MW time point corresponds to day-long lightless conditions in contrast to the 90 and END points. Although indoor light tended to preserve in part the day-night light cycle, this confounding factor should be taken as a potential limit of this study.

Therefore, in this study, hypoxia may be considered the only variable that influenced the measurements. The duration of the subjects’ sojourn at altitude (10 months) enables focusing into relatively long-term adaptation to hypoxia. The degree of hypoxia at the Concordia Station, equivalent to approximately 3,800 m asl, is compatible with the body’s need to adapt, yet it is not extreme, with the risk to conflict with altitude sickness. Indeed, the blood gas values at the Concordia Station revealed decreased pCO2 with alkalemia resulting from moderate increase of the breathing rate to balance hypoxia (Porcelli et al., 2017). The inadequate renal compensation to cope with increased CO2 washout in the lungs nevertheless produced a persistent base excess of −4 mEq/l, to be compared with −6 mEq/l found at 6,450 m asl (Samaja et al., 1997).

Today LC-HR-MS represents a powerful approach to address the metabolome changes in response to hypoxia. Despite the low number of subjects, most of the metabolome changes were statistically consistent and visible since t = 90 days. Because they remained independent of the hypoxia duration until t = 300 days, this highlights human inability to compensate the observed changes with return to baseline values. This feature might be interpreted as lack of adaptation to hypoxia, in the same way as it has been previously observed as for the changes induced by hypoxia on the acid–base status and on the erythropoietic stimulus (Porcelli et al., 2017).

Whereas some of the observed changes appear occasional and perhaps dependent on the individual diet (e.g., caffeine, 1,7-dimethyluric acid, and Vitamin E), other changes may be referred to as part of one or more mechanisms of hypoxia adaptation, with special concern of the metabolism of amino acids. Exposure to altitude hypoxia is well known to increase protein catabolism (Pasiakos et al., 2017). However, the finding that the whole pool of proteogenic amino acid is not altered by hypoxia nor to vary with time (Supplementary Figure S2) suggests the lack of significant hypoxia-induced protein catabolism. Most likely, the living conditions at the Concordia Station exclude this potentially confounding variable (Rathor et al., 2021); thus, the variations of individual amino acids may be attributed solely to selective recruitment of hypoxia-linked metabolic pathways (see also Supplementary Figure S3).

The increase in the plasma levels of some amino acids agrees with a study performed in 34 volunteers ascending progressively to 6,885 m asl in 19 days, that showed altitude-related increases in tryptophan, serotonin, and peroxidation-sensitive lipids, together with enhanced oxidative stress (Pichler Hefti et al., 2013). In an attempt to associate the variations of single amino acids to hypoxia-linked pathways, we focused into those species that displayed marked (>0.5) and significant (p < 0.05) changes over the three time points.

High glutamine may be related to the disruption of the ammonia vs. glutamate balance with potential to affect negatively the brain cognitive function (Dos Santos et al., 2020), while depleted levels of the excitatory neurotransmitter glutamate may be associated to increased brain uptake of glutamate to stimulate ventilation in an attempt to compensate lower oxygen saturation (Honda et al., 1985). The disruption of the ammonia vs. glutamate balance is likely related to altered nitrogen metabolism and supported by the decreases in N-acetylputrescine, spermine, and ornithine, polyamines with relevant physiological roles on angiogenesis and reproductive physiology (Lenis et al., 2017; Supplementary Figure S4).

Higher plasma tryptophan may highlight lower activity of the tryptophan hydroxylase reaction, the rate-limiting enzyme in serotonin synthesis because it requires molecular oxygen (Fitzpatrick, 1999). Enhanced hypoxia vulnerability of this enzyme (Vaccari et al., 1978) is expected to lower brain serotonin synthesis, which results in depression, reduced appetite and motivation, and disruption of sleep patterns (Katz, 1982), as commonly found in altitude residents (Maa, 2010; DelMastro et al., 2011). Likewise, higher tryptophan may also recruit the kynurenine pathway. Untargeted metabolomic analysis already revealed that these pathways are upregulated in a model of perinatal asphyxia and neonatal hypoxia-ischemia encephalopathy (Denihan et al., 2019). Furthermore, enhanced activity of the kynurenine pathway is a common finding in umbilical cord blood and placental samples in normal and fetal growth restriction pregnancies, as well as in the media of placental explants incubated with 5–8% oxygen (Murthi et al., 2017).

The kynurenine pathway is also linked to the nicotinamide pathway to account for the increased levels of 1-methylnicotinamide observed in this study. The observed decrease in nicotinamide may be related to its higher use in the nicotinamide phosphoribosyltransferase reaction that promotes pulmonary vascular remodeling in the development of pulmonary arterial hypertension (Chen et al., 2017), a common finding in chronic hypoxia (Ottolenghi et al., 2020; Gassmann et al., 2021). As a matter of facts, either nicotinamide (Sztormowska-Achranowicz et al., 2020) or niacin (or nicotinic acid; Jia et al., 2020) are being investigated as drugs to ameliorate progression of hypoxia-induced pulmonary hypertension.

A precursor of NO, arginine is often used as a vasodilator drug in several human diseases, but the effect of hypoxia on NO bioavailability is still debated. In a most recent view, improved NO bioavailability appears to favor human adaptation to altitude (Beall et al., 2012) and underlies the Tibetans’ response to altitude hypoxia (Erzurum et al., 2007). This is compatible with either the increased plasma arginine observed in this study, and the beneficial effects of supplementing arginine (Schneider et al., 2001) or sildenafil (Xu et al., 2014) at altitude.

Finally, octopin, a derivative of alanine and arginine that may function as an analog of lactic acid in invertebrate muscles (Hochachka et al., 1977), was found to be increased in marine animals exposed to 50% oxygen shortage without changes in protein turnover (Capaz et al., 2017).

Comparing the reported findings with the literature -omics data may be of limited value due to extremely different materials and hypoxia administration protocols. A first cohort of studies concerns LC-HR-MS analyses performed in contexts related to acute hypoxia. A study aimed at identifying plasma metabolites predictive of AMS insurgence in 60 subjects after 4 days at 5,300 m asl revealed variations in up to 44 metabolites of the pathways related to inflammation, energy consumption (e.g., TCA, fatty acids, and amino acids), bile acids, and hemoglobin metabolism (Liao et al., 2016). Another study of the red blood cell metabolome after 1–16 days at 5,000 m asl highlighted promoted glycolysis and deregulated pentose phosphate pathway, purine catabolism, glutathione homeostasis, arginine/NO, and sulfur/H2S (D’Alessandro et al., 2016). A third study performed in four subjects exposed for 2 days at 4,559 m asl revealed subject-dependent redox-changes (Cumpstey et al., 2019). Finally, a study in eight subjects exercising in a hypobaric chamber at an equivalent altitude of 4,300 m asl for 8 h revealed increased glycolysis and TCA cycle activity, amino acid breakdown, oxidative stress, fatty acid storage, and decreased fatty acid mobilization (Margolis et al., 2021). The last findings are compatible with acute onset of hypoxia-mediated peripheral insulin resistance, which is to be compared with the increased levels of some amino acids observed in the present report, along with depressed pool of lipids, cofactors, and vitamins. Thus, despite some analogies, comparing the data reported here with those obtained in acute hypoxia appears difficult.

Another cohort of -omics studies compared gene analysis of altitude vs. sea-level populations in the search of changes in the evolutionary processes that have tinkered differently on the various altitude populations across the world, who followed different routes of hypoxia adaptation (Beall, 2007). Such gene changes are expected to impact the metabolome. The genic differences between Andeans and Tibetans, presumably a paradigm of human generational hypoxia adaptation, as from the occurrence of Chronic Mountain Sickness, highlighted a panel of approximately 120 genes that responded differentially to hypoxia and are related to the development of the nervous, lymphoid, cardiovascular, and erythropoietic systems (Azad et al., 2017). Likewise, a gene expression study in acclimatized altitude populations revealed reduced oxidative capacity, decreased oxidation of fatty acids, and decreased ATP turnover with respect to lowlanders (Murray et al., 2018). Other genome-wide scans of high-altitude populations identified the oxygen-sensing machinery as responsible for phenotypic adjustments leading to adaptation (Storz, 2021). Certainly, genetic signals eventually impact differentially the metabolic adaptation to hypoxia but as a matter of facts studies performed in populations residing at altitude could not yet distinguish the roles played by genes, Darwinian evolution and environmental factors.

A further cohort of studies potentially useful to compare the reported data concerns the -omics in patients affected by pathological hypoxia secondary to pulmonary diseases as Acute respiratory distress syndrome (ARDS), Chronic obstructive pulmonary disease, and perhaps asthma. NMR-based metabolome in ARDS patients grouped by disease severity identified major involvement of amino acid-linked pathways, especially glutamate, threonine, taurine, lysine, arginine, and proline (Viswan et al., 2017). Other studies in asthma patients reviewed in (Kelly et al., 2017) revealed a wide range of affected variables. A recent review extended to all -omics techniques confirmed these features (Sim et al., 2021). It is therefore likely that the pulmonary pathologies that lead to chronic hypoxemia involve more pathways than those triggered by physiological hypoxia only, e.g., inflammation, iron handling dysfunction, and redox imbalance (Duca et al., 2021), thereby making it difficult to compare pathological with physiological hypoxia.


Limits of the Study

Although data reported here were obtained under conditions of month-long hypoxia of mild intensity, it remains to be clarified whether longer or more severe challenges would enable better insight into the mechanisms underlying human adaptation to hypoxia. However, the present study, which compares the same subjects at sea level before departure and at three time points during hypoxia, may help to enucleate the effects of hypoxia as a single factor, keeping to a minimum the incidence of hypoxia-associated disturbing variables.

In the present investigation, we identified a panel of polar and non-polar metabolites that are systematically altered by chronic hypoxia. Yet, despite the statistical significance obtained using the most conservative tests, the size limit of the recruited population necessarily prevents expanding these findings to the general population facing a mild hypoxia challenge. Furthermore, the existing literature is not yet sufficiently developed to determine whether the changes described in the present report represent spurious findings or reflect the substantial heterogeneity and limited statistical power. Therefore, this study necessarily represents a preliminary report that needs validation from further larger size studies, possibly including gene correlations. Further studies should use standardized methods and – perhaps most important – reduce to a reasonable minimum the population’s background noise, i.e., not simply the usual macroscopic variables as smoking, alcohol/drug assumption, and diseases, but also abrupt changes in altitude, environment temperature/humidity, activity, and feeding and life behavior.

Both the polar and the non-polar metabolomes were characterized by relevant adjustments within 90-day hypoxia. While the polar metabolome did not change further until at least 300-day hypoxia, the non-polar metabolome apparently displayed a slight but statistically significant return toward the baseline situation after MW to be evaluated in future studies. Nevertheless, these observations highlight the completion of the metabolome response within 90-day hypoxia, accompanied by the human body’s inability to perform longer term adjustments.

Finally, the rupture of the circadian rhythms due to extremely variable light conditions during the year may be a point of concern to be examined in further studies. Likewise, even the contribute of a regular exercise program, which was not accounted for in the present investigation, to both the polar and non-polar metabolome changes, does merit future ad-hoc studies.




CONCLUSION

The analysis of non-polar and polar metabolome patterns in the plasma from humans exposed to mild hypoxia (barometric pressure of 478 mmHg, equivalent to 3,800 m asl) revealed minor changes in the lipidome as compared to marked changes in the polar metabolite pattern. Remarkably, such changes occur within 90 days after the start of hypoxia and were constant over time for at least 300 days (with the exception of a slight return of the non-polar metabolome after 6 months), thus highlighting either a relatively acute response or the inability of the human body to further adjust the metabolism after the initial phase. KEGG analysis enabled identifying, among the pathways affected by hypoxia, the metabolism of some amino acids, chiefly arginine, glutamine, phenylalanine, tryptophan, and tyrosine, as major candidates that presumably drive the human response, perhaps adaptation, to a potentially lethal situation that challenge an intolerably high number of patients affected by pulmonary and circulatory diseases worldwide.
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High-altitude mining is an important economic resource for Chile. These workers are exposed to chronic intermittent hypobaric hypoxia (CIHH), which reduces their sleep quality and increases the risk of accidents and long-term illnesses. Melatonin, a hormone produced by the pineal gland, is a sleep inducer that regulates the circadian cycle and may be altered in populations subjected to CIHH. This work aimed to assess the relationship between altitude, sleep quality, and plasma melatonin concentrations in miners with CIHH exposure. 288 volunteers were recruited from five altitudes (0, 1,600, 2,500, 3,500, and 4,500 m). All volunteers worked for 7 days at altitude, followed by 7 days of rest at sea level. We performed anthropometric assessments, nocturnal oximetry, sleep quality and sleepiness surveys, and serum melatonin levels upon awakening. Although oxygen saturation progressively decreased and heart rate increased at higher altitudes, subjective perception of sleep quality was not significantly different, and sleepiness increased in all groups compared to population at sea level. Similarly, melatonin levels increased at all assessed altitudes compared to the population at sea level. These data confirm that sleep disturbances associated with CIHH increase morning melatonin levels. Therefore, this hormone and could potentially serve as a biomarker of sleep quality.
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INTRODUCTION

Approximately 140 million people worldwide live or work at altitudes over 2,500 m, exposing them to hypoxia, a condition where oxygen availability is reduced due to decreased atmospheric pressure (Moore et al., 2001). According to exposure time, hypoxia can be acute (exposure for hours or days), chronic (permanent exposure to low oxygen), or intermittent (alternated periods of exposure to normoxia and hypoxia, Viscor et al., 2018). The effects of hypoxia due to altitude on the human body depend on the altitude reached, the rate of ascent, the exposure time, and the personal response to altitude (Davis and Hackett, 2017).

Mining activity is one of the most important economic incomes in Chile. Most of the mining complexes are located at altitudes between 3,000 and 5,200 m. Most workers (estimated at 120,000 people in big mining companies) have to commute rapidly (within a few hours) from lowland cities to high altitude facilities (Consejo de Competencias Mineras, 2017). Miners with this type of working shift are exposed to a model of hypoxia called chronic intermittent hypobaric hypoxia (CIHH), also known as The Chilean Model (Richalet et al., 2002). This exposure pattern is gaining attention due to the potential adverse effects of long-term exposure on cardiovascular, respiratory, and metabolic health (Brito et al., 2007; Vearrier and Greenberg, 2011; Vinnikov et al., 2011; Pedreros-Lobos et al., 2021).

Several studies show sleep disturbances in people exposed to hypoxia. Climbers exposed to acute hypoxia show sleep disturbances due to low oxygen availability from an altitude of 2,400 m, like sleep apnea episodes, or periodic breathing (cyclic oscillations in ventilation amplitude including apnea episodes, also known as Cheyne-Stokes breathing, Waggener et al., 1984). These alterations are increased at very high altitudes (West et al., 1986) and are practically absent in natives (Lahiri et al., 1983). Using simulated normobaric hypoxia, acute exposure to 4,500 m resulted in a relationship between poor sleep quality and altered mood and cognitive function (De Aquino Lemos et al., 2012).

Richalet et al. (2002) showed perceived low sleep quality in a CIHH population during the first two nights of shift work, and this perception was kept with no acclimation during the time of study (almost 2 years). Previous data from our group showed that an acclimatized population exposed to 4,200 m presented reduced arterial oxygen saturation, periodic breathing, increased awakenings, and perceived poor sleep. These alterations were improved with oxygen supplementation during the night (Moraga et al., 2014). Poor sleep quality due to nocturnal hypoxia is an important threat to lifespan, because it is an important factor related to the increased frequency of occupational accidents and its relation with an increase in risk of road traffic accident at high altitude location (Behn and De Gregorio, 2020).

Regulation of sleep is dependent on secretion of melatonin, an hormone produced from tryptophan by the pineal gland at night (Arendt et al., 1982). Production of melatonin is synchronized by the photopigment melanopsin, contained in intrinsically photosensitive retinal ganglion cells, where light exposure in the range 460–480 nm initiates the signal transduction toward several regions in the brain, including the suprachiasmatic nuclei (Do, 2019). Activation of this structure is essential to synchronize pineal secretion of melatonin and initiate the nocturnal phase of the circadian cycle (Arendt, 1998). Effects of melatonin include regulation of metabolism and reduction of energy expenditure (Coomans et al., 2013; Peschke et al., 2013; Cipolla-Neto et al., 2014), thermoregulation (Gubin et al., 2009), and redox regulation, acting as a natural antioxidant (Tan et al., 1993, 2013) and inducing expression of antioxidant enzymes (KȩKȩdziora-Kornatowska et al., 2007).

Previous studies show that hypoxia alters the circadian cycle. Acute exposure to hypoxia (2 h at 8,000 m) elevated melatonin levels in rats and resulted in remodeling of the pineal gland, which lasted between 14 and 21 days after exposure (Kaur et al., 2002). In humans, an expedition to the Himalayas shown an increase in the excretion of 6-hydroxymelatonin, a breakdown product of melatonin, indicating elevated hormone production during high altitude exposure (Frisch et al., 2004). Furthermore, patients with obstructive sleep apnea syndrome (OSAS), a clinical condition characterized by chronic and intermittent hypoxia during sleep, an elevated plasma melatonin concentration was observed, and the use of CPAP enhanced arterial oxygenation and reduced plasma melatonin concentration (Hernández et al., 2007). In this sense, acute hypoxia or high altitude exposure could affect melatonin rhythm by a delay the phase of melatonin rhythm (Coste et al., 2009) and exposure to CIHH affects circadian pattern in people exposed to 7 days of work at 4,000 m (Vargas et al., 2001). However, studies on melatonin production in miners exposed to CIHH are scarce. Therefore, the aim of this study was to evaluate melatonin levels in workers exposed to different altitudes in a model of CIHH exposure.



SUBJECTS, MATERIALS, AND METHODS

A cross-sectional study and descriptive scope were carried out in a acclimatized workers exposed to CIHH model with a time of exposure between 6 month at 4 years. We recruited 288 male workers who worked at different altitudes (0, 1,600, 2,500, 3,500, and 4,500 m) through their respective company headquarters. All volunteers had to be working for at least 6 months at the respective altitude and included mining operations and administrative employees in diurnal work shift (starting between 7 and 8 a.m.). Shift work in this population is characterized by 7 days of work at the indicated altitude followed by 7 days of rest at lower altitude (<1,000 m). All volunteers were healthy, without diagnosis of cardiorespiratory and metabolic illness. At the time of recruitment, the volunteers read the informed consent and were informed of possible risks and discomfort, according to guidelines of the Ethics Committee of University’s Faculty of Medicine (CECFAMED# 01/09) and the Medical Director of the respective company. Once agreed, all evaluations were performed during the third day of respective shift work at high altitude as previously described (Moraga et al., 2014; Moraga et al., 2018; Pedreros-Lobos et al., 2021).


Anthropometric Measurement

Weight (kg) and height (m) were measured using a scale (SECA model 767), and body mass index (BMI) was calculated using formula BMI = weight/height2 (kg/m2). Waist circumference (WC, cm) was measured using inextensible metric tape (SECA model 201). Four skinfolds (biceps, triceps, subscapular, and suprailiac) were determined by skinfold caliper (Lang skinfold, Cambridge, Maryland), and body fat mass (BF, percentage) was calculated using a previous described formula (Durnin and Womersley, 1973). Additionally, to estimate physical activity in the workplace, an IPAQs survey (International Physical Activity Questionary short, Ainsworth et al., 2000) was used and lifestyle was classified as sedentary, light, moderate, and active. All measurements were carried out by the same evaluator as performed previously (Pedreros-Lobos et al., 2021).



Nocturnal Oximetry

Evaluation of nocturnal oximetry was performed using a pulse oximeter (WristOx 3100,™ Nonin, Plymouth, MN, United States). To evaluate desaturation events during the night, we considered the following variables: arterial oxygen saturation (SaO2, percentage), heart rate (bpm), number of events (NE), total time of events (TTE, min), average time per event (ATE, s), and oxygen desaturation index of 4% (ODI, events/h), defined by a reduction of oxygen saturation over 4% by at least 10 s.



Sleep Quality and Sleepiness Surveys

To determine sleep quality and sleepiness, translated self-reported surveys were performed. To evaluate sleep quality, we used the Spiegel Sleep Questionnaire (Spiegel, 1984; Moraga et al., 2014), considering sleep quality as Normal (score below 13 points), Regular (between 13 and 18 points), Poor (between 19 and 25 points), and Very Poor (over 26 points). To evaluate sleepiness, we used the Epworth Sleepiness Scale (Johns, 1991), considering sleepiness as Normal (below 6 points), Mild (score between 6 and 13 points), Moderate (between 14 and 19 points), and Severe (between 20 and 24 points).



Blood Sample and Melatonin Quantification

Blood samples were taken from the brachial vein before the work shift (between 7 and 8 am) and collected in tubes without anticoagulant. Afterward, blood samples were centrifugated (3,000 rpm by 20 min) and serum was frozen at −80°C until analysis. Melatonin levels were measured by enzyme-linked immunoassay using a commercial kit (RE54021; IBL-Hamburg GmbH, Hamburg, Germany), after treatment of samples following instructions from the manufacturer. All samples were measured in duplicate and level of melatonin was expressed in pg/mL.



Statistical Analysis

All data were analyzed using Prism 8.4 software (GraphPad Software, San Diego, United States), tables are presented as mean ± standard deviation (SD) and plots are expressed as box-and-whisker graphs. Differences between the population at each altitude were determined using Kruskal-Wallis for non-parametric variables, followed by post hoc Dunn’s test. Linear regression analysis was performed to establish an association between nocturnal oximetry parameters, heart rate, sleep quality and sleepiness (as independent variables), and melatonin concentration, and correlation between parameters were performed using Pearson’s correlation coefficient. Significant differences were set at p < 0.05.




RESULTS

From 288 volunteers recruited at all altitudes, 209 were analyzed and 79 were excluded. Exclusion criteria considered people who retracted or were absent at the time of assessment, or whose nocturnal oximetry data was inconsistent due to mechanical artifacts and lipemic or hemolyzed blood samples. According with inclusion criteria, there were no records of people with chronic diseases (hypertension, diabetes, or respiratory diseases). The summary of the physical characteristics of the study population is shown in Supplementary Table 1. Briefly, mean age of all participants is 38.9 ± 9.7 years, and most of them present overweight according to BMI (27.5 ± 3.3). No significant differences in age and anthropometrical data were found between groups at altitudes studied. In agree with the IPAQs survey, 75% of volunteers were declared sedentary, 17% did light or moderate training, and only 8% were considered active.

A progressive decrease in nocturnal oxygen saturation was observed, starting with 95.6 ± 1.2% in the population at 0 m, and reaching 88.5 ± 1.8% at 4,500 m (Figure 1A). Even though heart rate progressively rises with altitude, it was only significantly different at 4,500 m (78.9 ± 2.95 bpm, compared to 61.6 ± 7.8 bpm at 0 m, Figure 1B).
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FIGURE 1. Arterial oxygen saturation (SaO2, A) and Heart rate (B) according to altitude. Data are presented as a box-and-whisker plot. Significant differences: ***p < 0.001 compared to the population at 0 m.


Nocturnal oximetry parameters trended to increase with altitude (Table 1 and Supplementary Figure 1). Desaturation events significantly rose from 2,500 m (63.4 ± 48.0), reaching a mean of 359.3 ± 262.1 events at 4,500 m (compared to 44.7 ± 66.7 at 0 m, Supplementary Figure 1A). The total time (TTE) significantly increased from 3,500 m (72.5 ± 49.6 min) and 4,500 m (113.2 ± 76.3 min) compared to 0 m (33.6 ± 45.8 min, Supplementary Figure 1B). The average time per event (ATE) was progressively reduced from 47.5 ± 20.3 s at 0 m, reaching 24.9 ± 6.2 at 3,500 m and 20.3 ± 4.1 at 4,500 m (Supplementary Figure 1C). ODI, an estimate of desaturation events greater than 4% per hour, significantly increased at 2,500 m (9.2 ± 7.0 events/h), 3,500 m (25.1 ± 19.6 events/h), and 4,500 m (46.1 ± 33.6 events/h) compared to 0 m (6.8 ± 9.7, Supplementary Figure 1D).


TABLE 1. Nocturnal oximetry parameters according to altitude.
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Subjective sleep quality and sleepiness were analyzed using self-reported surveys at several altitudes. Although there is no significant difference in sleep quality between groups, the mean scores indicate that overall perception is “regular” (Figure 2A). However, when scores are pooled and expressed as percentages, there is a reduction in people with normal or regular sleep quality, and an increase in people with poor sleep quality at 4,500 m (Figure 2B). In addition, high altitude increased sleepiness scores, showing a significant difference at 3,500 (7.5 ± 4.1) and 4,500 m (7.8 ± 5.0) compared to 0 m (3.4 ± 3.1, Figure 2C), and although most people described sleepiness as mild, at 3,500 and 4,500 m there is an increase in the percentage of people with moderate somnolence (Figure 2D).
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FIGURE 2. Subjective evaluation of sleep quality and somnolence according to altitude. Sleep quality is expressed as a score (A) and percentage of people in the indicated category (B). Somnolence is expressed as a score (C) and a percentage of people in the indicated category (D). Data in panels (A,C) are presented as a box-and-whisker plot. Significant differences: ***p < 0.001 compared to the population at 0 m.


Melatonin concentration in miners at several altitudes was significantly increased at all altitudes compared to 0 m (8.8 ± 11.3 pg/mL). However, the mean melatonin values were similar and not significantly different between altitudes (Figure 3A and Supplementary Table 2). Compared with the parameters of nocturnal oximetry, heart rate or self-reported questionaries, we found an inverse correlation between melatonin concentration and nocturnal oxygen saturation (Figure 3B). Still, when data were separated by altitude, a significant correlation was found only at 4,500 m (Supplementary Table 2). In addition, no correlation between melatonin levels and anthropometric parameters (BMI, BF, WC) was found at any altitude studied (Supplementary Table 3).
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FIGURE 3. Melatonin concentration and altitude. (A) Melatonin concentration in plasma at each altitude. Data are presented as a box-and-whisker plot. Significant differences: ***p < 0.001 compared to the population at 0 m. (B) Correlation of melatonin concentration with oxygen saturation (SaO2) at all altitudes. Equation and the linear regression R2 are shown.




DISCUSSION

This study provides new insights regarding melatonin levels in workers exposed to CIHH in Chile. The data shown here suggest that altitude could elevate melatonin levels, affecting sleep quality and increasing a risk of road traffic accidentality.

The melatonin levels observed at the time of sampling at 0 m are consistent with previous studies focused on its secretion profile, and correspond to approximately 25% of the maximum secretion level and could be used as a reference parameter (Arendt et al., 1982; Wehr, 1991; Benloucif et al., 2005). Elevation on melatonin levels at high altitude are in agree with previous reports observed in humans (Tapia et al., 2018) and rats (Kaur et al., 2002). In addition, an inverse relation was observed when arterial oxygen saturation was measured during sleep, showing that subjects that have a lower arterial oxygen saturation correlate with higher values of melatonin, especially at 4,500 m (Figure 3 and Supplementary Table 2). A similar pattern was described in a previous study were exposure to normobaric hypoxia of 13.5% oxygen (equivalent to 4,500 m) showed that increased melatonin levels are inversely correlated with arterial oxygen saturation, and exercise partially reduces this increase, improving sleep (De Aquino Lemos et al., 2018).

Evidence for the effect of altitude on sleep was well documented but focused mainly on dwellers with acute exposure to extreme altitudes, where high altitude induces sleep apneas, periodic breathing, and sleep fragmentation (reviewed in Ainslie et al., 2013). Initial studies show that people exposed to CIHH in Chile presented values of sleep quality qualified as “regular” (13–18 points) during a 7-day shift at 4,500 m, with no changes in this pattern for at least for 18 months (Richalet et al., 2002). Similar values were described in our study, supporting that sleep quality is not acclimatized. In order to enhance sleep quality at high altitude we performed a study where room enrichment with oxygen at 24% was useful to reduce apneas and improve sleep quality (with a significant reduction in mean score equivalent to “normal,” below 13 points) in a population working at 4,200 m (Moraga et al., 2014). In the present study, subjective perception of sleep was not significantly different between altitudes and did not directly correlate with arterial oxygen saturation. However, most people described regular sleep quality and mild somnolence. Possible explanations could be associated with the mining culture, where workers will not admit fatigue or sleep problems because of fears of being suspended or fired from work and a lack of objective methods to determine sleep quality. Therefore, an alternative to assess sleep quality or detect problems during sleep in the mining population is required. It is known that circadian dysregulation caused by hypoxia (Mortola, 2017) and desynchronization by shift work (Mirick et al., 2013) may represent a factor involved in the increase of risk of road traffic accidentality in high altitude activities, such as mining, border, or astronomical labor (Behn et al., 2014; Behn and De Gregorio, 2020).

Even though high altitude disturbs sleep, studies linking melatonin levels in people living or working in this condition are scarce and mostly focused on acute exposure. A simulation of 8,000 m exposure in rats showed increased melatonin production during the first 7 days, followed by a decrease to baseline levels between 14 and 21 days after exposure (Kaur et al., 2002). Another study focused on chronic and intermittent hypobaric hypoxia showed that rats exposed to 4,500 m for 32 days (in cycles of 96 h) increased melatonin levels, and this elevation was associated with antioxidant protection in the heart, lungs, and kidneys (Farías et al., 2012). However, the main source of information on melatonin production and hypoxia comes from studies related to obstructive sleep apnea syndrome (OSAS), a model of intermittent hypoxia related to upper airway obstruction. Previous studies in animals suggest that heart damage stimulated by OSAS can be prevented by treatment with melatonin (Xie et al., 2015). Additionally, the use of exogenous melatonin in rats exposed intermittently to 5% oxygen stimulates the expression of antioxidant enzymes and reduces the presence of oxidative damage markers (Hung et al., 2008). Also, the use of exogenous melatonin in rats chronically exposed to 10% hypoxia could attenuate elevated right ventricular systolic pressure, reduce pulmonary hypertension, and inhibit the expression of pro-inflammatory substances (Hung et al., 2017). Preliminary studies show decreased expression of pro-inflammatory cytokines interleukin 2 (IL-2) and IL-6 measured in lymphocytes of rats exposed to CIHH of 4600 m, which could be associated with increased anti-inflammatory interleukin-10 levels (Bernal et al., 2009). In regard to sleep biomarkers and its regulation, supporting evidence shows that increased levels of IL-1 and tumor necrosis factor alfa (TNF-α) can modulate a complex biochemical cascade that regulates sleep in humans and animals, and IL10 exerts an inhibitory effect of over sleep control (to more details, see Clinton et al., 2011). Related with this, unpublished data from our group suggest increased anti-inflammatory interleukin-10 production in people with exposure to CIHH at 4,500 m. This cytokine could be part of a protective response to high altitude-mediated inflammation and oxidative damage, but more studies are needed to confirm the role of melatonin. One hypothesis could be related to alterations in sympathetic pathways promoted by hypoxia since melatonin synthesis is stimulated by norepinephrine in the absence of light (Arendt, 1998). Stressful stimuli, such as hypoxia itself or in combination with exercise, can stimulate interleukin-6 expression, mediated by the α-adrenergic pathway (Mazzeo et al., 2001). Furthermore, melatonin production can be peripherally enhanced in dendritic cells and macrophages by activating β-adrenoreceptors, turning them to an anti-inflammatory state (Pires-Lapa et al., 2018), supporting the idea of an interaction between hypoxia, the immune system, and melatonin production.

Another important factor associated with melatonin production is light exposure, which inhibits production and delays sleep induction (Lewy et al., 1980). Exposure to light at a wavelength between 446 and 477 nm (near blue light in the spectrum, as seen in electronic devices such as tablets or smartphones) suppresses melatonin production during the dark phase of the circadian cycle (Brainard et al., 2001). This phenomenon was evaluated as a potential regulator of the cycle, helping acclimatization during acute exposure to hypoxia (Silva-Urra et al., 2015). In this work, exposure to blue light during simulated hypoxia equivalent to 4,000 m increased systolic blood pressure and improved cognitive performance and alertness, associated with inhibited melatonin production. Another factor to consider is the time of light exposure, mainly associated with seasonal variation. Exposure to light is necessary to synchronize the cycle, affecting the duration of wakefulness, shortening the duration of sleep time in summer and extending it in winter. This seasonal pattern shifts melatonin production without modifying the amount of plasma melatonin (Wehr, 1991). Since all volunteers performed daytime work during the study and were exposed to similar artificial light in the common areas inside the complexes, most participants probably exhibited a similar photoperiod. Therefore, it would not be a relevant factor affecting hormone production, but personal habits in their bedrooms, including the use of television or mobile devices before sleeping, could affect melatonin production (Oh et al., 2015; Yasukouchi et al., 2019).

The limitations of the present study are associated with the melatonin production profile in miners during shift work. To precisely establish whether alterations in melatonin are associated with changes in the nocturnal phase, 24 h studies are necessary. However, taking blood samples during the shift is difficult, and we could not evaluate the nocturnal secretion profile or perform multiple blood sampling due to technical limitations and restrictions imposed by companies and labor unions. Although saliva samples are considered a good replacement for blood as a source of melatonin, daytime production could be too low to detect a significant amount unless alterations in secretion increase availability.

In conclusion, evaluation of melatonin levels in wakefulness could be used as a marker to analyze sleep quality at high altitude and a possible evidence of protection against oxidative damage in workers exposed to CIHH. Future studies should consider the long-term effect of CIHH exposure on melatonin levels and assess the potential prophylactic role of melatonin supplementation as an element that improves sleep quality and function as a cardiac and pulmonary protector associated to high altitude exposure.
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Obstructive sleep apnea (OSA), a sleep breathing disorder featured by chronic intermittent hypoxia (CIH), is associate with pulmonary hypertension. Rats exposed to CIH develop lung vascular remodeling and pulmonary hypertension, which paralleled the upregulation of stromal interaction molecule (STIM)-activated TRPC-ORAI Ca2+ channels (STOC) in the lung, suggesting that STOC participate in the pulmonary vascular alterations. Accordingly, to evaluate the role played by STOC in pulmonary hypertension we studied whether the STOC blocker 2-aminoethoxydiphenyl borate (2-APB) may prevent the vascular remodeling and the pulmonary hypertension induced by CIH in a rat model of OSA. We assessed the effects of 2-APB on right ventricular systolic pressure (RVSP), pulmonary vascular remodeling, α-actin and proliferation marker Ki-67 levels in pulmonary arterial smooth muscle cells (PASMC), mRNA levels of STOC subunits, and systemic and pulmonary oxidative stress (TBARS) in male Sprague-Dawley (200 g) rats exposed to CIH (5% O2, 12 times/h for 8h) for 28 days. At 14 days of CIH, osmotic pumps containing 2-APB (10 mg/kg/day) or its vehicle were implanted and rats were kept for 2 more weeks in CIH. Exposure to CIH for 28 days raised RVSP > 35 mm Hg, increased the medial layer thickness and the levels of α-actin and Ki-67 in PASMC, and increased the gene expression of TRPC1, TRPC4, TRPC6 and ORAI1 subunits. Treatment with 2-APB prevented the raise in RVSP and the increment of the medial layer thickness, as well as the increased levels of α-actin and Ki-67 in PASMC, and the increased gene expression of STOC subunits. In addition, 2-APB did not reduced the lung and systemic oxidative stress, suggesting that the effects of 2-APB on vascular remodeling and pulmonary hypertension are independent on the reduction of the oxidative stress. Thus, our results supported that STIM-activated TRPC-ORAI Ca2+ channels contributes to the lung vascular remodeling and pulmonary hypertension induced by CIH.

Keywords: 2-APB, STIM-activated TRPC-ORAI channels, chronic intermittent hypoxia, pulmonary hypertension, pulmonary vascular remodeling, hypoxia, obstructive sleep apnea


INTRODUCTION

Obstructive sleep apnea (OSA) characterized by cyclic episodes of intermittent hypoxia is a health problem that affect a large worldwide adult population (Somers et al., 2008; Dempsey et al., 2010; Floras, 2018). Obstructive sleep apnea is associated with somnolence, sleep fragmentation and cognitive dysfunction, but it is also considered as an independent risk factor for systemic diurnal hypertension (Somers et al., 2008; Dempsey et al., 2010; Iturriaga et al., 2021). Furthermore, OSA is associated with mild pulmonary hypertension with an incidence ranging from 20-50% (Sajkov and McEvoy, 2009; Floras, 2018). Chronic intermittent hypoxia (CIH) is the main factor for develop systemic hypertension in OSA patients (Somers et al., 2008; Dempsey et al., 2010) and animal exposed to CIH (Del Rio et al., 2010, 2014; Iturriaga et al., 2014, 2021; Iturriaga, 2018; Harki et al., 2021). In addition, CIH produces vascular pulmonary remodeling and increases right ventricular systolic pressure (RVSP) in rodents (Nisbet et al., 2009; Jin et al., 2014, 2016; Iturriaga and Castillo-Galán, 2019; Castillo-Galán et al., 2020). Recently, we found that CIH progressively increased the right ventricular systolic pressure (RVSP) over 35 mm Hg in the rat, enhanced the vasoconstrictor response of small pulmonary arteries to KCl and endothelin-1 (ET-1), increased the medial layer thickness, and increased the right-ventricular wall thickness and the right-ventricular end systolic volume related to the control rats (Castillo-Galán et al., 2020). However, even though the link between OSA and pulmonary hypertension is well recognized, the underlying pathogenic mechanisms are not completely known. The pathological pulmonary vascular alterations induced by CIH has been attributed to Ca2+–dependent enhanced contractility and proliferation of pulmonary arterial smooth muscle cells (PASMC) induced by the activation of hypoxic inducible factors (HIFs) and oxidative stress (Nisbet et al., 2009: Jin et al., 2014, 2016; Iturriaga and Castillo-Galán, 2019). Thus, it is likely that the activation of HIFs and reactive oxygen species (ROS)-dependent signaling pathways may increase intracellular PASMC calcium levels contributing to the development of the CIH-induced enhanced vasoconstriction, cell proliferation and pulmonary hypertension (Waypa et al., 2002; Sylvester et al., 2012).

Among channels and transporters involved in Ca2+ intracellular homeostasis, it has been proposed that store operated calcium entry contributes to enhance the PASMC contractility in sustained hypoxia (Kuhr et al., 2012; Wang et al., 2012, 2017; Reyes et al., 2018). The binding of endothelin-1 (ET-1) or serotonin (5-HT) to their receptors coupled to G-protein evokes the release of the second messenger IP3, which in turn activates intracellular calcium channels (IP3R) depleting the Ca2+ stores of the sarcoplasmic reticulum (Zhang et al., 2003; Wang et al., 2012). STOC are activated by a depletion of Ca2+ stores in the sarcoplasmic reticulum, which allow the entry of calcium from the extracellular space. A growing body of evidence supports the contribution of STOC in the contraction of pulmonary arteries in response to acute and sustained hypoxia (Weigand et al., 2005; Lu et al., 2008, 2009; Ng et al., 2008; Guibert et al., 2011). Furthermore, STOC-mediated calcium entry participates in pathological pulmonary vascular remodeling process, such as hypercontractility, proliferation and differentiation of PASMC (Golovina et al., 2001; Hou et al., 2013; Reyes et al., 2018). From a structural point of view, STOC are composed by homo or heterotetramer pore-forming subunits from the TRPC family (TRPC 1 to 7), or to the ORAI family (ORAI 1 to 3) (Reyes et al., 2018). On the other hand, an auxiliary subunit of the family of stromal interaction molecules [stromal interaction molecule (STIM) 1 and 2] acts as a calcium sensor activating pore-forming subunits in response to calcium depletion from sarcoplasmic reticulum deposits (Fuchs et al., 2010; Johnstone et al., 2010; Wray and Burdyga, 2010; Yang et al., 2010). Indeed, a growing body of evidence suggests that STIM-activated TRPC-ORAI Ca2+ channels (STOC) play a key role in PASMC remodeling and hypercontractility, which led to pulmonary hypertension in animals exposed to sustained hypoxia (Weigand et al., 2005; Ng et al., 2008; Castillo-Galán et al., 2016, 2022)

Recently, we found that CIH produced the upregulation of mRNA and protein levels of TRPC1, TRPC4, TRPC6, ORAI1, and STIM1 subunits in the rat lung tissue, which paralleled the vascular remodeling and pulmonary hypertension (Castillo-Galán et al., 2020), suggesting that STOC participate in the vascular alterations induced by CIH. Accordingly, to assess the contribution of STOC on the CIH-induced pulmonary vascular alterations, we study the effects of the STOC non-selective inhibitor 2-aminoethyldiphenylborinate (2-APB) (Bootman et al., 2002; Smith et al., 2015; Castillo-Galán et al., 2016, 2022; Jain et al., 2021) on the development of pulmonary hypertension and vascular remodeling induced by CIH in a well stablished preclinical model of OSA (Del Rio et al., 2010, 2012, 2014; Iturriaga et al., 2014, Iturriaga and Castillo-Galán, 2019). We also determined the effects of 2-APB on systemic and lung oxidative stress induced by CIH, because 2-APB ameliorates the oxidative stress in a heart ischemia-reperfusion model in mice (Morihara et al., 2017) and rat (Shen et al., 2021).



MATERIALS AND METHODS


Animal Model and Intermittent Chronic Hypoxia Protocols

The experimental protocols were approved by the Scientific Ethical Committee for the Animal and Environment Care from the Pontificia Universidad Católica de Chile, Santiago, Chile (ID:180803006), and were performed according to the National Institutes of Health Guide (NIH, United States) for the care and use of animals. The experiments were performed in 19 male Sprague-Dawley rats (∼ 200 g) from the Center from Innovation in Biomedical Experimental Models (CIBEM) of the Pontificia Universidad Católica de Chile. Rats were fed with a standard diet and access to food and water ad libitum and the room temperature was maintained between 23 and 25°C. Rats were exposed to CIH (5% O2 for 20 s, followed by 290 s of normoxia, 12 time for 8 h/day, from 9:00 AM. to 5:00 PM. for 28 days. The O2 levels in the chambers were regulated with a computerized system, which open and close solenoid valves that control the entry of N2 and its removal by a fan (Del Rio et al., 2010, 2012, Castillo-Galán et al., 2020).



2-Aminoethyl Diphenylborinate Administration

Rats were randomized divided into 3 groups (n = 6–7). At 14 days of CIH, rats were anesthetized with isoflurane 2% in 100% O2, and mini osmotic-pumps (2ML4, Alzet Scientific Products, MD, United States) were implanted subcutaneously in the back. Pumps were loaded with 2-APB (Sigma-Aldrich, United States) to produce a continuous release of 10 mg/kg/day or its vehicle (Dimethyl sulfoxide: ETOH: Saline 1: 5: 4). After surgery, both groups were exposed to CIH for 14 more days, and the results were compared with the control group of rats exposed to normoxia.



Right Ventricular Systolic Pressure Measurement

At the end of 28 days of CIH, rats were anesthetized with urethane/α-chloralose (40/800 mg/kg, i.p.), tracheostomized and artificially ventilated with a RoVent Jr ventilator (Kent Scientific, Torrington, CT, United States). A thoracotomy was performed to expose the heart, and the right ventricular systolic pressure (RVSP) was recorded with a heparinized catheter inserted into the right ventricle connected to a Statham P23 transducer (Hato Rey, Puerto Rico, United States). The heart rate was derived from the pressure signal recorded with a PowerLab 16 channels acquisition system (ADInstruments, Castle Hill, Australia) (Castillo-Galán et al., 2020).



mRNA Extraction and RT-qPCR

Frozen left lung samples (∼100 mg) were homogenized in TRIzol (Thermo Fisher Scientific, Waltham, MA, United States). The RNA was resuspended in nuclease-free water (20 μl) to later determination of its concentration and purity by spectrophotometry, being the 260/280 ratio of all samples in the range of 1.9–2.0. The RNA was stored at −80°C until later use. Synthesis to cDNA was performed using the cDNA Synthesis Kit (ABM, Richmond, Canada). The gene expression of TRPC1, TRPC4, TRPC6, ORAI1, ORAI2 and 18S was determined by real-time PCR (qPCR) in a StepOne Plus equipment (Applied Biosystems, Foster City, CA, United States), using a KicqStart kit (Sigma-Aldrich, United States) with the primers sequence used by Castillo-Galán et al. (2021). Relative gene expression was calculated with the 2–ΔΔCt method using 18S gene.



Malondialdehyde Concentration

The malondialdehyde (MDA) concentration was measured using a specific enzyme immunoassay thiobarbituric acid reactive substances (TBARS) kit (Cayman Chemical, Ann Arbor, MI, United States) Briefly, 25 mg of fresh lung tissue were homogenized in RIPA Buffer Concentrate (Cayman Chemical, Ann Arbor, MI United States) and centrifuged at 1600 x g for 10 min at 4°C. The supernatant were collected for analysis. Blood samples were collected from the left ventricle using a syringe with heparin. Blood samples were centrifuged at 1000 x g for 10 min at 4°C and the fresh plasma (supernatant) were use for analysis.



Vascular Remodeling and Immunohistochemistry

Samples of ∼1 cm of the external portion of the medium lobe from the left lung containing distal pulmonary arterioles were collected. The lung tissue was fixed by immersion in Paraformaldehyde 4%, included in paraffin blocks, and cut in 3–5 μm slides. For the morphological analysis, the slides were deparaffinized, dehydrated and stained with Van Gieson. Using a trinocular microscope (Olympus BX41, Japan) with a digital camera (Jenoptik Progres C3), 10–15 images of 150–300 μm internal diameter pulmonary arteries were acquired per lung from each animal. The area of the muscle layer and the artery lumen were measured using the Image Pro6.3 Software (Sigma-imaging, United Kingdom). The percentage of muscle layer was determined using the following formula: (muscle area - lumen area)/muscle area * 100, according to Castillo-Galán et al. (2020).

Immunohistochemical detection of α-actin and Ki-67 (α-actin-r and KI-67-ir) was performed with the smooth muscle α-actin antibody (Clone RM253, Sigma-Aldrich, Misuri, United States, dilution: 1:400) and the Ki-67 antibody (Clone MIB-1, Dako, Glostrup, Denmark, dilution 1:100). For all procedures, the antigen retrieval was performed at 100°C with citrate buffer at pH 6.0. Primary antibody incubations were performed overnight at 4°C in a wet chamber. The labeling was developed using a HRP-diaminobenzidine kit (Envision, Dako, CA, United States). Lung tissue imagen were digitally acquired at 40×. The α-actin-ir in the muscle layer of small pulmonary arteries was measured as pixel count per area. The percentage of KI-67-ir positive nuclei in the medial layer of PMASC was calculated as the percentage of positive KI-67 nuclei (Castillo-Galán et al., 2016).



Vascular Luminal Surface and Vascular Density

In histological sections of lung stained with Van Gieson, 6 images were captured with a magnification of 10×. Subsequently, the vascular luminal surface (luminal area/total area) and the vascular density (number of arteries/total area) were determined in arteries of 150–300 μm of internal diameter.



Statistical Analysis

Data were expressed as mean ± standard standard desviation (SD). One-way or two way ANOVA followed by a Newman-Keuls post-test was used for the analysis. Results were analyzed and plotted in GraphPad Prism 8 software (GraphPad Software Inc., San Diego, CA, United States). For all comparisons, differences were considered statistically significant when P < 0.05.




RESULTS


Animal Weight Gain

All groups showed a similar gain of weight during the experiments (P < 0.001, two-way ANOVA, between initial and final weight in each group). However, we did not find differences in the initial and final weight between the groups (P = 0.063, two way-ANOVA) (Table 1).


TABLE 1. Initial and final weights of the rats during the experiments.
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2-Aminoethyl Diphenylborinate Prevented the Increased Right Ventricular Systolic Pressure in Rats Exposed to Intermittent Chronic Hypoxia

Following 28 days to CIH, the mean RVSP of the vehicle-treated CIH rats (Vehicle + 28d-CIH) was significantly higher related to the control rats (36.5 ± 3.2 mmHg vs. 19.4 ± 5.5 mmHg, P = 0.0001 for Vehicle + 28d-CIH vs. Control rats). Remarkably, 2-APB applied by osmotic pumps from day 14 of CIH (2-APB + 28d-CIH), prevented the increase of RVSP (24.7 ± 5.0 mmHg vs. 36.5 ± 3.2 mmHg, P = 0.004 for 2-APB + 28d-CIH vs. Vehicle + 28d-CIH, respectively, see Figure 1A). The heart rate was similar among all groups (Figure 1B).


[image: image]

FIGURE 1. Effect of 2-APB on right ventricular systolic pressure and heart rate in rats exposed to chronic intermittent hypoxia. 2-APB was infused from 14 days of CIH exposure with osmotic pumps at a rate of 10 mg/kg/day. (A) Right ventricular systolic pressure (RVSP) (ANOVA P = 0.0002). (B) Heart rate (HR) (ANOVA P = 0.41) in control (empty circles, n = 5), Vehicle + 28d-CIH (black circles, n = 5), and 2-APB + 28d-CIH rats (blue circles, n = 7). Mean ± SD. †††P < 0.001 vs. all groups, ***P < 0.001 vs. Vehicle + 28d-CIH. One way ANOVA-followed by Newman Keuls tests.




2-Aminoethyl Diphenylborinate Prevented the Pulmonary Vascular Remodeling and the Proliferative Phenotype of PASCM Induced by Intermittent Chronic Hypoxia

Exposure to CIH for 28 days increased the thickness of the medial layer of pulmonary arteries (150–300 μm internal diameter) in the vehicle CIH-treated animals related to the control rats (67.4 ± 7.3% vs. 45.2 ± 2.5%, for Vehicle + 28d-CIH and control rats, respectively, P < 0.0001). In addition, 2-APB treatment prevented the increase of the medial layer thickness to 47.8 ± 3.5% related to its Vehicle (P < 0.0001) (Figure 2A). 2-APB treatment also prevented the increase of α-actin-ir in the medial layer of pulmonary arteries induced by CIH (7.38 ± 1.5 pixels/μm2, 14.33 ± 1.6 pixels/μm2 and 8.83 ± 0.6 pixels/μm2, for Control group, Vehicle + 28d-CIH and 2-APB + 28d-CIH, respectively. P < 0.0001) (Figure 2B). Similarly, the percentage of Ki-67 positive cells in the pulmonary medial layer of vehicle-treated rats exposed to CIH was higher in CIH-treated rats than the control rats (6.3 ± 2.7% vs. 1.5 ± 0.8% for Vehicle + 28d-CIH vs. Control group, respectively. P = 0.0003). 2-APB treatment prevented the increased of PASMC proliferation marker Ki-67 (6.3 ± 2.7% vs. 3.9 ± 1.1% Vehicle + 28d-CIH vs. 2APB-28d-CIH, respectively. P = 0.0051) (Figure 2C).
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FIGURE 2. Effect of 2-APB on pulmonary vascular remodeling induced by chronic intermittent hypoxia. (A) Medial layer (ANOVA P < 0.0001). (B) α-actin immunoreactivity in the medial layer (ANOVA P < 0.0001). (C) Ki-67 positive cells in PASMC (ANOVA P = 0.0009) of control (empty circles, n = 6), Vehicle + 28d-CIH (black circles, n = 6), and 2-APB + 28d-CIH rats (blue circles, n = 7). The % of medial layer was measured as (muscle area - lumen area)/(muscle area * 100). Scale bar = 100 μm. †††P < 0.001 vs. all groups, **P < 0.01 vs. Vehicle + 28d-CIH ***P < 0.001 vs. Vehicle + 28d-CIH, One way ANOVA-followed by Newman Keuls test.




2-Aminoethyl Diphenylborinate Prevented the Reduction of the Luminal Vascular Surface Induced by Exposure to Chronic Intermittent Hypoxia

Exposure to CIH for 28 days increased the number of small pulmonary arteries of 150–300 μm of internal diameter compared to the control rats (12.7 ± 2.3 arteries/mm2 vs. 7.2 ± 1.9 arteries/mm2, for Vehicle + 28-CIH vs. control rats, respectively. P = 0.0005). Treatment with 2-APB normalized the number of arteries (7.9 ± 2.5 arteries/mm2 in 2APB + 28-CIH, P = 0,001) (Figure 3A). In addition, CIH decreased the vascular luminal surface in the Vehicle-treated animals exposed to CIH as compared to the control group. Nevertheless, 2-APB prevented this decrease despite that rats were exposed to CIH, reaching similar values compared to control group (1497.0 ± 190.9 μm2/mm2, 797 ± 117.3 μm2/mm2 and 1632 ± 222.8 μm2/mm2, for control, Vehicle + 28d-CIH and 2-APB + 28d-CIH, respectively. P < 0.0001) (Figure 3B).
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FIGURE 3. Effect of 2-APB on vascular density and luminal surface in lungs of rats subjected to chronic intermittent hypoxia. Left panel, Reconstruction of 6 lung parenchyma slices stained with Van Gieson. (A) Vascular density (ANOVA, P = 0.0007). (B) Luminal vascular surface (ANOVA, P < 0.0001) in controls (empty circles, n = 6), Vehicle + 28d-CIH (black circles, n = 6), and 2-APB + 28d-CIH rats (blue circles, n = 7). Scale bar = 100 μm. Mean ± SD. ††P < 0.01 vs. all groups, †††P < 0.001 vs. all groups, **P < 0.01 vs. Vehicle + 28d-CIH, ***P < 0.001 vs. Vehicle + 28d-CIH. One way ANOVA-followed by Newman Keuls tests.




2-Aminoethyl Diphenylborinate Did Not Prevent the Systemic and Pulmonary Oxidative Stress Induced by Chronic Intermittent Hypoxia

Exposure to 28 days to CIH increase both systemic and pulmonary MDA concentration in Vehicle-treated rats related to control animals, but 2-APB treatment did not prevent the increase in both the systemic and pulmonary MDA concentration (Figure 4).
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FIGURE 4. Effect of 2-APB on pulmonary and systemic MDA concentration (TBARS) following chronic intermittent hypoxia. (A) MDA lung concentration (ANOVA, P = 0.0002). (B) Systemic plasma concentration (ANOVA, P < 0.0001) in control (empty circles, n = 6), exposed to Vehicle + 28d-CIH (black circles, n = 6), and 2-APB + 28d-CIH rats (blue circles, n = 7). Mean ± SD. ‡‡P < 0.01 vs. Control, ‡‡‡P < 0.001 vs. Control. One way ANOVA-Newman followed by Keuls tests.




2-Aminoethyl Diphenylborinate Reduced the Relative Pulmonary Gene Expression of TRPC 1, 4, and 6 but Increased ORAI 1

CIH for 28 days increased the relative pulmonary gene expression of TRPC1, TRPC4, TRPC6, and ORAI 1, but not ORAI 2 as compared to control animals (Figure 5). 2-APB-treated rats did not shown an increase in the relative pulmonary gene expression of TRPC 1, TRPC 4 and TRPC6 induced by CIH, being these values similar to control animals (Figures 5A–C). On the contrary, the treatment with 2-APB induced an increase in the relative pulmonary gene expression of ORAI1, which was greater than the one found in the control animals and Vehicle-28d CIH-treated rats (Figure 5D). The expression of ORAI2 remained unchanged among the groups (Figure 5E).
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FIGURE 5. Effect of 2-APB on the relative gene expression of STOC following chronic intermittent hypoxia. (A) relative lung gene expression of TRPC1 (ANOVA, P = 0.0001). (B) TRPC4 (ANOVA, P = 0.0017). (C) TRPC6 (ANOVA, P = 0.0003). (D) ORAI1 (ANOVA, P = 0.0005), and (E) ORAI2 (ANOVA, P = 0.9612) in control (empty circles, n = 6), Vehicle + 28d-CIH (black circles, n = 6), and 2-APB + 28d-CIH rats (blue circles, n = 6). Values expressed as 2–ΔΔCT related to the control. Mean ± SD. ††P < 0.01 vs. all groups, †††P < 0.001 vs. all groups **P < 0.01 vs. Vehicle + 28d-CIH, ***P < 0.001 vs. Vehicle + 28d-CIH, One way ANOVA-followed by Newman Keuls tests.





DISCUSSION

We studied the effects of 2-APB, a drug with inhibitory actions on STOC (Bootman et al., 2002, Castillo-Galán et al., 2016, 2022), in a rat model of CIH-induced pulmonary hypertension (Del Rio et al., 2010, 2012, 2014; Iturriaga et al., 2014; Castillo-Galán et al., 2020). Consistently with previous studies, rats exposed to CIH for 28 days, develop vascular remodeling characterized by an increased thickness of the medial layer in pulmonary arteries and an elevated right ventricular systolic pressure (Nisbet et al., 2009; Jin et al., 2014, 2016; Iturriaga and Castillo-Galán, 2019; Castillo-Galán et al., 2020). The main findings of this study are that 2-APB treatment prevented the raise of RVSP, the pulmonary vascular remodeling characterized by an increased medial layer thickness, the increased α-actin-it and Ki-67 immunoreactive levels, and the lumen vascular surface reduction. In addition, we found that 2-APB did not reduce the lung and plasma oxidative stress, suggesting that the effects of 2-APB on vascular remodeling and pulmonary hypertension are independent of the oxidative stress action. Thus, present results strongly suggest that STOC contribute to the pulmonary hypertension and vascular remodeling in a pre-clinical model of OSA.

Present results showing that 2-APB infusion prevented the increase of RVSP induced by CIH, agree and extended previous studies, which found that 2-APB treatment attenuated the pulmonary vascular remodeling, the increased RVSP and the Fulton index in mice exposed for 4 weeks to sustained hypoxia, as compared to hypoxic animals treated with Vehicle (Smith et al., 2015). Similarly, the daily infusion of 2-APB reduced the vascular remodeling and pulmonary hypertension induced by pregestational hypoxia in newborn lambs in high altitude (Castillo-Galán et al., 2016). Interestingly, our results showed that 2-APB prevented the over-expression of TRPC subunits 1, 4 and 6 induced by CIH in the lung tissue. On the other hand, CIH activates the ET-1 – IP3R pathway in PASMC, releasing Ca2+ from the reticulum, which in turn activate STOC (Wang et al., 2012; Castillo-Galán et al., 2020) and raise the intracellular Ca2+ concentration (Reyes et al., 2018). In addition, Ca2+ activates or stabilized transcription factors that upregulated STOC subunits such as HIFs, NFAT, AP-1, NF-KB and the Platelet Derived Growth Factor (Shibasaki et al., 1996; Timmerman et al., 1996; Dolmetsch et al., 1997; Chen et al., 1998; Salnikow et al., 2002; Mottet et al., 2003; Ogawa et al., 2012; Jiang et al., 2014; Domínguez-Rodríguez et al., 2015; Wang et al., 2015, 2017). Taken together, the evidence suggests that 2-APB would induce a decrease in intracellular calcium (Parrau et al., 2013), which may inhibit the upregulation of TRPC1, TRPC4 and TRPC6. However, more studies are required to determine if all of these factors that regulated STOC changed in the lung tissue following CIH.

In this study, 2-APB was administered with osmotic pumps at a delivery rate of 10 mg/kg per day, which is similar to the daily dose range used by Smith et al. (2015), Castillo-Galán et al. (2016, 2022) and Jain et al. (2021) to block STOC in vivo. Indeed, Smith et al. (2015) treated chronic hypoxic mice with 2-APB (1 mg/kg/day i.p.) to reduce pulmonary hypertension and right ventricular enlargement. Castillo-Galán et al. (2016, 2022), administered 2-APB (10 mg/kg/day i.v.) to neonatal lambs with a partial or full gestation in high altitude to ameliorate the pulmonary hypertension and vascular remodeling, and Jain et al. (2021) administrated 2-APB (1 mg/kg per day i.p.) to attenuate pulmonary hypertension in hypoxic mice. We did not measure the plasma concentrations of 2-APB after its administration, but Parrau et al. (2013) estimated that a single dose of 2-APB (8 mg/kg i.v.) would reach a concentration in the extracellular space in the range of 10–100 μM, assuming a distribution volume of 40% of the body weight. The same order of 2-APB concentration blocks STOC in isolated pulmonary arteries from hypoxic lambs (Parrau et al., 2013) and in HEK293 cells transfected with Orai/Stim or TRPC subunits (Lievremont et al., 2005; Peinelt et al., 2008).

Since 2-APB is a non-selective STOC blocker, we cannot preclude effects of 2-APB at the IP3R level. This make it uncertain to determine to what extent the effects of 2-APB on pulmonary vascular remodeling and hypertension are due to its effects on any of these targets. The participation of IP3R on the response of pulmonary arteries to hypoxia is controversial and depend on the species and type of vessel studied. While in rat distal pulmonary artery PASMC, both Ca2+ release from intracellular stores and Ca2+ entry from the extracellular space induced by hypoxia are abolished by IP3R blockade with xestonpongin-C (Wang et al., 2012), in canine pulmonary artery PASMC, Ca2+ entry mediated by STOC in response to hypoxia is unaffected by IP3R blockade (Ng et al., 2008). On the other hand, in rat main pulmonary arteries, both cytosolic Ca2+ increase and contraction in response to hypoxia are biphasic, with a rapid transient fast response followed by a slowly developing and sustained response. In these arteries, the contraction in response to hypoxia develop without changes in IP3 content (Jin et al., 1993), Indeed, it has been proposed that STOC account for the sustained Ca2+ increase in response to hypoxia (Sylvester et al., 2012). Moreover, in isolated pulmonary arteries of newborn lambs, the relaxation elicited by SKF-96365, a specific STOC blocker without effect on IP3R is similar to the relaxation induced by 2-APB, and both of them increased in pulmonary arteries from hypoxic lambs (Parrau et al., 2013). Taken together these observations suggest that 2-APB may act on IP3R and STOC, but the final effect is an indirect or a direct reduction of Ca2+ entry mediated by STOC in pulmonary PASMC from animals exposed to hypoxia. Considering that 2-APB is not a selective STOC blocker, new drugs with a selective effects on ORAI1/STIM1 interaction are needed to evaluate the role of the STOC in OSA patients with pulmonary hypertension (Reyes et al., 2018; Waldron et al., 2019).

Chronic intermittent hypoxia induces oxidative stress at the pulmonary and systemic level, which may affect calcium homeostasis and contribute to the lung vascular remodeling (Del Rio et al., 2010, 2012; Jin et al., 2014, 2016; Iturriaga and Castillo-Galán, 2019; Castillo-Galán et al., 2020). Antioxidants such as procyanidin and melatonin reduced the elevated RVSP and the vascular remodeling induced by CIH (Jin et al., 2014, 2016). The activation of TRPC1 and TRPC6 by the transcription factor BMP4 in rat PASMC depended on the increased ROS levels mediated by NOX4 (Jiang et al., 2014). In addition, it has been proposed that the increase in ROS levels induced by hypoxia, activates the ryanodine receptors (RyR), which in turn induces the release of the reticular Ca2+, activating STIM1, and allowing the interaction with ORAI in the plasma membrane and subsequent activation of the STOC (Suresh and Shimoda, 2016). These results suggest that the effects of antioxidants may be related with the inactivation of STOC and subsequently decrease in intracellular calcium. Although an antioxidant action of 2-APB has been shown in ischemia/reperfusion damage in mice and rat cardiomyocytes (Morihara et al., 2017; Shen et al., 2021), our results showed that 2-APB did not prevent the systemic and lung oxidative stress, suggesting that the effects of 2-APB on PASMC in the lung are not related by a reduction in oxidative stress. Thus, it is likely that the effects of 2-APB were related to its inhibitory action on the increased intracellular Ca2+ concentrations induced by STOC (Bootman et al., 2002). Thus, the treatment of hypoxic pulmonary hypertensive rats with 2-APB, has a strong effect preventing the increase of RVSP and the pulmonary vascular remodeling without any significant action on the oxidative stress markers.



CONCLUSION

Present results indicated that 2-APB treatment to rats exposed to CIH prevented the increased RVPS and the pulmonary vascular remodeling, without effects on both systemic and pulmonary oxidative stress markers, suggest that STOC are and attractive therapeutic target to prevent pulmonary hypertension in OSA. In summary, present results showed that 2-APB strongly ameliorated the pulmonary vascular alterations induced by CIH, indicates that the STOC inhibition may potentially be used to treat the pulmonary hypertension induced by OSA.
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Carotid bodies (CBs) are metabolic sensors whose dysfunction is involved in the genesis of dysmetabolic states. Ageing induces significant alterations in CB function also prompting to metabolic deregulation. On the other hand, metabolic disease can accelerate ageing processes. Taking these into account, we evaluated the effect of long-term hypercaloric diet intake and CSN resection on age-induced dysmetabolism and CB function. Experiments were performed in male Wistar rats subjected to 14 or 44 weeks of high-fat high-sucrose (HFHSu) or normal chow (NC) diet and subjected to either carotid sinus nerve (CSN) resection or a sham procedure. After surgery, the animals were kept on a diet for more than 9 weeks. Metabolic parameters, basal ventilation, and hypoxic and hypercapnic ventilatory responses were evaluated. CB type I and type II cells, HIF-1α and insulin receptor (IR), and GLP-1 receptor (GLP1-R)-positive staining were analyzed by immunofluorescence. Ageing decreased by 61% insulin sensitivity in NC animals, without altering glucose tolerance. Short-term and long-term HFHSu intake decreased insulin sensitivity by 55 and 62% and glucose tolerance by 8 and 29%, respectively. CSN resection restored insulin sensitivity and glucose tolerance. Ageing decreased spontaneous ventilation, but short-term or long-term intake of HFHSu diet and CSN resection did not modify basal ventilatory parameters. HFHSu diet increased hypoxic ventilatory responses in young and adult animals, effects attenuated by CSN resection. Ageing, hypercaloric diet, and CSN resection did not change hypercapnic ventilatory responses. Adult animals showed decreased type I cells and IR and GLP-1R staining without altering the number of type II cells and HIF-1α. HFHSu diet increased the number of type I and II cells and IR in young animals without significantly changing these values in adult animals. CSN resection restored the number of type I cells in HFHSu animals and decreased IR-positive staining in all the groups of animals, without altering type II cells, HIF-1α, or GLP-1R staining. In conclusion, long-term hypercaloric diet consumption exacerbates age-induced dysmetabolism, and both short- and long-term hypercaloric diet intakes promote significant alterations in CB function. CSN resection ameliorates these effects. We suggest that modulation of CB activity is beneficial in exacerbated stages of dysmetabolism.
Keywords: carotid body, metabolic disease, ageing, hypercaloric diets, carotid sinus nerve, insulin receptor
INTRODUCTION
Ageing is a biological process characterized by a progressive deterioration in physiological functions and metabolic processes that drive morbidity and mortality (Barzilai et al., 2012; López-Otín et al., 2013). Metabolically, ageing is characterized by insulin resistance, changes in body composition, and decreased growth hormone and insulin-like growth factor-1 levels, among others, a process that is altered or accelerated when metabolic and cardiovascular diseases are present (Bonomini et al., 2015). In fact, it is recognized that diabetes and obesity cause the acceleration of cellular processes associated with ageing (López-Otín et al., 2013), such as deterioration of the structure and function of organs due to oxidative stress, increased inflammation, genetic instability, and disturbance of homeostatic pathways (Barzilai et al., 2012; Tzanetakou et al., 2012; Bonomini et al., 2015).
Carotid bodies (CBs) are chemoreceptor organs that sense alterations in arterial blood gasses such as hypoxia and hypercapnia and acidosis. These stimuli activate the CBs leading to the release of neurotransmitters that act on the carotid sinus nerve (CSN) to increase or inhibit its activity (Gonzalez et al., 1994). The action potentials generated postsynaptically are integrated in the brainstem to induce cardiorespiratory responses, normalize blood gases via hyperventilation (Gonzalez et al., 1994), and regulate blood pressure and cardiac performance via activation of the sympathetic nervous system (Marshall, 1994). The CBs apart from participating in cardiorespiratory control are also involved in the homeostatic regulation of carbohydrates, lipid metabolism, and inflammation (Ribeiro et al., 2013; Conde et al., 2017; Conde et al., 2020; Sacramento et al., 2020; Iturriaga et al., 2021). In fact, in the last decade it has become consensual that the CBs are involved in the genesis of metabolic diseases since 1) CB activity is increased in prediabetes and T2D animal models (Ribeiro et al., 2013; Ribeiro et al., 2018) and prediabetic patients (Cunha-Guimaraes et al., 2020); 2) insulin, leptin, and glucagon-like peptide-1 (GLP-1) mediators that contribute to metabolic homeostasis are known to act on the CBs (Ribeiro et al., 2013; Ribeiro et al., 2018; Caballero-Eraso et al., 2019; Cracchiolo et al., 2019; Pauza et al., 2022); and 3) the abolishment of the CB activity, via CSN resection or its neuromodulation, prevents and reverses pathological features of dysmetabolism in animal models of dysmetabolism (Ribeiro et al., 2013; Sacramento et al., 2017; Sacramento et al., 2018).
Ageing is known to have led to a marked decrease in CB function, demonstrated by profound changes in CB morphology (Hurst et al., 1985; Di Giulio et al., 2003; Conde et al., 2006; Sacramento et al., 2019), namely, with hyperplasia, decreased number of type I cells (Conde et al., 2006; Sacramento et al., 2019) and progressive proliferation of type II cells (Di Giulio et al., 2003), reduced release of neurotransmitters as catecholamines and adenosine and ATP (Conde et al., 2006; Sacramento et al., 2019), and decreased CSN responses to hypoxia (Conde et al., 2006; Sacramento et al., 2019). Considering the tight link between ageing and metabolic deregulation, the role of CBs in the development of metabolic diseases and the ageing-associated alterations within this organ, as well as the beneficial effects of CSN resection on metabolic dysfunction, herein, we evaluated the effect of long-term hypercaloric diet intake and CSN denervation on age-induced metabolic dysfunction and ventilation. Moreover, we investigated the effect of hypercaloric diet intake, ageing, and CSN resection on the morphological characteristics of the CBs, as well as on hypoxia-inducible factor 1-alpha (HIF-1α) and on insulin receptor and GLP-1 receptor, markers for stimuli that act on the CBs.
MATERIALS AND METHODS
Ethics
All animal experimental and care procedures were approved by the NOVA Medical School|Faculdade de Ciências Médicas (NMS|FCM) Ethics Committee, by the NMS|FCM Animal Welfare Office (ORBEA), and by Direcção-Geral de Veterinária (DGAV), Portugal. The principles of laboratory care were followed in accordance with the European Union Directive for Protection of Vertebrates Used for Experimental and Other Scientific Ends (2010/63/EU). Sample calculation was performed at https://www.stat.ubc.ca/and was based on previous experiments where the effect of carotid sinus nerve resection was tested on metabolic variables assessed in vivo in rodents (Ribeiro et al., 2013; Sacramento et al., 2017; Sacramento et al., 2018). A sample size of 6 was defined for both young and adult animals.
Animals and Surgical Procedures
Experiments were performed on 8-week-old male Wistar rats (200–300 g) obtained from the vivarium of the NOVA Medical School|Faculdade de Ciências Médicas, Universidade Nova de Lisboa, Lisboa, Portugal. The animals were kept under controlled temperature and humidity (21 ± 1°C; 55 ± 10% humidity) with a 12 h light/dark cycle and ad libitum access to food and water. The animals were subjected to either a standard diet (14.53% protein, 10% fat, and 55.06% carbohydrates; RM3, SDS - Special Diet Services, United Kingdom) or to a high-fat high-sucrose diet (HFHSu, 60% lipid-rich diet (23.1% protein, 34.9% fat, and 25.9% carbohydrates; 58Y1, TestDiet, Missouri; United States) with 35% sucrose in drinking water) during 14 or 44 weeks of diet. At 14 or 44 weeks of diet, the animals were randomly divided, and half of the group was subjected to either CSN denervation or to a sham procedure. The rats were anesthetized with ketamine (30 mg/kg, Nimatek, Dechra, Netherlands) and medetomidin (4 mg/kg, Sedator, Dechra, Netherlands), and under aseptic conditions, the carotid artery bifurcations were located bilaterally, and the CSNs were identified and resected bilaterally or left intact (sham) (Ribeiro et al., 2013; Sacramento et al., 2017; Sacramento et al., 2018). Anesthesia was reversed with atipamezole (0.25 mg/kg in 2 ml, i.p., Antisedan, Esteve, Finland), and after the surgery, the animals were treated with analgesic buprenorphine (10 μg/kg, s.c.) and for 2–3 days, with anti-inflammatory carprofen (5 mg/kg, s.c, Rimadyl, Pfizer, Zaventem, Belgium).
Body weight and animal behavioral changes were assessed twice per week. Diet and water consumption were also monitored twice per week. At the end of experiments, the rats were euthanized by an intracardiac overdose of sodium pentobarbital (60 mg/kg i.p.), except when a heart puncture was performed to collect blood.  
Insulin Tolerance Test
Insulin sensitivity was evaluated in vivo by an insulin tolerance test (ITT) (Monzillo and Hamdy, 2003) in conscious animals before the beginning of the diet protocol, after 14 and 44 weeks of diet (before surgery) and 2 and 9 weeks after surgery. After overnight fasting (approx. 16 h), a bolus of insulin (Humulin regular 100 Ul/ml, Lilly) was administered in the tail vein (0.1 U (4.5 g)/kg), and the decline in glycemia was monitored for 15 min with a 1-min interval. Blood samples were collected by the tail tipping method and measured with a glucometer FreeStyle Precision (Abbott Diabetes Care, Portugal) and test strips (Abbott Diabetes Care, Portugal). With the collected data, the constant of the glucose decline rate (KITT), which correlates directly with insulin sensitivity, was calculated using the formula 0,693/(t1/2), where glucose half-time (t1/2) was calculated from the slope of the curve by the least-square analysis of plasma glucose concentrations during the linear phase decay (Sacramento et al., 2017; Melo et al., 2019).
Oral Glucose Tolerance Test
Glucose tolerance was evaluated by an oral glucose tolerance test (OGTT) in conscious animals before the beginning of the diet protocol, after 14 and 44 weeks of diet (before surgery) and 9 weeks after surgery, following overnight fasting. For the OGTT, glucose salt solution (2 g/kg) (VWR Chemicals, Leuven, Belgic) was administered by gavage after the measurement of basal glycemia by the tail tipping method. After glucose administration, plasma glucose levels were monitored at 15, 30, 60, 120, and 180 min, as previously described (Sacramento et al., 2017; Melo et al., 2019).
Plethysmography
Ventilation was measured in conscious freely moving rats by whole-body plethysmography after 14 and 44 weeks of diet (before surgery) and 9 weeks after surgery, as previously described by Sacramento et al. (2018). The system (emka Technologies, Paris, France) consisted of 5-L methacrylate chambers continuously fluxed (2 L/min) with gases. Tidal volume (VT; ml), respiratory frequency (f; breaths/min; bpm), the product of these two variables, and minute ventilation (VE; ml/min/Kg) were monitored. Each rat was placed in the plethysmography chamber and allowed to breathe room air for 20 min until they adapted to the chamber environment and acquired a standard resting behavior. The protocol consisted of subjecting the animals to 30 min acclimatization followed by 10 min of normoxia (20% O2 balanced N2), 10 min of hypoxia (10% O2 balanced N2), 10 min of normoxia, 10 min of hypercapnia (20% O2 + 5% CO2 balanced N2), and finally to 10 min of normoxia. A high-gain differential pressure transducer allows measuring the pressure change within the chamber reflecting tidal volume (VT). False pressure fluctuations due to rat movements were rejected. Pressure signals were fed to a computer for visualization and storage for later analysis with EMKA software (emka Technologies, Paris, France).
Quantification of Plasma Insulin and C-Peptide
Insulin and C-peptide concentrations were determined with an enzyme-linked immunosorbent assay (ELISA) kit (Mercodia Ultrasensitive Rat Insulin ELISA Kit and Mercodia Rat C-peptide ELISA Kit, respectively, Mercodia AB, Uppsala, Sweden).
Immunohistochemistry Studies
The carotid bifurcation was collected from the animal, and the CBs with a small piece of the carotid artery were bilaterally dissected and immersion-fixed in 4% paraformaldehyde (PFA). The samples were embedded into OCT (Sakura Finetek Europe B.V., Zoeterwoude, Netherlands) and frozen. Serial sections of 8 μm thickness were obtained with a Leica CM3050 S cryostat (Leica Biosystems, Nussloch, Germany). The CB sections were washed with PBS for 5 min and incubated in permeabilizing-blocking solution (PBS containing 0.3% Triton X-100 and 2% non-immunized goat serum) for 20 min at room temperature, as previously described by Sacramento et al. (2019). After blocking, the CB sections were incubated with the primary antibodies rabbit anti-tyrosine hydroxylase (TH) (1:1000, Abcam, Cambridge, United Kingdom) or mouse anti-TH (1:1000, Sigma, Madrid, Spain), glial fibrillary acidic protein (GFAP) (1:250; Dako, Glostrup, Denmark), HIF-1α (1:500, Sicgen, Cantanhede, Portugal), insulin receptor (1:200, Cell Signaling, Madrid, Spain), and GLP-1R (1:500, Abcam, Cambridge, United Kingdom) overnight at 4°C. After washing with PBS (4 × 5 min), the sections were incubated with the secondary antibody goat anti-rabbit Alexa Fluor 594 (1:2000, Abcam, Cambridge, United Kingdom) or chicken anti-goat DyLight 550 (1:1000, Sicgen, Cantanhede, Portugal) or goat anti-mouse Alexa Fluor 488 (1:1000, Invitrigen, Madrid, Spain) or donkey anti-rabbit Alexa Fluor 488 (1:1000, Invitrigen, Madrid, Spain) in a permeabilizing-blocking solution for 1 h at room temperature. The sections were washed with PBS (4 × 5 min) and were incubated with 4,6-diamidino-2-phenylindole (DAPI) (1 μg/ml; Santa Cruz Biotechnology) for 5 min at room temperature. Finally, the CB sections were washed with PBS (2 × 5 min) and mounted with VECTASHIELD (Vector Laboratories, Burlingame, CA, United States). Negative controls were, however, similarly incubated in the absence of a primary antibody. The sections were examined using a fluorescence microscope (ZEISS Axio Imager 2; ZEISS, Oberkochen, Germany) with the excitation and emission filters for Alexa Fluor 594, 488, and 550. Images were captured using Axiocam 105 color (ZEISS) and stored in a computer.
Data and Statistical Analysis
Hypoxic and hypercapnic ventilatory responses were assessed by quantifying ventilatory parameters, respiratory frequency, tidal volume, and its product minute ventilation during the first 3 min after chamber gas replacement (that correspond approximately to the first 2 min of hypoxic/hypercapnic challenge), thus corresponding to the augmenting phase of the ventilatory response. Analysis of the intensity of fluorescence in immunohistochemistry studies was performed by the piece of software, Fiji app for ImageJ (https://imagej.nih.gov/ij/). TH, GFAP, HIF-1α, insulin receptor, and GLP-1R fluorescence intensity and the entire area of the CB tissue in each section were measured to calculate the percentage of fluorescence intensity per CB area. Each data point in immunofluorescence graphs corresponds to the mean values of serial sections of one CB.
For statistical analyses, data were evaluated using GraphPad Prism software, version 8 (GraphPad Software Inc., United States), and results were expressed as mean ± SEM. The significance of the differences between the mean values was calculated by one- and two-way ANOVA with the Bonferroni multiple comparison test. Differences were considered significant at p < 0.05.
RESULTS
Effect of Ageing and Long-Term Intake of Hypercaloric Diet on Insulin Sensitivity and Glucose Tolerance
Figure 1 shows the effect of ageing and hypercaloric diet consumption during 14 and 44 weeks on insulin sensitivity and glucose tolerance, which correspond to animals of 6 and 12 months of age, respectively. As previously described by Guarino et al. (2013), ageing caused a decrease of 61% in insulin sensitivity in normal chow animals (Figure 1B). In animals subjected to 14 and 44 weeks of HFHSu diet, insulin sensitivity also decreased by 53 and 64%, respectively (Figure 1B; KITT 14 weeks HFHSu = 2.10 ± 0.15 %glucose/min; KITT 44 weeks HFHSu = 1.57 ± 0.11 %glucose/min), these values being statistically different. Additionally, long-term hypercaloric intake, but not ageing, affects glucose tolerance, as shown in glucose excursion curves (Figure 1C) and in the area under the curve (AUC) obtained from the glucose excursion curves (Figure 1D). It should be noted that hypercaloric diet intake during 14 and 44 weeks increased by 13 and 28% the AUC of the glucose excursion curves (AUC 14 weeks HFHSu = 25052 ± 286 mg/dl*min; AUC 44 weeks HFHSu = 28305 ± 1320 mg/dl*min, p < 0.05), respectively (Figure 1D), showing that the deleterious effect on glucose tolerance is as high as the time under hypercaloric diet intake.
[image: Figure 1]FIGURE 1 | Effect of ageing and long-term intake of hypercaloric diet on insulin sensitivity and glucose tolerance. (A) Schematic illustration of the protocol of the study. (B) Effect of high-fat high-sucrose (HFHSu) diet on insulin sensitivity assessed by the insulin tolerance test and expressed as the constant of the insulin tolerance test (KITT). (C) Effect of long-term intake of high-fat high-sucrose (HFHSu) diet on glucose tolerance depicted as glucose excursion curves in normal chow (NC) and HFHSu animals before diet and 14 and 44 weeks of diet. (D) Area under the curve (AUC) obtained through the analysis of the glucose excursion curves. Bars represent mean ± SEM of 10 – 24 animals. One- and two-way ANOVA with Bonferroni multicomparison tests; *p < 0.05 and ****p < 0.0001 vs. before diet; ####p < 0.0001 compared with normal chow within the same group; §p < 0.05 comparing young vs. adult with the same diet treatment.
Effect of CSN Resection on Insulin Sensitivity and Glucose Tolerance
Figure 2 shows the effect of chronic bilateral CSN resection on insulin sensitivity and glucose tolerance. As expected and previously described by our group (Sacramento et al., 2018), the CSN resection completely restored insulin sensitivity in young animals subjected to the HFHSu diet, an effect that was observed 2 weeks after the surgery (HFHSu young CSN resection 2 weekspost-CSN resection = 4.57±0.36 %glucose/min) and maintained in the ensuing 9 weeks (HFHSu young CSN resection 9 weeks post-CSN resection = 5.15±0.35 %glucose/min) (Figure 2B) (CTL young 9 weeks post-surgery sham = 4.72±0.24%glucose/min). In HFHSu adult animals submitted to CSN resection, insulin sensitivity was partially restored 2 weeks after the surgery (HFHSu adult CSN resection 2 weeks post-CSN resection = 3.80±0.14 %glucose/min), being completely restored 9 weeks after the surgery (HFHSu adult 9 weeks post-CSN resection = 4.30±0.18 %glucose/min) (Figure 2B). CSN resection also restored almost completely, insulin sensitivity in age-induced insulin-resistant normal chow animals (KITT NC adult sham 9 weeks post-surgery = 2.14±0.18 %glucose/min; NC adult CSN resection 9 weeks post-surgery = 3.82±0.33 %glucose/min) (Figure 2B). Figures 2C and E show glucose excursion curves of the OGTT in young and adult animals, respectively. Analysis of the AUC of these glucose excursion curves showed that 9 weeks post-CSN resection, glucose intolerance is decreased by 9 and 24% in HFHSu young and adult animals, respectively (Figures 2D, F) (HFHSu young 9 weeks post-CSN resection = 22915 ± 625 mg/dl*min; HFHSu adult 9 weeks post-CSN resection = 21488 ± 1114 mg/dl*min). In normal chow adult animals, CSN resection also decrease the AUC by 19% (Figure 2F) (CTL adult 9 weeks post-CSN resection = 17575 ± 1003 mg/dl*min).
[image: Figure 2]FIGURE 2 | Effect of carotid sinus nerve (CSN) denervation on insulin sensitivity and glucose tolerance in normal chow (NC) and high-fat high-sucrose (HFHSu) animals. (A) Schematic illustration of the protocol of the study. (B) Effect of CSN resection on insulin sensitivity assessed by the insulin tolerance test and expressed as the constant of the insulin tolerance test (KITT) in normal chow (NC) and HFHSu animals in young and adult animals. (C) Effect of sham surgery (left panel) and CSN resection (right panel) on glucose tolerance depicted as glucose excursion curves in NC and HFHSu young animals. (D) Area under the curve (AUC) obtained through the analysis of the glucose excursion curves in NC and HFHSu young animals. (E) Effect of sham surgery (left panel) and CSN resection (right panel) on glucose tolerance depicted as glucose excursion curves in NC and HFHSu adult animals. (F) Area under the curve (AUC) obtained through the analysis of the glucose excursion curves in NC and HFHSu adult animals. Bars represent mean ± SEM of 5–6 animals. One- and two-way ANOVA with Bonferroni multicomparison tests; *p < 0.05, **p < 0.01, and ****p < 0.0001 vs. before diet; #p < 0.05, ##p < 0.01, and ####p < 0.0001 comparing sham vs. CSN resection.
Effect of Long-Term Hypercaloric Intake, Ageing, and CSN Resection on Fasting Glycemia, Insulinemia, and C-Peptide Levels
Table 1 displays the effect of long-term HFHSu intake, ageing, and CSN resection on fasting glycemia, insulinemia, and C-peptide concentrations in normal chow and HFHSu young and adult animals. Fasting glycemia increased 11% in young HFHSu animals, an effect restored by the CSN resection. In adult animals, long-term HFHSu diet intake, ageing, or CSN resection did not alter fasting glycemia. In contrast and as previously described by Guarino et al. (2013), age increased fasting insulinemia by 439% in normal chow animals. The short- and long-term HFHSu intake also increased plasma insulin levels by 232 and 448%, respectively, when compared with normal chow young animals (Table 1). Nevertheless, the impact of long-term HFHSu consumption and age on insulin levels was similar. Additionally, 9 weeks after the CSN resection, the plasma insulin levels decreased by 45% in HFHSu young animals. However, CSN resection was not able to decrease the hyperinsulinemia induced by age or by the long-term HFHSu consumption (adult animals).
TABLE 1 | Effect of long-term hypercaloric intake, ageing, and carotid sinus nerve resection on fasting glycemia, insulinemia, and C-peptide levels in normal chow (NC) and high-fat high-sucrose (HFHSu) animals.
[image: Table 1]Fasting C-peptide levels also increased by 138 and 244% in young and adult animals subjected to the HFHSu diet, respectively (Table 1), comparing with normal chow young animals, the effects that were not modified by the CSN resection. The increase in plasma C-peptide and insulin levels was as higher as the duration of the HFHSu intake. Also, age increased the C-peptide concentration by 155%, an effect that was not altered by the CSN resection.
Effect of Long-Term Hypercaloric Intake, Ageing, and CSN Resection on Basal Ventilation and on Ventilatory Responses to Hypoxia and Hypercapnia
Table 2 displays the effect of long-term HFHSu intake, ageing, and CSN resection on basal respiratory frequency, tidal volume, and minute volume. The HFHSu diet increased nonsignificantly respiratory frequency without altering tidal or minute volume, when compared with NC animals. As previously described (Quintero et al., 2016; Sacramento et al., 2019), in general, basal ventilatory parameters were lower in the adult animals when compared to young animals both under NC and HFHSu diets. It should be noted that tidal volume and minute volume were significantly decreased by 32 and by 40% in 14-month-old rats subjected to the NC diet and that the basal respiratory frequency was 26% higher in the young HFHSu animals, compared with 14-month-old HFHSu animals. CSN resection did not modify basal ventilatory parameters significantly (Table 2).
TABLE 2 | Effect of long-term hypercaloric diet intake and carotid sinus nerve (CSN) resection on basal ventilation parameters: respiratory frequency, tidal volume, and minute volume in normal chow (NC) and high-fat high-sucrose (HFHSu) animals.
[image: Table 2]Respiratory responses to hypoxia and hypercapnia are shown in Figure 3. As expected, ageing did not change the ventilatory responses to moderate hypoxia and hypercapnia (Figures 3B, C). In young animals, short-term HFHSu intake increased ventilatory responses to hypoxia by 130% (Figure 3B, left panel) whereas in the adult animals, long-term HFHSu intake increased hypoxia responses by 148% (Figure 3C, left panel). On the other side, CSN resection decreased the ventilatory responses to hypoxia by 79 and 75% in the young NC and HFHSu animals, respectively (Figure 3B, left panel), while in the adult animals, CSN resection decreased the ventilatory responses to hypoxia by 36 and 75% on the NC and HFHSu animals, respectively (Figure 3C, left panel). As expected, no alterations were observed in the ventilatory responses to hypercapnia with HFHSu diet, ageing, or with CSN resection (Figures 3B, C, right panel).
[image: Figure 3]FIGURE 3 | Effect of long-term hypercaloric diet consumption and of carotid sinus nerve denervation on spontaneous ventilation and on the hypoxic and hypercapnic ventilatory responses. (A) Left figure shows diet protocols and time points of plethysmographic evaluation. Right figure shows a schematic representation of the protocol used to assess basal ventilation and the ventilatory responses to hypoxia (10% O2 balanced N2) and hypercapnia (20% O2 + 5% CO2 balanced N2). Acute hypoxia and hypercapnia were applied during 10 min and separated by periods of 10 min in normoxia (20% O2). (B) Left and right panels show, respectively, the effect of short-term (23 weeks) hypercaloric diet consumption on hypoxic ventilatory and hypercapnic ventilatory responses in young animals. (C) Left and right panels show, respectively, the effect of long-term (53 weeks) hypercaloric diet consumption on hypoxic ventilatory and hypercapnic ventilatory responses in young animals, aged rats. Ventilatory responses to acute hypoxia and hypercapnia were represented as minute volume (VE). For each animal and for the entire population of animals, minute ventilation data were normalized to unit body weight. Data from 5 to 6 young animals and from 3–6 for adult rats. Values are mean ± SEM. One- and two-way ANOVA with Bonferroni multicomparison tests; *p < 0.05 and **p < 0.01 vs. NC young animals; #p < 0.05 and ####p < 0.0001 compared with NC within the same group.
Effect of Long-Term Hypercaloric Diet Intake and CSN Resection on Type I and Type II Cell Number in the Rat Carotid Body
Figure 4 shows the effects of long-term HFHSu consumption and CSN resection in CB morphology. In accordance with Dos Santos et al. (2018), short-term HFHSu intake increased by 40% of the TH immunoreactivity, a marker for type I cells, which is concomitant with the increase in the CB size observed in prediabetes animal models (Ribeiro et al., 2013) and type 2 diabetes patients (Cramer et al., 2014), an effect that was restored by the CSN resection (Figure 4A). In adult animals, a decrease of 35% was observed in the TH immunoreactivity, representing a decrease in CB type I cells induced by ageing (Figure 4A), as previously described in other studies (Di Giulio et al., 2003; Conde et al., 2006; Sacramento et al., 2019). Long-term HFHSu intake did not modify the TH-positive immunostaining which means that in adult animals the number of type I cells is not modified by the hypercaloric diet intake. No alterations were observed with the CSN resection in adult NC and HFHSu animals (Figure 4A).
[image: Figure 4]FIGURE 4 | Effect of long-term intake of hypercaloric diet, ageing, and of carotid sinus nerve (CSN) denervation on type I and type II cells in the carotid body (CB). (A) Left panel shows immunofluorescence images for tyrosine hydroxylase, a marker for CB type I cells (red fluorescence, left panels) and DAPI (blue fluorescence, middle panels) and its merge (panels on the right) in slices of 7-month-old (young) and 14-month-old (adult) CBs subjected to either a standard or a HFHSu diet with or without CSN resection. The right graph represents mean fluorescence of tyrosine hydroxylase (TH)-positive areas present in serially sectioned CBs. (B) Left panel shows typical immunofluorescence images of CB slices from an NC animal with staining for DAPI, a marker of cellular nuclei (blue fluorescence), glial fibrillary acidic protein (GFAP), a marker for CB type II cells (red fluorescence), tyrosine hydroxylase (TH), a marker for type I cells (green fluorescence), and the merge between GFAP and TH. The middle panel shows immunofluorescence images of GFAP (Red fluorescence)- and DAPI (blue fluorescence)-positive staining and its merge in slices of 7-month-old (young) and 14-month-old (adult) CBs subjected to either a standard or a HFHSu diet with or without CSN resection. The right graph shows mean fluorescence of GFAP-positive areas present in serially sectioned CBs. Data from 5 to 6 CBs for young animals and from 4 to 5 CBs for adult rats. Data represent means ± SEM. One- and two-way ANOVA with Bonferroni multicomparison tests; **p < 0.01, ***p < 0.001, and ****p < 0.0001 vs. NC young animals; #p < 0.05 and ###p < 0.001 comparing sham vs. CSN resection within the same group; §§§p < 0.001 and §§§§p < 0.0001 comparing young animals vs. adult animals with the same diet treatment.
In young animals, the HFHSu diet also increased by 31% the percentage of cells immunoreactive to GFAP, a marker for type II cells (Figure 4B), an effect that was not altered by the CSN resection. In adult animals, ageing did not change the immunoreactivity for GFAP, as in accordance with Sacramento et al. (2019). However, long-term HFHSu intake decreased by 19% type II cells, when compared with age-matched NC animals. The CSN resection did not change the percentage of cells immunoreactive to GFAP in both NC and HFHSu adult animals (Figure 4B).
Long-Term Hypercaloric Diet, Ageing, and CSN Resection Do Not Change HIF-1alpha Levels in the Carotid Body
Figure 5 shows the effect of HFHSu diet, ageing, and CSN denervation in the hypoxia marker HIF-1α in the CBs. The HIF-1α immunoreactivity (orange fluorescence) is observed in type I cells, as indicated by the colocalization with TH, but also in other cells in the CBs. Ageing decreased by 16% HIF-1α immunoreactivity in NC animals. Additionally, neither HFHSu consumption nor CSN resection changes the percentage of HIF-1α-positive cells in the CBs.
[image: Figure 5]FIGURE 5 | Effect of long-term hypercaloric diet intake, ageing, and of carotid sinus nerve (CSN) resection on HIF-1α staining in the carotid body (CB). (A) Panel shows immunofluorescence images for positive staining for HIF-1α (orange fluorescence, left panels) and tyrosine hydroxylase (TH), a marker of CB type I cells, (green fluorescence, middle panels) and its merge (panels on the right) in slices of 7-month-old (young) and 14-month-old (adult) CBs subjected to either a standard or a HFHSu diet with or without CSN resection. (B) Bar graph represents mean fluorescence of HIF-1α-positive areas present in serially sectioned CBs. Data from 4 to 5 CBs for young animals and from 4 CBs for adult rats. Data represent means ± SEM. One- and two-way ANOVA with Bonferroni multicomparison tests; *p < 0.05 vs. NC young animals.
Effect of Long-Term Hypercaloric Diet Intake, Ageing, and CSN Resection on Receptors of Metabolic Mediators That Drive CB Dysfunction
The CB has been described as a metabolic sensor, and its dysfunction has been associated with metabolic diseases, such as prediabetes and type 2 diabetes (Ribeiro et al., 2013; Conde et al., 2017; Conde et al., 2018; Sacramento et al., 2020). Knowing that insulin (Ribeiro et al., 2013) and GLP-1 (Pauza et al., 2022) are metabolic mediators that activate the CBs, we evaluated the effect of HFHSu consumption, ageing, and CSN resection on the immunoreactivity of insulin receptors and GLP-1R in the CBs (Figure 6). The presence of insulin receptors in the CBs was already described by our group (Ribeiro et al., 2013), but herein, we showed that the insulin receptors are detected in the TH-positive glomus cells (red fluorescence – IR, green fluorescence – TH, Figure 6A). Short-term HFHSu diet intake in young animals increased by 21% the immunoreactivity insulin receptors (Figure 6A)—an effect that was restored by the CSN resection. In young NC animals, the CSN resection also decreased by 23% the percentage of cells immunoreactive to insulin receptors. Moreover, ageing itself decreased the immunoreactivity to insulin receptors by 26%, an effect that decreased non-significantly by 25% in NC adult animals subjected to the CSN resection (Figure 6A). Long-term hypercaloric intake did not modify the effect of ageing on the immunoreactivity of insulin receptors, an effect not altered by the CSN resection (Figure 6A).
[image: Figure 6]FIGURE 6 | Effect of long-term hypercaloric diet intake, ageing, and carotid sinus nerve (CSN) resection on insulin receptor and glucagon-like peptide-1 receptor (GLP-1R). (A) Left panel shows immunofluorescence images for positive staining for the insulin receptor (IR) (red fluorescence, left panels) and tyrosine hydroxylase (TH), a marker of CB type I cells, (green fluorescence, middle panels) and its merge (panels on the right) in slices of 7-month-old (young) and 14-month-old (adult) CBs subjected to either a standard or a HFHSu diet with or without CSN resection. The right graph represents mean fluorescence of IR-positive areas present in serially sectioned CBs. (B) Left panel shows immunofluorescence images for the positive staining of GLP-1 receptor (GLP-1R) (red fluorescence, left panels) and TH, a marker of CB type I cells, (green fluorescence, middle panels) and its merge (panels on the right) in slices of 7-month-old (young) and 14-month-old (adult) CBs subjected to either a standard or a HFHSu diet with or without CSN resection. The right graph shows mean fluorescence of GLP1-R-positive areas present in serially sectioned CBs. Data from 4 to 6 CBs for young animals and from 4 to 7 CBs for adult rats. Data represent means ± SEM. One- and two-way ANOVA with Bonferroni multicomparison tests; *p < 0.05, **p < 0.01, and ***p < 0.001 vs. NC young sham; #p < 0.05 and ###p < 0.001 comparing sham vs. CSN denervation within the same group; §§p < 0.01 comparing young animals vs. adult animals with the same diet treatment.
Figure 6B presents the immunoreactivity of GLP-1R in young and adult animals and the impact of HFHSu on these levels. It should be noted that GLP-1R (red fluorescence) is detected in type I cells and demonstrated here by the colocalization with TH (green fluorescence), in accordance with Pauza et al. (2022). Short-term HFHSu intake or CSN resection in young animals did not modify the percentage of cells immunoreactive to GLP-1R. In contrast, in NC adult animals, GLP-1R immunoreactivity decreased by 28%. Long-term HFHSu diet consumption did not change the effect of ageing on GLP-1R immunoreactivity. Additionally, no alterations were observed with the CSN resection in adult animals (Figure 6B).
DISCUSSION
Herein, we found that ageing promoted insulin resistance and increased insulin secretion and that long-term hypercaloric diet intake exacerbates dysmetabolic states, characterized by insulin resistance, glucose intolerance, and increased insulin secretion, effects reversed by CSN denervation. Together, these findings support a potential role for the modulation of CB activity not only for the treatment of early stages of dysmetabolism but also in exacerbated stages of metabolic dysfunction.
We also confirmed that ageing and short-term and long-term hypercaloric diet intake altered basal ventilation and that hypercaloric diet intake exacerbated hypoxic ventilatory responses. We also provide further evidence that dysmetabolic states in young animals are associated with morphological changes in the CBs, characterized by the increased number of type I and II cells, and with increased staining of IR in the CBs, and in old animals, by decreases in IR and GLP-1R staining. Interestingly, CSN resection decreased TH-positive staining in HFHSu animals and IR-positive staining in both NC young and old animals and in HFHSu young animals. Neither hypercaloric diet intake nor CSN resection changed HIF-1α-positive staining in the CBs, suggesting that hypoxia did not play a role in stimulating the CBs in metabolic disease.
Effect of Long-Term Hypercaloric Diet and CSN Denervation on Whole-Body Insulin Action, Glucose Tolerance, and Insulin Secretion
Herein, we showed that ageing promoted insulin resistance that is accompanied by increased insulin secretion. Additionally, we found that long-term hypercaloric diet intake exacerbated metabolic dysfunction showed by an exacerbated glucose intolerance and insulinemia in comparison with animals subjected to short-term HFHSu diet intake. Our results on the effects of ageing on insulin action and secretion agree with those of our previous work (Guarino et al., 2013) in which we showed that animals aged 12 and 24 months exhibited insulin resistance together with hyperinsulinemia and with several animal (Reaven et al., 1983; Escrivá et al., 2007; Marmentini et al., 2021) and human (Minaker et al., 1982; Fink et al., 1985; Chang and Halter, 2003) studies showing that insulin secretion, insulin clearance, and the interaction between insulin and its target tissues are defective in elderly individuals. Also, we showed that hypercaloric diets promoted a state of metabolic deregulation, characterized by hyperglycemia, increased insulin secretion, insulin resistance, and glucose intolerance (Sacramento et al., 2017; Sacramento et al., 2018; Melo et al., 2019) that is exacerbated by long-term intake. Interestingly, we show here for the first time that CSN resection can restore insulin sensitivity in adult/aged animals without modifying insulin secretion. In agreement with our previous work (Sacramento et al., 2017; Sacramento et al., 2018), CSN resection reversed insulin resistance and attenuated increased insulin secretion and glucose intolerance promoted by short-term hypercaloric diets, but also reversed the exacerbated dysmetabolic states induced by long-term HFHSu intake, without altering insulin secretion. Altogether, these results mean that CSN modulation is capable of ameliorating whole-body metabolism not only in the early stages of metabolic dysfunction but also in states of exacerbated metabolic deregulation, where some of the defective functions are irreversible. Surprisingly, although CSN resection was able to restore insulin action and glucose homeostasis in young and adult/old animals, the fact that this procedure is able to ameliorate insulin secretion in young animals, as previously described (Sacramento et al., 2017), but not in old animals suggest the existence of different mechanisms or different contributions of the same mechanism behind the restoration of metabolism. Knowing that the CB controls peripheral insulin sensitivity (Ribeiro et al., 2013), we can postulate that restoration of insulin action and glucose tolerance in adults subjected to long-term hypercaloric diets might be related to increased insulin action on the target tissues; however, this requires further clarification. Moreover, we also know that ageing and hypercaloric diet consumption are associated with a progressive state of low inflammation (Pawelec et al., 2014) and that the CB is activated by inflammatory cytokines (Fernandez et al., 2014; Conde et al., 2020; Iturriaga et al., 2021), also being involved in the anti-inflammatory reflex (Fernandez et al., 2014; Conde et al., 2020; Iturriaga et al., 2021; Katayama et al., 2022). Therefore, we can postulate that CSN denervation might decrease the inflammatory state and therefore ameliorate metabolism.
Effect of Ageing and Long-Term Hypercaloric Diet on Spontaneous Ventilation and on Ventilatory Responses to Hypoxia and Hypercapnia
As we previously described (Quintero et al., 2016; Sacramento et al., 2019), herein, we found that 14-month-old rats exhibited decreased tidal volume resulting in lower minute ventilation. However, this decrease in basal ventilation does not mean hypoventilation as it is described that ageing is accompanied by a decrease in whole-body O2 consumption (Cerveri et al., 1995; Chan and Welsh, 1998). Moreover, we found that both short-term and long-term hypercaloric diet intakes promoted a tendency to alter ventilatory parameters, with short-term hypercaloric diet increasing the basal ventilatory frequency in young animals and long-term diet inducing increased tidal volume in adult animals. Although we might think that HFHSu animals would have an obesity hypoventilatory syndrome due to obesity (Masa et al., 2019), these animals do not exhibit a weight gain compared with other dysmetabolic/obese animals, for example, animals subjected to a high-fat diet or the zucker fatty diabetic animals (Melo et al., 2019; Baby et al., 2022). Herein, as previously described, we showed that ageing does not change hypoxic ventilatory responses to moderate hypoxia (10% O2); however, HFHSu diet potentiated this response in both young and adult animals, suggesting that hypercaloric diets alter CB chemoresponses to hypoxia and probably its integration within the central nervous system. These results are not new as in the past, we showed that the ventilatory responses to the occlusion of the common carotid artery (ischemic hypoxia) were increased in high-fat diet animals (Ribeiro et al., 2013), and we attributed these effects to the effect of insulin on CBs. Knowing that insulin activates the CBs (Ribeiro et al., 2013; Cracchiolo et al., 2019) and increases ventilation, an effect described in animals (Bin-Jaliah et al., 2004; Ribeiro et al., 2013) and in humans (Ward et al., 2007; Barbosa et al., 2018), it is not strange that HFHSu animals that are hyperinsulinemic could exhibit increased hypoxic ventilatory responses. In agreement with the role of CBs in mediating hypoxic responses (Gonzalez et al., 1994) and with the role of insulin in CBs (Conde et al., 2018), CSN resection abolishes the ventilatory responses to hypoxia almost entirely.
Effect of Long-Term Hypercaloric Diet, Ageing, and CSN Denervation on CB Morphology and on Markers for Key Stimuli That Activate the CB
In an attempt to correlate the effects of short-term and long-term hypercaloric diet intake, ageing, and of CSN resection on whole-body metabolic parameters with CB function, we analyzed, by immunohistochemistry, markers of type I and type II cells of the CBs, the TH, and GFAP, as well as a marker for hypoxia, HIF-1α, and receptors for metabolic mediators that are known to act on the CBs, the insulin receptor (Ribeiro et al., 2013) and GLP-1R (Pauza et al., 2022). As expected, as previously described by our group and others, adult/old CBs exhibited less positive staining for TH, this corresponding to a lower number of type I cells per CB area (Di Giulio et al., 2003; Conde et al., 2006; Sacramento et al., 2019), thus agreeing with the lower baseline ventilatory parameters found in adult animals. Also, in agreement with our studies showing an overactivation of the CBs in metabolic disease states (Ribeiro et al., 2013; Dos Santos et al., 2018; Ribeiro et al., 2018; Cunha-Guimaraes et al., 2020) and with the work of Cramer that found that CBs from type 2 diabetic patients are 25% bigger than those of healthy individuals (Cramer et al., 2014); herein, we observed that short-term HFHSu diet intake significantly increases the number of TH-positive and GFAP-positive staining, suggesting that these increased number of cells might contribute to an increased function of this organ. We can hypothesize that this increase in type I and II CB cells can be due to the action of high insulin circulating levels, present in HFHSu animals, in promoting cell proliferation. This agrees with the effects of insulin in inducing cell proliferation in white adipose tissue (Géloën et al., 1989), in beta-pancreatic cells in vivo (Beith et al., 2008), and in several cell lines in culture (Heni et al., 2011). CSN denervation by acting to restore insulin secretion could impact type I and II CB cell numbers. In contrast, long-term hypercaloric diet intake was unable to modify TH-positive staining and decreased even more the GFAP-positive staining in comparison with young and old CBs, suggesting that in ageing and with exposure to long-term HFHSu diet, the number of type I cells does not determine the level of CB dysfunction. However, we can suggest that the decrease in type II cells promoted by a long-term hypercaloric diet might be involved in the dysfunction of the CBs in ageing. It is known that CB type II cells are multipotent stem cells involved in CB neuroplasticity and that can be differentiated in other cell types (Pardal et al., 2007; Sobrino et al., 2020) as mesenchyme-like vascular cells, such as pericytes, smooth muscle, or even endothelial cells, as it has already been described (Navarro-Guerrero et al., 2016; Sobrino et al., 2020), which display no signs of neuronal (TH-positive cell) differentiation. Therefore, we can speculate that the loss of GFAP-positive staining in the CBs of animals submitted to long-term HFHSu intake might be due to the differentiation of type II cells in other cell types than type I cells, which could contribute to metabolic dysfunction, although these contentions require further clarification.
One of the stimuli that activates the CB and that promotes alterations in its chemosensory activity and in cell proliferation is hypoxia (Gonzalez et al., 1994; Sobrino et al., 2020). Also, chronic hypoxia is usually associated with increased weight gain and metabolic dysfunction (Norouzirad et al., 2017), and therefore, we explored if hypoxia within the CBs could be contributing to CB dysfunction and metabolic deregulation induced by hypercaloric diet intake. Herein, we did not find any alterations in HIF-1α immunofluorescence–positive staining within the CB (analyzed per CB area), induced by short- or long-term HFHSu intake, suggesting that hypoxia within the CB is not involved in the mechanisms promoting CB dysfunction and metabolic deregulation in our animals. Interestingly, we also found that ageing itself decreased HIF-1α immunofluorescence staining within the CBs. The absence of hypoxia, herein, observed indirectly by assessing HIF-1α immunofluorescence in the CBs together with the enlargement of CBs promoted age (Conde et al., 2006; Sacramento et al., 2019) and hypercaloric diets (Ribeiro et al., 2013), suggest that in these situations, correct mechanisms of angiogenesis are being put in place to allow the correct delivery of O2 to the tissue.
Insulin and GLP-1 are metabolic mediators that are known to act on the CBs and whose activity in this organ has been postulated to be involved in metabolic dysfunction (Ribeiro et al., 2013; Conde et al., 2018; Cracchiolo et al., 2019; Pauza et al., 2022). Herein, we confirmed that IR and GLP-1R, receptors for insulin and GLP-1, colocalize with tyrosine hydroxylase in type I cells of the CBs. As expected, IR-positive staining in the CBs was significantly increased in animals subjected to short-term HFHSu intake and slightly increased in animals subjected to long-term HFHSu diet in comparison with their respective controls, thus agreeing with the overactivation of the CBs found in animal models of dysmetabolism (Ribeiro et al., 2018; Cracchiolo et al., 2019) and prediabetic patients (Cunha-Guimaraes et al., 2020). In fact, CB chemosensitivity in prediabetic patients was shown to be correlated with insulin levels and with insulin resistance (Cunha-Guimaraes et al., 2020). The increase in IR staining in young animals was also in agreement with the enlargement of the CBs in metabolic disease animals (Ribeiro et al., 2013) and patients (Cramer et al., 2014) and with the increase in the number of type I cells in these CBs herein observed and with the increased CSN activity in HFHSu young animals and response to insulin (Cracchiolo et al., 2019), clearly stating that insulin in early stages of metabolic dysfunction contributes to CB dysfunction. CBs from adults/old animals showed lower IR staining per CB area, reflecting the decreased TH-positive staining area. Interestingly, as stated before, long-term HFHSu intake slightly increases IR staining, suggesting that even less TH-positive insulin seems to contribute to CB dysfunction. In agreement with the effect of circulating insulin on the CBs, CSN denervation led to a decrease in IR immunofluorescence staining in the CBs in all groups of animals, except the long-term HFHSu group of animals. This decrease in IR staining in the CBs clearly reflects the improvement in insulin secretion and the amelioration of peripheral metabolism promoted by CSN denervation observed herein and previously described (Sacramento et al., 2017; Sacramento et al., 2018).
Surprisingly, neither short-term or long-term HFHSu diet nor even CSN resection alter GLP1-R staining, suggesting that this mediator is not involved in CBs and metabolic dysfunction promoted by hypercaloric diets. However, if we take into consideration that HFHSu animals subjected to a short-term hypercaloric diet exhibit an increased number of TH cells, this probably means that GLP-1R will be less expressed in type I cells, therefore contributing to CB dysfunction. This agrees with the findings of Pauza et al. (2022), where they showed that CBs from spontaneously hypertensive rats exhibited a decrease in the expression of GLP-1 receptors that is associated with increased chemoreflex-evoked sympathetic drive. However, the absence of effects of long-term hypercaloric diet intake and of CSN resection clearly led to the idea that further research is needed to understand the contribution of GLP-1 and GLP-1R to dysmetabolic states induced by hypercaloric diets, those that better mimic human metabolic diseases, such as obesity and type 2 diabetes.
CONCLUSION REMARKS
In conclusion, long-term hypercaloric diet consumption exacerbates age-induced dysmetabolism, and both short and long-term hypercaloric diet intake promote significant alterations in CB function, seen by alterations in type I and type II cell numbers, as well as by significant increases in insulin receptor staining. CSN resection ameliorates these effects, suggesting that the modulation of CB activity apart from being beneficial in initial states of dysmetabolism as in prediabetes might also have a significant impact on exacerbated stages of dysmetabolism.
The fact that we had obtained different results on the CBs of young and adult animals clearly highlights the importance of studying animals of different ages and in different stages of disease progression as the mechanisms involved in metabolic deregulation might be different or have different contributions.
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Neonatal pulmonary hypertension (NPHT) is produced by sustained pulmonary vasoconstriction and increased vascular remodeling. Soluble guanylyl cyclase (sGC) participates in signaling pathways that induce vascular vasodilation and reduce vascular remodeling. However, when sGC is oxidized and/or loses its heme group, it does not respond to nitric oxide (NO), losing its vasodilating effects. sGC protein expression and function is reduced in hypertensive neonatal lambs. Currently, NPHT is treated with NO inhalation therapy; however, new treatments are needed for improved outcomes. We used Cinaciguat (BAY-582667), which activates oxidized and/or without heme group sGC in pulmonary hypertensive lambs studied at 3,600 m. Our study included 6 Cinaciguat-treated (35 ug kg−1 day−1 x 7 days) and 6 Control neonates. We measured acute and chronic basal cardiovascular variables in pulmonary and systemic circulation, cardiovascular variables during a superimposed episode of acute hypoxia, remodeling of pulmonary arteries and changes in the right ventricle weight, vasoactive functions in small pulmonary arteries, and expression of NO-sGC-cGMP signaling pathway proteins involved in vasodilation. We observed a decrease in pulmonary arterial pressure and vascular resistance during the acute treatment. In contrast, the pulmonary pressure did not change in the chronic study due to increased cardiac output, resulting in lower pulmonary vascular resistance in the last 2 days of chronic study. The latter may have had a role in decreasing right ventricular hypertrophy, although the direct effect of Cinaciguat on the heart should also be considered. During acute hypoxia, the pulmonary vascular resistance remained low compared to the Control lambs. We observed a higher lung artery density, accompanied by reduced smooth muscle and adventitia layers in the pulmonary arteries. Additionally, vasodilator function was increased, and vasoconstrictor function was decreased, with modifications in the expression of proteins linked to pulmonary vasodilation, consistent with low pulmonary vascular resistance. In summary, Cinaciguat, an activator of sGC, induces cardiopulmonary modifications in chronically hypoxic and pulmonary hypertensive newborn lambs. Therefore, Cinaciguat is a potential therapeutic tool for reducing pulmonary vascular remodeling and/or right ventricular hypertrophy in pulmonary arterial hypertension syndrome.
Keywords: Cinaciguat, hypoxia, pulmonary hypertension, newborn, high altitude
INTRODUCTION
Newborns are especially vulnerable to neonatal pulmonary hypertension (NPHT) due to changes in pulmonary circulation that occur in the fetal-to-neonatal transition (Rudolph, 1979). The common denominator of this syndrome is sustained pulmonary vasoconstriction associated with vascular and right ventricle remodeling, resulting in increased pulmonary arterial resistance and hypertension (Abman, 1999; Herrera et al., 2007). When this occurs in chronically hypoxic and pulmonary hypertensive neonates, remodeling can compromise the whole pulmonary vessels (Kuhr et al., 2012).
One of the main pathways of vascular vasodilation involves endothelial nitric oxide synthase. (eNOS), which produces nitric oxide (NO). The latter activates soluble guanylyl cyclase (sGC), thus increasing cyclic GMP (cGMP) production. In turn, cGMP activates cyclic GMP–dependent protein kinase (PKG), that phosphorylates the myosin light chain phosphatase (MLCP), resulting in myosin light chain (MLC) dephosphorylation and smooth muscle vasodilatation (Gao and Raj, 2010).
This pathway is also involved in preventing pulmonary vascular remodeling by reducing the expression of transcription factors, such as HIF-1, and their actions on the lung, among other mechanisms (Fiedler et al., 2002; Prabhakar and Semenza, 2012). Soluble guanylyl cyclase (sGC) requires heme iron in its reduced state (Fe2+) to be active (Stasch et al., 2002; Stasch et al., 2011). Once sGC is activated, it converts guanosine triphosphate (GTP) to cyclic guanosine monophosphate (cGMP), which has a myriad of physiological functions (Gao and Raj, 2010). When sGC becomes oxidized or when the heme group is lost, the enzyme does not respond to NO, thereby losing its capacity to increase cGMP, preventing vasodilation, and increasing the remodeling of small pulmonary arteries (Stasch et al., 2002; Stasch et al., 2011).
Chronically hypoxic and pulmonary hypertensive neonatal sheep born in the Alto Andino have increased NO production and eNOS protein expression. Nevertheless, they have a notable decrease in sGC protein expression and function, reflected by the low cGMP concentration in the lung (Herrera et al., 2008; Ferrada et al., 2015). Due to abnormal soluble guanylyl cyclase (sGC) expression and function, this pathological milieu may contribute to pulmonary arterial hypertension produced by pulmonary arterial vasoconstriction and remodeling.
NO inhalation therapy is one of the treatments for human neonates with pulmonary arterial hypertension. However, up to 40% of neonates with persistent pulmonary arterial hypertension do not respond to inhaled NO (iNO) therapy (Walsh-Sukys et al., 2000), highlighting the need for new therapeutic options. One candidate drug is Cinaciguat or BAY-582667, which activates sGC when the enzyme is oxidized or has lost the heme group (Stasch et al., 2002; Stasch et al., 2011). This drug was used acutely in fetal lambs, increasing pulmonary blood flow and reducing pulmonary vascular resistance (Chester et al., 2009). Cinaciguat also induced pulmonary vasodilation when acutely infused in lambs with experimental pulmonary hypertension produced by ligation of the ductusarteriosus (Chester et al., 2011). Based on these findings, we hypothesized that Cinaciguat reduces pulmonary vascular resistance by decreasing pulmonary arterial vasoconstriction and remodeling by activating soluble guanylyl cyclase, which is already reduced in its expression and function.
To test this hypothesis, we used an integrative approach to determine the effects of Cinaciguat in high altitude pulmonary hypertensive newborn lambs studied at 3,600 m. We determined: 1) in vivo pulmonary and systemic arterial blood pressure and resistance, cardiac output and heart rate, during the daily acute infusion of Cinaciguat; 2) in vivo pulmonary and systemic arterial blood pressure and resistance, cardiac output, and heart rate for 7 days before the daily acute infusion of Cinaciguat or vehicle and during a superimposed episode of acute hypoxia; 3) changes in the heart ventricle weight; histomorphology of pulmonary arteries (vascular density, histology, immunohistochemistry, and muscle layer cellular density); 4) expression of molecules related to cellular division, apoptosis (heart and lung) and vasodilator function (lung) and 5) ex vivo vasoreactivity response to KCl and vasodilators in isolated small pulmonary arteries.
MATERIALS AND METHODS
The Ethics Committee of the Faculty of Medicine, University of Chile, approved all the experimental protocols (CBA #0643 FMUCH). Animal care, maintenance, procedures, and experimentation were performed following the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) and American Physiological Society’s Guiding Principles in the Care and Use of Animals.
Animals
Twelve highland newborn lambs, whose ancestors lived for several generations at high altitude, were studied at the Putre Research Station (3,600 m above sea level), International Center for Andean Studies (INCAS), University of Chile, in the Region of Arica and Parinacota, Chile. The lambs were conceived, gestated, and born at Putre and were kept with their dams at the Station´s animal facilities. At birth, six lambs (three females and three males) were randomly allocated to the Control group (receiving vehicle) and six lambs (four females and two males) to the Cinaciguat-treated (BAY 58-2667, LC Laboratories, MA, United States) group. The lambs were instrumented at 3 days old, and from 4 to 10 days old, they were given Cinaciguat (35 μg kg−1day−1, according to Chester et al., 2011) or vehicle [dimethyl sulfoxide (DMSO): 0.9% NaCl, 1:10] administered into the pulmonary artery daily. The day after the last treatment (day 11), lambs were subjected to a superimposed episode of acute hypoxia. The following day (day 12), lambs were euthanized with sodium thiopentone 100 mg kg−1 i.v. (Tiopental; Laboratorio Biosano, Santiago, Chile) and tissues were collected. Body weights at euthanasia were 5.68 ± 0.36 kg and 5.90 ± 0.25 kg, Control and Cinaciguat groups, respectively. Afterwards, the ewes were returned to the flock.
Surgical Preparation
All surgical procedures were performed under aseptic conditions. At 3 days old, lambs were instrumented under general anesthesia with ketamine, 10 mg kg−1 i.m. (Ketostop; Drag Pharma-Invectec, Santiago, Chile), xylazine, 0.1–0.5 mg kg−1 i.m. (Xilazina 2%, Laboratorio Centrovet, Santiago, Chile), and atropine (0.04 mg kg−1 i.m. (Atropina Sulfato; Laboratorio Chile, Santiago, Chile), with additional local infiltration of 2% lidocaine (Dimecaina; Laboratorio Beta, Santiago, Chile). Polyvinyl catheters (1.2 mm internal diameter) were placed into the descending aorta and inferior vena cava. A Swan-Ganz catheter (Swan-Ganz 5 French, Edwards Lifesciences LLC, Irvine, CA, United States) was placed in the pulmonary artery. All catheters were filled with heparin solution (1000 IU ml−1 in 0.9% NaCl), exteriorized and kept in a cloth pouch sewn onto the skin. Oxytetracycline, 20 mg kg−1, i.m. (Liquamicina LA, Pfizer, Chile), and sodium metamizole 0.1 mg kg−1, s.c. (Metamizol sódico, Laboratorio Chile, Chile) were given immediately after surgery and during the next 3 postoperative days.
Daily Recordings of Cardiopulmonary Variables During Cinaciguat Treatment Under High Altitude Chronic Hypoxia
Starting at day 4 (1 day after surgery) and for the following 7 days, lambs were brought to the Station laboratory every morning. All in vivo measurements were performed in unanesthetized neonatal lambs comfortably placed in a home-made canvas sling. Catheters were attached to pressure transducers and to a data acquisition system connected to a computer (Powerlab/8SP System and Chart v4.1.2 Software; ADInstruments, NSW, Australia) to continuously recording pulmonary and systemic pressures and heart rate. After 15 min of basal recordings, lambs were given a bolus of Cinaciguat or vehicle for 3 min and recordings were continued during the next hour. Blood gases: arterial pH (pHa), arterial oxygen partial pressure (PaO2), arterial CO2 partial pressure (PaCO2), hemoglobin saturation (%Sat Hb), hemoglobin concentration (Hb) (IL-Synthesis 25, Instrumentation Laboratories, Lexington, MA, United States) were measured at fixed intervals during the protocol, and values were corrected to 39°C. Heart rate, mean pulmonary and systemic arterial pressures (HR, mPAP & mSAP, respectively) were obtained from the records. We calculated pulmonary (PVR) and systemic vascular resistance (SVR) as described previously (Herrera et al., 2007). Additionally, every 15 min we measured the cardiac output (CO) by thermodilution, injecting 3 ml of chilled (4°C) 0.9% NaCl into the pulmonary artery via the Swan-Ganz catheter connected to a cardiac output computer (COM-2 model; Baxter, Edwards Critical-Care Division, Irvine, CA, United States). Lambs were returned to their mothers after each session.
Cardiopulmonary Response to Superimposed Acute Hypoxia
At 11 days of age, 24 h after the last treatment, the newborn lambs were connected as described above and subjected to a superimposed episode of acute hypoxia, consisting of 30 min of breathing room air, 30 min of hypoxia (PaO2 ∼ 30 ± 2 mmHg), followed by 30 min under room air (recovery). Hypoxia was induced by passing approximately 20 L min−1 of 10% O2 and 2%–3% CO2 in N2 through a loosely tied transparent polyethylene bag placed over the animal’s head. Blood gases, hemoglobin saturation, and hemoglobin concentration were measured at 15 min intervals during the protocol. Mean PAP, mSAP, and HR were measured continuously, and PVR and SVR were calculated (Herrera et al., 2007). Additionally, cardiac output (CO) was measured at 15 min intervals. After recovery, lambs were returned to their mothers.
Euthanasia and Organ Dissection
At 12 days of age, after the episode of acute hypoxia and 48 h after the last Cinaciguat treatment or vehicle, the lambs were euthanized with an overdose of sodium thiopentone 100 mg kg−1 i.v. (Tiopental; Laboratorio Biosano, Santiago, Chile). Lungs and hearts were dissected, weighed, and immediately immersed in cold 0.9% NaCl. The right and left lungs were separated. The right lung was processed for wire myographic studies and molecular biology, and the left lung for histology, as described below. The heart was dissected; right and left atriums, right and left ventricles, and septum, were weighed. Right ventricular hypertrophy index (RVHI; [right ventricle weight/left ventricle weight + septum weight] × 100) and percentages of right and left ventricle and septum vs. newborn weight were calculated. Pieces of the left lung and right ventricle were stored in liquid nitrogen for molecular biology measurements. All other organs were dissected and weighed.
Wire Myography
Procedures were performed at Putre Research Station. Small pulmonary arteries between 150–400 µm were dissected from the caudal lobe of the right lung under a magnifying glass (Nikon 102, ×4). Isolated arteries were mounted in a wire myograph (DMT 610M, Denmark), maintained at 37°C in Krebs buffer aerated with 95% O2—5% CO2 (Herrera et al., 2007). The optimal diameter was obtained by stretching the vessel in a stepwise manner to a standardized tension equivalent to a physiological transmural pressure of 25 mmHg (Herrera et al., 2010). A concentration-response curve (CRC) was constructed for KCl. This CRC was analyzed in terms of maximal contraction and sensitivity. The contractile response was measured in terms of tension (N/m) using the Boltzmann equation. Sensitivity was calculated as EC50, the concentration at which 50% of the maximal response was obtained (Herrera et al., 2008). CRCs were constructed for SNP, sildenafil, and NS1619. These CRCs were analyzed in terms of maximal relaxation and sensitivity. Vasodilatation responses were determined in terms of maximal relaxation (%) by fitting experimental data to a sigmoidal equation (Ebensperger, 2011). Relaxation curves were performed after adding serotonin 10−6 M as a constrictor agent, and the responses were expressed as a percentage relative to the maximal contraction induced by serotonin (Ebensperger, 2011). Sensitivity was calculated as pD2, where pD2 = −log[EC50] (Neubig et al., 2003). In a few cases arteries were not suitable for the experiments, thus SNP experiments were performed in 5 Control and 5 Cinaciguat lambs, sildenafil experiments in 6 Control and 5 Cinaciguat lambs, and NS1619 in 5 Control and 6 Cinaciguat lambs.
Pulmonary Histomorphometry Measurements
The left lung was isolated, excised, and perfused with a cold 0.9% NaCl solution. Lung slices were cut from the central part of the lobe. About 1 cm3 pulmonary blocks were fixed in 4% paraformaldehyde in PBS for 24 h at room temperature, embedded in paraffin, cut into 5 µm sections and stained with van Gieson. We measured lung artery density, percentages of vascular smooth muscle and adventitia areas, and muscle layer cellular density. To determine lung artery density, we counted arteries with an internal diameter between 12 and 1,000 µm in the parenchymal lung area, excluding the bronchial and cartilaginous areas. The total area of the analyzed histological sections was similar between Cinaciguat and Control groups. Slides were digitized using the NanoZoomer XR scanner (Hamamatsu Photonics, Hamamatsu, Japan). The visualization and determination of the region of interest (ROIs) for counting arteries and measuring pulmonary parenchyma areas was performed by the QuPath v0.3.0 program (Bankhead et al., 2017). Vascular density was measured in the whole slide by counting the number of arteries and dividing it by the parenchyma surface in mm2. The percentages of vascular smooth muscle and adventitia areas were calculated (Minamino et al., 2001; Torres et al., 2015; Castillo-Galán et al., 2016; Lopez et al., 2016; Astorga et al., 2018). Six arteries (100–150 µm of inner diameter) per lung were analyzed, and an average of five measurements from each artery was recorded. Images of parenchymal arterioles were acquired using a workstation (Olympus trinocular microscope-BX51 plus digital camera QimaginG O3) linked to ImagePro software 6.3, and the vascular areas were calculated using the same software. Smooth muscle area (%) = [(external muscle area − internal area)/external muscle area] × 100, where the external muscle area and the internal area are the outer and inner limits of the tunica media, respectively. Adventitial area (%) = [(external adventitial area − external muscle area)/(external adventitial area)] × 100, where the external adventitial area and external muscle area are the outer boundary of the adventitia and the outer boundary of the tunica media, respectively. We counted nuclei in the smooth muscle area to visually calculate cellular density. The average count of each small pulmonary artery was divided by the previously measured total smooth muscle area (cells/μm2) × 100.
Ki67 Immunohistochemistry
The proliferation of smooth muscle cells in small pulmonary arteries (100–150 µm internal diameter) was measured as described by Castillo-Galán et al., 2016. Briefly, immunohistochemical detection for Ki67 was performed with commercial antibodies (Clone MIB-1, Dako, Glostrup, Denmark, dilution 1:100). Antigen retrieval was performed at 100°C with citrate buffer pH: 6, 1X (Dako). Primary antibody incubations were performed overnight at 4°C and visualized using an HRP-diaminobenzidine kit (Envision TM+; Dako). We considered cells Ki67 positive when they had a brown nucleus and Ki67 negative cells as those with a blue nucleus. We visually identified Ki67 positive arteries in 4 Control and 4 Cinaciguat newborns. In these arteries we calculated the percentage of Ki67 positive cells in the medial layer of small pulmonary arteries as the ratio of positive Ki67 nuclei versus total nuclei count (Castillo-Galán et al., 2016).
Western Blot
Lung and right ventricle lysates were prepared from frozen tissue and resolved by electrophoresis in SDS-polyacrylamide gels and electrotransferred to a nitrocellulose membrane (Lopez et al., 2016). After nonspecific binding blocking by incubating for at least 1 h with 4% skim-milk in phosphate-buffered saline (PBS) membranes were incubated with the following antibodies: anti-p21, (Cat. No. sc-397, polyclonal; Santa Cruz Biotechnology); anti-eNOS (Cat. No. 610296, monoclonal; BD Biosciences); anti-HO-1 (Cat. No. 10R-H112A, monoclonal; Fitzgerald); anti-sGC-α1 (Cat. No. sc-37502, monoclonal, Santa Cruz Biotechnology); anti-sGC-β1 (Cat. No. sc-514183, monoclonal; Santa Cruz Biotechnology); anti-PKG-1α (Cat. No. ADI-KAP-PK005, polyclonal; Enzo Life Sciences); anti-MLC20 (Cat. No. 3672S; Cell Signaling Technology); anti-PDE5 (Cat. No. 611498, monoclonal; BD transduction Laboratories); anti-BKCa (Cat. No. AB_10698180 clone L6/60, monoclonal; Neuromab, Davis, CA, United States); and anti-β-Actin (Cat. No. MA1-91399, monoclonal; Thermo Fisher Scientific). In addition, lung and right ventricle lysates, were incubated with anti-Phospho-p38 MAPK (Cat. No. 9215, polyclonal; Cell Signaling); anti-p38 MAPK (Cat. No. 9212, polyclonal; Cell Signaling); anti-Phospho p53 (Cat. No. sc-56173, monoclonal; Santa Cruz Biotechnology); anti-p53 (Cat. No. sc-6243, monoclonal; Santa Cruz Biotechnology); anti-Cyclin D1 (Cat. No. sc-717, polyclonal; Santa Cruz Biotechnology); anti-PARP (Cat. No. 556362, monoclonal; BD Pharmingen) and anti-β-Actin (Cat. No. MA1-91399, monoclonal; Thermo Fisher Scientific). Bands were revealed by incubating with HRP-conjugated anti-rabbit IgG or anti-mouse IgG secondary antibodies (both from Thermo Fisher Scientific, Rockford, IL, United States; used at a 1:5,000 dilution). Signals were detected with an enhanced chemiluminescent (ECL) (SuperSignal West Pico Chemiluminescent Substrate; Thermo Fisher scientific, Rockford, IL, United States) and autoradiography, and quantified by densitometric analysis using the Scion Image Software (Scion Image Beta 4.02 Win; Scion Corporation, MD, United States). The relative amount of proteins was calculated as the intensity ratio of the protein band of interest vs. the intensity of the β-Actin band. All these antibodies were used in previous studies in sheep and llama: anti-eNOS and anti-β-Actin (Torres et al., 2015); anti-p21, anti-Cyclin D1, anti-PDE5, anti-BKCa, anti-PKG-1α and anti-MLC20 (Herrera et al., 2019); anti-p53 (Yang et al., 2012); anti-PARP (Ebensperger et al., 2005). Western blot conditions for each antibody are indicated in Table 1. All immunoblot analyses were performed with the same tissue homogenates. Therefore, the β-Actin image corresponding to these preparations was re-used for illustrative purposes.
TABLE 1 | Westernblot conditions for each antibody.
[image: Table 1]Real-Time PCR
Bax and Bcl2 messenger RNA was measured by qRT-PCR in lung tissue homogenates. Total RNA was obtained using the SV Total RNA Isolation kit (Promega, Madison, WI, United States). cDNA was synthesized by M-MLV Reverse Transcriptase (200 U/μl) (Catalog No. 28025013, Invitrogen, Carlsbad, CA, United States) as described in Seron-Ferre et al. (2017). The primers used for Bax were: forward 5′- CCG​ACG​GCA​ACT​TCA​ACT​GG -3′ and reverse 5′- GAT​CAA​CTC​GGG​CAC​CTT​GG -3′. Primers for Bcl2 were forward 5′-GGA​TGA​CCG​AGT​ACC​TGA​AC -3′ and reverse 5′- GGC​CAT​ACA​GCT​CCA​CAA​AG -3'. Quantitative real-time PCR assays were performed in a StepOne thermal cycler (Applied Biosystems, CA, United States). The reaction procedure was as follows: initial denaturation step at 95°C for 15 min and 40 cycles (95°C for 30 s; 60°C for 30 s; 72°C for 30 s). Sample quantification was performed using a standard curve constructed with serial dilutions of known quantities of PCR products for each gene. The results were expressed as the Bax/Bcl2 ratio.
Measuring cGMP Concentration in Lung Tissue
Frozen lung tissue was homogenized, total protein was extracted, and cGMP was measured following the manufacturer´s instructions (Cayman Chemical, Cyclic GMP ELISA Kit Item N° 581021). Results were expressed in pmol/mg proteins. Protein content was determined using the Bradford method (Bradford, 1976) with bovine serum albumin as the standard.
Statistical Analysis
Data were expressed as means ± SEM. In vivo groups were compared using the one-way ANOVA followed by the post hoc Dunnett/Newman-Keuls test, area under the curve with a non-parametric Mann Whitney test, or two-way ANOVA followed by the post hoc Newman-Keuls test, as appropriate. Ex vivo and in vitro studies were analyzed using the non-parametric Mann Whitney test. Analyses were performed using Prism 6.01, GraphPad Software, La Jolla, CA. Differences were considered statistically significant when p ≤ 0.05 (Glantz and Slinker, 2001).
RESULTS
The Response of Cardiovascular Variables to Cinaciguat Infusion
Newborn lamb cardiovascular variables responded to Cinaciguat bolus, but the duration of the response differed between the variables (Figure 1). Mean PAP and PVR decreased by approximately 27% compared to their basal values in the first 10 min after Cinaciguat administration, returning to basal levels at 45 min (p ≤ 0.05, Figures 1A,C, respectively). The response of mSAP and SVR consisted of an initial 10% decrease that lasted 30 and 15 min, respectively (p ≤ 0.05, Figures 1B,D). In contrast, CO was maintained during Cinaciguat treatment (p < 0.05, Figure 1E), whereas HR increased by 22% and lasted for 60 min post Cinaciguat infusion (p ≤ 0.05, Figure 1F). Arterial pH and blood gases did not vary with the acute bolus injection of Cinaciguat. Also, cardiorespiratory variables, arterial pH, and blood gases did not change in response to vehicle administration (data not shown).
[image: Figure 1]FIGURE 1 | Acute effects of a 3 min infusion of Cinaciguat on the cardiopulmonary and systemic circulations of 6 chronically hypoxic and pulmonary hypertensive neonatal lambs. Infusions were performed in 7 successive days and results are means ± SEM of each variable at indicated times. Open circles: Basal values (B); Black circles, values after Cinaciguat infusion. Mean pulmonary arterial pressure [(mPAP, (A)], mean systemic arterial pressure [mSAP, (B)]; pulmonary vascular resistance [PVR, (C)]; systemic vascular resistance [SVR, (D)]; cardiac output [CO, (E)], and heart rate [HR, (F)] were recorded for 60 min. In the X axis, B, basal; I, infusion. Significant differences (p ≤ 0.05): a vs. basal period.
Daily values of cardiovascular variables were registered before Cinaciguat or vehicle administration from 4 to 10 days of age (Figure 2). At 10 and 11 days of age, basal PVR was lower in Cinaciguat than in Control newborns (p ≤ 0.05, Figure 2C), nevertheless, basal mPAP was similar to Controls from 4 to 11 days (Figure 2A). This decrease in PVR coincided with CO maintenance, although it also decreased in the Controls (p ≤ 0.05, Figure 2E). Mean SAP and HR were similar between groups (Figures 2B,F, respectively), and SVR was lower in Cinaciguat treated lambs at 9 and 10 days old (Figure 2D).
[image: Figure 2]FIGURE 2 | Time-course of basal cardiopulmonary and systemic circulation variables in chronically hypoxic and pulmonary hypertensive neonatal lambs treated with a daily bolus of Cinaciguat. Mean pulmonary arterial pressure [mPAP, (A)]; mean systemic arterial pressure [mSAP, (B)]; pulmonary vascular resistance [PVR, (C)]; systemic vascular resistance [SVR, (D)]; cardiac output [CO, (E)], and heart rate [HR, (F)]. Control (Open circles, n = 6) and Cinaciguat-treated lambs (Black circles, n = 6). Values are means ± SEM. Significant differences (p ≤ 0.05): a vs. basal period, b vs. Control group.
The difference between Cinaciguat and Control newborns was amplified at day 11, 24 h after the last dose of Cinaciguat when the newborns were subjected to a superimposed episode of acute hypoxia (Figure 3). Hypoxia increased mPAP in both groups; however, the response in the Cinaciguat group was markedly lower than the Control group (p ≤ 0.05, Figure 3A). Cinaciguat treated newborns had a lower basal PVR and higher CO on the day before the last treatment. Pulmonary vascular resistance did not increase during the hypoxic episode in the Cinaciguat group, unlike Control newborns. Also, the Cinaciguat lambs still maintained a low PVR during recovery (Figure 3C). Cardiac output and HR increased in both groups during hypoxia (p ≤ 0.05, Figures 3E,F, respectively). Nonetheless, HR was higher during the recovery time in the Cinaciguat group than in the Controls (p ≤ 0.05, Figure 3F). The effects of hypoxia in pulmonary circulation were different from those found in systemic circulation. There were no changes in mSAP and SVR during basal, hypoxia, and recovery periods in both groups (Figures 3B,D, respectively). The blood gases and pHa of Control lambs were similar to those reported in previous studies (Lopez et al., 2016). However, [Hb] was higher during the recovery period in the Cinaciguat group compared to Controls (12.47 ± 0.31 vs. 10.44 ± 0.78, respectively, p ≤ 0.05, Table 2).
[image: Figure 3]FIGURE 3 | Effect of Cinaciguat treatment on cardiopulmonary and systemic circulation following a superimposed episode of acute hypoxia in chronically hypoxic and pulmonary hypertensive neonatal lambs. Mean pulmonary arterial pressure [mPAP, (A)], mean systemic arterial pressure [mSAP, (B)], pulmonary vascular resistance [PVR, (C)], systemic vascular resistance [SVR, (D)], cardiac output [CO, (E)], and heart rate [HR, (F)]. Control (Open circles, n = 6) and Cinaciguat-treated lambs (Black circles, n = 6). Values are means ± SEM. Significant differences (p ≤ 0.05): a vs. basal period, b vs. Control group; c, hypoxia vs. basal and recovery periods.
TABLE 2 | Aortic pH and arterial blood gases during a superimposed episode of acute hypoxia in chronically hypoxic and pulmonary hypertensive neonatal lambs.
[image: Table 2]The Effects of Cinaciguat on the Heart and Other Organs
Organs were collected the day after the superimposed episode of acute hypoxia. Cinaciguat treatment decreased the percentage of right ventricle/newborn weight in relation to Controls (0.17% ± 0.01% vs. 0.20% ± 0.01%, respectively, p < 0.05, Figure 4B), without changing the percentages of the left ventricle and septum/newborn weight (Figures 4C,D, respectively), resulting in a lower right ventricular hypertrophy index (Cinaciguat 36.87% ± 2.03% vs. Control 43.72% ± 1.60%, p ≤ 0.05, Figure 4A). The right and left atrium showed no differences in absolute weight nor in relation to body weight between the two groups (data not shown). Cinaciguat treated newborns presented an increased percentage of the kidney weight/body weight compared to Control newborns (Cinaciguat 0.79% ± 0.04% vs. Control 0.65% ± 0.03%, p ≤ 0.05). To measure changes in right ventricle cell proliferation and apoptosis, we examined the expression of some proteins involved in cell division, such as Phospho-p38 MAPK/p38 MAPK, Phospho-p53/p53, Cyclin D1/β-Actin, and the apoptosis marker Poly ADP-ribose polymerase (PARP) for the proteolytic fragment (P116-P89). There were no significant changes in the levels of these proteins (Supplementary Figure S1; Supplementary Table S1) nor in the weight of other organs (data not shown) between Cinaciguat and Control lambs.
[image: Figure 4]FIGURE 4 | Effect of Cinaciguat treatment on heart ventricles of chronically hypoxic and pulmonary hypertensive neonatal lambs. Percentages of right ventricular hypertrophy index [(right ventricle/(left ventricle + septum) ×100] (A); [(right ventricle weight/newborn weight) x 100] (B); [(left ventricle weight/newborn weight) x 100] (C), and [(septum weight/newborn weight) ×100] (D). Control (Open circles, n = 6) and Cinaciguat-treated lambs (Black circles, n = 6). Values are means ± SEM. Significant difference (p ≤ 0.05): b vs. Control group.
Altogether, these data showed that Cinaciguat had important effects in vivo on pulmonary circulation, decreasing the responses to superimposed hypoxia. In addition, Cinaciguat decreased right ventricle size, which seems unrelated to cell proliferation and apoptosis. The possible effects of Cinaciguat in the kidneys remain to be explored.
The Effects of Cinaciguat Administration on Pulmonary Arteries
The effects of Cinaciguat on small pulmonary arteries were evaluated at the histometric and functional levels. In addition, proteins involved in the NO-sGC-cGMP pathway were evaluated in the lung.
The lambs treated with Cinaciguat showed higher vascular density (numbers of arteries per parenchyma surface) compared to the Control group (2.43 ± 0.15 arteries/mm2 vs. 1.84 ± 0.20 arteries/mm2, respectively, p ≤ 0.05, Figure 5A). In addition, there were changes in the structure of small pulmonary arteries (SPA) between 100–150 μm of internal diameter. The percentage of muscle and adventitia area decreased in the Cinaciguat group compared to the Control group (Figures 5B,C, respectively). The muscle area was 25.15 ± 1.40% in the Cinaciguat treated lambs vs. 40.01 ± 4.20% in the Controls (p ≤ 0.05, Figure 5D). The adventitia area was 32.25 ± 3.98% in Cinaciguat lambs compared to 48.62% ± 1.92% in Controls (p ≤ 0.05, Figure 5E).
[image: Figure 5]FIGURE 5 | Effect of Cinaciguat treatment on pulmonary vascular density and small pulmonary artery remodeling in chronically hypoxic and pulmonary hypertensive neonatal lambs. Total lung vascular density (arteries/mm2) (A). Representative micrograph of small pulmonary arteries, between 100 and 150 μm of luminal diameter, from vehicle group (B) and + Cinaciguat group (C), van Gieson staining. Brown area: muscular layer; pink area surrounding muscle: adventitia layer. Bar: 100 μm. Magnification: × 40. Percentage of muscle area (D), percentage of adventitia area (E). Control (Open circles, n = 6) and Cinaciguat-treated lambs (Black circles, n = 6). Values are means ± SEM. Significant difference (p ≤ 0.05): b vs Control group.
We measured Ki67 positive cells in the muscle area of small pulmonary arteries between 100 and 150 μm of internal diameter to assess if these modifications involved changes in proliferation (Figures 6A,B). The Cinaciguat group had a higher % of Ki67 positive cells than Controls (11.78 ± 1.88% vs. 3.96 ± 0.90%, respectively, p ≤ 0.05, Figure 6C). Consistent with the previous result, the percentage of muscle layer cellular density increased in the Cinaciguat group compared to the Control group (1.25 ± 0.07% vs. 0.98 ± 0.08%, respectively, p ≤ 0.05, Figure 6D). Further, p21/β-Actin protein expression was lower in the Cinaciguat groups compared to the Controls (0.39 ± 0.06 vs. 0.77 ± 0.12, respectively, p ≤ 0.05, Figure 7A). Cyclin D1/β-Actin expression was similar in both groups (Cinaciguat 0.93 ± 0.10 vs. 1.01 ± 0.14, Figure 7B). The Cyclin D1/p21 ratio increased in lambs treated with Cinaciguat compared to Controls (2.60 ± 0.43 vs. 1.37 ± 0.23, respectively, p ≤ 0.05, Figure 7C). The expression of other proteins involved in cell division, such as Phospho-p38 MAPK/p38 MAPK, Phospho-p53/p53, and apoptosis Poly ADP-ribose polymerase (PARP) for the proteolytic fragment (P116-P89) were not different between the two groups (Supplementary Figure S2; Supplementary Table S2).
[image: Figure 6]FIGURE 6 | Effect of Cinaciguat treatment on muscle layer proliferation (Ki67 expression) and cellular density in small pulmonary arteries of chronically hypoxic and pulmonary hypertensive neonatal lambs. Representative micrograph of small pulmonary arteries, between 100 and 150 μm of luminal diameter, from Control (A) and Cinaciguat-treated lambs (B). Ki67+ cells are shown with an arrow. Bar: 100 μm. Magnification: ×40. Percentage of Ki67+ cells of small pulmonary arteries (C). Control (Open circles, n = 4) and Cinaciguat-treated lambs (Black circles, n = 4). Values are means ± SEM. Significant difference (p ≤ 0.05): b vs. Control group. Cellular density in muscle layer (cells/µm2) ×100 (D). Control (Open circles, n = 6) and Cinaciguat-treated lambs (Black circles, n = 6). Values are means ± SEM. Significant difference (p ≤ 0.05): b vs. Control group.
[image: Figure 7]FIGURE 7 | Effect of Cinaciguat treatment on pulmonary protein expression of cell proliferation markers in chronically hypoxic and pulmonary hypertensive neonatal lambs. WB of p21/β-Actin (A), Cyclin D1/β-Actin (B), and Cyclin D1/p21 ratio (C). The β-Actin image was re-used for illustrative purposes. Control (Open circles, n = 6) and Cinaciguat-treated lambs (Black circles, n = 6). Values are means ± SEM. Significant difference (p ≤ 0.05): b vs. Control group.
We assessed the effects of Cinaciguat on the protein levels of the NO-HO-sGC-cGMP-PKG-1-MLC20 pathway. There was an important decrease in eNOS/β-Actin (Cinaciguat 0.55 ± 0.07 vs. Control 0.96 ± 0.14, p ≤ 0.05, Figure 8A) and an increase in HO-1/β-Actin (Cinaciguat 0.45 ± 0.09 vs. Control 0.20 ± 0.04, p ≤ 0.05, Figure 8B), two important upstream activators of sGC. BKCa/β-Actin protein expression increased in the Cinaciguat group compared to the Control group (2.25 ± 0.24 vs. 1.23 ± 0.18, respectively) but did not reach statistically significance (p = 0.089, Figure 10C). In contrast, there were no differences in the cGMP concentration in the lung (Figure 8C), nor in sGC α1/β-Actin and sGC β1/β-Actin protein expression (Supplementary Figure S3; Supplementary Table S3). In addition, PDE5/β-Actin protein expression was similar in both groups (0.57 ± 0.07 Cinaciguat group vs. 0.69 ± 0.08 Control group, Figure 9E). Further, there were no differences in the protein expression of downstream effectors such as PKG-1/β-Actin or MLC20/β-Actin (Supplementary Figure S3; Supplementary Table S3).
[image: Figure 8]FIGURE 8 | Effect of Cinaciguat treatment on pulmonary expression of vasodilatory pathway proteins and cGMP content in lung tissue in chronically hypoxic and pulmonary hypertensive neonatal lambs. WB of eNOS/β-Actin (A), HO-1/β-Actin (B), and cGMP (pmol/mg proteins) (C). The β-Actin image was re-used for illustrative purposes. Control (Open circles, n = 6) and Cinaciguat-treated lambs (Black circles, n = 6). Values are means ± SEM. Significant difference (p ≤ 0.05): b vs. Control group.
[image: Figure 9]FIGURE 9 | Effect of Cinaciguat treatment on the vasodilator and vasoconstrictor function in isolated small pulmonary arteries and lung protein expression of PDE5 in chronically hypoxic and pulmonary hypertensive neonatal lamb. Responses to SNP and sildenafil of small pulmonary arteries. Y-axis, percent relaxation (%); X-axis, log SNP and sildenafil molar concentration (M) [(A,C), respectively]. Histograms show maximal relaxation (%) and sensitivity (pD2) [(B,D), respectively]. Responses to KCl, Y-axis tension (N/m), X-axis KCl concentration (mM) (E). Western Blot of PDE5/β-Actin (F). The β-Actin image was re-used for illustrative purposes. For SNP experiments, Control (Open circles, n = 5) and Cinaciguat-treated lambs (Black circles, n = 5). For sildenafil experiments, Control (Open circles, n = 6) and Cinaciguat-treated lambs (Black circles, n = 5). For KCl experiments, Control (Open circles, n = 6) and Cinaciguat-treated lambs (Black circles, n = 6). For PDE5 WB experiments, Control (Open circles, n = 6) and Cinaciguat-treated lambs (Black circles, n = 6). Values are means ± SEM for all experiments. Significant difference (p ≤ 0.05): b vs. Control group.
Measurements at the ex vivo functional level by wire myography demonstrated differences between the responses of small pulmonary arteries of Cinaciguat treated and Control newborns. Keeping in line with the morphological changes shown in Figure 5, the maximal contraction response to KCl was lower in small pulmonary arteries from Cinaciguat than Control newborns (1.71 ± 0.60 (N/m) vs. 2.18 ± 0.08 (N/m), respectively, p ≤ 0.05, Figure 9E). In contrast, there was no difference in KCl sensitivity between both groups (22.92 ± 10.28 EC50 (mM) Cinaciguat vs. 31.14 ± 1.23 EC50 (mM) Control). Cinaciguat treatment increased maximal relaxation in response to NO donor SNP vs. Controls (69.49 ± 6.06% vs. 42.70 ± 6.33%, respectively, p ≤ 0.05, Figures 9A,B), without affecting sensitivity (pD2) to SNP (5.81 ± 0.31 Cinaciguat group vs. 5.07 ± 0.20 Control group), suggesting increased sGC responsiveness to NO. In contrast, maximal relaxation to sildenafil, a phosphodiesterase five inhibitor, was maintained (73.64 ± 2.11% Cinaciguat group vs. 71.08 ± 2.80% Control group, Figure 9C), but sensitivity (pD2) to sildenafil increased (8.70 ± 0.29 Cinaciguat group vs. 7.10 ± 0.18 Control group, p ≤ 0.05, Figure 9D), suggesting increased cGMP catabolism. Finally, there was no change with the protein expression of BKCa (Figure 10C), but Cinaciguat increased maximal relaxation in the presence of the agonist NS1619 (42.58 ± 7.83% vs. 20.61 ± 8.54%, Cinaciguat and Control lambs, respectively, p ≤ 0.05, Figures 10A,B), without changing sensitivity (pD2) to NS1619 (7.61 ± 0.27 vs. 6.91 ± 0.54, Cinaciguat and Control group, respectively).
[image: Figure 10]FIGURE 10 | Effect of Cinaciguat treatment on vasodilator function in isolated small pulmonary arteries and lung tissue BKCa protein expression in chronically hypoxic and pulmonary hypertensive neonatal lambs. Responses to NS1619, BKCa channel stimulator, in small pulmonary arteries, Y-axis show relaxation (%), X-axis log NS1619 M concentration (M) (A). Histogram show maximal relaxation (%) (B). WB of BKCa/β-Actin (C). The β-Actin image was re-used for illustrative purposes. For NS1619 studies, Control (Open circles, n = 5) and Cinaciguat-treated lambs (Black circles, n = 6). For BKCa WB, Control (Open circles, n = 6) and Cinaciguat-treated lambs (Black circles, n = 6). Values are means ± SEM. Significant differences (p ≤ 0.05): b vs. Control group.
In summary, these data show that Cinaciguat has important effects on the pulmonary vasculature, altering the arterial number, changing the structure and function of SPA, and altering the expression of several proteins related to cell proliferation and the vasodilatory pathway.
DISCUSSION
We administered daily pulses of Cinaciguat (BAY-582667), an sGC activator, to chronically hypoxic pulmonary hypertensive newborn lambs. As hypothesized, Cinaciguat treatment reduced pulmonary vascular resistance and decreased right ventricular hypertrophy. Cinaciguat treatment generated these cardiovascular changes through pulmonary circulation remodeling. Lung pulmonary artery density increased, and muscularity-adventitia in pulmonary arteries and arteriole vasodilator tone decreased. Our results show that Cinaciguat has major effects on the right side of the heart and pulmonary circulation.
Cinaciguat’s Effects on the Cardiovascular System
Cinaciguat (BAY-582667) administration to chronically hypoxic pulmonary hypertensive neonatal lambs had acute and chronic effects on their neonate’s cardiovascular system. Every daily infusion acutely decreased mean pulmonary arterial pressure and pulmonary vascular resistance for approximately 45 min. These fast responses were produced by Cinaciguat-induced sGC activation. sGC activation generates cGMP, which stimulates PKG, phosphorylates MLCP, dephosphorylates MLC, and induces vasodilation (Gao and Raj, 2010). However, cGMP (Van Haastert et al., 1982; Fullerton and McIntyre, 1996; Held and Dostmann, 2012) and Cinaciguat (Frey et al., 2008) have short half-lives; therefore, the effect’s duration was limited. Additionally, Cinaciguat treatment generated a small but significant decrease in mean systemic arterial pressure and resistance and induced tachycardia that persisted for more than 60 min but did not affect cardiac output. The tachycardia could have been caused by a baroreflex induced by the systemic pressure drop (Dampney, 2016; Guyton and Hall, 2016). Cinaciguat also induces noradrenaline release in human normoxic volunteers (Frey et al., 2008). However, the stimulus that generated the tachycardia did not increase cardiac output in the animals treated with Cinaciguat. Control newborns infused with vehicle did not display changes in any of the variables studied (data not shown). Recently, Hung et al., 2021, reported that administration in term newborn rats (10 mg/kg, i.p. at birth) prevented the closure Cinaciguat of the ductus arteriosus, which normally occurs around 2 h after birth in rats. Similarly, hypobaric hypoxia at high altitude also delays ductus arteriosus closure in human neonates (Alzamora-Castro et al., 1960; Penaloza et al., 1964). However, we did not find signs of an open d. arteriosus in newborns treated with Cinaciguat. We placed a Swan-Ganz in the pulmonary artery of neonatal lambs on postnatal day 3 and gave a lower daily dose of (35 μg/kg x day, i.v. for 7 days: 245 μg/kg total) from postnatal day 4–10 Cinaciguat than that used by Hung et al., 2021 in newborn rats. Cinaciguat treatment induced an acute decrease in pulmonary arterial pressure for 45 min, which then leveled off until the next dose of Cinaciguat the following day. The presence of a left-to-right shunt through the ductus should increase pulmonary artery pressure and pulmonary artery hemoglobin saturation. However, none of these variables significantly differed from Controls. Furthermore, on day 12, postmortem examination revealed that the ductus arteriosus was closed. Therefore, a small daily dose of Cinaciguat did not modify newborns’ pulmonary arterial pressure and blood gases milieu.
Unexpectedly, after seven daily treatments with Cinaciguat, pulmonary artery pressure in treated newborns was as high as Controls. However, the mechanisms maintaining pulmonary hypertension were different for each group of newborns. Control newborns exhibited a typical decrease in cardiac output with age and PVR continuation (Gonzaléz-Candia et al., 2021). Conversely, PVR decreased in Cinaciguat treated newborns, but they maintained their cardiac output. Therefore, experimental newborns had about 10% higher CO and 10% lower PVR than Controls during the final days of Cinaciguat treatment, but both groups had similar heart rates. Cinaciguat treated newborns maintained a high cardiac output throughout the treatment course, suggesting daily Cinaciguat treatment affects the heart by mediating catecholamine release (Frey et al., 2008). Additionally, as mentioned above, Cinaciguat has direct effects through cGMP, namely via PKG-1 mediated titin phosphorylation (Hamdani and Paulus, 2013), increased distension of cardiac cells, and higher ventricular filling. These effects enhance contractile force (Starling’s law) and cardiac output. The lower PVR of Cinaciguat treated newborns suggests important changes in the lung vasculature. The profound differences between Control and Cinaciguat treated newborns were displayed further when lambs were exposed to an episode of acute hypoxia, which was superimposed on an already chronically hypoxic environment. Acute hypoxia increases pulmonary pressure, PVR, cardiac output and heart rate in Control lambs (Herrera et al., 2007). However, acute hypoxia did not increase PVR in Cinaciguat treated newborns, and the response of other variables was blunted, highlighting a significant effect on the pulmonary vasculature. These results are consistent with lesser muscle and adventitia areas in small pulmonary arteries and a potassium induced contraction decrease seen in wire myography, ex vivo. The major decrease in pulmonary vascular resistance is also consistent with the increased pulmonary artery density we observed in the lung. These aspects will be discussed later. Cinaciguat treated lambs had lighter right ventricles relative to total lamb weight and lower right ventricle hypertrophic index scores (RVHI). These effects could be caused by decreased pulmonary vascular afterload. However, we cannot exclude the possibility that Cinaciguat acts on the heart directly. Cinaciguat stimulates sGC, generates cGMP and activates PKG. PKG is a kinase that phosphorylates several intracellular proteins that reduce the intracellular calcium concentration, which would decrease the weight of the right ventricle (Francis et al., 2010). Cinaciguat’s effects in the presence of an increased afterload have also been shown in normoxic adult rats subjected to abdominal aortic banding, which causes left ventricular hypertrophy. Aortic banding maintenance did not change systemic blood pressure, but Cinaciguat decreased myocardial hypertrophy in the left side of the heart and increased cardiac contractility (Németh et al., 2016). Using a similar experimental preparation, Cinaciguat administration increased PKG activity and reduced interstitial fibrosis, apoptosis, and nitro-oxidative stress in the left ventricle (Ruppert et al., 2019). Additionally, Cinaciguat inhibits cardiomyocyte hypertrophy in vitro (Irvine et al., 2012). Oxidative stress is a common cause of cardiac hypertrophy in several pathological conditions (Ramachandra et al., 2021). These experiments demonstrate that Cinaciguat could reduce left ventricle hypertrophy, despite the high overload suggesting it may also act on the right ventricle. However, we did not observe changes in the expression of proteins related to cell division (Phospho-p38 MAPK/p38 MAPK, Phospho-p53/p53, and Cyclin D1/β-Actin) or apoptosis (PARP) (Supplementary Figure S1; Supplementary Table S1). Nevertheless, we and others (Irvine et al., 2012; Németh et al., 2016; Ruppert et al., 2019) demonstrated that chronic enhancement of cGMP signaling by pharmacological activation of sGC might be a novel therapeutic approach to prevent pathologic myocardial hypertrophy. Future studies are needed to investigate how Cinaciguat decreases right ventricle weight.
Cinaciguat’s Effects on Pulmonary Arteries
Chronic hypoxia causes pathological pulmonary circulation remodeling. It decreases the lumen of pulmonary arteries, including small pulmonary arteries (SPA), by increasing the smooth muscle layer. It also stimulates cell migration (myofibroblasts, macrophages) from the adventitia to the muscular layer, which increases vessel wall thickness (Stenmark et al., 2018), and increases the expression of extracellular matrix proteins in the adventitia (Gilkes et al., 2013). These remodeled vessels show enhanced contractility in vitro, contributing to the increased persistent pulmonary vascular resistance seen in pulmonary hypertension (Stenmark et al., 2006; Penaloza and Arias-Stella, 2007; Gao and Raj, 2011; Stenmark et al., 2018). Chronic hypoxia activates genes related to vascular proliferation (NHE1, TRPC 1,6) and vascular contraction (ET-1, TRPC 1/6, Kv1.5, and Kv2.1 channels) through HIF-1 (Prabhakar and Semenza, 2012). Additionally, hypoxia increases reactive oxygen species (ROS) levels in pulmonary tissue. For example, intracellular ROS levels are elevated in pulmonary artery endothelial cells (PAEC) from fetal sheep with a congenital diaphragmatic hernia and pulmonary hypertension and adult rats subjected to hypoxia (Grishko et al., 2001; Acker et al., 2013; Acker et al., 2015), which could induce pulmonary artery remodeling.
We found that Cinaciguat treatment produces major changes in lung vasculature, such as increasing the density of pulmonary arteries, in hypoxic hypertensive newborn lambs. Astorga et al., 2018 reported a similar increase in hypoxic hypertensive lambs treated with the antioxidant hormone melatonin. They found that nitrotyrosine levels, a marker of oxidative stress, were lower in small pulmonary arteries after 10 days of treatment with melatonin. Lung vasculature increased after treatment with sildenafil in a model of fetal pulmonary arterial hypertension generated by constriction of the ductus arteriosus. Additionally, sildenafil and Cinaciguat increased the formation of endothelial cell tubes in pulmonary artery endothelial cells from these fetal lambs in vitro, suggesting sGC activation increases angiogenesis (Sharma et al., 2021). Furthermore, superoxide dismutase plus catalase increased tube formation in cultured pulmonary artery endothelial cells by decreasing intracellular ROS (Acker et al., 2015), suggesting ROS inhibits vasculogenesis. Cinaciguat also decrease ROS production via PKG-induced antioxidant gene expression in bone osteoblasts from diabetic mice (Kalyanaraman et al., 2018). Similarly, Cinaciguat inhibits mitochondrial ROS elicited by Ang II in ductus arteriosus smooth muscle cells (Hung et al., 2021). We found increased HO-1 protein expression in the lung tissue of lambs treated with Cinaciguat. HO-1 is an enzyme that catalyzes the formation of biliverdin and bilirubin, which are powerful antioxidants that may decrease ROS in the lung. Altogether these data suggest Cinaciguat plays an important role in oxidative stress.
Cinaciguat changed small pulmonary artery structure by decreasing the muscular and adventitia layers in chronically hypoxic pulmonary hypertensive lambs. Similar to our findings with Cinaciguat, treatment with 2-APB (a store-operated channel blocker) (Castillo-Galán et al., 2016), Fasudil (a Rho-kinase inhibitor) (Lopez et al., 2016), hemin (a hemoxigenase (HO-1) stimulator) (Ebensperger, 2011), and melatonin (a potent antioxidant) (Astorga et al., 2018), decreased muscle area. Additionally, three of these studies observed decreased smooth muscle cell proliferation, determined using Ki67. Conversely, we found newborns treated with Cinaciguat had a thinner muscular layer containing more putative smooth muscle cells. We observed more Ki67 positive arteries in experimental groups than Controls, indicating this effect was due to increased proliferation and did not observe any changes in the apoptosis markers (PARP and mRNA of Bax/Bcl2). Additionally, the lung tissue of experimental lambs had a higher Cyclin D1/p21 ratio, indicating increased cell proliferation. The consensus is that cGMP prevents vascular smooth muscle cell (VSMC) proliferation. However, new studies examining the effect of sustained NO-cGMP-PKG axis activation on VSMC growth and angiogenesis have challenged this consensus (Lehners et al., 2018). Some in vitro studies suggest that NO-cGMP-PKG pathway stimulation increases cell proliferation in aortic smooth muscle cells from normoxic adult rats and mice (Hassid et al., 1994). In normoxic mice, 8-Br-cGMP, a cGMP analogue, and low levels of NO increase proliferation mechanisms in smooth muscle cells (Wolfsgruber et al., 2003). We observed decreased expression of eNOS protein in the lungs of our chronically hypoxic Cinaciguat treated lambs accompanied by proliferative pathway activation in small pulmonary arteries. We also observed a higher cell density in the SPA muscle layer. We hypothesize that Cinaciguat reduces cell size. Cinaciguat activates BKCa via PKG-1 phosphorylation in cultures of smooth muscle cells from human corneal sclera. BKCa activation triggered the efflux of potassium, chloride, and water into the extracellular space and reduced smooth muscle cell size (Dismuke et al., 2009; Ellis, 2011). We did not directly investigate whether the same mechanism decreased smooth muscle cell size in our experiments.
We tested Cinaciguat’s effects on small pulmonary arterial function ex vivo via myography. As mentioned above, Cinaciguat treatment decreased eNOS protein expression and increased HO-1but did not affect PDE5 protein expression and cGMP content compared to Controls.
We assessed pulmonary contractility by examining the response of small pulmonary arteries to KCl and found Cinaciguat treatment decreased small pulmonary artery contractility. Additionally, arteries from Cinaciguat treated lambs had a larger vasodilatation response to sodium nitroprusside (SNP) than arteries from Controls. SNP is an exogenous donor of NO, which only exerts an effect when the sGC enzyme has reduced Fe2+ in its heme group (Ataei Ataabadi et al., 2020). sGC α1 and sGC β1 expression in the lung was the same in both groups of neonates; therefore, the greater vasodilatation response to SNP in the myographic experiment supports an increase in sGC function. Cinaciguat reduces oxidative stress (Kalyanaraman et al., 2018; Hung et al., 2021) by increasing iron reduction to Fe2+ in sGC and sGC activity. Concurrently, Ebensperger, 2011, found that treating chronically hypoxic and high altitude pulmonary hypertensive animals with hemin increased HO-1 protein expression and SNO induced relaxation compared to Controls. Additionally, increased HO-1 protein expression stimulated CO generation, which stimulated sGC and increased vasodilation (Nachar et al., 2001; Ebensperger, 2011). Another possible explanation for a lower cellular oxidative state was raised by Salloum et al., 2012, who used Cinaciguat as a pre-injury treatment for a ischemia/reperfusion experiment in mouse cardiomyocytes. They found Cinaciguat treatment increased protein and transcript (mRNA) expression of cystathionine-γ-lyase, an enzyme that generates hydrogen sulfide (H2S). Hydrogen sulfide (H2S) acts as a ROS scavenger by forming the antioxidant glutathione and increasing activation of enzymes such as HO-1 (Calvert et al., 2009), which we observed in our study. In conclusion, Cinaciguat affects the cell’s redox state by increasing several molecules with antioxidant effects and reducing intracellular ROS, which is associated with neonatal pulmonary hypertension.
The BKCa channel is another important vasodilator molecule, and BKCa protein expression was higher in the lungs of Cinaciguat treated lambs compared to Controls, but not statistically different. However, we found that treatment with NS1619, an activator of the BKCa channels, increased vasodilation ex vivo. The vasodilation was similar to that obtained in rats with pulmonary hypertension treated with NS1619 (Revermann et al., 2014) and pulmonary hypoxic-hypertensive lambs treated with hemin (Ebensperger, 2011). PKG phosphorylates and activates BKCa channels (Francis et al., 2010), which hyperpolarizes smooth muscle cells. This hyperpolarization blocks voltage-dependent Ca2+ channels, decreases intracellular Ca2+ concentration and triggers vasorelaxation (Gao and Raj, 2010). Therefore, Cinaciguat treatment improves vasodilation by increasing the function of BKCa channels.
Phosphodiesterase 5 (PDE5) catabolizes cGMP (Ebensperger, 2011), the starting molecule in a signaling cascade that triggers vasodilation. We generated concentration-response curves with sildenafil (Herrera et al., 2008), a competitive PDE5 inhibitor, to investigate the role of PDE5 in regulating arterial tone and found that sildenafil increased sensitivity (pD2) in Cinaciguat-treated neonatal lambs compared to Controls. This increased sensitivity suggests increased PDE5 function in neonates treated with Cinaciguat, which could occur via two mechanisms; phosphorylation of PDE5 by the cyclic GMP-dependent protein kinase-1 (PKG-1) (Rybalkin et al., 2002; Ahmed et al., 2021) and PDE5 activation by cGMP binding to the allosteric sites of PDE-5 (negative feed-back) (Rybalkin et al., 2003; Ahmed et al., 2021). Repeated Cinaciguat doses for 7 days enhanced sGC activation, increased intracellular cGMP concentration, stimulated PKG-1 and increased PDE-5 function. Increased PDE-5 function in the arterioles contributed to potent vasodilation in Cinaciguat-treated neonatal lambs compared to Controls.
A decreased contractile response and increased response to vasodilating agents are consistent with the structural changes observed in the lung vasculature and support the notion that Cinaciguat has significant effects on pulmonary vasculature.
However, a potential limitation of this work is the lack of a lowland Control group.
In summary, Cinaciguat has important effects on the cardiovascular system of chronically hypoxic pulmonary hypertensive neonates. It lowers pulmonary vascular resistance and decreases right ventricle hypertrophy. These effects are closely related to Cinaciguat’s major effects on pulmonary vasculature. Cinaciguat remodels and alters the function of pulmonary arterioles, decreases basal pulmonary vascular resistance, and reduces cardiovascular responses following a superimposed episode of acute hypoxia in neonatal lambs. Therefore, Cinaciguat could be a useful therapeutic tool to reduce pulmonary vascular remodeling and/or right ventricular hypertrophy in neonatal pulmonary hypertension.
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 Peñaloza D., Arias-Stella J., Sime F., Recavarren S., Marticorena E. (1964). The Heart and Pulmonary Circulation in Children at High Altitudes: Physiological, Anatomical, and Clinical Observations. Pediatrics 34, 568–582. doi:10.1542/peds.34.4.568
 Prabhakar N. R., Semenza G. L. (2012). Adaptive and Maladaptive Cardiorespiratory Responses to Continuous and Intermittent Hypoxia Mediated by Hypoxia-Inducible Factors 1 and 2. Physiol. Rev. 92 (3), 967–1003. doi:10.1152/physrev.00030.2011
 Ramachandra C. J. A., Cong S., Chan X., Yap E. P., Yu F., Hausenloy D. J. (2021). Oxidative Stress in Cardiac Hypertrophy: From Molecular Mechanisms to Novel Therapeutic Targets. Free Radic. Biol. Med. 166, 297–312. doi:10.1016/j.freeradbiomed.2021.02.040
 Revermann M., Neofitidou S., Kirschning T., Schloss M., Brandes R. P., Hofstetter C. (2014). Inhalation of the BK(Ca)-opener NS1619 Attenuates Right Ventricular Pressure and Improves Oxygenation in the Rat Monocrotaline Model of Pulmonary Hypertension. PloS one 9 (1), e86636. doi:10.1371/journal.pone.0086636
 Rudolph A. M. (1979). Fetal and Neonatal Pulmonary Circulation. Annu. Rev. Physiol. 41, 383–395. doi:10.1146/annurev.ph.41.030179.002123
 Ruppert M., Korkmaz-Icöz S., Li S., Brlecic P., Németh B. T. Oláh A., et al. (2019). Comparison of the Reverse-Remodeling Effect of Pharmacological Soluble Guanylate Cyclase Activation with Pressure Unloading in Pathological Myocardial Left Ventricular Hypertrophy. Front. Physiol. 9, 1869. doi:10.3389/fphys.2018.01869
 Rybalkin S. D., Rybalkina I. G., Feil R., Hofmann F., Beavo J. A. (2002). Regulation of cGMP-specific Phosphodiesterase (PDE5) Phosphorylation in Smooth Muscle Cells. J. Biol. Chem. 277 (5), 3310–3317. doi:10.1074/jbc.M106562200
 Rybalkin S. D., Yan C., Bornfeldt K. E., Beavo J. A. (2003). Cyclic GMP Phosphodiesterases and Regulation of Smooth Muscle Function. Circulation Res. 93 (4), 280–291. doi:10.1161/01.RES.0000087541.15600.2B
 Salloum F. N., Das A., Samidurai A., Hoke N. N., Chau V. Q. Ockaili R. A., et al. (2012). Cinaciguat, a Novel Activator of Soluble Guanylate Cyclase, Protects against Ischemia/reperfusion Injury: Role of Hydrogen Sulfide. Am. J. Physiology-Heart Circulatory Physiology 302 (6), H1347–H1354. doi:10.1152/ajpheart.00544.2011
 Seron-Ferre M., Torres-Farfan C., Valenzuela F. J., Castillo-Galan S., Rojas A. Mendez N., et al. (2017). Deciphering the Function of the Blunt Circadian Rhythm of Melatonin in the Newborn Lamb: Impact on Adrenal and Heart. Endocrinology 158 (9), 2895–2905. doi:10.1210/en.2017-00254
 Sharma M., Rana U., Joshi C., Michalkiewicz T., Afolayan A. Parchur A., et al. (2021). Decreased Cyclic Guanosine Monophosphate-Protein Kinase G Signaling Impairs Angiogenesis in a Lamb Model of Persistent Pulmonary Hypertension of the Newborn. Am. J. Respir. Cell Mol. Biol. 65 (5), 555–567. doi:10.1165/rcmb.2020-0434OC
 Stasch J.-P., Pacher P., Evgenov O. V. (2011). Soluble Guanylate Cyclase as an Emerging Therapeutic Target in Cardiopulmonary Disease. Circulation 123 (20), 2263–2273. doi:10.1161/circulationaha.110.981738
 Stasch J.-P., Schmidt P., Alonso-Alija C., Apeler H., Dembowsky K. Haerter M., et al. (2002). NO- and Haem-independent Activation of Soluble Guanylyl Cyclase: Molecular Basis and Cardiovascular Implications of a New Pharmacological Principle. Br. J. Pharmacol. 136 (5), 773–783. doi:10.1038/sj.bjp.0704778
 Stenmark K. R., Fagan K. A., Frid M. G. (2006). Hypoxia-induced Pulmonary Vascular Remodeling: Cellular and Molecular Mechanisms. Circulation Res. 99 (7), 675–691. doi:10.1161/01.RES.0000243584.45145.3f
 Stenmark K. R., Frid M. G., Graham B. B., Tuder R. M. (2018). Dynamic and Diverse Changes in the Functional Properties of Vascular Smooth Muscle Cells in Pulmonary Hypertension. Cardiovasc Res. 114 (4), 551–564. doi:10.1093/cvr/cvy004
 Torres F., González-Candia A., Montt C., Ebensperger G., Chubretovic M. Serón-Ferré M., et al. (2015). Melatonin Reduces Oxidative Stress and Improves Vascular Function in Pulmonary Hypertensive Newborn Sheep. J. Pineal Res. 58 (3), 362–373. doi:10.1111/jpi.12222
 Van Haastert P., Van Walsum H., Pasveer F. (1982). Nonequilibrium Kinetics of a Cyclic GMP-Binding Protein in Dictyostelium discoideum. J. Cell Biol. 94 (2), 271–278. doi:10.1083/jcb.94.2.271
 Walsh-Sukys M. C., Tyson J. E., Wright L. L., Bauer C. R., Korones S. B. Stevenson D. K., et al. (2000). Persistent Pulmonary Hypertension of the Newborn in the Era before Nitric Oxide: Practice Variation and Outcomes. Pediatrics 105 (1Pt 1), 14–20. doi:10.1542/peds.105.1.14
 Wolfsgruber W., Feil S., Brummer S., Kuppinger O., Hofmann F., Feil R. (2003). A Proatherogenic Role for cGMP-dependent Protein Kinase in Vascular Smooth Muscle Cells. Proc. Natl. Acad. Sci. U.S.A. 100 (23), 13519–13524. doi:10.1073/pnas.1936024100
 Yang Q., Lu Z., Ramchandran R., Longo L. D., Raj J. U. (2012). Pulmonary Artery Smooth Muscle Cell Proliferation and Migration in Fetal Lambs Acclimatized to High-Altitude Long-Term Hypoxia: Role of Histone Acetylation. Am. J. Physiology-Lung Cell. Mol. Physiology 303 (11), L1001–L1010. doi:10.1152/ajplung.00092.2012
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.
Copyright © 2022 Beñaldo, Araya-Quijada, Ebensperger, Herrera, Reyes, Moraga, Riquelme, Gónzalez-Candia, Castillo-Galán, Valenzuela, Serón-Ferré and Llanos. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


[image: image]


OPS/images/fnins-15-741214/fnins-15-741214-g004.jpg
A DHPG 40 uM B

5% 0O, 5% 0, 3% 0, k¥
| 300 - 4k
250 4
< —~
Z 0200 -
-
O3
-] wn
o -g 150 -
S o
2 2 2
b & 2100 A
2 = &
- —
<Zﬁ | | 50 -
) o-— I .
S 8 | | f\ .J
= &+ ',l’ \ |‘ \: III ‘| 0 -
% | | | ‘\ | \ Before = DHPG After
= 4- | \ [\ / DHPG DHPG
8 ) reslag o “WMWW’ Won ot Ay m_;-,,-/ w
= -
—
C 8 - D %k
e Becfore DHPG %k
90 -
6 .
e A fter DHPG 70 -

Integrated CSNA (pV.s)
A
Latency Time (s)
3

‘ 40 -
24 30 A
|
Wi 20 -
0 1 L L] L L 1 10 i
0 50 100 150 200 250 300 0 A , ,

Time after treatment with 5% O, (s) tl





OPS/images/fnins-15-741214/fnins-15-741214-g005.jpg
JNJ 20 uM

After INJ

*
N *
*
: Z
2 %
L A S —————— %,
& % &§ & g ° 2 8 8 8 8 ° %K
(Qurpaseq jo o) (urpseq jo o)
VNSD pdjeasajuj a VNSD pajeagdajuj
= Ww. ol -\\\V\
— O u.ﬂ...r\llxllh\\
N = \w <l —
O — —_— ‘.-; e - )M
W /W m_
M
| 7
M M. O_ ﬂ”mﬁm.\\\
y O oy ey
- —+ =)
RN
S — HIS
o = . i a =
= M Z
4 o) e
=R 3
] v
=
O 3
) il A
3 I . )
m - <
%3 S
2 {
| I | | | | | | | T | | T T T |
@ 0...@_98765432 @M%ON%@65432
(AM) VNSO  (S°AM) VYNSD pajeasaju e (s*AM)

!
(AM) VNSO VNSO paresojug





OPS/images/fnins-15-741214/fnins-15-741214-g006.jpg
A DHPG 40 uM B
DHPG 40 uM CGP52432 10 uyM

%0, %0, %0, 5%0,
| | 300 -
60 |
~ 40 ]
= < 250
= 20 Z o
e @ £ 200 A
> >3
Z. 20- S S 150
O 401 S
-60 - (=10 \
60 & e 100
Q ; =7 5
. d3 A y
d lwin |
AU \ min || 0 -
z \ 4
8 57  § | 2
\ §
g 6— lll ;I’, f , @éo
& \M f | _.‘
S0 47 LY £ S S— i
8 e Nm P \WN-A’WMMM g Y
g 2-
(-





OPS/images/fnins-15-741214/fnins-15-741214-g007.jpg
GABA,

reeceptor b~ 4 e o 4 &
a @ >
E& 5 P2X2/3 o”*‘é
,4 - ® reeceptor
\§f ° s o
b; ® 0 @]

GABA,
reeceptor

@ nACh
’ reeceptor

e ATP
e ACh
e GABA
@ \ e Glutamate
!
@GluR] S

reeceptor





OPS/images/fnins-15-741214/cross.jpg
3,

i





OPS/images/fnins-15-741214/fnins-15-741214-g001.jpg
A Human B Rat

CB Brain NC CB Brain NC
GRM1 248 bp GRMI1 361 bp
GRMS5 216 bp GRMS 210 bp
GAPDH 219 bp B-actin 253 bp






OPS/images/fnins-15-741214/fnins-15-741214-g002.jpg





OPS/images/fnins-15-741214/fnins-15-741214-g003.jpg
P
/A 3

v .

mGIuR1/

mGluKI;i |
GFAP






OPS/images/fphys-12-709451/inline_1.gif





OPS/images/fphys-12-709451/inline_2.gif





OPS/images/fnins-15-777800/cross.jpg
3,

i





OPS/images/fnins-15-777800/fnins-15-777800-g001.jpg
95

Sp()z(96)

89

86

LnRMSSD (ms)
w s
(V) = U

-
o

4000

3000

2000

HF (ms?)

1000

75

65

LFnu (%)

55

45

NN H12 H24
Time (h)

LNRMSSD

-<- NH
—&—HH
s
NN H12 H24
Time (h)
=& NH
——HH
NN H12 H24
Time (h)
% %k k
L * % %
7’ - — e P %
=& NH
—— HH
* %
NN H12 H24

Time (h)

70

50

3000

1000

6000

4000

TP (ms?)

2000

LF/HF

== NH
——
NN H12 H24
Time (h)
-0~ NH
——
NN H12 H24
Time (h)
-0~ NH
——
%k
NN H12 H24
Time (h)
-0 NH
——

NN H12 H24
Time (h)





OPS/images/fnins-15-777800/fnins-15-777800-t001.jpg
Faiss et al., Saugy et al., Saugy et al.,

2013 2016a 2016¢
Subjects 12 13 16
Age (years) 35+8 34+9 24 +4
Bodyweight (kg) 74 +8 76+7 70+5
Height (cm) 179+7 180+ 4 179+5
VOomax (mL-kg="-min—") 61+7 60 + 10 66 +8
Protocol
Total exposure time (h) 24 26 432
Washout period (days) 23 12 347
Measuring time points HO, H8, H12, HO, H10, and  HO, H24
used (h) H20, and H24 ~ H20
NN
Altitude (m) 485 485 1150
Barometric pressure (mmHg) 720 £1 718+ 4 665 + 11
FiO2 (%) 20.9 209 20.9
P10, (mmHg) 1400 £1.2 1405 +£06 1401 £1.0
Temperature (°C) 24 1 2344 2242
NH
“Simulated” altitude (m) 3000 3450 2250
Barometric pressure (mmHg) 720.0+1.0 7158+ 3.8 666.6+3.6
Fi02 (%) 14.7 £ 01 136+ 0.0 18.1 £0.0
P10z (mmHg) 99.0+ 0.4 91.0+0.6 1119+ 0.6
Temperature (°C) 27+ 2 23 +1 22,443
HH
Altitude (m) 3000 3450 2250
Barometric pressure (mmHg) 530.0 £ 6.0 4818 +£4.7 5802429
FiO2 (%) 20.9 209 20.9
P10, (mmHg) 102.0 £0.3 909+ 1.0 111.6 £ 0.6
Temperature (°C) 25+ 2 21 k1 20+ 4

VO2max, maximal oxygen uptake; Washout period, minimum period between the
two hypoxic exposures; NN, normobaric normoxia, control condition few hours
before each hypoxic exposure; NH, normobaric hypoxia; HH, hypobaric hypoxia;
FIO2, fraction of inspired oxygen; PIO2, partial pressure of inspired oxygen.
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0, enrichment in rooms (%)

PSA Liquid oxygen

Areas in AOS

Corridor 26.5+1.0 265415

Hall 265 +1.4 26.3 +1.3

Dining room - 265+ 1.2

Office 266+ 1.3 275+0.8

Correlator 278+ 05 28.0+05

All AOS 26.8 £ 1.1 26.8 £ 1.1
Temperature (°C) 176 £1.5 18.5 £ 1.2
Relative Humidity (%) 332+75 29.1 + 3.1

Mean + SD.
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Arrive at 5050 m

(Outside AOS) (Inside AOS + 0,)
PSA
Oxygen saturation (%) 83.1+23 92.8 +1.2*
Heart rate (bpm) 102 +£13 93.1 £ 10.6
Liquid oxygen
Oxygen saturation (%) 82.6+28 89.5 +1.4*
Heart rate (bpm) 110.0£9.2 78.6 £ 8.6"

Mean £ SD, “p < 0.05 outside vs. inside.
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Gene Accession No.

GRM1 NM_001278065.2
GRM5 NM_000842.5
GAPDH NM_002046.7

Primer sequence

F: 5’-CAGCCGATTCGCTTTAGCC-3'
R: 5'-GGGATCGCGGTACTGAAGTTG-3'
F: 5’-TCCAGAATTTGCTCCAGCTT-3
R: 5'-CTTCCATCCCACTTTCTCCA-3
F: 5'-GCAGGGGGGAGCCAAAAGGGT-3
R: 8- TGGGTGGCAGTGATGGCATGG-3'

GRM, glutamate metabotropic receptor; Tm, temperature; F, forward primer; R, reverse primer.

PCR Cycle no.

40

40

40

Annealing Tm (°C)

57

60

53
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Gene Accession No. Primer sequence PCR Cycle no. Annealing Tm (°C)

GRM1 NM_001114330.1 F: 5'-CCAGTGATGTTCTCCATACC-3 40 50
R: 8'-CACTCTGGGTAGACTTGAGTG-3'

GRM5 NM_017012.1 F: 5-CCCCAAACTCTCCAGTCT-3' 40 49
R: 8'-ATTTTTCACCTCGGGTTC-3'

B-actin NM_031144.3 F: 5-GGGAAATCGTGCGTGACATT-3 40 55

R: 6/-CGGATGTCAACGTCACACTT-8'

GRM, glutamate metabotropic receptor; Tm, temperature; F, forward primer; R, reverse primer.
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Maternal characteristics
n

Age (years)

Parity

Height (cm)

Non-pregnant weight (kg)

Non-pregnant body mass index (kg m™2)

Weight gain with pregnancy (kg)
Systolic BP (mmHg)

Diastolic BP (mmHg)

Infant characteristics

Birth weight (g)

Birthv/Placental weight ratio
Apgar score

3780 m

9
282+24
33+07
161 £2
55+3
34x2
181
M1 £2
72+2

3318 £ 125
55+02

8.778 + 0.443

Tibetan

2200 m

1
266+18
17+£03
167 £ 1
54+2
331
13+2
10842
662

3253 £ 150
56+03
8.857 +0.35

All values are either numbers or means + standard errors of the mean. BP, blood pressure.

Chinese Han

2200 m

5
286+2.1
18+04
1652
61+£4
37£3
14+£2
103+5
663

3423 + 186
57+04
8804

Altitude

NS
NS
<0.05
NS
NS
NS
NS
NS

NS
NS
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P-values

Nationality
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NS
NS
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Heart rate, bpm

Diastolic blood pressure, mmHg
Systolic blood pressure, mmHg
Sp02,%

PaO,, mmHg

PaCO,, mmHg

Hematocrit, %

Hemoglobin, g/di

490 m baseline

72+9
73+10
129+ 19
95.3+1.6
67.7 + 6.6
36.9 +£3.0
41.24+32
141+£12

2,048 m placebo

79+ 9?2

78+ 10
133 + 14
90.6 +2.82
59.3 + 6.02
34.2+£3.8°2
425+ 3.6
14.5 +1.22

2,048 m NOT

78 £ 112
78 +9
130+ 19
91.3+3.32
5874722
34.1+4.12
4294 3.92
146 +£1.32

2,048 m NOT vs. placebo

—1(-4102)
(=310 5)
—3(-9102)
0.7 (0510 1.9)
~0.6(—2.6101.3)
0.2(~1.1101.5)
0.1(~05100.8)
0.0(-02100.3)

p-value

0.544
0.697
0.252
0.250
0.519
0.758
0.708
0.761

Data are presented as mean + SD.

SpO», oxygen saturation by pulse oximetry; PaOs, partial pressure of arterial oxygen,; PaCOs, partial pressure of arterial carbon dioxide.

ap < 0.05vs. 490 m.
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RV anterior wall diameter, cm
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TDI tricuspid annular systolic velocity, cm/s
Stroke volume, ml

Cardiac output, L/min

Cardiac index, L/min/m?®
mPAP/cardiac output

TAPSE/SPAP, mm/mmHg

PAWP, mmHg

PVR, WU

PVR corrected for hematocrit

Ejection fraction (biplan),%

LV internal dimension end-diastolic, cm
LV internal dimension end-systolic, cm
LV posterior wall end-diastolic, cm
MV E/A
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34+11
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9 (~2.1103.9)
5(—1.3102.4)
4(-05101.4)
9(-0.2102.0)
1.6101.0)
1.0100.8)
5.2 10 3.9)
0.110 0.5)

(oomon
0(-0.0t00.7)
1 (0.0t0 0.2)°
(

9 (-~

-0.3
—0.1

(=
=
—07(
3

0.1t00.4)

0.6102.3)
GBF&MOWQ
0.4 (~0.4101.2)
0.2 (~0.2100.7)
—0.1 (~0.6 t0 0.4)
o1poomoa

9(0.4 t0 3.4)
—03(08m0n
~0.1 (~0.8 10 0.6)
—0.5(-3.8102.7)
—0.0(~0.3100.3)
0.2 (0.1 10 0.4)
0.0 (=0.1100.2)
0.1(=0.0100.2)

p-value

0.736
0.517
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0.682
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0.772
0.005
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0.046
0.317
0.237
0.194
0.357
0.329
0.764
0.209
0.011
0.134
0.785
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0.969
0.249
0.633
0.189

Data are presented as mean + SD.

TRPG, tricuspid regurgitation pressure gradient; sSPAR, systolic pulmonary artery pressure; mPAP, mean pulmonary artery pressure; PAWF pulmonary arterial wedge
pressure; RAR right atrial pressure; RA, right atrium; RVEDA, right ventricle end-diastolic area; RVESA, right ventricle end-systolic area; FAC, fractional area change;
TAPSE, tricuspid annular plane systolic excursion; RV, right ventricle; TDI, tissue Doppler imaging; PVR, pulmonary vascular resistance; LV, left ventricle; MV, mitral valve;
Peak E, early mitral inflow velocity; Peak A, peak atrial filling velocity; E/A, ratio of transmitral early diastolic to late diastolic velocity.

ap < 0.05vs. 490 m.
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SDNN (ms)
PNNS0 (%)
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cvi

Total power (ms?)
VLF power (ms?)
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HF power (ms?)
nLF (n.u)

nHF (n.u)

LF/HF

Peak (VLF) (Hz)
Peak (LF) (Hz)
Peak (HF) (Hz)
HFD

Pre

66.1+£8.7
47.8 £24.0
11.6 £14.0
2.72+0.86
3.08 £ 0.40
227 £2.56
1.06 £1.18
0.66 £ 0.91
0.65 £ 0.64
0.66 £ 0.16
0.44 +£0.16
1.67 £0.90
0.010 +0.012
0.088 + 0.029
0.236 + 0.076
1.577 +£0.039

bBC

509+87
74.6+37.6
33.1+264
226+ 1.15
351£052
6.37 £6.68
249 +£279
1.68 + 1.87
220+£231
0.45 £0.18
0.55+0.18
1.03+£0.75
0.010 + 0.008
0.105 + 0.025
0.228 + 0.051
1.697 + 0.029

aBC

50.4+6.6
669+3156
27.8+232
236 +£0.96
3.42+038
3.92 +4.47
1.44£125
1.04 £1.54
1.44£213
0.46 £0.20
0.55 +0.20
124 £1.31
0.008 + 0.009
0.085 + 0.024
0.247 + 0.067
1.576 £ 0.032

Pre vs. bBC

ns.
0.010
0.003
ns.
0.008
0.008
ns.
0.034
0.010
ns.
ns.
ns.
ns.
ns.
ns.

ns.

bBC vs. aBC

ns.
ns.
ns.
ns.
ns.
ns.
ns.
ns.
ns.
ns.
ns.
ns.
ns.
ns.
ns.

ns.

Pre, before the trek; bBC, before the base camp circuit; aBiC, after the base camp circuit; HR, heart rate; SDNN, standard deviation of the normal R-to-R intervals; pNNS0, percentage
of normal R-to-R intervals >50ms; CS, carciac sympathetic index; CVl, cardiac vagal index; LF, low-frequency spectral band; HF; high-frequency spectral band; n.u., nomalized units;
VLE, very low frequency; HFD, Higuchi fractal dimension; n.s., non-significant.





OPS/images/fphys-12-709451/fphys-12-709451-g001.gif
" YT

TR 74





OPS/images/fphys-12-709451/fphys-12-709451-g002.gif





OPS/images/fphys-12-709451/fphys-12-709451-g003.gif





OPS/images/fphys-12-709451/fphys-12-709451-t001.jpg
Altitude Group HR SpO2 BR SBP DBP PP MAP

(bpm) (%) (bpm) (mmHg) (mmHg) (mmHg) (mmHg)

1450m Ita 58+8 98+ 1 124 12948 77+8 5246 95+8
Nep 76+6 96+ 1 16+4 129+ 10 86+ 12 437 100 £ 11

2316m Ita 59+5 95 +2 12+3 187 £13 87+7 50+8 108+9
Nep 70+ 11 9 +2 18+3 132+ 18 87+ 14 45 10 102 £ 15

2895m Ita 67+8 94+3 13+5 1817 83+9 48+9 Q£7
Nep 7712 95 +3 18+8 137 £ 15 94+ 13 43+8 108 + 14

1173m Ita 62+£9 98+ 1 1341 126+3 81£7 43+£5 9% £5
Nep 76+15 grx2 17+4 12949 86+9 43+ 6 100+ 9

3400m Ita 6711 92+3 15+2 132+£9 84+6 489 100+ 6
Nep 71£8 2%1 174 127 £13 89£15 38+8 102 £14

4750m Ita 74£9 86+4 15+6 136 £ 10 87v7 497 108+£8
Nep 8047 85+3 18+56 130+ 17 90+ 15 40+5 108 + 16

3000m Ita 59+ 4 9 +2 18x2 130 £ 12 82v5 487 987
Nep 68+ 11 9% +2 213 13110 87£12 4+6 101 £ 11

1747m Ita 60+ 6 97 +1 1833 120+9 804 49+ 11 98 +3
Nep 71£10 9 +2 183 126 £12 82£13 449 97 £ 12

Ita, Italians; Nep, Nepalese; HR, heart rate; SpOs, peripheral oxygen saturation; BR, breathing rate; SBR, systolic blood pressure; DBR. diastolic blood pressure; PR, pulse pressure;
MAR mean arterial pressure; bpm, beats (or breaths) per minute.
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Basal Hypoxia Recovery

pH

Vehicle 7.483 £ 0.011 7.457 +0.014 7.457 £ 0.014
2-APB 7.520 + 0.020 7.497 + 0.009 7.497 £ 0.011
PO2, mmHg

Vehicle 407 £2.3 30.0 + 0.41 399+29
2-APB 424 +£21 30.1 +0.4F 445425
PCO,, mmHg

Vehicle 327+1.2 33.0+15 315+15
2-APB 31.8+1.7 31.8+1.3 308+1.6
Sog, %

Vehicle 734 +35 52.9 +3.3" 703+45
2-APB 705+ 3.2 47.6 +2.5" 729+35
THb, g/di

Vehicle 116+1.1 121+141 115+141
2-APB 119405 12.4+0.5 119406
Ogct, ml Op/dl

Vehicle 110408 8.6 + 0.9 107 £ 0.8
2-APB 109403 7.9+ 04" 11.2+04

Values are the mean + SEM for arterial pH, POa, PCOo, hemoglobin satura-
tion (Spp), total hemoglobin (THb), and oxygen content (Oct). 2-APB, 2-
aminoethyldiphenyl borinate.

TP < 0.05, significant differences vs. all in the same group, two-way ANOVA for
repeated measures with Newman-Keuls post hoc test.
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0

1600
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N
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19
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Sa0; (%)
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Heart rate (bpm)
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E11.7

£ 1427
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E66.7
- 68.8
E 48.0*
E1567.3"
k26217

TTE (min)
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32.6 4
7254
113.2 4

desaturation index of 4%. Significant differences: *p < 0.05, ***n < 0.001 compared to the population at O m.

+45.8
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£ 23.2
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£ 76.3"
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(s)
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249 + 6.2
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£ 417

ODI (event/h)
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E 33.6"

+ SD. SaO., arterial oxygen saturation; NE, number of events; TTE, total time of events; ATE, Average time per event; ODI, Oxygen
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RV-GLS,

L RV-FAC, «» RV-S/, | TAPSE

L RV-FAC, 1 RV-S, | TAPSE
L RV-FAC, 1 RV-S/, | TAPSE

L RV-FAC, 1 RV-S, | TAPSE

< TAPSE, < RV-FAC, t RV-S/, &
RV-MP|, & RV-GLS

1 TAPSE, « RV-FAC, 1 RV-S/, o
RV-MP, < RV-GLS

<« TAPSE,  RV-FAC, t RV-S/, &
RV-MP|, & RV-GLS

< TAPSE, < RV-§/, & RV-MPI
« TAPSE, & RV-§, & RV-MPI

< TAPSE, & RV-§/, & RV-MPI

| TAPSE, < RV-§', & RV-MPI

o TAPSE, © RV-S/, & RV-MPI
© TAPSE, < RV-S, & RV-MPI
1 TAPSE, « RV-S', < RV-MPI
© TAPSE, & RV-S, & RV-MPI
L RV-FAC, & RV-S'

< TAPSE, < RV-FAC

| TAPSE, | RV-FAC, 1 RV-8, |
RV-GLS

Diastolic function parameters

L RV-E, & RV-A, | RV-E/A, & RV-E/,
< RV-A, & RV-E/A

L RV-E, & RV-A, | RV-E/A, & RV-E/,
< RVA, o RV-E/A

<RV-E

L RV-E/A

4 RV-E/A

<« RV-E, ©RV-E'
© RV-E, oRV-E/
© RV-E, oRV-E
<« RV-E, & RV-A

< RV-E, tRV-A, | RV-E/A, 1 RV-E/, 1
RV-AC

© RV-E, oRV-A, | RV-E/A, oRV-E,
+RV-AC

< RV-E, ©RV-A, | RV-B/A, ©RV-E,
©RV-A,

< RV-E, ©RV-A, | RV-E/A, &RV-E/,
SRV-A

© RV-E, ©RV-A, & RV-E/A

<« RV-E, 1 RV-A, | RV-E/A, & RV-A',
©RV-E,« RV-E/A

L RV-E, | RV-A, | RV-E/A, < RV-E/
L RV-E/A, &RV.
L RV-E/A, RV-E,

<« RV-A, RV-E, & RV-E/A

1 RVA, »RV-E, | RV-E/A
1 RVA, ©RV-E, | RVE/A

1+ RVA, ©RV-E, | RVE/A

< RVA, & RVE, & RV-E/A, o
RV-E/, <> RVA', < RV-E/A

< RV-A, & RV-E, & RV-E/A, &
RV-E, & RV-A', & RV-E/A

© RVA, & RVE, & RV-E/A, o
RV-E, | RV-A', & RV-E/A

< RV-A, & RV-E, & RV-E/A, | RVE,
LRVA, & RV-E/A

< RV-A, & RVE, & RV-E/A, o
RV-E, o RV-A, & RV-E/A

< RVA, & RVE, & RV-E/A, | RV-E,
 RVA, & RVE/A

< RV-A, | RVE, & RV-E/A, |
RV-E,» RV-A', & RV-E/A

< RVA, & RVE, & RV-E/A, | RVE,
o RV-A, o RVE/N

LRVE, LRVA, | RVE/A, oRV-E, |
RV-A

1 RV-E, 1 RV-A, | RV-E/A, & RV-E'

Morphology parameters

< RV-EDA, < RV-ESA

< RV-EDA
< RV-EDA
< RV-EDA
< RV-EDA
1 RV-EDA, 1 RV-ESA

< RV-EDA, < RV-ESA

< RV-EDA, « RV-ESA

< RV-EDA, « RV-ESA

< RV-EDA, < RV-ESA

< RV-EDA, < RV-ESA

< RV-EDA, < RV-ESA

< RV-EDA, < RV-ESA
1 RV-EDA, <> RV-ESAI
<« RV-EDA, © RV-ESA
1 RV-EDA, < RV-ESA

+ RV-EDA, 1 RV-ESA

1 RV-EDA, 1 RV-ESA
+ RV-EDA, 1 RV-ESA

+ RV-EDA, 1 RV-ESA

<« RVD1, & RVD2, < RVD3, <
RV-EDA, & RV-ESA

<« RVD1, & RVD2, < RVD3, &
RV-EDA, & RV-ESA

< RVD1, & RVD2, < RVD3, «
RV-EDA, & RV-ESA

< RVD1, & RVD2, « RVD3

< RVD1, & RVD2, < RVD3

< RVD1, & RVD2, « RVD3

« RVD1, & RVD2, « RVD3

<« RVD1, & RVD2, < RVD3

<« RVD1, & RVD2, & RVD3

<« RVD1, & RVD2, < RVD3

<« RVD1, < RVD2, < RVD3

4 RV-EDAI, < RV-ESAI

<« RVD1, 1+ RVD2, < RV-EDA,
RV-EDA
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Studies Diastolic Systolic Morphology

function function

RV-E RV-A RV-E/A  RVE RV-AC RV-E/A  RV-§  TAPSE  RV-FAC RVMPI  RVGLS  RVD1 RVD2  RVD3  RVEDA RV-ESA
Huezetal, 2009 v v v v v v v v
de Viies etal., v v
2010
Pratal et al., v
2010
Page et al., 2013 v v v v v
Boosetal, 2014 v/ v v
Stembridge v v v v v v v
etal, 2014
Dedobbeleer v v v v
etal, 2015
Hity et al,, 2016 v v v v v
De Boeck et al, v v v v
2018
Qiuetal., 2017 7
Maufrais etal., v v v v v v v v v v v
2017
Berger etal., v v v v
2018
Hity et al., 2019 v
Stembridge v v v v v v v
etal, 2019
Maufrais etal, v v v v v v v v
2019
Sareban et al., v v v v v v v v v v
2020
Stewart et al., v v v v v v v v
2020
Yang etal., v v v v v v
2020b
Yang et al., v v v v v v v
2020a
Tian etal, 2020 v v v v v v v v v
Ewalts et al., v v v v
2021
Gauretal, 2021 v v v v v v v v v v v v
Yuanetal, 2021 v v v v v v v v v v v v
Heetal, 2021 v v v v v v v v v v
Lichtblau et al., v v
2021

v Indicates that the echocardiographic parameter was provided in the corresponding studies; empty cell indicate that the echocardiographic parameter is not provided in the corresponding studies.
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Study Subjects Measurement FiO, (%) Equivalent Systolic function Diastolic function Morphology

() points (minutes altitude (m) parameters parameters parameters
or hours)
Huez et al., 2005 2 90min 12 4,500 <« RV-FS, < TAPSE, « RV-§' LRV-E/A, & RV-E, 1 RV-A, | < RV-EDA,
RV-E/A
Kjaergaard et al, 14 h 125 4,200 1 TAPSE,  RV-FAC, < < RV-E, o RV-A' < RV-EDA,
2007 RV-§', & RV-MPI
Reichenberger 14 2h 10 4,500 1 RV-MPI, | TAPSE
etal., 2007
(HAPE-s) 11 30min NA 4,000 + RV-MP
(Hanaoka et al.,
2011)
(HAPE-r) 9 30min NA 4,000 « RV-MPI
(Hanaoka et al.,
2011)
Pavelescu and 10 2h 12 4,500 « RV-FAC, « TAPSE, & J RV-E/A, & RV-E/, 1 RV-A', <« RV-EDA
Naeie, 2012 RV-S JRV-E/A
Goebel et al, 14 2h 99 5,500 <« TAPSE, 1 RV-strain
2013
Boos etal., 2013 14 =150min 1.4 4,800 <« TAPSE, 1 RV:S/, < RV-MPI o RVE, & RV-A, & RV-E/A,
< RV-E, 1 RV-A'
(Females) (Boos 7 =150min 1.4 4,800 < TAPSE
etal, 2016)
(Males) (Boos 7 =150min 1.4 4,800 © TAPSE
etal, 2016)
Seccombe et al., 7 20min 15 2,500 < RV-FAC, & RV-MP, & < RV-EDA, <> RV-ESA
2017 TAPSE
Netzer et al., 35 30min 10 4,500 < RV-MP, « TAPSE, o < RV-E, < RV-A' + RVD1, 1 RVD2, 1
2017 RV-S RVDS, 1 RV-EDA
60min 10 4,500 < RV-MPI, | TAPSE, | RV-8' < RV-E, < RV-A' + RVD1, 1 RVD2, 1
RVDS, 1 RV-EDA
100min 10 4,500 + RV-MPI, | TAPSE, | RV-S' o RV-E, & RVA + RVD1, 1 RVD2, 1
RVD3, 1 RV-EDA
150min 10 4,500 1 RV-MPI, | TAPSE, | RV-§' < RV-E/, & RV-A 1 RVD1, 1 RVD2, t
RVD3, 1 RV-EDA
Pezzuto et al., 17 15 min 12 4,500 « TAPSE, & RV-§', & <« RV-EDA
2018 RV-FAC,
30min 12 4,500 © TAPSE, < RV-S, & < RV-EDA
RV-FAC,
45min 12 4,500 © TAPSE, < RV-S, & < RV-EDA
RV-FAC,
60 min 12 4,500 « TAPSE, < RV-§', & <« RV-EDA
RV-FAC,
Ewalts et al., 15 30min 12 45,00 « RV-FAC, & RV-8V, & <« RV-EDA, & RV-ESA
2021 RV-GLS, « RV-GLSR

+, high-alttude velues of the measured parameters are significantly increased compared to baseline values; |, high-alttude values of measured parameters are significantly decreased compared to baseline values; < high-altitude
values of measured parameters are not changed significantly compared to baseline values.
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Studies Diastolic Systolic Morphology

function function
RVE RV-A RVEA  RVE  RVA RVGE/A RS TAPSE  RVFAC RVMPI RVGLS RVDT  RVD2  RVD3
Huez et al,, 2005 v v v v v v
Kjaergaard et al., 2007 v v v v v v
Reichenberger et al. v v
2007
Hanaoka et al., 2011 v
Pavelescu and Nasile, v v v v v v v
2012
Goebel et al., 2013 v s
Boos et al., 2013 v v 's v v v v
Boos et al., 2016 s
Seccombe et al., 2017 v v v
Netzer et al., 2017 v v v v v v v v
Pozzuto et al., 2018 v v v
Ewalts et al., 2021 v v

RV-EDA  RV-ESA
v
v

<

v Indicates that the echocardiographic parameter was provided in the corresponding studies; empty cell indicate that the echocardiographic parameter is not provided in the corresponding studies.
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Study Sample size Age (mean Health Baseline High altitude  Ascent High altitude  Pulmonary RVdiastolic RV systolic RV structural
(WF) £SDor  status altitude (m) location mode/duration measurement hemodynamics functional functional parameters
mean (altitude inm)  of ascent timepoints parameters  parameters  parameters
(range)
years)
Huez et al., 2009 15 (7/8) 3612 Healthy Brussels (13)  LaPaz(3,750), Direct’24h 1st day TRG, PAAT, RV-E, RV-A, TAPSE, RV-8/,
Huayna Potosi @,750m), 10th  mPAP RV-E,RV-A,  RV-MPI
(4,850m) day (4,850m) RV-E/N
de Vries etal, 7 (4/3) 41416 Healthy Zwolle (4) Aconcagua Staged/10-day  10th day RV-E TAPSE
2010 (4,200) trip
Pratali et al., 18(10/8) 45£10  Healthy Aosta (683) Namche Bazaar ~Staged/6 days  6th day SPAP TAPSE
2010 (3,440), Gokyo (3,440m), 10th
(4,790), Gorak day (4,790m),
shep (5,130) 14th day
(6,130m)
Page etal, 2013 14 (8/6) 46124 Healthy Montreal (30)  Namche Bazar ~ Staged/dday ~ 4thand 7thdays sPAP, PVR RV-E/A TAPSE, RV-S',
(3.450), RV-MPI,
Chukkung RV-GLS,
(4,730) RV-FWLS
Boosetal., 2014 19 (10/9) 354+£83 Healthy NA (1,300) Namche Bazar ~ Staged/2 days  2nd day SPAP RV-E, RV-E RV-S'
(3,440), Pheriche (3,440m), 6th
(4,270), Gorak day (4,270m),
Shep (5,150) Oth day
(6,150m)
Stembridge 9(9/0) 34£7 Healthy Kelowna (344)  Lobuche (5,050) Staged/10-day ~ 10th day SPAP RV-E,RV-A TAPSE,RV-S'  RV-EDA,
etal, 2014 trip RV-ESA
Dedobbeleer ~ 25(13/12)  31£13  Healthy Brussels (13)  CerodePasco  Staged/d days  4th day TRG, mPAP, TAPSE, RV-8/,
etal, 2015 (4,350) PVR RV-FAC, RV-MPI
Hitty etal., 2016 7 (7/0) 266+ 14 Healthy Zurich (488) Jungfraujoch  Ditect/24h (train) 2nd, 10th, 18th,  SPAP, PVR, TAPSE, RV-FAG, RV-EDA
(3,454) and 26th days  PAAT RV-MPI
De Boecketal, 23 (15/8) 3+9 Healthy Zurich (450) Margheritahut ~ (car, climb) (1 2nd,3rd,and  TRG TAPSE,RV-S,  RV-EDA,
2018 (4,559) night at 3,647 m) 4th days RV-FAC RV-ESA
Maufrais etal., 11 (11/0) 2848 Healthy Grenoble (212)  Mont Blanc Direcy3+2h  05th, 2nd, 4th,  sPAP, TRG,PVR RV-E, RV-A, TAPSE,RV-S',  RV-EDA,
2017 (4,350) (helicopter) and 6th days RV-E/A,RV-E,,  RV-FAC, RV-ESA
RVA' RV-FWLS
Quetal, 2017 123(123/0)  23.77£45 Healthy Chengdu (500)  Lhasa(3,700)  Direct/2h 1t day mPAP. RV-MPI
(airplane)
Bergeretal, 17 (11/6) 36+£12  Healthy Salzburg (423)  Monte Rosa 20h (car, climb),  7th, 20th, 32nd,  sPAP TAPSE, RV-S',
2018 (4,559) 1 night at adthh RV-FAC, RV-MPI
3,611m
Hiyetal, 2019 41(22/19) 458+ 11.9 Healthy Bern (653) C2(6,022m), C3 Staged/1 week  8th (1=36), and TRG TAPSE
(7,042) (by foot) 15th (0 = 15)
days
Maufrais etal, 20 (20/0) 39416 Healthy Bangor (65) Larkyu (5,085)  Staged/10-day  10th day SPAP RV-E, RV-A, TAPSE, RV-S',
2019 trip RV-E/A, RV-E,  RV-FAC
RV-AY
Stembridge 12 (12/0) 27£6 Healthy Kelowna (344)  Barcroft Direct (9-10hin  5-10th days SPAP, PVR RV-E, RV-A, RV-FAC, RV-EDA,
etal, 2019 Laboratory motor vehicle) RV-E/A RV-GLS RV-ESA
(3,800)
(Young) (Stewart 14 (8/6) 25 Healthy Moshi (880) Shira(3,100),  Staged/3days  3rd(3,100m),  RVSPmPAP,  RV-E,RV-A,  TAPSERV-S, RV-EDA,
etal, 2020) Barafu (4,800) and 8th PR RV-E/A, RV-FAC RV-ESA
(4,800 m) days
(Old) (Stewart 13 (8/5) 5945 Healthy Moshi (880) Shira(3,100),  Staged/3days  3rd(3,100m),  RVSPmPAP,  RV-E,RV-A,  TAPSERV-S, RV-EDA,
etal, 2020) Barafu (4,800) 8h(4800m)  PWR RV-EV/A RV-FAC RV-ESA
days
Tian etal,, 2020 240 (240/0) Healthy Chongging (500) Litang (4,100)  Staged/7 days  5th day SPAP,mPAP,  RV-E, RV-A, RV-8, RV-FAC,  RV-EDA,
(bus) PAAT/ET RV-E/A, RV-E RV-MPI RV-ESAI
Yang etal., 121(121/0)  20(19,21)  Healthy Chongging (400) Litang (4,100)  Staged/7 days ~ 1st day SPAP,mPAP,  RV-E/A,RV-E'  RV-§, RV-FAC  RV-EDA,
20200 (bus) PAWP, PVR RV-ESA
Yang et al., 108(108/0)  20(19,22) Healthy Chongaing (400) Litang (4,100)  Staged/7 days  1stday SPAP, PAAT, RV-E/A, RV-E,,  TAPSE,RV-S,  RV-EDA,
2020a (bus) PAAT/ET, mPAP RV-FAC, RV-ESA,
RV-GLS
Ewalls et al., 10 (10/0) 27+6 Healthy Kelowna (344)  Barcroft Direct (-10hin  5-10thdays TRV, sPAP, RV-FAC, RV-EDA,
2021 Laboratory motor vehicle) mPAP, PVR RV-GLS RV-ESA,
(3,800)
Sareban etal., 50 (50/0) 36£11  Healthy Sulzburg (424)  Monte Rosa 20h (car, clmb) ~ 7th, 20th, 44thh  SPAP TAPSE, RV-S',  RV-EDA,
2020 (4,559) (1 night at RV-FAC, RV-ESA, RVDT1,
3,611m) RV-MPI, RV-GLS RVD2, RVD3
(indians) (Gaur 10 (10/0) 238421 Healthy Bishkek (800)  Sook Pass Direct/3h (car)  8rd, 7th, 14th,  PVR, TRG RV-E, RV-A, TAPSE, RV-S',  RVD1, RVD2,
etal, 2021) @111 21st days RV-E/A, RV- RV-MPI RVD3
RV-A', RV-E/A'
(Kyrgy?) Gaur 20 (20/0) 226+£21 Healthy Bishkek (800)  Sook Pass Direct/3h (car)  3rd, 7th, 14th,  PVR, TRG RV-E, RV-A, TAPSE,RV-S',  RVD1, RVD2,
etal, 2021) @111 21st days RV-E/A, RV-E/,  RV-MPI RVD3
RV-A', RV-E/A'
Heetal,2021 82 (82/0) 20(19-21)  Healthy Anggongiao  Litang (4,100)  Direct/Staged/7- 5+ 2h SPAP, TRG RV-E, RV-A, RV-EDAI,
(400) day RV-E/A, RV- RV-ESAI
trip RV-A, RV-E/A"
Lichtblau etal., 21 (8/13) 25(21-28)  Healthy Chile (520) ALMA (5,050)  Staged/Car, 4-8h SPAP, TRG, PVR TAPSE, RV-FAC
2021 walk, 1 night at
2,900m
Yuanetal, 2021 99(69/30)  25(21.3,  Healthy Chengdu (§00)  Litang (4,100)  Staged/2days  1stday SPARMPAR  RV-E, RV-A, TAPSE,RV-S/,  RV-EDA,
29) (bus) PAAT, PAAT/ET,  RV-E/A,RV-E RV-FAC, RV-ESA, RVDT,
PVR, PAWP RV-GLS RVD2

TRG, tricuspid regurgitation gracient; SPAP, systolic pulmonary artery pressure; mPAR, mean pulmonery artery pressure; PAAT, pulmonary artery acceleration time; PAAT/ET, pulmonary acceleration time to ejection time ratio; PAWP,
pulmonary artery wedge pressure; PVR, pumonary vascular resistance; RV-E, tricuspid inflow early diastolic velocity; RV-A, tricuspid inflow late diastolic velocity; RV-E/A, tricuspid inflow early dlastolic velocity to late diastolic velbcity;
RV, tricuspid annulus early diastolic velocity by tissue Doppler imaging; RV-AY, tricuspid annulus late diastolic velocity by tissue Doppler imaging; RV-E'/A, tissue Doppler early and late diastolic tricuspid velocitis ratio; RV-S', peak
systolic velocity with tissue Doppler imaging at the tricuspid annulus; TAPSE, tricuspid annular plane systolic excursion, RV-MP, right ventricular myocardial performance index; RV-FAC, right ventricuier fractional area change; RV-EDA,
right ventricular end-ciastolic area; RV-ESA, right ventricular end-systolic area; RV-EDAI, right venticular end-dlastolic area index; RV-ESAY, right ventricular end-systolic area index; RVDT, right ventricular end-diastolic basal cavity
dimension; RVD2, right ventricular end-diastolic mid cavity dimension; RVD3, right ventricular end-diastolic longitudinal dimension; RV-GLS, right ventricular global longitudinal strain.
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Study

Huez et al., 2006

Kjaergaard et al.,
2007

Reichenberger
etal, 2007
(HAPE-s)
(Hanaoka et al.,
2011)

(HAPE-1)
(Hanaoka et al.,
2011)
Pavelescu and
Naeije, 2012

Goebel et al.,
2013

Boos etal., 2013

(Woren) (Boos
etal., 2016)
(Men) (Boos
etal., 2016)
Seccombe et al.,
2017

Netzer et al.,
2017

Pezzuto et al.,
2018

Ewalts et al.,
2021

Sample size Age (meanz Health

(W/F)

25 (14/11)

14 (13/1)

14(12/2)

11(11/0)

999

10 (7/3)

14 (12/2)

14 (14/0)

70)
7.(010)

73

35 (24/11)

17 (10/7)

15 (12/3)

SD or mean
(range)
years)
2+8

33 (21-55)

37 (23-55)

50.9 £13.2

63.1+£13.4

2443

NA (25-41)

305 +4.3

259 +3.2

273+4.4

61+ 15

NA

2446

25+ 4

status

Healthy

Healthy

Healthy

Healthy

Healthy

Healthy

Healthy

Healthy

Healthy
Healthy

Healthy

Healthy

Healthy

Healthy

Type of hypoxia
exposure

Hypoxic
breathing

Hypoxic
breathing

Hypoxia
breathing

Hypoxic
breathing

Hypoxic
breathing

Hypoxic
breathing

Normobaric
hypoxia chamber
Hypobaric

hypoxia chamber

Normobaric
hypoxia chamber
Normobaric
hypoxia chamber
Hypoxic
breathing

Normobaric
hypoxia chamber

Hypoxic
breathing

Hypoxic
breathing

Baseline
altitude (m)

Brussels (13)

NA

Giessen (171)

Matsumoto
©10)

Matsumoto
(610)

NA

NA

Henlow (40)

Leeds (113)

Leeds (113)

Bad Abling
(492)

NA

Cardiff (17)

FiO, (%) or
altitude level
(m)

FiOp—12%
(~4,500)

FiO,—12.5%

Fi0,~10%
(+5,500)
4,000

4,000

Fi02—12%

Fi0,-0.9%

4,800

FiOp—11.4%
(~4,800)
FiO;—11.4%

FiOp—15%

Fi0,~11%

Fi0,~12%

FiO2—12%

Rate of
exposure

NA

NA

NA

NA

NA

NA

2h - 4,000m
(@h) > 5,500

1,219m per
min
NA

NA

NA

NA

NA

NA

Hypoxic
duration

90min

2h

30min

40-45min

2h

2h

>150min

>150min

>150min

20min

30, 60, 100,
150 min

15, 30, 45,
60min

30min

Pulmonary

RV diastolic

hemodynamicsfunctional

parameters

TRG, PAAT/ET

SPAP, PAAT,
PVR

SPAP, PAAT/ET

sPAP

SPAP

sPAP, TRG,
PAAT/ET, PVR

TRG, PVR

SPAP, PAAT,

SPAP, PAAT,
PVR

PAAT, sPAP,
PVR

sPAP

SPAP, PAAT

mPAP, PVR

sPAP, mPAP,
PVR

parameters

RVE/A,RVE,
RVA, RV
E/N

RV-E/, RV-A"

RV-E/A, RV-E/,
RV-AY,
RV-E/A
RV-E/A

RV-E, RV-A,
RV-E/A, RV-E/,
RV-A

RV-E, RV-A"

RV systolic RV
functional  morphology
parameters  parameters.

TAPSE, RV-§'  RV-EDA

TAPSE, RV-EDA
RV-MPI,

RV-§', RV-FAC

TAPSE,

RV-MPI

RV-MPI

RV-MPI

TAPSE, RV-S§/, RV-EDA
RV-FAC

TAPSE,
RV-GLS

TAPSE,
RV-MPI, RV-8'

TAPSE

TAPSE

TAPSE, RV-ESA
RV-MPI,

RV-FAC

TAPSE, RV-EDA,
RV-MPI, RV-S' RVD1, RVD2,

RVD3

TAPSE, RV-S/, RV-EDA
RV-FAC

RV-FAC, RV-EDA,
RV-GLS RV-ESA

TRG, tricuspid regurgitation gradient; SPAR, systolic pulmonary artery pressure; mPAR, mean pulmonary artery pressure; PAAT, pulmonary artery acceleration time; PAAT/ET, pulmonary acceleration time to ejection time ratio; PVR,
tricuspid inflow early diastolic velocity; RV-A, tricuspid inflow late dlastolic velocity; RV-E/A, tricuspid inflow early diastolic velocity to late diastolic velocity; RV-E tricuspid annulus early diastolic
velocity by tissue Doppler imaging; RV-A', tricuspid annulus late diastolic velocity by tissue Doppler imaging; RV-E/A, tissue Doppler early and late diastolic tricuspid velocities ratio; RV-S', peak systolic velocity with tissue Doppler
imaging at the tricuspid annulus; TAPSE, tricuspid annular plane systolic excursion, RV-MPY, right ventricular myocardial performance index; RV-FAC, right ventriculer fractional area change; RV-EDA, right ventriculer end-dlastolc area;
RV-ESA, right ventricular end-systolic area; RVD1, right ventricular end-dlastolic basal cavity dimension; RVD2, right ventriculer end-ciastolic mid cavity dimension; RVD3, right ventriculer end-diastolic longitudinal dimension; RV-GLS,
right ventricular global longitudinal strain.

pulmonary vascular resistance; RV-
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Values are means + SD. Data for normoxia (NX) and sea level hypoxia (6 h, 1, 7, and 21 days) is presentedin this study. “High altitude values were published by
Jochmans-Lemoine et al. (2015),
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Group Initial weight (g) Final weight (g)

Control 207.7 £ 14.5 290.0 + 18.8 ##
Vehicle + 28 d CIH 199.5 £ 10.5 302.8 &+ 24.9 ##
2-APB + 28 d CIH 200.56+7.0 303.7 + 24.6 ##

Mean + SD. Two-way-ANOVA followed by Newman-Keuls tests. ##P > 0.001 vs.
initial weight. No differences were found in the initial or final weight between the
groups, two way-ANOVA, P = 0.063.
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Parameter State Pre-HA Post-HA P (Pre-post-HA)
Me (Q1/Q3) P (1-2) Me (Q1/Q3) P (1-2)
VE (L min~") 1 Baseline 10.5 (10.0/12.7) NS 9.4 (9.1/10.0) NS NS
2 Recovery 11.8 (7.6/12.8) 9.7 (8.6/10.7) NS
FeOs (%) 1 Baseline 171 (16.6/17.2) NS 17.0 (16.5/17.2) NS NS
2 Recovery 17.0 (16.8/17.4) 174 (16.7/17.3) NS
FeCOs (%) 1 Baseline 3.83 (3.41/4.23) 0.028 3.69 (3.562/3.75) NS NS
2 Recovery 3.69 (3.16/4.08) 3.62 (3.36/3.82) NS
HR (beats min—1) 1 Baseline 69.2 (60.7/71.8) NS 61.2 (56.4/62.3) NS NS
2 Recovery 68.9 (62.0/74.4) 61.1 (65.3/63.5) 0.021
SBP Baseline 128 (120/130) - 117 (107/123) 0.042
DBP Baseline 76 (66/86) - 71 (60/76) 0.018
Hypercapnic ventilatory response
PerCO» threshold (kPa) Rebreathing 6.1 (6.0/6.2) - 6.1 (5.8/6.1) - NS
Sensitivity (L min=! kPa~—1) Rebreathing 16.2 (13.2/18.6) - 21.8 (17.9/23.5) - NS

VE, ventilation; HR, heart rate; HA, High altitude; Sensitivity, hypercapnic ventilatory sensitivity; NS, non-significant; B Wilcoxon Matched Pairs Test.
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State Pre HA Post HA P (Pre-Post HA)
Me (Q1/Q3) P (1-2) Me (Q1/Q3) P (1-2)
PC1 Entire measurement 65.6 (64.9/74.9) - 75.6 (73.3/77.9) - 0.028
1 Baseline 51.8 (49.0/54.3) 0.021 49.2 (47.1/53.7) 0.015 NS
2 Recovery 67.0 (69.2/69.2) 62.2 (60.2/65.5) NS
Rebreathing 7.4 (75.8/86.2) - 78.9 (72.7/88.2) - NS
pPC2 Entire measurement 24.5 (20.6/26.3) = 17.6 (13.8/19.3) = 0.008
1 Baseline 30.7 (25.8/33.2) NS 32.3 (28.8/33.0) NS NS
2 Recovery 23.8 (22.1/26.2) 24.6 (21.4/26.7) NS
Rebreathing 19.3 (11.7/22.6) - 20.4 (10.0/26.0) - NS

PC, principal component; HA, High altitude; NS, non-significant; P, Wilcoxon Matched Pairs Test.
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Pre-HA Post-HA

Me (Q1/Q3) Me (Q1/Q3) P
VE 0.85 (0.84/0.89) 0.87 (0.84/0.90) NS
FeOo 0.95 (0.93/0.95) 0.94 (0.94/0.97) NS
FeCO» 0.91 (0.88/0.96) 0.91 (0.88/0.93) NS
HR 0.64 (0.45/0.68) 0.76 (0.65/0.82) 0.038

VE, ventilation; HR, heart rate; HA, High altitude; NS, non-significant; B Wilcoxon
Matched Pairs Test.
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Variables Treatment

PHa Control
Cinaciguat
PaO; (mmHg) Control
Cinaciguat
PaCO; (mmHg) Control
Cinaciguat
Sat Hb (%) Control
Cinaciguat
[Hb] (g dI') Control
Cinaciguat

7.49 £ 0.01

7.48 £ 0.01

43.02 + 0.76
42.36 + 1.66
28.96 + 1.00
30.70 + 0.80
7317 £ 0.96
75.59 + 2.67
10.79 + 0.78
11.83 + 0.56

Hypoxia

7.45 +0.01
747 +0.08
29.80 + 0.27¢c
29.58 + 0.83¢c
2809 +1.21
30.50 + 1.00
47.62 + 1.99¢
43.08 + 3.28¢c
10.87 + 0.82
12.58 + 0.48a

Recovery

7.44 +0.02
7.45 +0.02
46.90 + 1.57
44.34 + 3.02
2651 +1.27
2920 +1.10
7572 £1.17
78.54 + 3.05
1044 + 0.78
12.47 + 0.31ab

Arterial pH, pHa; arterial oxygen partial pressure, PaO, (mmHg); arterial CO, partial pressure, PaCO (mmHg); saturation of hemoglobin with oxygen, Sat Hb (%); and hemoglobin
concentration [Hb] (g dI™"). Control (n = 6) and Cinaciguat-treated newborn lambs (n = 6). Values are means + SEM. Significant differences (b < 0.05): a vs. basal period, b vs. Control

aroup, ¢, hypoxia ve. basal and recovery peripds.
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Antibody Weight (kDa) Protein loaded Poli-acrylamide gel Antibody dilution Incubation time

(ng) (%)
anti-p21 21 50 (1) 10 1:750 Ovemight
anti-eNOS 140 10 10 1:1,000 60 min.
anti-HO-1 32 100 8 1:1,000 Ovemight
anti-sGC-al 72 100 10 1:5,000 Overight
anti-sGC-p1 65 100 10 1:5,000 Overnight
anti-PKG-Ta 75 501 10 1:1,000 60 min.
anti-MLC20 18 20 14 1:1,000 Ovemight
anti-PDES % 100 10 1:1,000 60 min.
anti-BKCa 130 2L 10 1:1,000 120 min.
anti-p-Actin 43 05 () 10 1:5,000 60 min.
anti-p-Actin 43 20 RY) 10 1:5,000 60 min
anti-Cyclin D1 a7 20 (L and RV) 14 1750 Overnight
anti-Phospho p38 MAPK 43 60 (L and RV) 10 1:200 Ovemight
anti-p38 MAPK 43 10 (L and RV) 14 1:3,000 90 min.
anti-Phospho p53 55 50 (L and RV) 10 1:300 120 min
anti-p53 55 20 (L and RV) 10 1:300 120 min,
anti-PARP 116,89 50 (L and RV) 10 1:500 120 min,

L king: BV, right veniricle. Ovemight incubation, approximately 18 h at 4°C.
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Assessed for eligibility (n=42)

Excluded (n=10)
¢ Declined to participate (n=6)
¢ Not meeting inclusion criteria (n=4)

| Randomized (n=32)

Assessment at 490 m (n=7)
* Received allocated intervention (n=7)

Assessment at 490 m (n=8
» Received allocated intervention (n=8)

\ 4

Assessment at 2048 m after 1 night with placebo (n=7)
* Received allocated intervention (n=6)
+ Did not receive allocated intervention due to

severe nocturnal hypoxemia (n=1)

Assessment at 2048 m after 1 night with NOT (n=8)
* Received allocated intervention (n=8)

/f Wash-out of 2 weeks at <800 m %\fl/

Assessment at 2048 m after 1 night with placebo (n=9)
* Received allocated intervention (n=6)
+ Did not receive allocated intervention due to

severe nocturnal hypoxemia (n=1) or

onset of cardio-vascular disease (n=2)

Assessment at 2048 m after 1 night with NOT(n=8)
* Received allocated intervention (n=8)

JT/ Wash-out of 2 weeks at <800 m %

>I 1 COPD exacerbation

Assessment at 2048 m after 1 night with NOT (n=6)
* Received allocated intervention (n=6)

Assessment at 2048 m after 1 night with placebo (n=8)
* Received allocated intervention (n=7)
+ Did not receive allocated intervention due to

panic attack at night (n=1)

Assessment at 2048 m after 1 night with NOT (n=6)
* Received allocated intervention (n=6)

Assessment at 2048 m after 1 night with placebo (n=7)
* Received allocated intervention (n=5)
+ Did not receive allocated intervention due to

severe nocturnal hypoxemia (n=2)

g

l
/\f Wash-out of 2 weeks at <800 m %f/

q|
’I 1 COPD exacerbation

Assessment at 490 m (n=6)
» Received allocated intervention (n=6)

Assessment at 490 m (n=6)
» Received allocated intervention (n=6)

Completed study per-protocol (n=6)

Completed study per-protocol (n=5)

l

l

Completed study per-protocol (n=6)

Completed study per-protocol (n=6)

Per-protocol analysis (n=23)
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Age, years
Sex, males/females
Body mass index, kg/m?
Pack years, years
COPD GOLD
I
Il
FEV4,% predicted
FVC,% predicted
FEV41/FVC
TLco adjusted for hemoglobin,% predicted
6-min walking distance, m
SpO, at end of 6-min walking distance, %
Medication
Inhaled glucocorticosteroids
Inhaled B-adrenergics
Inhaled anticholinergics
Diuretics
Antihypertensive medication
Antidiabetics
Antidepressants

66.0 + 5.1
10/13
253+ 3.9
382+ 315

16 (70)

7 (30)

53.7 + 12.8
90.3+ 11.5
543+ 11.8
714+ 20.2
543 + 89
925+ 3.9

29
17 (74)
18(78)
29
12 (52)
3(13)
3(13)

Values are presented as mean + SD or numbers and proportions.

COPD, chronic obstructive pulmonary disease; GOLD, Global Initiative for Chronic
Obstructive Lung Disease; FEV, forced expiratory volume in the first second of
expiration; FVC, forced vital capacity; TLco, diffusing capacity for carbon monoxide;

SpO», oxygen saturation.
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9 days 21 days

CTRL coLD HYPO COHY CTRL coLD HYPO COHY

n=14 n=15 n=11 n=16 n=14 n=13 n=11 n=14
BW (A%) 248+12 226+1.7 18.7 £1.5 165 £1.6"*  417+32  489+1.9%  37.7 2.6 36.1 + 1.9%*
Muscle (GAS+TAY/ 100 gBW 1.68+0.01 164003 1.80+£0.09** 174+£003 2624004 3.08+00* 3.35+011# 301+006*%
PAT/BW (mg/g) 8.98+041 8.13+0.37 7.81 +£0.46 8.47+0.62 10.00+0.39 10.07 +£0.37 8.38 +0.38** 10.3 +0.43%
BAT/BW (mg/g) 1.31+£0.08 1.73+£0.10" 0.76 +0.04*# 143+ 0.04%% 112+006 1.38+0.05% 0.89+0.03*# 133+ 02758
Diaphragm/ BW (mg/g) 1.934+0.05 1.904+0.05 1.80 + 0.04 1744013 1.81+008 1.82+0.05 1.83 +0.09 2.03+0.10
Heart/BW (mg/g) 3.354+0.04 3.34+0.06 3.48 £ 0.10 3.434+0.07 3.37+008 3.41+0.10 3.40 +0.07 3.59 +0.07
Right ventricle/ total heart (%) 24.4+0.8  25.0+0.7 28.3 + 1.4*# 2454 0.5% 256 +1.2 263 +1.2 28.8+0.8 26.4 +0.9

Data are presented as mean =+ standard error. BW, body weight; GAS, gastrocnemius muscle; TA, tibialis anterior muscle; PAT, perigonadal adipose tissue; BAT, brown
adipose tissue. CTRL, control; COLD, intermittent cold; HYPO, intermittent hypoxia, COHY, intermittent cold + hypoxia. Statistically significant differences are indicated
as follows: *p < 0.05 vs. CTRL, **p < 0.001 vs. CTRL, *p < 0.05 vs. COLD, *p < 0.001 vs. COLD, $p < 0.05 vs. HYPO, $8p < 0.007 vs. HYPO.
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9 days 21 days

CTRL COLD HYPO COHY CTRL COLD HYPO COHY

n=11 n=13 n=8 n=12 n=9 n=12 n=9 n=11
MCV (fL) 66.7 £ 0.7 67.6 £ 0.6 68.6 £ 0.4 70.4 £ 1.1 65.2+0.9 65.2+0.8 66.6 £ 0.3 66.5 £ 0.6
MHC (pg) 18.4 £ 0.3 18.8 £ 0.6 19.4 £ 0.2 196 +£0.2 185+05 19.1 +£0.8 1922403 18.68 £ 0.2
MCHC (g/dL) 27.7 £ 03 28.6+£0.3 28.3+0.3 28.1£0.3 275101 29.9 &+ 0.5* 29.0 £ 0.5 28.4 +0.3%
WBC (109/L) 7.0+05 12,65+ 0:56* 10.9 £ 1.4* 11.3 £1.3* 6.4+1.7 6.9+ 0.6 10.4 £ 1.7# 6.8 +0.6%
Platelets (109/L) 522 £ 22 603 + 71 392 + 34+# 406 + 31# 497 + 37 587 + 44 488 + 34 451 £ 32

Data are presented as mean =+ standard error. MICV, mean corpuscular volume; MHC, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentra-
tion; WBC, white blood cells. CTRL, control; COLD, intermittent cold; HYPO, intermittent hypoxia; COHY, intermittent cold + hypoxia. Statistically significant differences

are indicated as follows: *o < 0.05 vs. CTRL, ¥p < 0.05 vs. COLD, $p < 0.05 vs. HYPO.





OPS/images/fphys-12-689863/cross.jpg
3,

i





OPS/images/fphys-12-673095/fphys-12-673095-g005.jpg
NCF

NCF

NCF

NCF

10.0 4

9.0 4

8.0 4

7.0 4

5.0

|

SO

9.0 q

8.0 4

7.0 4

6.0 4

5.0 4

4.0

0.0 T

9 DAYS 21 DAYS

FOG

Bi?

9.0 q

8.0 4

7.0 4

6.0 4

5.0 4

4.0

9 DAYS 21 DAYS

E@if

FIG

0.0

9.0 1

8.0 4

7.0 4

6.0 4

5.0 4

4.0

sl

9 DAYS 21 DAYS

il

FG

@ *
)

9 DAYS 21 DAYS

[ CTRL 3 COLD

359

3.0 4

25

CCA (10°um?)

2.0

SO

4.0 1

3.5 1

3.0 4

254

CCA (10°um?)

2.0

ojo T

9 DAYS

21 DAYS

FOG

3.0 4

25

2.0 4

CCA (10°um?)

154

9 DAYS

21 DAYS

FIG

*S$#

=

25

2.0 4

154

CCA (10°um?)

1.0 4

ol

9 DAYS

21 DAYS

gl

FG

HYPO

9 DAYS

EEm COHY

21 DAYS





OPS/images/fphys-12-673095/fphys-12-673095-g006.jpg
w0 o

» > 0 > 0
B - B & <

QO ones aiqy -0} -Aiejided

—
HE
—H

187 E

m A«EE Jad) Ayisuap aiqi4

(-
==
CFh
HCH
+—
HEm

HT =)

A

s s
g 8 8 g
8 8 R 4

1000

< ANEE Jad) Ajisuap Asejiden

21DAYS

9 DAYS

21 DAYS

9 DAYS

21 DAYS

9 DAYS

[ CTRL [ COLD == HYPO EEE COHY





OPS/images/fphys-12-673095/fphys-12-673095-g007.jpg
Fibre type distribution (%)

1204

100

60

40-

o

*

CTRL COLD HYPO COHY

9 DAYS
[ SO [ FOG

CTRL COLD HYPO COHY

21 DAYS
= FIG BE@ FG





OPS/images/fphys-12-645723/fphys-12-645723-g003.jpg
W A2aR-D2R MERGE
) 5 3 . ) P o 7/ » yq ’;b\
R &y -4 §e \
' w\ a O o ..“.
| “‘/' ¢ o ‘}‘g:c‘ ok,
A @
. RSP LA B PN
| g k,’ A
? NRT /=]
v6 ¢ Noy 02243
e D¢t oo% % \a
. @ u’a « 9 U
% g~ ~ vo
L ’\ 'L - e¢* Q"
- & ‘( © » Lt
—_— ‘tk\ \ .y ® - “t
2 Ya s ¢, \  jo .

Z-axis

<






OPS/images/fphys-12-645723/fphys-12-645723-g004.jpg
A2AR-D2R

A2AR-D2R

A2AR-D2R

A2aR-D2R

-

5
)
K
i Fo SN A
" 2 5 = T N
' A, 1 A

" .‘\‘ ~ 0‘ > s ¥~
! gy L <™ )
- - g ~
- bl L w‘\ ‘ A " “‘
X Lave
» '\;.“‘5."\.?
- Y 2 b AN .
» A ~ A
e s A 15
) % 2 » ¢ g R
$100 i, MERGE = & ol
., R RO o g
”» 3 > “« » l
» s % - ]

r-; _.- “ e . ..
G o E
5
2 h ! ¢ w * “‘ @?" Re *
it 5 o = »
St \\&:n s P A
y’; » . ' '&J' “' e 'f
. > B
TH MERGE b B
~ Ve > - N [ e
) \ .O' t o \ H ooy, ¢ i
3 & - 1 S o > 5 V.6 re
g 2 ~

",. - “,0-- ‘ “_\)
\.‘ X ' » ’t‘- \.‘ H' 27 @, ‘iv » :‘
o, ¢ Y N 2 n -_.z N} g._o‘ :
o v . B .‘* o 7" -' e B :co .\.\
”"\ N B o N 34 - g -
. _— . —
. . \“.
. d J ‘= -
o BN il s W
\ - .
Y 4 ' : i ' . ' f, >
';' “ {k P g -;’ ﬁ"“; ¢ ik .‘ 4 .1






OPS/images/fphys-12-639761/fphys-12-639761-t003.jpg
Variables Total (n = 99)

Notch (-) (n = 79)

Notch (+) (n = 20)

Low altitude High altitude P-value Low altitude High altitude P-value Low altitude High altitude P-value
Pulmonary hemodynamics
TR, n (%) 63 (63.6) 91 (91.9) < 0.001 53 (67.1) 74 (93.7) < 0.001 10 (50.0) 17 (85.0) 0.018
TRV, cm/s 196 (174, 220) 231 (202,261) < 0.001 195 (178, 220) 229 (194,257) < 0.001 209 (181, 226) 243 (222, 0.020
312
SPAP, mmHg 205+ 0.7 272+141 < 0.001 20.4 +£0.8 255+ 1.1 <0.001 21.2+1.7 34.8 + 3.3 0.020
mPAP, mmHg 14.4 (12.5, 18.1(15.0, < 0.001 14.3(12.3, 17.8(14.2, <0.001 15.7 (13.0, 19.5(17.0, 0.020
16.9) 21.7) 16.9) 21.2) 17.6) 28.8)*
PVR, WU 1.2(0.8,1.8) 1.9(1.3,29) < 0.001 1.2(0.8,1.7) 1.9(1.3,2.4) < 0.001 1.3(0.6,1.8) 3.1(1.4,4.3" 0.037
ATgvor, Mms 146.5 (135.1, 116.0 (96.6, < 0.001 146.6 (135.1, 118.1 (96.6, < 0.001 141.3 (131.8, 112.9 (96.7, 0.002
161.3) 134.4) 162.6) 134.1) 157.6) 137.6)
ETpvor, ms 372.2 + 35.96 360.0 + 35.51 0.001 374.3 £338 361.7 £ 36.7 0.002 364.1 £43.5 353.4 +30.5 0.311
ATgvor/ETrvor 0.40 (0.35, 0.32 (0.27, < 0.001 0.40 (0.35, 0.32 (0.26, < 0.001 0.39 (0.36, 0.33(0.27, 0.002
0.43) 0.38) 0.43) 0.37) 0.43) 0.40)
PCWP, mmHg 9.9(8.9,10.9) 8.9(8.0,9.8 < 0.001 9.8(8.9,11.0 8.7 (7.7,9.8) < 0.001 10.0 (9.2, 10.7) 9.0 (8.5, 10.0) 0.006
Conventional Doppler echocardiography
RVD base, cm 3.5+ 0.05 3.4 £ 0.06 0.378 3.6 £ 0.06 3.4 £0.07 0.055 3.3+0.11# 3.5+ 0.09 0.079
RVD mid, cm 3.2+ 0.08 3.4 £ 0.08 0.017 3.2+ 0.09 3.4 +£0.09 0.119 3.0+0.18 3.5+0.14 0.031
RV EDA, cm? 20.2(17.7, 20.0 (17.3, 0.380 20.4 (17.7, 20.0(17.7, 0.129 19.3(17.4, 19.7 (171, 0.458
23.0) 22.8) 24.2) 22.9) 29.) 22.3)
RV ESA, cm? 10.9(9.0,12.5)  11.4(9.8,13.0) 0.065 11.2(9.1,12.9)  11.4(9.8,13.1) 0.273 9.8(8.5,11.8) 11.2(9.6, 12.8) 0.065
RV FAC, % 46.6 £ 0.6 432+ 05 < 0.001 46.5 +0.6 435+ 0.5 < 0.001 471 +£1.5 422 +141 0.021
TAPSE, mm 259+04 23.8+ 0.4 < 0.001 257 £0.4 241 +04 0.003 26.6 £0.9 229+ 0.9 0.002
TAPSE/SPAP 1.2(1.1,1.5) 0.9(0.7,1.2) < 0.001 1.2(1.1,1.5) 0.9(0.8, 1.3 < 0.001 1.1(1.1,1.4) 0.8 (0.5, 1.0)* 0.023
Tricuspid E, 66.6 +£1.2 609+ 1.5 < 0.001 67.0+£1.3 61.6+1.6 0.004 65.1 £2.8 58.4 +£ 3.7 0.017
cm/s
Tricuspid A, 36.3 (30.5, 42.1(383.0, < 0.001 36.5 (30.6, 39.7 (31.8, < 0.001 32.7 (29.3, 51.5 (42.7, 0.006
cm/s 42.8) 52.5) 42.4) 48.5) 49.0) 57.7)
Tricuspid E/A 1.5(1.8,2.2 165112510 < 0.001 1.5(1.8,2.2) 1.5(1.3,1.7) < 0.001 1.7 (1.4,2.4) 1.2(1.0, 1.6 0.001
ratio
Pulse tissue Doppler imaging
Tricuspid s’, 11.2+0.2 11.6+0.2 0.020 11.2+0.2 11.7+£0.2 0.017 11.3+04 11.3+0.3 0.662
cm/s
Tricuspid €', 143+0.2 141+£03 0.211 145 +£0.2 143+0.3 0.408 18.7 £0.6 132+0.7 0.229
cm/s
Tricuspid E/e’ 4.7 (41,5.2) 4.5(3.8,4.9 0.046 4.7 (4.1,5.2) 4.4 (3.7,4.9) 0.082 4.7 (4.3,5.1) 4.6 (3.9,5.0) 0.270
ratio
Tricuspid ICV, 7.9(7.3,8.8) 8.8(7.3,10.7)  <0.001 79(71,8.7) 9.2(7.3,10.8)  <0.001 7.8(7.4,9.1) 8.4 (6.7, 40.6) 0.341
cm/s
Speckle tracking imaging
RV GLS, % —21.7 (—19.8, —20.1(-17.7, 0.003 —21.7 (-20.0, —20.5(-18.6, 0.035 —22.2 (—-19.3, —18.4 (-16.0, 0.015
—23.9) —22.9) —24.2) —22.9) —23.3) —22.4)*
2DS RVFW —23.6+0.4 —219+0.5 0.005 —23.5+0.5 —-223+0.5 0.079 —-239+0.7 —-20.3+1.0 0.004
apex, %
2DS RVFW —23.3+04 —222+0.5 0.063 —23.5+0.5 —22.8+0.6 0.183 —22.6+0.9 —20.0 £1.1* 0.057
mid, %
2DS RVFW —18.0 (—15.0, —-17.0(-14.0, 0.274 —18.0 (—15.0, —-18.0(-15.0, 0.684 —18.0 (—14.3, —14.0(-13.0, 0.093
base, % —21.0) —20.0) —20.0) —20.0) —21.8) —19.0)*
RVSD4, ms 4.2(3.1,7.0) 6.6 (4.4,11.6) <0.001 4.2(3.1,6.9 6.4 (4.3,9.8) < 0.001 41 3.4,7.7) 12.1 (6.1, 0.005
18.0)*

TR, tricuspid regurgitation; TRV, tricuspid regurgitation velocity; SPAR systolic pulmonary artery pressure; mPAR mean pulmonary artery pressure; PVR, pulmonary
vascular resistance;, ATrvort, acceleration time of RVOT; ETryor, €jection time of RVOT;, PCWR pulmonary capillary wedge pressure; RV, right ventricular; EDA, end-
diastolic area; ESA, end-systolic area; FAC, fraction area change; TAPSE, tricuspid annulus plane systolic excursion; RVD, right ventricular transverse diameter; 2DS RVFW,
two-dimensional strain of right ventricular free wall. RVSD4, standard deviation of the time to peak systolic strain in the 4 mid-basal RV segments, Other abbreviation as
in Table 2. Data are presented as mean =+ standard error of the mean or median (25th to 75th quartile). #*P < 0.01 compared with notch (—) at low altitude, *P < 0.05,
**P < 0.07 compared with notch (—) at HA. The bolded values mean p value < 0.05.
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Baseline Total (n = 99) Notch () (n = 79) Notch (+) (n = 20)
variables

Low altitude High altitude P-value Low altitude High altitude P-value Low altitude High altitude P-value

Age, years 25.0 (21.3, — 25.0(21.5, — 26.0 (21.0, -
29.0) 28.5) 33.0)

Male, n (%) 69 (69.7) — 57 (72.2) — 12 (60.0) —

BMI, kg/m?2 222402 — 222403 — 224 +0.6 —

HR, beats/min 63.0 (57.0, 81.0(73.5, < 0.001 62.0 (56.5, 80.0 (72.5, < 0.001 66.0 (63.0, 88.0 (79.3, < 0.001
72.5) 93.0) 725) 92.5) 75.8) 94.0)

SpO2, % 97.0 (96.0, 88.0 (85.0, < 0.001 97.0 (96.0, 88.0 (85.0, < 0.001 97.5(97.0, 86.0 (82.5, < 0.001
98.0) 90.0) 98.0) 90.0) 99.0) 88.0)*

SBP, mmHg 117.0(108.0, 121.0(111.0, 0.004 117.0(109.0, 120.0 (111.0, 0.033 122.0(107.3, 131.0(113.0, 0.048
126.0) 132.0) 126.0) 128.0) 134.3) 134.8)

DBP, mmHg 73.0 (66.0, 81.0(72.5, < 0.001 73.0 (64.5, 79.0 (72.5, < 0.001 77.5(67.5, 85.0 (72.0, 0.032
82.5) 90.5) 81.5) 89.5) 83.0) 96.0)

BMI, body mass index; HR, heart rate; SpO», pulse oxygen saturation; SBR, systolic blood pressure; DBR, diastolic blood pressure. Data are presented as mean + standard
error of the mean or median (25th to 75th quartile). *P < 0.05 compared with notch (—) at HA. The bolded values mean p value < 0.05.
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Variables Total (n =99) Notch (-) (n = 79) Notch (+) (n = 20)
Low altitude High altitude P-value Low altitude High altitude P-value Low altitude High altitude P-value
Conventional Doppler echocardiography
SV, ml 65.0 (57.2, 57.5 (51, <0.001 66.1 (57.2, 58.5 (563.6, <0.001 64.1 (66.9, 55.7 (48.6, 0.156
71.45) 66.35) 73.1) 66.5) 68.3) 66.4)
LVEF, % 59.2 (56.4, 59.2 (65.8, 0.841 58.5 (66.4, 59.0(56.2, 0.784 60.0 (57.5, 59.3 (64.8, 0.458
61.5) 61.6) 61.5) 62.0) 62.3) 61.6)
CO, L/min 4.2(3.5,4.9) 4.6 (4.1,5.5) <0.001 4.2(3.5,5.0) 4.6 (4.1,5.4) <0.001 4.3 (3.5, 4.6) 4.7 (4.4,6.1) 0.008
Mitral E, cm/s 93.4 (81.0, 81.6(71.9, <0.001 93.4 (82.1, 83.0 (72.6, <0.001 92.7 (74.8, 78.3 (64.9, 0.001
110.4) 97.4) 111.0) 98.1) 107.6) 93.8)
Mitral A, cm/s 51.7 (44 .4, 59.4 (50.8, <0.001 50.9 (44.3, 57.2 (491, <0.001 52.7 (48.8, 64.5 (68.4, 0.007
63.5) 68.4) 63.0) 67.0) 66.1) 73.7)*
Mitral E/A ratio 1.7(1.5,2.1) 1.4(1.2,1.6) <0.001 1.7 (1.6,2.1) 1.5(1.2,1.7) <0.001 1.6(1.2,2.2) 1.3(1.1,1.5¢* <0.001
Pulse tissue Doppler imaging
Mitral s’, cm/s 10.5(9.6, 11.6) 11.6 (10.3, <0.001 10.5(9.6, 11.7) 11.6 (10.3, <0.001 10.6 (9.4,11.5)  10.9(9.6, 12.4) 0.297
12.7) 13.1)
Mitral e’, cm/s 15.1(13.6, 14.5(13.4, 0.663 15.1 (13.7, 14.9 (13.4, 0.346 14.1 (10.8, 14.1 (13.4, 0.701
16.3) 16.1) 16.2) 16.9) 16.7) 15.3)*
Mitral E/e’ ratio 6.4(6.7,7.2) 5.6 (4.9, 6.4) <0.001 6.4 (5.6,7.3) 5.5(4.7,6.4) <0.001 6:6(6.9,7.1) 5.7 (6.3, 6.5) 0.006
Mitral ICV, cm/s 86 +0.2 9.6+0.2 <0.001 8.7+0.2 95+02 0.005 85+05 10.0+£0.6 0.035
Speckle tracking imaging
LV GLS, % —20.9 (—19.9, —19.1(-17.8, <0.001 —20.8 (—19.9, —19.2 (—181, <0.001 —21.3(-20.4, —18.7 (-17.3, 0.001
—-21.7) —20.6) —21.6) —20.6) —22.3) —20.3)
LV GCS, % —24.8 (—23.6, —24.6 (—23.3, 0.118 —24.8 (—23.8, —24.6 (—23.6, 0.106 —24.8 (214, —23.6 (—22.6, 0.520
—26.7) —25.9) —26.9) —26.0) —26.7) —25.8)
TS-12SD, ms 19.7 £0.9 25.7+1.0 <0.001 201 £1.0 25.7+1.2 <0.001 183+ 1.9 25522 0.015

SV, stroke volume; LVEF, left ventricular ejection fraction;, CO, cardiac output; E, early diastolic transmitral or transtricuspid flow velocity; A, late diastolic transmitral or
transtricuspid flow velocity; s’, mitral or tricuspid annulus systolic velocity; e’, mitral or tricuspid annulus early diastolic velocity; ICV, peak velocity of isovolumic contraction
period at mitral or tricuspid annulus; LV, left ventricular; GLS, global longitude strain; GCS, global circumferential strain; TS-12SD, the standard deviation of time to peak
systolic strain in 12 LV segments; Data are presented as mean =+ standard error of the mean or median (25th to 75th quartile). *P < 0.05 compared with notch (—) at HA.
The bolded values mean p value < 0.05.
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