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The increase in atmospheric oxygen levels imposed significant environmental pressure on primitive organisms concerning intracellular oxygen concentration management. Evidence suggests the rise of cholesterol, a key molecule for cellular membrane organization, as a cellular strategy to restrain free oxygen diffusion under the new environmental conditions. During evolution and the increase in organismal complexity, cholesterol played a pivotal role in the establishment of novel and more complex functions associated with lipid membranes. Of these, caveolae, cholesterol-rich membrane domains, are signaling hubs that regulate important in situ functions. Evolution resulted in complex respiratory systems and molecular response mechanisms that ensure responses to critical events such as hypoxia facilitated oxygen diffusion and transport in complex organisms. Caveolae have been structurally and functionally associated with respiratory systems and oxygen diffusion control through their relationship with molecular response systems like hypoxia-inducible factors (HIF), and particularly as a membrane-localized oxygen sensor, controlling oxygen diffusion balanced with cellular physiological requirements. This review will focus on membrane adaptations that contribute to regulating oxygen in living systems.
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INTRODUCTION

During the Paleoproterozoic era (2.5–1.6 billion years), the metabolic activity of oceanic cyanobacteria led to the atmospheric accumulation of oxygen in an event known as the GOE. The appearance of oxygen was critical for the evolutionary pressure to develop highly efficient bioenergetics through aerobic respiration to fuel the growth of life. Lipid bilayers present a highly complex molecular organization that confers a natural barrier to the free transit of molecules with a notable electric resistance (105 Ω cm2) and capacitance (0.8–1.2 μF/cm2) an energetic barrier exists for the free flux of even small molecules and ions. However, considering the non-polar structure of molecular oxygen, a general assumption supposes that the energetic barrier for its diffusion, at least through the hydrocarbon moiety between membrane leaflets, should be reduced, but not absolute (Battino et al., 1968; Widomska et al., 2007; Galea and Brown, 2009). This less restricted flux of oxygen through membranes imposed a biochemical challenge to primitive aerobic organisms, namely oxidative stress. Biophysical solutions that led to highly packed lipid membranes to restrict oxygen flux arose as a possible adaptive strategy. Additionally, sophisticated mechanisms to sense oxygen to regulate activation of antioxidant responses [i.e., Nrf2 (Gacesa et al., 2016), HIF (Choudhry and Harris, 2018)] also evolved. Previous work has proposed sterols as a molecular adaptor for high oxygen (Galea and Brown, 2009; Brown and Galea, 2010), suggesting an ordered regulation of cellular oxygen beginning at the membrane and integrating into the molecular biology of the cell.



STEROLS IN MEMBRANES DURING EVOLUTION: OXYGEN AS THE EVOLUTIVE DRIVING FORCE IN THE DEVELOPMENT OF CHOLESTEROL SYNTHESIS PROTEINS AND MEMBRANE STEROLS/CHOLESTEROL ENRICHMENT


Oxygen Rise and Lipid Membrane Evolution

The GOE was a critical geobiological process that linked the evolution of photosynthetic organisms and the changes in the chemical composition of oceans. Five stages mark this event, the first of which resulted in a significant increase in atmospheric accumulation of cyanobacteria-derived oxygen approximately 2.45 billion years. The oxygen was deposited in the ocean as Fe2O3 until saturation, and subsequent excess resulted in atmospheric accumulation (Holland, 2006; Gacesa et al., 2016). The rise in atmospheric PO2 likely resulted in massive oxidation events that open the question of how living organisms handled ROS, a biochemical pressure that resulted in triggering the increased complexity of lipid membranes.

Lipid bilayers are vital cellular structures critical to the creation and development of life. Lipid membranes, in the earliest primitive forms of life, may have resulted in the prebiotic environment through spontaneous formation of single-chain fatty acids, saturated, and unsaturated fatty acids vesicle formation (Hanczyc et al., 2003) assisted by clay (montmorillonite) and capable of engulfing DNA and proteins (Apel et al., 2002). The presence of lipid membranes in a common ancestor has been proposed, with changes in its lipid composition between archaea and bacterial organisms (Lombard et al., 2012). Remarkably, the ability of complex sterols synthesis is restricted to eukaryote and archaea using the mevalonate pathway with only alternative isoprenoid biosynthesis occurring in bacteria (Lombard and Moreira, 2011). Genomic analysis suggested the rise of early eukaryotes (pre-mitochondrial) approximately 2.7 billion years and the origin of mitochondrial eukaryote at 1.8 billion years (Hedges et al., 2001). These match the Paleoproterozoic oxygenation event. Since oxygen availability is a sine qua non for final steps of sterols synthesis, the rise in atmospheric PO2 favors the conditions for sterol production. In this regard, the rise in atmospheric PO2 represents a bi-univocal hub since oxygen regulates the biosynthesis of molecules that will eventually contribute to controlling oxygen diffusion into the cell. However, if sterols, as previously suggested (Galea and Brown, 2009), emerged as a biophysical strategy to reduce oxygen diffusion through lipid membranes, why did isoprenoid biosynthesis pathway evolve in eukaryotes for the construction of complex sterols (i.e., cholesterol, ergosterol) but in bacteria remain in a less developed stage that allows the synthesis of cyclic isoprenoids. Two general assumptions potentially explain this. First, considering the higher volume of eukaryote cells, the presence of internal membranous compartments and mitochondria, the energy expenditure for membrane lipid biosynthesis is significantly higher compared with prokaryotes (Lynch and Marinov, 2017). However, limited evidence directly associates the time of appearance of mitochondria and plasma membrane complexity (Pittis and Gabaldon, 2016). Second, bacterial isoprenoid biosynthesis pathway produces hopanoids like diplopterol, sterols that can induce liquid-ordered phase formation in artificial membranes (Saenz et al., 2012), interact with phospholipids (lipid A) and determine the outer membrane order parameter of Methylobacterium extorquens (Saenz et al., 2015), suggesting that bacterial membrane organization and eventually resistance to free oxygen flux may not depend on oxygen availability for the synthesis of complex sterols.

The presence of sterols in lipid membranes provides unique biophysical properties that orchestrate functional events relevant to cell physiology. Therefore, the emergence of cholesterol as an evolutionary consequence to restrict oxygen diffusion, resulted in a versatile strategy to functionally organize the membrane, completely modifying cell biology leading to more sophisticated mechanisms to deal with oxygen transport through the membranes, so as elaborate response strategies to deal with changes in oxygen availability, like hypoxia events.



Membrane Permeability

Phospholipids, as building blocks of membranes, result in notable effects on biophysical properties (e.g., structural changes in polar headgroups, hydrocarbon chains, and the proportion of specific phospholipids) to directly impact biological and physiological processes. The presence of a highly hydrophobic core and, depending on the specific composition of polar head groups, lipid membranes are virtually impermeable providing a distinct electrochemical and biochemical composition between extracellular and intracellular compartments. This barrier acts as a capacitor to influence a wide range of processes (Ray et al., 2016). When considering the permeability to non-polar molecules (gases like CO2 and O2), a general inspection may suggest a less restricted permeation through the membrane, with tremendous implications in gas exchange and molecular organization of respiratory systems.

When considering the flux of a substance (J) through lipid membranes, there are two elements to consider: a concentration gradient ΔC (chemical/electrochemical gradient) and the membrane permeability coefficient PM. Membrane permeability is a more complex concept that involves other parameters such as the partition coefficient, the diffusion of the molecule through the membrane, and the resistance. These terms are mathematically integrated into an expression valid for non-electrolyte flux through the z plane of the lipid membranes (Diamond and Katz, 1974):
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with K(z) as partition coefficient, D(z) as diffusion coefficient, and r resistance of the head groups. In molecular terms, the concentration gradient through the membrane represents the driving force that allows the flux of ions through membranes. Membrane resistance, partition coefficient, and diffusion are variables that depend directly on the membrane lipid (and protein) composition. The diffusional coefficient, time that a molecule takes to pass through an area, is normally expressed for gases as apparent diffusion (Fischkoff and Vanderkooi, 1975; Denicola et al., 1996; Moller et al., 2005) due to technical artifacts and the difficulty to measure the real concentration (or partition of the substance in the membrane) due to complex composition and consequent behavior of lipid membranes. In this regard, diffusion is related to the partition coefficient, the ratio of the concentration of a substance in the membrane and buffer/extracellular media, that is directly related to the solubility of a substance in the membrane and depends on its chemical nature, charge, size and in lipid composition, sterols concentration, temperature, phase transition and membrane homogeneity of the membrane (Windrem and Plachy, 1980; Raguz et al., 2009). This last factor is critical since phospholipids present three-dimensional organization depending on the polar head group and acyl chain compositions, resulting in varied order parameters and domain arrangements throughout the cell membrane.

Several states of arrangement can be recognized (Van Meer et al., 2008), like liquid-ordered domains (Lo) or regions with high molecular order and fewer degrees of freedom for lipid rotation and phase transition, and liquid disordered phase (Ld), with opposite motion and freedom degree characteristics. As can be expected, the partition of substances like gases in both membrane phases can differ dramatically, which is also influenced by the membrane molecular order degree. In this regard, lipid membranes without cholesterol present low resistance for the permeation of non-polar molecules like oxygen. On the other hand, the higher the cholesterol content leading to membrane organization complexity, the bigger the membrane resistance to oxygen permeation (Widomska et al., 2007; Mainali et al., 2013). In the present work, we will focus mainly on the effect of cholesterol in membrane biophysics and the impact on oxygen diffusion.



Oxygen Diffusion Through Lipid Membranes

For terrestrial aerobic organisms, oxygen participates in a multitude of reactions that propitiate life. Many studies have been performed regarding oxygen gas exchange, transport, and ultimately, its involvement in biochemical and physiological reactions as oxygen is critical for life and a significant factor in organismal and organ physiology and pathophysiology. However, oxygen diffusion through lipid membranes, the ultimate barrier from alveolar cells to red blood cells and peripheral tissues, is not entirely understood. Oxygen, as a non-electrolyte, may permeate the plasma membrane through lipid bilayer leaflets. Membrane permeability to small molecular size solutes has been thoroughly studied, leading to the proposal of several mechanisms. Of these, the solubility-diffusion model (Volkov et al., 1997; Shinoda, 2016), or Overton’s law (Overton, 1896), associates permeability with the partition coefficient of the solute and its diffusion. Consequently, the solute permeability relates to membrane properties. In living systems, the membrane lipid composition and its molecular organization are critical parameters that will determine oxygen flux.

Membrane diffusion of small solutes according to Overton’s law depend on membrane permeability and ultimately in its biophysical properties, suggesting that modifications in membrane structure may increase the permeability of such solutes. Indeed, Thomae et al. (2007) show controversial data proposing that above a critical cholesterol concentration in PC liposomes, there is no effect in the permeation of aromatic molecules like sialic acid. Missner et al. (2008) showed that adding cholesterol to planar PC lipid bilayers (PC:Chol = 1:1) indeed decreases sialic acid permeability, suggesting the importance of cholesterol in permeability, as Fick’s law and Overton’s law propose. Oxygen permeability has been shown to be in the order of 210–230 cm/s in DMPC bilayers, consistent with Overton’s law (Dzikovski et al., 2003), in the absence of cholesterol at 37°C, suggesting that oxygen diffusion through lipid membranes is a fast process, which may have been the case for primitive organisms. However, the importance of the raise of sterols in membrane evolution in complex organisms may have been a means to increase membrane complexity and with it limit oxygen diffusion to better control biological reactions (i.e., mitochondrial electron transport). In fact, the energetic barrier for oxygen diffusion in POPE and POPC membranes is smaller than transporter-mediated AQP1 oxygen diffusion (Hub and De Groot, 2008). Notwithstanding, this rule does not take into account structural inhomogeneities in cellular membranes (Missner and Pohl, 2009) rich in cholesterol such as lipid rafts (Hannesschlaeger et al., 2019) and caveolae, suggesting that the application of Overton’s law to membranes of complex organisms is still controversial. In this regard, we will focus this review on the influence of cholesterol and cholesterol-rich domains such as caveolae on oxygen diffusion through lipid membranes in biological systems.

Small molecules permeability across the lipid membrane is related to the partition coefficient (Shinoda, 2016) in the membranes moieties. According to the chemical properties of the solute, stabilization will be achieved in solution by the solvent or complex formation with other molecules. When considering oxygen flux through membranes, the first step is the transfer from the solvation moiety to the polar head groups and subsequent entry into the hydrocarbon moiety subregions. These transfer steps represent energetic barriers, ΔE, that oppose or favor oxygen flux according to the chemical properties; ultimately, the sum of all ΔE’s determine oxygen flux through the membrane (Figure 1), in other words, the total membrane resistance (Moller et al., 2016). Because of oxygen polarity, a lower energetic barrier for the permeation into the hydrocarbon acyl chain moiety is expected. However, the first portion of the membrane, until C9 is a region with high molecular order, restricting oxygen free flux. This effect is associated with lipid spatial organization that depends on temperature, phospholipid acyl chain structure (i.e., presence of saturations), the presence of sterols like cholesterol and ultimately proteins that may induce transient changes in membrane order parameter (Subczynski et al., 2012; Mainali et al., 2013). After passing through this ordered region, a considerable drop in the energetic barrier results as oxygen enters the hydrophobic core in the center of the lipid bilayer.
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FIGURE 1. Overview of molecular oxygen flux in the lipid bilayer.


Many efforts have attempted to determine oxygen transport through plasma membrane using techniques such as fluorescence quenching of pyrene (Fischkoff and Vanderkooi, 1975; Denicola et al., 1996; Moller et al., 2005) and spin-label probe detection through EPR (Widomska et al., 2007; Raguz et al., 2009, 2011; Subczynski et al., 2011). In the later, the oxygen transport parameter, W(x), representing the collision rate between the spin-label probe and oxygen molecules, accounts for oxygen transport through lipid membranes (Kusumi et al., 1982; Widomska et al., 2007). Employing W(x)–1, a measurement of the membrane resistance to oxygen permeation, Widomska et al. (2007) showed increases in membrane resistance to oxygen permeation in different artificial membranes preparations composed of POPC, cholesterol and calf lipid lens (POPC < POPC/Cholesterol < calf lipid lens). These studies suggest that oxygen transfer to the phospholipid headgroups and diffusion to C9 is the most energetically restricted. Consequently, the partition coefficient [K(x)] and diffusion [D(x)] changes across the lipid bilayer (Subczynski et al., 2017; Plesnar et al., 2018), make it difficult to determine the actual diffusion of oxygen through lipid membranes. Moller et al. (2016), determined the oxygen corrected diffusion coefficient in multilamellar vesicles defined as the apparent diffusion corrected by the oxygen partition coefficient. K(z) is related to the partial molar volume of the phospholipids and their free volume that is directly associated with temperature and unsaturation in the acyl carbon chains of the phospholipids (Smotkin et al., 1991; Widomska et al., 2007; Moller et al., 2016). Consequently, the higher the temperature and the number of unsaturated bonds, the higher the free volume of the phospholipid, leading to free volume pockets in the membrane that can accommodate oxygen molecules. Interestingly, the presence of cholesterol in artificial membrane preparations increases membrane resistance to oxygen permeation, which can be partly explained by a reduction in the membrane-free volume (Subczynski et al., 1989; Falck et al., 2004; Widomska et al., 2007; Angles et al., 2017). Recent simulation analysis determined oxygen diffusion time depending on membrane composition (De Vos et al., 2018a, b), confirming the impact of acyl chain unsaturation.

In addition to oxygen diffusion through lipid membranes, channel-mediated oxygen diffusion can occur. Human erythrocytes aquaporins inhibition resulted in a reduction in oxygen diffusion through deoxyhemoglobin-oxyhemoglobin differences (Ivanov et al., 2007), suggesting aquaporins as an alternate mechanism for oxygen diffusion. Simulation studies suggest AQP1 is permeable to gases (Wang et al., 2007, 2010). Overexpression of AQP1 in PC12 cells resulted in increased oxygen diffusion, and rats exposed to hypoxia showed increased lung AQP1 gene expression (Echevarría et al., 2007), expression possibly regulate by HIFs. Hypoxia (10% oxygen) also induced AQP1 expression in mouse lung and brain (Abreu-Rodriguez et al., 2011). In vitro studies showed hypoxia-induced AQP1 expression, and that the same expression links to hypoxia inducible factor 1α (HIF-1α) (Abreu-Rodriguez et al., 2011; Tanaka et al., 2011). Mice chronically exposed to hypoxia (10% oxygen) showed increased AQP1 expression in lung tissue resulting in vascular remodeling (Schuoler et al., 2017). In this regard, the physiological implications of this alternative pathway for oxygen diffusion suggest that AQP1 may facilitate oxygen diffusion in particular membranes (Clanton et al., 2013). Thus, AQP1 expression in erythrocytes may not only be associated with osmotic control (Huang Y.C. et al., 2019), but also oxygen diffusion. AQP1 may be a means in red blood cells to overcome the limitation imposed by the high membrane cholesterol content (50 mol%) (Steinbach et al., 1974; Menchaca et al., 1998; Buchwald et al., 2000a; Dotson et al., 2017). AQP1 expression is related to high oxygen [and other gases like CO2 (Blank and Ehmke, 2003)] diffusion especially in high demand tissues like lung, carotid body, erythrocytes and microvasculature endothelial cells (Borok and Verkman, 2002; Echevarría et al., 2007; Munoz-Cabello et al., 2010; Abreu-Rodriguez et al., 2011; Crisp et al., 2016; Huang Y.C. et al., 2019). However, data from AQP1 knockout mice suggest a minimal role of aquaporins in oxygen diffusion (Al-Samir et al., 2016), in line with previous dynamic simulation studies that suggest poor permeation of hydrophobic molecules like oxygen and CO2 through AQP1 (Hub and De Groot, 2008).



Cholesterol Decreases Free Volume Pockets in Membranes Reducing the Oxygen Diffusion/Partition Coefficient

The biophysical effects of cholesterol on membrane structure and properties have been extensively studied in artificial and cell-derived membrane preparations, as well as in silico simulations. Cholesterol content in cellular membranes modulates a broad range of phenomena, from controlling light path in eye lens (Widomska et al., 2007; Angles et al., 2017; Subczynski et al., 2017) to oxygen flux control in red blood cells (Kon et al., 1980; Buchwald et al., 2000b; Luneva et al., 2007); however, its influence in solute permeation and diffusion is less well understood. The increase in membrane resistance to oxygen permeation due to the increase in lipid composition complexity and cholesterol concentration (Widomska et al., 2007), is a consequence of sterols effect on membrane molecular/biophysical parameters by restricting phospholipid freedom degrees (Ipsen et al., 1989; Khelashvili and Harries, 2013), free volume (Marrink et al., 1996), and membrane order (enthalpy) parameters (Halstenberg et al., 1998). Of these, the free volume is a critical factor in the diffusion of small solutes through lipid membranes.

Simulation analysis in DPPC systems showed non-homogeneous distribution of free volume in the lipid membrane, with lower empty volume in phospholipid headgroups, due to electrostatics and bond hydrogen attractions, and in the highly ordered region of acyl carbon chains [previously predicted by EPR as being the first 9–10 carbons (Marrink et al., 1996; Widomska et al., 2007; Subczynski et al., 2012)]. With a molecular diameter near 0.3 nm, oxygen can occupy 10% of the free volume in the center of lipid bilayers, reducing to less than 2% in the condensed ordered region of acyl chains. In this regard, variations of K(z) and D(z) across the lipid membrane may be due, partly, by changes in free volume. The addition of cholesterol up to 50 mol% in single phospholipid membrane simulations showed an increase in the free energy required to transfer small solutes from water environment/polar head groups to the lipid acyl chains, directly affecting partition coefficient (Wennberg et al., 2012).

Phospholipid acyl chain composition also influences oxygen diffusion. DPPC membrane systems present higher oxygen diffusion than unsaturated phospholipids POPC and DOPC (De Vos et al., 2018a). Cholesterol insertion in lipid membranes is stabilized by Van der Waals’ interaction with acyl carbon chains (Wennberg et al., 2012), creating ordered arrangements that reduce the partition coefficient of small molecules (Zocher et al., 2013) and restricted phospholipid acyl chains trans-gauche rotation, leading to increased membrane rigidity (Cassera et al., 2002; Molugu and Brown, 2019). These factors decrease membrane-free volume and free pockets that may accommodate oxygen, reducing its partition and diffusion.

Therefore, the oxygen molecules incorporated in the membrane will preferentially distribute in the center of the bilayer, where the free volume is higher. EPR and simulation data suggest that cholesterol incorporation in POPC membranes leads to a 10% reduction in oxygen permeability. However, oxygen solubility (and diffusion) is higher in the center of the membrane (Dotson et al., 2017), suggesting the possibility of oxygen channeling in the center of the lipid bilayer (Figure 1). In addition to the cholesterol effect in membrane oxygen permeability, the insertion of proteins into lipid bilayers negatively contributes to oxygen permeability (Ashikawa et al., 1994). Atomistic simulations suggest more than 40% reduction in oxygen permeability after the incorporation of ungated K+ channels (Dotson and Pias, 2018). Altogether, oxygen diffusion through lipid membranes is a process that can be restricted by the increase in the lipid bilayer complexity, through sterols, specific phospholipid composition, and proteins incorporation.



OXYGEN-DEPENDENT CHOLESTEROL DISTRIBUTION IN MEMBRANES: FROM LUNGS TO RED BLOOD CELLS AND TISSUE OXYGENATION


Cholesterol as a Cornerstone for Oxygen Adaption, and Its Relation to Cell Physiology

The rise in atmospheric oxygen 2.32 billion years ago (Bekker et al., 2004) led to significant changes in life. Fossil evidence suggests the appearance of sterols after the GOE, approximately 2.7 billion years ago (Brocks et al., 1999; French et al., 2015), presumably as an evolutionary strategy to reduce oxygen diffusion; paradoxically, sterols synthesis appears to be highly dependent on oxygen for its biosynthesis (Debose-Boyd, 2008). Interestingly, phylogenetic and molecular clock analyses of two sterol biosynthesis enzymes suggest that squalene monooxygenase and oxidosqualene cyclase appeared previously, approximately 1.75 billion years ago (Gold et al., 2017). It is possible that after an atmospheric increase in PO2, sterols biosynthesis was co-opted to rapidly evolve diverse cellular processes as a strategy to maintain optimal oxygen levels for productive growth and maintenance of biological functions (Figure 2). With the increase in complexity of sterols, particularly in eukaryotes, cholesterol biosynthesis pathways became intertwined with a wide range of molecular events [i.e., insulin secretion and beta-cell physiology (Tsuchiya et al., 2010; Zuniga-Hertz et al., 2015; Veluthakal et al., 2016; Syeda and Kowluru, 2017), intracellular pathway regulation by isoprenylation (Yang et al., 2015; Zhang X. et al., 2018), brain and neuronal function (Sun et al., 2015; Moutinho et al., 2016, 2017; Berghoff et al., 2017; Ferris et al., 2017; Paul et al., 2018), cardiac and myocytes physiology (Haque et al., 2016; Gadeberg et al., 2017; Hissa et al., 2017; Russell et al., 2017), cellular membrane-associated events (Kreutzberger et al., 2015; Stratton et al., 2016; Yang et al., 2016; Guixa-Gonzalez et al., 2017)]. In this sense, cholesterol can be considered as a molecular hub and a major control point for the rise and evolution of life as it currently exists.
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FIGURE 2. Oxygen and cholesterol changes during evolution. PAL, present atmospheric level. Modified from [opetwcite]B96,B107[clotwcite]Kump (2008); Lyons et al. (2014), and Gold et al. (2017).


Cholesterol biosynthesis is high energy and oxygen demanding process (Debose-Boyd, 2008). The balance between the requirement of oxygen for the synthesis of a molecule that ultimately regulates oxygen diffusion may represent a paradox. Since key enzymes for sterols biosynthesis appeared before the GOE, the original notion that sterols appeared in evolution to counteract the increase in atmospheric PO2 can be ruled out. Notwithstanding, the complex configuration of cholesterol as a critical molecule for diverse biochemical pathways regulating feedback control loops, may suggest the cellular adaption to maintain a constant cholesterol level to ensure membrane integrity to avoid hazardous levels of oxygen diffusion. Interestingly, cholesterol presence in lipid membranes is a crucial molecule that led to phase separation allowing for the formation of membrane nanodomains such as lipid rafts.



Cholesterol Distribution in Cell Types: From Lungs to Red Blood Cells

With the emergence of terrestrial organisms, more complex respiratory systems and gas exchange mechanisms emerged. The increase in bioenergetic metabolism complexity and its reliance on oxygen led to complex organisms developing sophisticated mechanisms for gas exchange and transport. The presence of cholesterol as a pivotal molecule for membrane organization in the respiratory systems has been documented, leading to profound biophysical, functional, and physiological implications. Cholesterol concentration in specific cell systems suggests a non-random distribution. The lens fiber of the eye and alveolar epithelia, both of which have direct contact air, show high densities of cholesterol (Ray et al., 2016) with the environment. The membranes of lens fiber cells have been extensively studied to understand oxygen diffusion, because of the particularly high cholesterol content that ranges from 2 (lens cortex) to 4 (lens nucleus) cholesterol/phospholipid molar ratio (Li et al., 1987; Widomska et al., 2007, 2017). These levels can be impacted by age (Mainali et al., 2017) and may underpin the development of cataracts due to increased oxidation. Lung epithelial cells, particularly type I cells, even though their exposure to air is not direct also present an essential dependence in membrane cholesterol for their role as the primary conduit for oxygen diffusion.

The human lung alveoli, the main structures for gas exchange, present differential cholesterol function at each level of oxygen movement from the air into the body (i.e., surfactant and respiratory epithelium composed of type I and type II pneumocytes (hereafter named as type I and II cells), alveolar capillary endothelial cells, erythrocytes, and ultimately cells of end organs were oxygen is delivered). Pulmonary surfactant, secreted by type II pneumocytes, is a mixture of proteins (10%) and lipids (90%) composed of phospholipids (DPPC, PC) and to a lesser extent, cholesterol (5–10%) (Zuo et al., 2008; Bernhard, 2016). It constitutes the first membrane barrier between the air and respiratory system, preventing alveoli collapse during expiration by reducing surface tension. The role of cholesterol here is not entirely clear. Cholesterol depletion in porcine surfactant negatively affected membrane molecular arrangement increasing membrane phase segregation (Andersson et al., 2017). Simulations in artificial preparations suggested that cholesterol associated with the SP-C impacted membrane organization dependent on temperature (Roldan et al., 2017). This evidence may give clues as to the physiological adaptions to temperature. Changes in temperature may lead to subtle changes in membrane Tm impacting molecular arrangements.

Different species show different concentrations in surfactant and cholesterol, with higher cholesterol:phospholipid proportion in reptiles and other species, likely an adaption to maintain constant surfactant fluidity upon changes in body temperature (Orgeig and Daniels, 2001). Changes in cholesterol concentration may alter surfactant lipid ordering arrangements, directly affecting surface tension and other mechanical properties. Due to the surfactant membrane composition being enriched in saturated acyl chain phospholipids, alterations in cholesterol concentration will modulate order parameters and ultimately molar free volume, with direct consequences in oxygen diffusion. This ratio is particularly crucial for adaption mechanisms to hypoxia, high altitude, and clinical conditions related to reduced lung diffusive capacity.

The alveolar surface is covered by type I and type II cells, constituting the first cellular barrier for gas exchange, which is facilitated by cell flattening during inspiration, as well as by the PO2 gradient. The plasma membrane is the ultimate barrier for oxygen diffusion from alveoli to capillary endothelium. Lipid homeostasis plays a crucial role in alveolar physiology, particularly for type I cell membrane composition and for the control of type II cell-derived surfactant lipidic composition. ABCA3 and ABCG1 transporters are involved in surfactant composition and respiratory failure associated with mutations and deficiencies in these transporters (Bates et al., 2008; Plantier et al., 2012; De Aguiar Vallim et al., 2017; Tang et al., 2017). Type I cells cover 95–98% of the alveolar surface (Stone et al., 1992); present a planar morphology, and are 100 times thinner than the cuboidal type II cells (Jansing et al., 2017). Interestingly, studies performed in the early 1980s’ show the presence of cholesterol-rich nanodomains, caveolae, in rabbit type I cells membrane (Gil et al., 1981), indirectly suggesting the presence of cholesterol in higher concentrations compared to surfactant, as a potential explanation of reduced oxygen diffusion rate. However, during inspiration, the alveolar PO2 (100 mmHg) > capillary PO2 (40 mmHg) difference works as a driving force for oxygen diffusion in a process that takes a fraction of a second (red blood cell transit through alveolar capillaries: 0.25–0.75 s) (Petersson and Glenny, 2014), suggesting as well that type I cell membranes may present a molecular organization that facilitates rapid gas diffusion.

Oxygen diffusion from alveolae to erythrocytes depends on the resistance offered by membrane barriers, as well as the diffusion into erythrocytes. DMO2, depends on a tissue to blood plasma barrier. The tissue barrier is composed of type I cells and capillary endothelial cells. DMO2 is defined by an equation that integrates a permeation coefficient (Krogh’s coefficient, which integrates tissue-membrane diffusion and oxygen solubility, 3.3 × 10–8 cm2/min × mmHg), surface area, and barrier thickness (Roughton and Forster, 1957; Hsia et al., 2016). Despite the resistance that type I and endothelial cell plasma membranes may oppose to oxygen diffusion, this parameter is minimized by the anatomical alveolar organization with flattened type I cells, minimal distance to the endothelial cell, and surface area that covers 95% of the alveolae.

Thus, oxygen flux from alveolae to erythrocytes is directly associated with transmembrane diffusion, a process that depends on lipid bilayer order parameters. Oxygen diffusion is associated with cholesterol; it follows a specific pattern of its concentration from the surfactant, type I cells/capillary endothelial cells, and onto erythrocytes membranes. The functional association of the cholesterol content of erythrocytes has been extensively studied. Erythrocytes present a particularly high membrane cholesterol content, with a cholesterol: phospholipid ratio of 1:1. A negative correlation exists between blood oxygen diffusion and total plasma and erythrocytes membrane cholesterol concentration (Buchwald et al., 2000b). Reduction in total plasma cholesterol by 12 weeks simvastatin treatment reduces erythrocyte membrane cholesterol (33%) with a significant increase in blood oxygen diffusion rate (Menchaca et al., 2004).

Additionally, rabbits supplemented with cholesterol showed increased erythrocyte cholesterol content and reduced oxygen diffusion (Menchaca et al., 1998). Cholesterol molecular/spatial organization in time stable submicrometric domains in erythrocyte lipid membrane (Carquin et al., 2015) suggested singularities in lipid bilayer organization associated with oxygen diffusion and transport; the characteristic cellular shape of erythrocytes associated with increased gas exchange capacity. Recent data suggest cholesterol-enriched membrane domains distribute within high curvature areas of erythrocytes membrane; MβCD, cholesterol depletion did not affect cell shape but impaired cellular deformability (Léonard et al., 2017), that is essential for erythrocyte flux through microvasculature.

Notwithstanding, the enrichment in membrane cholesterol content still leaves open the question of the membrane rigidity increase in erythrocytes, and the suggested reduction in oxygen diffusion (Dumas et al., 1997), affecting lung diffusing capacity. Theoretical studies that combined mathematical analysis and observed physiological parameters suggest an oxygen lung diffusion capacity of 158 mL O2/ml mmHg. Resistance to oxygen diffusion is a multifactorial value composed of the alveolae and capillary membrane (i.e., type I cells and endothelia), plasma, oxygen binding with hemoglobin and erythrocyte diffusion. The smaller capillary diameter and, the lower plasma-derived resistance due to a reduction in its volume are conditions in which membranes are mainly responsible for diffusion resistance. These simulations suggest that resistance to oxygen diffusion presents a more significant contribution of the plasma, erythrocyte, and membrane components (Roy and Secomb, 2014). It can be hypothesized that, even considering the less free volume in erythrocyte membrane hydrophobic domain because of high cholesterol concentration may reduce oxygen diffusion and partition in lipid bilayer, this is overcome by whole-cell morphology adaption that increases surface and oxygen exchange (Hsia et al., 2016), pulmonary capillary diameter modification, and alveolar/erythrocyte PO2 differences. Under conditions that affect alveolar epithelial and membrane structure, higher resistance to gas diffusion with consequent lower blood oxygen saturation is expected. However, at the level of peripheral tissues that are supplied with oxygen, with different rates of oxygen consumption, more sophisticated mechanisms are required to provide additional control mechanisms (i.e., hypoxia, adaption to extremes, and exercise).



Caveolae as Oxygen Sensors

A growing body of evidence suggests the presence of cholesterol-rich caveolae domains in lipid membranes of alveolar epithelia (Gumbleton, 2001; Williams, 2003; Jung et al., 2012), providing an essential modulatory function critical during hypoxia (Botto et al., 2006). Caveolins, 17–24 kDa proteins required for caveolae formation, regulate several biological processes associated with the plasma membrane, important in physiology (Busija et al., 2017). All isoforms of Cav1-3, have been detected in lung, with greater extent of Cav1-2 in alveolar epithelial cells (in type I and type II cells, respectively) and capillary endothelium. Cav1 is critical for reducing membrane tension induced by hypotonic stress; Cav1–/– or WT MLEC treated with MβCD presented an increase in membrane tension (Sinha et al., 2011). Caveolae are important molecular platforms to regulate cellular function; alveolar epithelia caveolae respond to functional modulation. Early studies in Cav1 null mice reported the loss of caveolae in alveolar epithelial cells and alveolar capillary endothelial cells accompanied with hyperactivation of NOS with no alterations in lipid rafts protein profile and lipid composition (Drab et al., 2001). Numerous studies have shown an abundance of caveolae in alveolar epithelial and pulmonary endothelial cells (Newman et al., 1999; Barar et al., 2007); chronic hypoxia-induced pulmonary hypertension reduced epithelial cell membrane cholesterol and inward Ca2+ flux, however, caveolae integrity was maintained (Paffett et al., 2011). On the contrary, morphological and functional evidence has shown the absence of caveolae in type II cells (Fuchs et al., 2003; Ikehata et al., 2009; Jung et al., 2012). In this regard, the presence of caveolae in oxygen diffusion specialized type I cells and the absence in surfactant-secreting type II cells, suggest a functional relation of caveolae as oxygen sensors and transporters. Other functions have been proposed regarding the increased surface area that caveolae create in type I cell membranes, including protein transcytosis and localization of Na+ pump (Maniatis et al., 2012) and expression and localization of aquaporins (Dobbs et al., 1998; Gao et al., 2015; Hou et al., 2015).

Lung capillary endothelial cells depend extensively on caveolae and Cav1-mediated cell signaling that regulates cellular adaptions promoting gas diffusion. Numerous studies have shown a structural and functional association of eNOS with caveolae and Cav1 (Maniatis et al., 2006; Bernatchez et al., 2011; Chen et al., 2012; Trane et al., 2014). The negative regulation of eNOS by Cav1 constitutes a fine-tuning mechanism to control oxygen diffusion into erythrocytes. The Cav1 scaffolding domain presents a binding subdomain (residues 90–99) that interacts with eNOS with Kd 42 nM; when a mutation in residue 92 (F92A) which regulates eNOS is introduced (Bernatchez et al., 2011), eNOS-derived NO production is induced (Trane et al., 2014), with a concomitant capillary dilation. Paradoxically, the increase in capillary diameter increases the plasma volume, opposing a higher resistance to oxygen diffusion capacity (Roy and Secomb, 2014), which probably is surpassed by the higher amount of erythrocytes flux, giving a resulting net increase in oxygen diffusion. In this sense, caveolae behave as an oxygen sensor to regulate molecular and physiological adaptions, promoting erythrocyte-mediated blood oxygen transport. The molecular mechanism that triggers Cav1 release of eNOS, how it is related to oxygen as a trigger, and how changes in oxygen diffusion transduces into caveolae modifications that promote eNOS release are not entirely understood.

In the context of alveolar-capillary endothelia, it can be hypothesized that Cav1 may detect oscillations directly or indirectly related to alveolar-endothelial oxygen diffusion and induce conformational changes leading to release eNOS inhibition, with the consequent increase in NO, alveolar-capillary dilation and erythrocytes gas exchange. This possible mechanism may imply a mechanosensory behavior of Cav1. When oxygen diffuses through lipid membranes, the result may be a transient molecular organization perturbation within polar head groups and proximal hydrophobic moiety (acyl chain carbon 9–10) that are detected by Cav1 scaffolding and membrane domains, conducting conformational structure modifications that promote/facilitate Cav1-eNOS binding through π-π interactions between Phe92 and eNOS Trp447 (Trane et al., 2014). Subtle reductions in oxygen diffusion will reduce oxygen-derived membrane perturbation, leading to Cav1 modifications that will “loosen” Cav1-eNOS interaction, promoting the activation and release of NO. Consequently, Cav1 may act as an oxygen sensor through transient membrane mechanical transduction (Figure 3).
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FIGURE 3. Cav1 mechanotransduction hypothesis upon O2 membrane diffusion. Inset, adaption from Busija et al. (2017).


Caveolae are associated with mechanotransduction. In vitro stimulation of endothelial cells with volume flow, shear stress induces increased membrane caveolae distribution and acute changes in shear stress increased Cav-1 and eNOS phosphorylation (Rizzo et al., 2003). Cav-1 KO mice present impaired flow-induced arterial dilation due to eNOS-derived NO (Albinsson et al., 2007). In vitro ischemia in lung endothelial cells showed a modulatory role of ROS and phosphorylation of ERK1/2, leading to eNOS activation and NO synthesis; membrane disruption by cyclodextrins inhibited ERK1/2 phosphorylation, suggesting the involvement cholesterol-rich membrane domains (Wei et al., 2001). Similar studies showed the involvement of Cav1 as a shear flow sensor in endothelial cells (Milovanova et al., 2008), and the involvement of PECAM1 (Noel et al., 2013). Caveolae are proposed to behave as a buffer for mechanical forces in pulmonary arterial smooth muscle cells, modulating the activity of stretch-activated Ca2+ channels (Gilbert et al., 2016). The dynamic structure of caveolae also flattens in response to cellular membrane stretching (Parton and Del Pozo, 2013; Shihata et al., 2016), suggesting not only a protective role but also a functional adaption. Such physical changes in caveolae may be a means to increase cell surface area and reduce volume to facilitate oxygen diffusion in alveolar capillaries. The necessity of increased oxygen supply to a particular tissue, demands a local control mechanism that will adjust the conditions to increase oxygen provision. In the same way, peripheral tissues capillary endothelia may behave in the same way as in alveolar capillary. Through changes in local oxygenation conditions, the caveolae mechanosensory system may activate signaling pathways that will activate eNOS and other molecular adaptors to regulate oxygen diffusion.

Little evidence suggests a functional role of caveolae and caveolins in erythrocytes. The formation of lipid rafts is described in erythrocyte membranes and their functional role in the initiation of signaling cascades (Mikhalyov and Samsonov, 2011; Ciana et al., 2014; Biernatowska et al., 2017; Mcgraw and List, 2017). Cav-1 is associated with erythrocytes DRMs, playing a particular role during Alzheimer’s disease by binding circulating amyloid-β (Hashimoto et al., 2015). No evidence exists to support the possible functional role of caveolae/Cav-1 as an oxygen sensor in erythrocytes. Even though recent reports suggest eNOS activity in erythrocytes (Dei Zotti et al., 2018), many studies suggest no Cav-1 expression in these cells, ruling out the potential for mechanosensory regulation by Cav1 in these cells. Nevertheless, molecular mechanisms that affect erythrocyte plasma membrane fluidity and order parameter may have consequences in the modulation of oxygen diffusion. The blockade of MPP1 interaction with flotillin in human erythrocytes reduced membrane order properties, suggesting a mechanism that regulates lipid rafts formation in erythrocytes (Biernatowska et al., 2017). The molecular coupling of this mechanism with a triggering system that responds to modifications in PO2 or other mechanical stimuli may behave as an adaption that regulates erythrocytes membrane fluidity/rigidity modifications and cholesterol-rich domains organization, ultimately favoring or restricting oxygen diffusion. The environmental challenges that lead to changes in oxygen availability, i.e., hypoxia, demand molecular adaptions that lead to fine-tuned regulation of oxygen diffusion from the environment through lung epithelia to erythrocytes, as well as into tissues.



Other Proteins as Oxygen Sensors and CRAC Domains

Membrane-associated proteins are non-randomly distributed. CRAC domains (Leu/Val-X1–5-Tyr-X1–5-Arg/Lys) are motifs associated with guiding protein distribution/localization into cholesterol-rich membrane domains, that experimentally can be isolated as DRMs. Other cholesterol-recognition domains like CARC domains (Lys/Arg-X1–5-Tyr/Phe-X1–5-Leu/Val) on proteins may regulate specific thermodynamic interaction with cholesterol (Di Scala et al., 2017). Cav-1 CRAC sequence (94VTKYWFYR101; Figure 3, yellow) has been proposed to be associated with the insertion into the lipid membrane (Busija et al., 2017). In this regard, if caveolae play a crucial role as an oxygen sensor platform, proteins associated with this function, other than Cav-1, may also present with cholesterol recognition domains. As previously stated, AQP1 was suggested as an alternative pathway for oxygen diffusion. However, its caveolar localization is still debated. Membrane fractions from rabbit lung tissue homogenates have shown the presence of AQP1 (and Cav-1) in DRMs fractions (Palestini et al., 2003), and AQP1 colocalizes with Cav-1 in rat lung (Hill et al., 2005). Reports also suggested that AQP1 is in erythrocytes lipid rafts (Rungaldier et al., 2013) and caveolae extracts (Hill et al., 2005). However, western blot and proteomic analysis of caveolar and non-caveolar membrane domains isolated from 3T3-L1 cells identified AQP1 to be localized mainly in non-caveolar microdomains (Yao et al., 2009).

Other proteins localized in caveolae may present direct or indirect oxygen diffusion-associated functions. Indeed, caveolae are associated with proteins regulating an extensive range of functions, from trafficking to signaling (Head et al., 2014). Endothelial cell caveolae, involved in oxygen diffusion in alveolar capillary, exhibit diverse transmembrane proteins such as RTK, G-protein-coupled receptors, transforming growth factor receptors, etc. (Sowa, 2012). Ion channels have also been shown to be localized in caveolae. Many of these receptors are linked to metabolic functions with endpoint cells that are critical in regulating oxygen usage in these cells. Such is the case of cardiomyocytes a β-adrenergic receptor-mediated positive chronotropic (i.e., heart rate) and inotropic (i.e., contraction force) effect. Interestingly, evidence suggests caveolar localization of the β-adrenergic receptor in cardiomyocyte (Rybin et al., 2000; Steinberg, 2004), linking caveolar function as oxygen modulator with caveolae-localized receptors directly associated with cellular functions related to oxygen consumption. Caveolae localized TRPC function is regulated by cholesterol that leads to their localization in cholesterol-rich domains, assisted by the presence of CRAC motifs, at least in TRPV1 channels (Morales-Lazaro and Rosenbaum, 2017). It has been shown that caveolae can traduce mechanic stimulation (caveolae deformation) into caveolae-associated protein function. Membrane mechanical effect of osmotic stress induces Gαq/PLCβ-mediated Ca2+ currents in rat aortic smooth muscle (Guo et al., 2015; Yang and Scarlata, 2017). These observations suggest that caveolae-associated protein function may be subjected to membrane/caveolae mechanical condition, supporting the idea of caveolae serving as a mechanical sensor that regulate oxygen diffusion associated proteins.



CHOLESTEROL AND CAVEOLAE ADAPTIONS TO HYPOXIA


Membrane Cholesterol Adaptions Under Low Oxygen Availability

Diverse conditions, geographical (i.e., hypobaric hypoxia) and pathologically derived, result in low oxygen availability. Pioneering studies showed a correlation between cholesterol and oxygen transport (Buchwald et al., 2000b). Interestingly, several studies point to cholesterol-related adaptions in response to hypoxia, from sterol metabolism to membrane organization in cholesterol-rich domains. The acute exposure to hypobaric hypoxia induces modifications in gene expression. Ten hour exposure of rats to an environment that mimics 4600 m altitude (∼12.3% oxygen) resulted in downregulation of hepatic gene expression of sterol metabolism enzymes (3-hydroxy-3-methylglutaryl-CoA-synthase 1, farnesyl-diphosphate farnesyltransferase, squalene epoxidase, sterol-C4- methyl oxidase-like and 3β-hydroxysteroid dehydrogenase/Δ5-Δ4-isomerase) and SREBP1, with no significant reduction in plasma cholesterol (Dolt et al., 2007). Additionally, modifications in SREBP expression in response to hypoxia have been observed, leading to significant cellular and systemic effects. Key transcriptional regulators that respond to changes in PO2 such as HIF1 are associated with changes in cellular cholesterol content by regulating its uptake, which is critical in cancer cell physiology (Sundelin et al., 2012; Koizume and Miyagi, 2016).

Cholesterol adaption to hypobaric hypoxia constitutes a critical feature that relates sterols and oxygen availability and that have been well conserved during evolution. Considering that cholesterol may impose barriers to oxygen diffusion, subtle changes in its concentration in plasma membranes may facilitate the incorporation of oxygen from the environment so as optimize the distribution throughout the body. Human subjects exposed to high altitude present with variable cholesterol levels; prolonged exposure of human subjects to hypobaric hypoxia reduces plasma cholesterol (Ferezou et al., 1988). Individuals residing at high altitude (3,105 m∼14% oxygen) show higher plasmatic cholesterol (Temte, 1996). However, volunteers exposed for the first time to high altitudes (3,550 m∼13.2% oxygen) for 8 months revealed increased hematocrit and no significant changes in total plasma cholesterol but a significant increase in triglycerides (Siques et al., 2007). Homeostatic mechanisms induced by hypobaric hypoxia can be traced back to the cellular level at the air/blood barrier, namely alveolar endothelial Type II cells, basal membrane, and capillary endothelial cells. Rabbits exposed to 3 and 5 h of hypoxia (12% oxygen) developed an increase in phosphatidylethanolamine and cholesterol content in lung tissue cell membranes, with reduced Cav1 in DRMs (Botto et al., 2006). Hypoxia (5% oxygen) experiments performed in lung epithelial cells showed reduced Cav1 and cholesterol content in DRMs with a shift in Cav1 immunostaining from the membrane to intracellular localization (Botto et al., 2008). However, pulmonary artery endothelial cells from rats exposed chronically to hypobaric hypoxia (380 Torr∼10% oxygen) present a reduction in inward Ca2+ currents due to a reduction in membrane cholesterol (Paffett et al., 2011), suggesting that pulmonary artery endothelial cells physiology is susceptible to modification in response to hypoxia. Functional assays measuring Ca2+ inward currents in pulmonary artery endothelial cells have shown a reduction in cholesterol-controlled T-type voltage-gated Ca2+ channels and calcium release-activated calcium channel protein 1 Ca2+ entry due to the hypoxia-induced membrane cholesterol reduction (Zhang et al., 2017; Zhang B. et al., 2018). Notwithstanding, in the context of oxygen diffusion in alveolar air/blood barrier, the aforementioned membrane adaptions during hypoxia constitute a paradox: cell membrane cholesterol reduction may, from one side, facilitate oxygen diffusion in conditions in which the environmental oxygen supply is limited, however, on the other hand, hypoxia-induced cholesterol reduction disturbs functional organization of plasma membrane by means of Ca2+ influx, membrane potential, caveolae structural organization and potentially its role as a mechanosensor. In this regard, what in simple inspection may be a facilitating adaption to transfer more oxygen in conditions in which PO2 is low results ultimately in creating cellular damage.

The PO2 gradient is the driving force that allows gas diffusion from red blood cells to tissues with lower oxygen concentration. Membrane cholesterol modulation in peripheral tissues (i.e., transient reductions in membrane cholesterol) may represent a strategy that facilitates oxygen delivery. However, tissue hypoxia is an entirely different scenario with regulatory mechanisms that involve modifications in cholesterol synthesis by HIF-1α and 2α. HIF2α activation during hypoxia has been associated with fatty acid biology (Qu et al., 2011); pharmacological inhibition of HIF2α resulted in weight loss and fatty liver amelioration in obese mice (Feng et al., 2018). The increased hepatic activity of HIF2α by transient suppression of the VhlΔ IE induced an increase in hepatic and circulating cholesterol by repression of CYP7A1 (Ramakrishnan et al., 2014). Brain hypoxia-ischemia in neonatal mice increased cortex HMGCR and CYP46A1 after 24 h (Lu et al., 2018), suggesting that brain cholesterol metabolism adaption in response to hypoxia. Interestingly, epigenetic studies performed in Andean highlanders suggest that high altitude hypobaric hypoxia exposure affected HIF2α methylation (Childebayeva et al., 2019), opening the possibility to HIF2α activation regulation and ultimately, cholesterol. Nevertheless, how HIF2α-dependent fatty acid and cholesterol modifications affect plasma membrane organization, caveolae structure, and its potential role as an oxygen diffusion sensor in several tissues remains an open question. It has been shown that HIF2α activation leads to an increase in Cav1 expression in the VhlΔ IE mouse colon epithelial cells, leading to a decrease in occludin expression with a concomitant increase in colon barrier permeability (Xie et al., 2014).

One of the characteristic features in cancer cells is the abnormal growth rate and metabolic adaptions (Warburg effect). HIF cholesterol and hypoxia are crucial for cancer cell physiology (Koizume and Miyagi, 2016); it has been observed in prostate (Fredericks et al., 2013), and other forms of cancer (Kuzu et al., 2016; Ribas et al., 2016) increased cholesterol synthesis. Despite the altered cellular physiology features in cancer cells, this observation may suggest a role for cholesterol and oxygen availability within the cell to modulate growth and migration. BAECs enriched with cholesterol occupy a higher area compared with cholesterol-depleted cells (Hong et al., 2013). Early reports suggested the involvement of cholesterol and cell growth. Ascites tumor cells subjected to low-supplemented culture media showed low proliferation rates that were overcome by cholesterol supplementation (Haeffner et al., 1984). However, other reports point to an inverse relationship between cell size and membrane cholesterol content. Isolated rat subcutaneous adipocytes subpopulations showed that larger adipocytes had lower cholesterol concentration (Le Lay et al., 2001). Therefore, several questions can be addressed in this regard. Cell growth is an energy-demanding process that requires increased oxygen availability and consumption via mitochondrial activity, how is this compatible with the positive correlation between cell growth and cholesterol? How does transmembrane and/or aquaporin-mediated oxygen diffusion regulate under these circumstances?



Caveolae-Dependent Tissue Specific Oxygen Distribution and Caveolae Role as an Oxygen Sensor

During the last 30 years, a high level of structural and functional complexity of lipid membranes has been described, where lipid rafts and caveolae develop a pivotal role in a pleiad of phenomena. A growing body of evidence suggests caveolae are partially involved in hypoxia-related mechanisms; high altitude hypobaric hypoxia has been thoroughly investigated because of oxygen-deprivation conditions like pulmonary edema. Pulmonary arterial smooth muscle and endothelial cells K+ and Ca2+ currents are altered during hypoxia (Archer et al., 2001, 2004). Inward Ca2+ currents mediated by TRPCs), has been suggested to play a key role in Ca2+ entry in lung artery muscle cells during hypoxia (Murray et al., 2006). Interestingly, K+ (i.e., Kv1.5) and Ca2+ (i.e., TRPC1) channels are located in cholesterol-rich membrane domains and caveolae (Martens et al., 2001; Patel et al., 2005) in pulmonary artery muscle cells, thus playing a pivotal role in pulmonary physiology. Additionally, Cav-1 is linked to hypoxia-derived pulmonary hypertension (Mathew, 2014; Gilbert et al., 2016; Gao et al., 2017) and vascular remodeling mediated by PY-STAT3. Recent data suggest sustained PY-STAT3 activation in rats and neonatal calves exposed to chronic hypobaric hypoxia, showed no reduction in lung tissue and endothelial Cav-1 expression (Huang J. et al., 2019). This result opens the possibility of Cav-1 delocalization from caveolae, agreeing with previous data showing Cav-1 reduction in lung tissue membrane extracts and endothelial cells DRMs induced by hypoxia (Botto et al., 2006, 2008). In this regard, it is possible that a sequence of events occurs within caveolae after hypobaric hypoxia, leading to particular pathological scenarios in lung physiology. Subtle or initial reduction in oxygen diffusion may induce short-term response mechanisms by Cav-1/caveolae mechanosensor function, like eNOS modulation and lung capillary dilation; the persistence of hypobaric hypoxia may conduct Cav-1 delocalization from caveolae, co-adjuvated by HIF2α-mediated cholesterol reduction, and subsequently reductions of its expression, leading to pathological scenarios like pulmonary hypertension and hypobaric hypoxia-induced pulmonary edema (Figure 4).
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FIGURE 4. Lung Cav1/caveolae adaptions during hypoxia.




OPEN QUESTIONS AND CONCLUDING REMARKS

With the accumulation of higher PO2 in the terrestrial atmosphere, sterols association with lipid membranes of organisms to limit oxygen diffusion represented a suitable evolutionary strategy, especially with the strong association between oxygen and cholesterol metabolism. Oxygen diffusion through lipid membranes has been thoroughly studied. Lipid membrane composition and complexity directly affect oxygen diffusion efficiency, impacting the acquisition of oxygen from the environment. This ultimately is critical to transport and delivery in peripheral tissues. Complex response mechanisms have been developed during evolution to ensure appropriate oxygen supply. In this regard, membrane structural specialization in functional domains enriched in cholesterol, like caveolae, has been observed to play a critical role as oxygen sensors. Hypobaric hypoxia constitutes a challenge that requires biophysical and biochemical strategies that will ensure oxygen diffusion. Interestingly, caveolae behave as a functional hub associated with hypobaric hypoxia response mechanisms. However, many questions are open regarding membranes and their functional (caveolae) domains in the oxygen diffusion process (i.e., How does oxygen diffusion effect in lipid membrane order and protein function; does caveolar mechanotransduction function to detect local oscillations in oxygen diffusion in lung epithelial and tissues submitted to hypoxia, what role do caveolae play in hypoxia during aging; if cholesterol is a crucial determinant for oxygen diffusion, how does tissue-specific cell membranes cholesterol concentration affects oxygen supply; how does cholesterol metabolism impairment (i.e., during aging) affect tissue oxygen delivery/diffusion in normal and hypoxic conditions; what other caveolin-associated proteins may behave as oxygen sensors). In this regard, it can be observed that an intimate relationship between caveolae and lung physiology exists. The selection of caveolae as functional platforms in pulmonary tissues, its association with hypoxia-related response mechanisms, also associated with cholesterol biosynthesis, and the structural role in membranes suggests implications for oxygen transport that interact with pressures to maintain physiology and manage pathophysiology in living systems.
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ABBREVIATIONS

ABCA3, ATP-binding cassette A3 transporter; ABCG1, ATP-binding cassette G1 transporter; AQP1, aquaporin 1; BAECS, bovine aorta endothelial cells; CARC, inverted CRAC domain; Cav1-3, caveolins 1 to 3; CRAC, cholesterol recognition/interaction amino acid consensus sequences; CYP7A1, cholesterol hydroxylase 7 α-hydroxylase; DMO2, membrane conductance to oxygen; DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine; DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine; DRMs, detergent-resistant membranes; eNOS, endothelial nitric oxide synthase; EPR, electron paramagnetic resonance spectroscopy; ERK1/2, extracellular signal-regulated kinase 1/2; G αq/PLC β, G αq phospholipase C β; GOE, Great Oxygenation Event; HIF, hypoxia-inducible factor; HIF-1 α, hypoxia-inducible factor 1 α; HMGCR, 3-hydroxy-3-methylglutaryl-CoA-reductase; M β CD, methyl- β-cyclodextrin; MLEC, murine lung endothelial cells; MPP1, membrane palmitoylated protein 1; NOS, nitric oxide synthase; Nrf2, nuclear factor erythroid 2-related factor 2; PC, phosphatidylcholine; PECAM1, platelet endothelial cell adhesion protein 1; PO2, oxygen pressure; POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; POPE, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; PY-STAT3, tyrosine-phosphorylated signal transducer and activator of transcription factor; ROS, reactive oxygen species; RTK, tyrosine kinase receptor; SP-C, surfactant peptide C; SREBP1, sterol regulatory element binding protein 1; Tm, melting temperature; TRPC, transient receptor potential channels; TRPCs, canonical transient receptor potential channels; VhlΔ IE, Von Hippel-Lindau factor.


REFERENCES

Abreu-Rodriguez, I., Sanchez Silva, R., Martins, A. P., Soveral, G., Toledo-Aral, J. J., Lopez-Barneo, J., et al. (2011). Functional and transcriptional induction of aquaporin-1 gene by hypoxia; analysis of promoter and role of Hif-1alpha. PLoS One 6:e28385. doi: 10.1371/journal.pone.0028385

Albinsson, S., Shakirova, Y., Rippe, A., Baumgarten, M., Rosengren, B. I., Rippe, C., et al. (2007). Arterial remodeling and plasma volume expansion in caveolin-1-deficient mice. Am. J. Physiol. Regul. Integr. Comp. Physiol. 293, R1222–R1231.

Al-Samir, S., Goossens, D., Cartron, J. P., Nielsen, S., Scherbarth, F., Steinlechner, S., et al. (2016). Maximal oxygen consumption is reduced in aquaporin-1 knockout mice. Front. Physiol. 7:347. doi: 10.3389/fphys.2016.00347

Andersson, J. M., Grey, C., Larsson, M., Ferreira, T. M., and Sparr, E. (2017). Effect of cholesterol on the molecular structure and transitions in a clinical-grade lung surfactant extract. Proc. Natl. Acad. Sci. U.S.A. 114, E3592–E3601.

Angles, G., Dotson, R., Bueche, K., and Pias, S. C. (2017). predicted decrease in membrane oxygen permeability with addition of cholesterol. Adv. Exp. Med. Biol. 977, 9–14. doi: 10.1007/978-3-319-55231-6_2

Apel, C. L., Deamer, D. W., and Mautner, M. N. (2002). Self-assembled vesicles of monocarboxylic acids and alcohols: conditions for stability and for the encapsulation of biopolymers. Biochim. Biophys. Acta 1559, 1–9. doi: 10.1016/s0005-2736(01)00400-x

Archer, S. L., London, B., Hampl, V., Wu, X., Nsair, A., Puttagunta, L., et al. (2001). Impairment of hypoxic pulmonary vasoconstriction in mice lacking the voltage-gated potassium channel Kv1.5. FASEB J. 15, 1801–1803. doi: 10.1096/fj.00-0649fje

Archer, S. L., Wu, X. C., Thebaud, B., Nsair, A., Bonnet, S., Tyrrell, B., et al. (2004). Preferential expression and function of voltage-gated, O2-sensitive K+ channels in resistance pulmonary arteries explains regional heterogeneity in hypoxic pulmonary vasoconstriction: ionic diversity in smooth muscle cells. Circ. Res. 95, 308–318. doi: 10.1161/01.res.0000137173.42723.fb

Ashikawa, I., Yin, J. -J., Subczynski, W. K., Kouyama, T., Hyde, J. S., and Kusumi, A. (1994). Molecular organization and dynamics in bacteriorhodopsin-rich reconstituted membranes: discrimination of lipid environments by the oxygen transport parameter using a pulse ESR spin-labeling technique. Biochemistry 33, 4947–4952. doi: 10.1021/bi00182a025

Barar, J., Campbell, L., Hollins, A. J., Thomas, N. P., Smith, M. W., Morris, C. J., et al. (2007). Cell selective glucocorticoid induction of caveolin-1 and caveolae in differentiating pulmonary alveolar epithelial cell cultures. Biochem. Biophys. Res. Commun. 359, 360–366. doi: 10.1016/j.bbrc.2007.05.106

Bates, S. R., Tao, J. Q., Yu, K. J., Borok, Z., Crandall, E. D., Collins, H. L., et al. (2008). Expression and biological activity of ABCA1 in alveolar epithelial cells. Am. J. Respir. Cell Mol. Biol. 38, 283–292. doi: 10.1165/rcmb.2007-0020oc

Battino, R., Evans, F. D., and Danforth, W. F. (1968). The solubilities of seven gases in olive oil with reference to theories of transport through the cell membrane. J. Am. Oil Chem. Soc. 45, 830–833. doi: 10.1007/bf02540163

Bekker, A., Holland, H. D., Wang, P. L., Rumble, D., III, Stein, H. J., Hannah, J. L., et al. (2004). Dating the rise of atmospheric oxygen. Nature 427, 117–120. doi: 10.1038/nature02260

Berghoff, S. A., Gerndt, N., Winchenbach, J., Stumpf, S. K., Hosang, L., Odoardi, F., et al. (2017). Dietary cholesterol promotes repair of demyelinated lesions in the adult brain. Nat. Commun. 8:14241.

Bernatchez, P., Sharma, A., Bauer, P. M., Marin, E., and Sessa, W. C. (2011). A noninhibitory mutant of the caveolin-1 scaffolding domain enhances eNOS-derived NO synthesis and vasodilation in mice. J. Clin. Invest. 121, 3747–3755. doi: 10.1172/jci44778

Bernhard, W. (2016). Lung surfactant: function and composition in the context of development and respiratory physiology. Ann. Anat. 208, 146–150. doi: 10.1016/j.aanat.2016.08.003

Biernatowska, A., Augoff, K., Podkalicka, J., Tabaczar, S., Gajdzik-Nowak, W., Czogalla, A., et al. (2017). MPP1 directly interacts with flotillins in erythrocyte membrane - Possible mechanism of raft domain formation. Biochim. Biophys. Acta Biomembr. 1859, 2203–2212. doi: 10.1016/j.bbamem.2017.08.021

Blank, M. E., and Ehmke, H. (2003). Aquaporin-1 and HCO3(-)-Cl- transporter-mediated transport of CO2 across the human erythrocyte membrane. J. Physiol. 550, 419–429. doi: 10.1113/jphysiol.2003.040113

Borok, Z., and Verkman, A. S. (2002). Lung edema clearance: 20 years of progress: invited review: role of aquaporin water channels in fluid transport in lung and airways. J. Appl. Physiol. 93, 2199–2206. doi: 10.1152/japplphysiol.01171.2001

Botto, L., Beretta, E., Bulbarelli, A., Rivolta, I., Lettiero, B., Leone, B. E., et al. (2008). Hypoxia-induced modifications in plasma membranes and lipid microdomains in A549 cells and primary human alveolar cells. J. Cell. Biochem. 105, 503–513. doi: 10.1002/jcb.21850

Botto, L., Beretta, E., Daffara, R., Miserocchi, G., and Palestini, P. (2006). Biochemical and morphological changes in endothelial cells in response to hypoxic interstitial edema. Respir. Res. 7:7.

Brocks, J. J., Logan, G. A., Buick, R., and Summons, R. E. (1999). Archean molecular fossils and the early rise of eukaryotes. Science 285, 1033–1036. doi: 10.1126/science.285.5430.1033

Brown, A. J., and Galea, A. M. (2010). Cholesterol as an evolutionary response to living with oxygen. Evolution 64, 2179–2183.

Buchwald, H., Menchaca, H. J., Michalek, V. N., Rohde, T. D., Hunninghake, D. B., and O’dea, T. J. (2000a). Plasma cholesterol: an influencing factor in red blood cell oxygen release and cellular oxygen availability. J. Am. Coll. Surg. 191, 490–497. doi: 10.1016/s1072-7515(00)00704-3

Buchwald, H., O’dea, T. J., Menchaca, H. J., Michalek, V. N., and Rohde, T. D. (2000b). Effect of plasma cholesterol on red blood cell oxygen transport. Clin. Exp. Pharmacol. Physiol. 27, 951–955. doi: 10.1046/j.1440-1681.2000.03383.x

Busija, A. R., Patel, H. H., and Insel, P. A. (2017). Caveolins and cavins in the trafficking, maturation, and degradation of caveolae: implications for cell physiology. Am. J. Physiol. Cell Physiol. 312, C459–C477.

Carquin, M., Conrard, L., Pollet, H., Van Der Smissen, P., Cominelli, A., Veiga-Da-Cunha, M., et al. (2015). Cholesterol segregates into submicrometric domains at the living erythrocyte membrane: evidence and regulation. Cell Mol. Life. Sci. 72, 4633–4651. doi: 10.1007/s00018-015-1951-x

Cassera, M., Silber, A., and Gennaro, A. (2002). Differential effects of cholesterol on acyl chain order in erythrocyte membranes as a function of depth from the surface. An electron paramagnetic resonance (EPR) spin label study. Biophys. Chem. 99, 117–127. doi: 10.1016/s0301-4622(02)00139-4

Chen, Z., Bakhshi, F. R., Shajahan, A. N., Sharma, T., Mao, M., Trane, A., et al. (2012). Nitric oxide-dependent Src activation and resultant caveolin-1 phosphorylation promote eNOS/caveolin-1 binding and eNOS inhibition. Mol. Biol. Cell 23, 1388–1398. doi: 10.1091/mbc.e11-09-0811

Childebayeva, A., Jones, T. R., Goodrich, J. M., Leon-Velarde, F., Rivera-Chira, M., Kiyamu, M., et al. (2019). LINE-1 and EPAS1 DNA methylation associations with high-altitude exposure. Epigenetics 14, 1–15. doi: 10.1080/15592294.2018.1561117

Choudhry, H., and Harris, A. L. (2018). Advances in Hypoxia-Inducible Factor Biology. Cell Metab. 27, 281–298. doi: 10.1016/j.cmet.2017.10.005

Ciana, A., Achilli, C., and Minetti, G. (2014). Membrane rafts of the human red blood cell. Mol. Membr. Biol. 31, 47–57. doi: 10.3109/09687688.2014.896485

Clanton, T., Hogan, M., and Gladden, L. (2013). Regulation of cellular gas exchange, oxygen sensing, and metabolic control. Comprehen. Physiol. 3, 1135–1190.

Crisp, R. L., Maltaneri, R. E., Vittori, D. C., Solari, L., Gammella, D., Schvartzman, G., et al. (2016). Red blood cell aquaporin-1 expression is decreased in hereditary spherocytosis. Ann. Hematol. 95, 1595–1601. doi: 10.1007/s00277-016-2757-0

De Aguiar Vallim, T. Q., Lee, E., Merriott, D. J., Goulbourne, C. N., Cheng, J., Cheng, A., et al. (2017). ABCG1 regulates pulmonary surfactant metabolism in mice and men. J. Lipid Res. 58, 941–954. doi: 10.1194/jlr.m075101

De Vos, O., Van Hecke, T., and Ghysels, A. (2018a). Effect of chain unsaturation and temperature on oxygen diffusion through lipid membranes from simulations. Adv. Exp. Med. Biol. 1072, 399–404. doi: 10.1007/978-3-319-91287-5_64

De Vos, O., Venable, R. M., Van Hecke, T., Hummer, G., Pastor, R. W., and Ghysels, A. (2018b). Membrane permeability: characteristic times and lengths for oxygen and a simulation-based test of the inhomogeneous solubility-diffusion model. J. Chem. Theory Comput. 14, 3811–3824. doi: 10.1021/acs.jctc.8b00115

Debose-Boyd, R. A. (2008). Feedback regulation of cholesterol synthesis: sterol-accelerated ubiquitination and degradation of HMG CoA reductase. Cell Res. 18, 609–621. doi: 10.1038/cr.2008.61

Dei Zotti, F., Lobysheva, I. I., and Balligand, J. L. (2018). Nitrosyl-hemoglobin formation in rodent and human venous erythrocytes reflects NO formation from the vasculature in vivo. PLoS One 13:e0200352. doi: 10.1371/journal.pone.0200352

Denicola, A., Souza, J. M., Radi, R., and Lissi, E. (1996). Nitric oxide diffusion in membranes determined by fluorescence quenching. Arch. Biochem. Biophys. 328, 208–212. doi: 10.1006/abbi.1996.0162

Di Scala, C., Baier, C. J., Evans, L. S., Williamson, P. T. F., Fantini, J., and Barrantes, F. J. (2017). Relevance of CARC and CRAC cholesterol-recognition motifs in the nicotinic acetylcholine receptor and other membrane-bound receptors. Curr. Top. Membr. 80, 3–23. doi: 10.1016/bs.ctm.2017.05.001

Diamond, J. M., and Katz, Y. (1974). Interpretation of nonelectrolyte partition coefficients between dimyristoyl lecithin and water. J. Membr. Biol. 17, 121–154. doi: 10.1007/bf01870176

Dobbs, L. G., Gonzalez, R., Matthay, M. A., Carter, E. P., Allen, L., and Verkman, A. S. (1998). Highly water-permeable type I alveolar epithelial cells confer high water permeability between the airspace and vasculature in rat lung. Proc. Natl. Acad. Sci. U.S.A. 95, 2991–2996. doi: 10.1073/pnas.95.6.2991

Dolt, K. S., Karar, J., Mishra, M. K., Salim, J., Kumar, R., Grover, S., et al. (2007). Transcriptional downregulation of sterol metabolism genes in murine liver exposed to acute hypobaric hypoxia. Biochem. Biophys. Res. Commun. 354, 148–153. doi: 10.1016/j.bbrc.2006.12.159

Dotson, R. J., and Pias, S. C. (2018). Reduced Oxygen Permeability upon Protein Incorporation Within Phospholipid Bilayers. Adv. Exp. Med. Biol. 1072, 405–411. doi: 10.1007/978-3-319-91287-5_65

Dotson, R. J., Smith, C. R., Bueche, K., Angles, G., and Pias, S. C. (2017). Influence of cholesterol on the oxygen permeability of membranes: insight from atomistic simulations. Biophys. J. 112, 2336–2347. doi: 10.1016/j.bpj.2017.04.046

Drab, M., Verkade, P., Elger, M., Kasper, M., Lohn, M., Lauterbach, B., et al. (2001). Loss of caveolae, vascular dysfunction, and pulmonary defects in caveolin-1 gene-disrupted mice. Science 293, 2449–2452. doi: 10.1126/science.1062688

Dumas, D., Muller, S., Gouin, F., Baros, F., Viriot, M. L., and Stoltz, J. F. (1997). Membrane fluidity and oxygen diffusion in cholesterol-enriched erythrocyte membrane. Arch. Biochem. Biophys. 341, 34–39. doi: 10.1006/abbi.1997.9936

Dzikovski, B. G., Livshits, V. A., and Marsh, D. (2003). Oxygen permeation profile in lipid membranes: comparison with transmembrane polarity profile. Biophys. J. 85, 1005–1012. doi: 10.1016/s0006-3495(03)74539-1

Echevarría, M., Muñoz-Cabello, A. M., Sánchez-Silva, R., Toledo-Aral, J. J., and López-Barneo, J. (2007). Development of cytosolic hypoxia and hypoxia-inducible factor stabilization are facilitated by aquaporin-1 expression. J. Biol. Chem. 282, 30207–30215. doi: 10.1074/jbc.m702639200

Falck, E., Patra, M., Karttunen, M., Hyvonen, M. T., and Vattulainen, I. (2004). Impact of cholesterol on voids in phospholipid membranes. J. Chem. Phys. 121, 12676–12689.

Feng, Z., Zou, X., Chen, Y., Wang, H., Duan, Y., and Bruick, R. K. (2018). Modulation of HIF-2alpha PAS-B domain contributes to physiological responses. Proc. Natl. Acad. Sci. U.S.A. 115, 13240–13245. doi: 10.1073/pnas.1810897115

Ferezou, J., Richalet, J., Coste, T., and Rathat, C. (1988). Changes in plasma lipids and lipoprotein cholesterol during a high altitude mountaineering expedition (4800 m). Eur. J. Appl. Physiol. Occup. Physiol. 57, 740–745. doi: 10.1007/bf01075997

Ferris, H. A., Perry, R. J., Moreira, G. V., Shulman, G. I., Horton, J. D., and Kahn, C. R. (2017). Loss of astrocyte cholesterol synthesis disrupts neuronal function and alters whole-body metabolism. Proc. Natl. Acad. Sci. U.S.A. 114, 1189–1194. doi: 10.1073/pnas.1620506114

Fischkoff, S., and Vanderkooi, J. M. (1975). Oxygen diffusion in biological and artificial membranes determined by the fluorochrome pyrene. J. Gen. Physiol. 65, 663–676. doi: 10.1085/jgp.65.5.663

Fredericks, W. J., Sepulveda, J., Lal, P., Tomaszewski, J. E., Lin, M. -F., Mcgarvey, T., et al. (2013). The tumor suppressor TERE1 (UBIAD1) prenyltransferase regulates the elevated cholesterol phenotype in castration resistant prostate cancer by controlling a program of ligand dependent SXR target genes. Oncotarget 4:1075.

French, K. L., Hallmann, C., Hope, J. M., Schoon, P. L., Zumberge, J. A., Hoshino, Y., et al. (2015). Reappraisal of hydrocarbon biomarkers in Archean rocks. Proc. Natl. Acad. Sci. U.S.A. 112, 5915–5920. doi: 10.1073/pnas.1419563112

Fuchs, S., Hollins, A. J., Laue, M., Schaefer, U. F., Roemer, K., Gumbleton, M., et al. (2003). Differentiation of human alveolar epithelial cells in primary culture: morphological characterization and synthesis of caveolin-1 and surfactant protein-C. Cell Tissue Res. 311, 31–45. doi: 10.1007/s00441-002-0653-5

Gacesa, R., Dunlap, W. C., Barlow, D. J., Laskowski, R. A., and Long, P. F. (2016). Rising levels of atmospheric oxygen and evolution of Nrf2. Sci. Rep. 6:27740.

Gadeberg, H. C., Kong, C. H. T., Bryant, S. M., James, A. F., and Orchard, C. H. (2017). Cholesterol depletion does not alter the capacitance or Ca handling of the surface or t-tubule membranes in mouse ventricular myocytes. Physiol. Rep. 5:e13500. doi: 10.14814/phy2.13500

Galea, A. M., and Brown, A. J. (2009). Special relationship between sterols and oxygen: were sterols an adaptation to aerobic life? Free Radic. Biol. Med. 47, 880–889. doi: 10.1016/j.freeradbiomed.2009.06.027

Gao, R.W., Kong, X.Y., Zhu, X.X., Zhu, G.Q., Ma, J.S., and Liu, X.X. (2015). Retinoic acid promotes primary fetal alveolar epithelial type II cell proliferation and differentiation to alveolar epithelial type I cells. Vitro Cell Dev. Biol. Anim. 51, 479–487. doi: 10.1007/s11626-014-9850-2

Gao, W., Shao, R., Zhang, X., Liu, D., Liu, Y., and Fa, X. (2017). Up-regulation of caveolin-1 by DJ-1 attenuates rat pulmonary arterial hypertension by inhibiting TGFbeta/Smad signaling pathway. Exp. Cell Res. 361, 192–198. doi: 10.1016/j.yexcr.2017.10.019

Gil, J., Silage, D. A., and Mcniff, J. M. (1981). Distribution of vesicles in cells of air-blood barrier in the rabbit. J. App. Physiol. 50, 334–340. doi: 10.1152/jappl.1981.50.2.334

Gilbert, G., Ducret, T., Savineau, J. P., Marthan, R., and Quignard, J. F. (2016). Caveolae are involved in mechanotransduction during pulmonary hypertension. Am. J. Physiol. Lung. Cell Mol. Physiol. 310, L1078–L1087.

Gold, D. A., Caron, A., Fournier, G. P., and Summons, R. E. (2017). Paleoproterozoic sterol biosynthesis and the rise of oxygen. Nature 543, 420–423. doi: 10.1038/nature21412

Guixa-Gonzalez, R., Albasanz, J. L., Rodriguez-Espigares, I., Pastor, M., Sanz, F., Marti-Solano, M., et al. (2017). Membrane cholesterol access into a G-protein-coupled receptor. Nat. Commun. 8:14505.

Gumbleton, M. (2001). Caveolae as potential macromolecule trafficking compartments within alveolar epithelium. Adv. Drug Deliv. Rev. 49, 281–300. doi: 10.1016/s0169-409x(01)00142-9

Guo, Y., Yang, L., Haught, K., and Scarlata, S. (2015). Osmotic stress reduces ca2+ signals through deformation of caveolae. J. Biol. Chem. 290, 16698–16707. doi: 10.1074/jbc.m115.655126

Haeffner, E. W., Hoffmann, C. J., Stoehr, M., and Scherf, H. (1984). Cholesterol-induced growth stimulation, cell aggregation, and membrane properties of ascites tumor cells in culture. Cancer Res. 44, 2668–2676.

Halstenberg, S., Heimburg, T., Hianik, T., Kaatze, U., and Krivanek, R. (1998). Cholesterol-induced variations in the volume and enthalpy fluctuations of lipid bilayers. Biophys. J. 75, 264–271. doi: 10.1016/s0006-3495(98)77513-7

Hanczyc, M. M., Fujikawa, S. M., and Szostak, J. W. (2003). Experimental models of primitive cellular compartments: encapsulation, growth, and division. Science 302, 618–622. doi: 10.1126/science.1089904

Hannesschlaeger, C., Horner, A., and Pohl, P. (2019). Intrinsic membrane permeability to small molecules. Chem. Rev. 119, 5922–5953. doi: 10.1021/acs.chemrev.8b00560

Haque, M. Z., Mcintosh, V. J., Abou Samra, A. B., Mohammad, R. M., and Lasley, R. D. (2016). Cholesterol depletion alters cardiomyocyte subcellular signaling and increases contractility. PLoS One 11:e0154151. doi: 10.1371/journal.pone.0154151

Hashimoto, M., Hossain, S., Katakura, M., Al Mamun, A., and Shido, O. (2015). The binding of Abeta1-42 to lipid rafts of RBC is enhanced by dietary docosahexaenoic acid in rats: implicates to Alzheimer’s disease. Biochim. Biophys. Acta 1848, 1402–1409. doi: 10.1016/j.bbamem.2015.03.008

Head, B. P., Patel, H. H., and Insel, P. A. (2014). Interaction of membrane/lipid rafts with the cytoskeleton: impact on signaling and function: membrane/lipid rafts, mediators of cytoskeletal arrangement and cell signaling. Biochim. Biophys. Acta 1838, 532–545.

Hedges, S. B., Chen, H., Kumar, S., Wang, D. Y., Thompson, A. S., and Watanabe, H. (2001). A genomic timescale for the origin of eukaryotes. BMC Evol. Biol. 1:4.

Hill, W. G., Almasri, E., Ruiz, W. G., Apodaca, G., and Zeidel, M. L. (2005). Water and solute permeability of rat lung caveolae: high permeabilities explained by acyl chain unsaturation. Am. J. Physiol. Cell Physiol. 289, C33–C41.

Hissa, B., Oakes, P. W., Pontes, B., Ramirez-San Juan, G., and Gardel, M. L. (2017). Cholesterol depletion impairs contractile machinery in neonatal rat cardiomyocytes. Sci. Rep. 7:43764.

Holland, H. D. (2006). The oxygenation of the atmosphere and oceans. Philos. Trans. R. Soc. Lond. B Biol. Sci. 361, 903–915. doi: 10.1098/rstb.2006.1838

Hong, Z., Ersoy, I., Sun, M., Bunyak, F., Hampel, P., Hong, Z., et al. (2013). Influence of membrane cholesterol and substrate elasticity on endothelial cell spreading behavior. J. Biomed. Mater. Res. A 101, 1994–2004. doi: 10.1002/jbm.a.34504

Hou, A., Fu, J., Yang, H., Zhu, Y., Pan, Y., Xu, S., et al. (2015). Hyperoxia stimulates the transdifferentiation of type II alveolar epithelial cells in newborn rats. Am. J. Physiol. Lung. Cell Mol. Physiol. 308, L861–L872.

Hsia, C. C., Hyde, D. M., and Weibel, E. R. (2016). Lung structure and the intrinsic challenges of gas exchange. Compr. Physiol. 6, 827–895. doi: 10.1002/cphy.c150028

Huang, J., Frid, M., Gewitz, M. H., Fallon, J. T., Brown, D., Krafsur, G., et al. (2019). Hypoxia-induced pulmonary hypertension and chronic lung disease: caveolin-1 dysfunction an important underlying feature. Pulm. Circ. 9:2045894019837876.

Huang, Y. C., Hsu, C. C., and Wang, J. S. (2019). High-intensity interval training improves erythrocyte osmotic deformability. Med. Sci. Sports Exerc. 51, 1404–1412. doi: 10.1249/mss.0000000000001923

Hub, J. S., and De Groot, B. L. (2008). Mechanism of selectivity in aquaporins and aquaglyceroporins. Proc. Natl. Acad. Sci. U.S.A. 105, 1198–1203. doi: 10.1073/pnas.0707662104

Ikehata, M., Yumoto, R., Kato, Y., Nagai, J., and Takano, M. (2009). Mechanism of insulin uptake in rat alveolar type II and type I-like epithelial cells. Biol. Pharm. Bull. 32, 1765–1769. doi: 10.1248/bpb.32.1765

Ipsen, J. H., Mouritsen, O. G., and Zuckermann, M. J. (1989). Theory of thermal anomalies in the specific heat of lipid bilayers containing cholesterol. Biophys. J. 56, 661–667. doi: 10.1016/s0006-3495(89)82713-4

Ivanov, I., Loktyushkin, A., Gus’ Kova, R., Vasil’ev, N., Fedorov, G., and Rubin, A. (2007). Oxygen channels of erythrocyte membrane. Dokl. Biochem. Biophys. 414, 137–140. doi: 10.1134/s160767290703012x

Jansing, N. L., Mcclendon, J., Henson, P. M., Tuder, R. M., Hyde, D. M., and Zemans, R. L. (2017). Unbiased quantitation of alveolar type II to alveolar Type I cell transdifferentiation during repair after lung injury in mice. Am. J. Respir. Cell Mol. Biol. 57, 519–526. doi: 10.1165/rcmb.2017-0037ma

Jung, K., Schlenz, H., Krasteva, G., and Muhlfeld, C. (2012). Alveolar epithelial type II cells and their microenvironment in the caveolin-1-deficient mouse. Anat Rec 295, 196–200. doi: 10.1002/ar.21543

Khelashvili, G., and Harries, D. (2013). How cholesterol tilt modulates the mechanical properties of saturated and unsaturated lipid membranes. J. Phys. Chem. B 117, 2411–2421. doi: 10.1021/jp3122006

Koizume, S., and Miyagi, Y. (2016). Lipid droplets: a key cellular organelle associated with cancer cell survival under normoxia and hypoxia. Int. J. Mol. Sci. 17:1430. doi: 10.3390/ijms17091430

Kon, K., Maeda, N., Sekiya, M., Shiga, T., and Suda, T. (1980). A method for studying oxygen diffusion barrier in erythrocytes: effects of haemoglobin content and membrane cholesterol. J. Physiol. 309, 569–590. doi: 10.1113/jphysiol.1980.sp013528

Kreutzberger, A. J., Kiessling, V., and Tamm, L. K. (2015). High cholesterol obviates a prolonged hemifusion intermediate in fast SNARE-mediated membrane fusion. Biophys. J. 109, 319–329. doi: 10.1016/j.bpj.2015.06.022

Kump, L. R. (2008). The rise of atmospheric oxygen. Nature 451, 277–278. doi: 10.1038/nature06587

Kusumi, A., Subczynski, W. K., and Hyde, J. S. (1982). Oxygen transport parameter in membranes as deduced by saturation recovery measurements of spin-lattice relaxation times of spin labels. Proc. Natl. Acad. Sci. U.S.A. 79, 1854–1858. doi: 10.1073/pnas.79.6.1854

Kuzu, O. F., Noory, M. A., and Robertson, G. P. (2016). The role of cholesterol in cancer. Cancer Res. 76, 2063–2070. doi: 10.1158/0008-5472.can-15-2613

Le Lay, S., Krief, S., Farnier, C., Lefrere, I., Le Liepvre, X., Bazin, R., et al. (2001). Cholesterol, a cell size-dependent signal that regulates glucose metabolism and gene expression in adipocytes. J. Biol. Chem. 276, 16904–16910. doi: 10.1074/jbc.m010955200

Léonard, C., Conrard, L., Guthmann, M., Pollet, H., Carquin, M., Vermylen, C., et al. (2017). Contribution of plasma membrane lipid domains to red blood cell (re) shaping. Sci. Rep. 7:4264.

Li, L. K., So, L., and Spector, A. (1987). Age-dependent changes in the distribution and concentration of human lens cholesterol and phospholipids. Biochim. Biophys. Acta 917, 112–120. doi: 10.1016/0005-2760(87)90291-8

Lombard, J., Lopez-Garcia, P., and Moreira, D. (2012). The early evolution of lipid membranes and the three domains of life. Nat. Rev. Microbiol. 10, 507–515. doi: 10.1038/nrmicro2815

Lombard, J., and Moreira, D. (2011). Origins and early evolution of the mevalonate pathway of isoprenoid biosynthesis in the three domains of life. Mol. Biol. Evol. 28, 87–99. doi: 10.1093/molbev/msq177

Lu, F., Zhu, J., Guo, S., Wong, B. J., Chehab, F. F., Ferriero, D. M., et al. (2018). Upregulation of cholesterol 24-hydroxylase following hypoxia-ischemia in neonatal mouse brain. Pediatr. Res. 83, 1218–1227. doi: 10.1038/pr.2018.49

Luneva, O. G., Brazhe, N. A., Maksimova, N. V., Rodnenkov, O. V., Parshina, E. Y., Bryzgalova, N. Y., et al. (2007). Ion transport, membrane fluidity and haemoglobin conformation in erythrocyte from patients with cardiovascular diseases: role of augmented plasma cholesterol. Pathophysiology 14, 41–46. doi: 10.1016/j.pathophys.2006.12.001

Lynch, M., and Marinov, G. K. (2017). Membranes, energetics, and evolution across the prokaryote-eukaryote divide. eLife 6:e20437.

Lyons, T. W., Reinhard, C. T., and Planavsky, N. J. (2014). The rise of oxygen in Earth’s early ocean and atmosphere. Nature 506, 307–315. doi: 10.1038/nature13068

Mainali, L., Raguz, M., O’brien, W. J., and Subczynski, W. K. (2013). Properties of membranes derived from the total lipids extracted from the human lens cortex and nucleus. Biochim. Biophys. Acta 1828, 1432–1440. doi: 10.1016/j.bbamem.2013.02.006

Mainali, L., Raguz, M., O’brien, W. J., and Subczynski, W. K. (2017). Changes in the properties and organization of human lens lipid membranes occurring with age. Curr. Eye. Res. 42, 721–731. doi: 10.1080/02713683.2016.1231325

Maniatis, N. A., Brovkovych, V., Allen, S. E., John, T. A., Shajahan, A. N., Tiruppathi, C., et al. (2006). Novel mechanism of endothelial nitric oxide synthase activation mediated by caveolae internalization in endothelial cells. Circ. Res. 99, 870–877. doi: 10.1161/01.res.0000245187.08026.47

Maniatis, N. A., Chernaya, O., Shinin, V., and Minshall, R. D. (2012). Caveolins and lung function. Adv. Exp. Med. Biol. 729, 157–179. doi: 10.1007/978-1-4614-1222-9_11

Marrink, S., Sok, R., and Berendsen, H. (1996). Free volume properties of a simulated lipid membrane. J. Chem. Phys. 104, 9090–9099. doi: 10.1063/1.471442

Martens, J. R., Sakamoto, N., Sullivan, S. A., Grobaski, T. D., and Tamkun, M. M. (2001). Isoform-specific localization of voltage-gated K+ channels to distinct lipid raft populations. Targeting of Kv1.5 to caveolae. J. Biol. Chem. 276, 8409–8414. doi: 10.1074/jbc.m009948200

Mathew, R. (2014). Pathogenesis of pulmonary hypertension: a case for caveolin-1 and cell membrane integrity. Am. J. Physiol. Heart Circ. Physiol. 306, H15–H25.

Mcgraw, K., and List, A. (2017). Erythropoietin receptor signaling and lipid rafts. Vitam. Horm. 105, 79–100. doi: 10.1016/bs.vh.2017.02.002

Menchaca, H. J., Michalek, V. N., Rohde, T. D., Hirsch, A. T., Tuna, N., and Buchwald, H. (2004). Improvement of blood oxygen diffusion capacity and anginal symptoms by cholesterol lowering with simvastatin. J. App. Res. Clin. Exp. Ther. 4, 410–418.

Menchaca, H. J., Michalek, V. N., Rohde, T. D., O’dea, T. J., and Buchwald, H. (1998). Decreased blood oxygen diffusion in hypercholesterolemia. Surgery 124, 692–698. doi: 10.1067/msy.1998.90944

Mikhalyov, I., and Samsonov, A. (2011). Lipid raft detecting in membranes of live erythrocytes. Biochim. Biophys. Acta 1808, 1930–1939. doi: 10.1016/j.bbamem.2011.04.002

Milovanova, T., Chatterjee, S., Hawkins, B. J., Hong, N., Sorokina, E. M., Debolt, K., et al. (2008). Caveolae are an essential component of the pathway for endothelial cell signaling associated with abrupt reduction of shear stress. Biochim. Biophys. Acta 1783, 1866–1875. doi: 10.1016/j.bbamcr.2008.05.010

Missner, A., Horner, A., and Pohl, P. (2008). Cholesterol’s decoupling effect on membrane partitioning and permeability revisited: is there anything beyond Fick’s law of diffusion? Biochim. Biophys. Acta 1778, 2154–2156. doi: 10.1016/j.bbamem.2008.05.001

Missner, A., and Pohl, P. (2009). 110 years of the meyer-overton rule: predicting membrane permeability of gases and other small compounds. Chemphyschemistry 10, 1405–1414. doi: 10.1002/cphc.200900270

Moller, M., Botti, H., Batthyany, C., Rubbo, H., Radi, R., and Denicola, A. (2005). Direct measurement of nitric oxide and oxygen partitioning into liposomes and low density lipoprotein. J. Biol. Chem. 280, 8850–8854. doi: 10.1074/jbc.m413699200

Moller, M. N., Li, Q., Chinnaraj, M., Cheung, H. C., Lancaster, J. R., Jr., et al. (2016). Solubility and diffusion of oxygen in phospholipid membranes. Biochim. Biophys. Acta 1858, 2923–2930. doi: 10.1016/j.bbamem.2016.09.003

Molugu, T. R., and Brown, M. F. (2019). Cholesterol effects on the physical properties of lipid membranes viewed by solid-state NMR spectroscopy. Adv. Exp. Med. Biol. 1115, 99–133. doi: 10.1007/978-3-030-04278-3_5

Morales-Lazaro, S. L., and Rosenbaum, T. (2017). Multiple mechanisms of regulation of transient receptor potential ion channels by cholesterol. Curr. Top. Membr. 80, 139–161. doi: 10.1016/bs.ctm.2017.05.007

Moutinho, M., Nunes, M. J., and Rodrigues, E. (2016). Cholesterol 24-hydroxylase: brain cholesterol metabolism and beyond. Biochim. Biophys. Acta 1861, 1911–1920. doi: 10.1016/j.bbalip.2016.09.011

Moutinho, M., Nunes, M. J., and Rodrigues, E. (2017). The mevalonate pathway in neurons: it’s not just about cholesterol. Exp. Cell Res. 360, 55–60. doi: 10.1016/j.yexcr.2017.02.034

Munoz-Cabello, A. M., Villadiego, J., Toledo-Aral, J. J., Lopez-Barneo, J., and Echevarria, M. (2010). AQP1 mediates water transport in the carotid body. Pflugers. Arch. 459, 775–783. doi: 10.1007/s00424-009-0774-8

Murray, F., Insel, P. A., and Yuan, J. X. (2006). Role of O(2)-sensitive K(+) and Ca(2+) channels in the regulation of the pulmonary circulation: potential role of caveolae and implications for high altitude pulmonary edema. Respir. Physiol. Neurobiol. 151, 192–208. doi: 10.1016/j.resp.2005.10.003

Newman, G. R., Campbell, L., Von Ruhland, C., Jasani, B., and Gumbleton, M. (1999). Caveolin and its cellular and subcellular immunolocalisation in lung alveolar epithelium: implications for alveolar epithelial type I cell function. Cell Tissue Res. 295, 111–120. doi: 10.1007/s004410051217

Noel, J., Wang, H., Hong, N., Tao, J. Q., Yu, K., Sorokina, E. M., et al. (2013). PECAM-1 and caveolae form the mechanosensing complex necessary for NOX2 activation and angiogenic signaling with stopped flow in pulmonary endothelium. Am. J. Physiol. Lung. Cell Mol. Physiol. 305, L805–L818.

Orgeig, S., and Daniels, C. B. (2001). The roles of cholesterol in pulmonary surfactant: insights from comparative and evolutionary studies. Comp. Biochem. Physiol. A. Mol. Integr. Physiol. 129, 75–89. doi: 10.1016/s1095-6433(01)00307-5

Overton, E. (1896). Ueber die osmotischen eigenschaften der zelle in ihrer bedentung für die toxicologie und pharmakologie. Vierteljahrsschr. Narturforsch. Ges. Zuerich. 41:383.

Paffett, M. L., Naik, J. S., Riddle, M. A., Menicucci, S. D., Gonzales, A. J., Resta, T. C., et al. (2011). Altered membrane lipid domains limit pulmonary endothelial calcium entry following chronic hypoxia. Am. J. Physiol. Heart Circ. Physiol. 301, H1331–H1340.

Palestini, P., Calvi, C., Conforti, E., Daffara, R., Botto, L., and Miserocchi, G. (2003). Compositional changes in lipid microdomains of air-blood barrier plasma membranes in pulmonary interstitial edema. J. Appl. Physiol. 95, 1446–1452. doi: 10.1152/japplphysiol.00208.2003

Parton, R. G., and Del Pozo, M. A. (2013). Caveolae as plasma membrane sensors, protectors and organizers. Nat. Rev. Mol. Cell Biol. 14, 98–112. doi: 10.1038/nrm3512

Patel, H., Zhang, S., Murray, F., Thistlethwaite, P., Yuan, J., and Insel, P. (2005). Cholesterol-depleting drugs, including statins, lower intracellular Ca2+ and inhibit proliferation in pulmonary artery smooth muscle cells in primary pulmonary hypertension. FASEB J. 19:A1665.

Paul, R., Dutta, A., Phukan, B. C., Mazumder, M. K., Justin-Thenmozhi, A., Manivasagam, T., et al. (2018). Accumulation of cholesterol and homocysteine in the nigrostriatal pathway of brain contributes to the dopaminergic neurodegeneration in mice. Neuroscience 388, 347–356. doi: 10.1016/j.neuroscience.2018.07.041

Petersson, J., and Glenny, R. W. (2014). Gas exchange and ventilation-perfusion relationships in the lung. Eur. Respir. J. 44, 1023–1041. doi: 10.1183/09031936.00037014

Pittis, A. A., and Gabaldon, T. (2016). Late acquisition of mitochondria by a host with chimaeric prokaryotic ancestry. Nature 531, 101–104. doi: 10.1038/nature16941

Plantier, L., Besnard, V., Xu, Y., Ikegami, M., Wert, S. E., Hunt, A. N., et al. (2012). Activation of sterol-response element-binding proteins (SREBP) in alveolar type II cells enhances lipogenesis causing pulmonary lipotoxicity. J. Biol. Chem. 287, 10099–10114. doi: 10.1074/jbc.m111.303669

Plesnar, E., Szczelina, R., Subczynski, W. K., and Pasenkiewicz-Gierula, M. (2018). Is the cholesterol bilayer domain a barrier to oxygen transport into the eye lens. Biochim. Biophys. Acta Biomembr. 1860, 434–441. doi: 10.1016/j.bbamem.2017.10.020

Qu, A., Taylor, M., Xue, X., Matsubara, T., Metzger, D., Chambon, P., et al. (2011). Hypoxia-inducible transcription factor 2α promotes steatohepatitis through augmenting lipid accumulation, inflammation, and fibrosis. Hepatology 54, 472–483. doi: 10.1002/hep.24400

Raguz, M., Mainali, L., Widomska, J., and Subczynski, W. K. (2011). Using spin-label electron paramagnetic resonance (EPR) to discriminate and characterize the cholesterol bilayer domain. Chem. Phys. Lipids 164, 819–829. doi: 10.1016/j.chemphyslip.2011.08.001

Raguz, M., Widomska, J., Dillon, J., Gaillard, E. R., and Subczynski, W. K. (2009). Physical properties of the lipid bilayer membrane made of cortical and nuclear bovine lens lipids: EPR spin-labeling studies. Biochim. Biophys. Acta 1788, 2380–2388. doi: 10.1016/j.bbamem.2009.09.005

Ramakrishnan, S. K., Taylor, M., Qu, A., Ahn, S. H., Suresh, M. V., Raghavendran, K., et al. (2014). Loss of von Hippel-Lindau protein (VHL) increases systemic cholesterol levels through targeting hypoxia-inducible factor 2alpha and regulation of bile acid homeostasis. Mol. Cell. Biol. 34, 1208–1220. doi: 10.1128/mcb.01441-13

Ray, S., Kassan, A., Busija, A. R., Rangamani, P., and Patel, H. H. (2016). The plasma membrane as a capacitor for energy and metabolism. Am. J. Physiol. Cell Physiol. 310, C181–C192.

Ribas, V., Garcia-Ruiz, C., and Fernandez-Checa, J. C. (2016). Mitochondria, cholesterol and cancer cell metabolism. Clin. Transl. Med. 5:22.

Rizzo, V., Morton, C., Depaola, N., Schnitzer, J. E., and Davies, P. F. (2003). Recruitment of endothelial caveolae into mechanotransduction pathways by flow conditioning in vitro. Am. J. Physiol. Heart Circ. Physiol. 285, H1720–H1729.

Roldan, N., Perez-Gil, J., Morrow, M. R., and Garcia-Alvarez, B. (2017). Divide & conquer: surfactant protein SP-C and cholesterol modulate phase segregation in lung surfactant. Biophys. J. 113, 847–859.

Roughton, F., and Forster, R. (1957). Relative importance of diffusion and chemical reaction rates in determining rate of exchange of gases in the human lung, with special reference to true diffusing capacity of pulmonary membrane and volume of blood in the lung capillaries. J. Appl. Physiol. 11, 290–302. doi: 10.1152/jappl.1957.11.2.290

Roy, T. K., and Secomb, T. W. (2014). Theoretical analysis of the determinants of lung oxygen diffusing capacity. J. Theor. Biol. 351, 1–8. doi: 10.1016/j.jtbi.2014.02.009

Rungaldier, S., Oberwagner, W., Salzer, U., Csaszar, E., and Prohaska, R. (2013). Stomatin interacts with GLUT1/SLC2A1, band 3/SLC4A1, and aquaporin-1 in human erythrocyte membrane domains. Biochim. Biophys. Acta 1828, 956–966. doi: 10.1016/j.bbamem.2012.11.030

Russell, J., Du Toit, E. F., Peart, J. N., Patel, H. H., and Headrick, J. P. (2017). Myocyte membrane and microdomain modifications in diabetes: determinants of ischemic tolerance and cardioprotection. Cardiovasc. Diabetol. 16:155.

Rybin, V. O., Xu, X., Lisanti, M. P., and Steinberg, S. F. (2000). Differential targeting of beta -adrenergic receptor subtypes and adenylyl cyclase to cardiomyocyte caveolae. A mechanism to functionally regulate the cAMP signaling pathway. J. Biol. Chem. 275, 41447–41457. doi: 10.1074/jbc.m006951200

Saenz, J. P., Grosser, D., Bradley, A. S., Lagny, T. J., Lavrynenko, O., Broda, M., et al. (2015). Hopanoids as functional analogues of cholesterol in bacterial membranes. Proc. Natl. Acad. Sci. U.S.A. 112, 11971–11976. doi: 10.1073/pnas.1515607112

Saenz, J. P., Sezgin, E., Schwille, P., and Simons, K. (2012). Functional convergence of hopanoids and sterols in membrane ordering. Proc. Natl. Acad. Sci. U.S.A. 109, 14236–14240. doi: 10.1073/pnas.1212141109

Schuoler, C., Haider, T. J., Leuenberger, C., Vogel, J., Ostergaard, L., Kwapiszewska, G., et al. (2017). Aquaporin 1 controls the functional phenotype of pulmonary smooth muscle cells in hypoxia-induced pulmonary hypertension. Basic Res. Cardiol. 112:30.

Shihata, W. A., Michell, D. L., Andrews, K. L., and Chin-Dusting, J. P. (2016). Caveolae: a role in endothelial inflammation and mechanotransduction. Front. Physiol. 7:628. doi: 10.3389/fphys.2016.00628

Shinoda, W. (2016). Permeability across lipid membranes. Biochim. Biophys. Acta 1858, 2254–2265. doi: 10.1016/j.bbamem.2016.03.032

Sinha, B., Koster, D., Ruez, R., Gonnord, P., Bastiani, M., Abankwa, D., et al. (2011). Cells respond to mechanical stress by rapid disassembly of caveolae. Cell 144, 402–413. doi: 10.1016/j.cell.2010.12.031

Siques, P., Brito, J., Leon-Velarde, F., Barrios, L., De La Cruz, J. J., López, V., et al. (2007). Hematological and lipid profile changes in sea-level natives after exposure to 3550-m altitude for 8 months. High. Alt. Med. Biol. 8, 286–295. doi: 10.1089/ham.2007.8405

Smotkin, E. S., Moy, F. T., and Plachy, W. Z. (1991). Dioxygen solubility in aqueous phosphatidylcholine dispersions. Biochim. Biophys. Acta 1061, 33–38. doi: 10.1016/0005-2736(91)90265-a

Sowa, G. (2012). Caveolae, caveolins, cavins, and endothelial cell function: new insights. Front. Physiol. 2:120. doi: 10.3389/fphys.2011.00120

Steinbach, J. H., Blackshear, P. L., Jr., Varco, R. L., and Buchwald, H. (1974). High blood cholesterol reduces in vitro blood oxygen delivery. J. Surg. Res. 16, 134–139. doi: 10.1016/0022-4804(74)90021-3

Steinberg, S. F. (2004). beta(2)-Adrenergic receptor signaling complexes in cardiomyocyte caveolae/lipid rafts. J. Mol. Cell Cardiol. 37, 407–415. doi: 10.1016/j.yjmcc.2004.04.018

Stone, K. C., Mercer, R. R., Gehr, P., Stockstill, B., and Crapo, J. D. (1992). Allometric relationships of cell numbers and size in the mammalian lung. Am. J. Respir. Cell Mol. Biol. 6, 235–243. doi: 10.1165/ajrcmb/6.2.235

Stratton, B. S., Warner, J. M., Wu, Z., Nikolaus, J., Wei, G., Wagnon, E., et al. (2016). Cholesterol increases the openness of SNARE-mediated flickering fusion pores. Biophys. J. 110, 1538–1550. doi: 10.1016/j.bpj.2016.02.019

Subczynski, W. K., Hyde, J. S., and Kusumi, A. (1989). Oxygen permeability of phosphatidylcholine–cholesterol membranes. Proc. Natl. Acad. Sci. U.S.A. 86, 4474–4478. doi: 10.1073/pnas.86.12.4474

Subczynski, W. K., Mainali, L., Camenisch, T. G., Froncisz, W., and Hyde, J. S. (2011). Spin-label oximetry at Q- and W-band. J. Magn. Reson. 209, 142–148. doi: 10.1016/j.jmr.2011.01.003

Subczynski, W. K., Raguz, M., Widomska, J., Mainali, L., and Konovalov, A. (2012). Functions of cholesterol and the cholesterol bilayer domain specific to the fiber-cell plasma membrane of the eye lens. J. Membr. Biol. 245, 51–68. doi: 10.1007/s00232-011-9412-4

Subczynski, W. K., Widomska, J., and Mainali, L. (2017). Factors determining the oxygen permeability of biological membranes: oxygen transport across eye lens fiber-cell plasma membranes. Adv. Exp. Med. Biol. 977, 27–34. doi: 10.1007/978-3-319-55231-6_5

Sun, S., Yang, S., Mao, Y., Jia, X., and Zhang, Z. (2015). Reduced cholesterol is associated with the depressive-like behavior in rats through modulation of the brain 5-HT1A receptor. Lipids Health Dis. 14:22.

Sundelin, J. P., Ståhlman, M., Lundqvist, A., Levin, M., Parini, P., Johansson, M. E., et al. (2012). Increased expression of the very low-density lipoprotein receptor mediates lipid accumulation in clear-cell renal cell carcinoma. PLoS One 7:e48694. doi: 10.1371/journal.pone.0048694

Syeda, K. G., and Kowluru, A. (2017). Inhibition of prenylation promotes caspase 3 activation, lamin b degradation and loss in metabolic cell viability in pancreatic beta-cells. Cell Physiol. Biochem. 43, 1052–1063. doi: 10.1159/000481702

Tanaka, A., Sakurai, K., Kaneko, K., Ogino, J., Yagui, K., Ishikawa, K., et al. (2011). The role of the hypoxia-inducible factor 1 binding site in the induction of aquaporin-1 mRNA expression by hypoxia. DNA Cell Biol. 30, 539–544. doi: 10.1089/dna.2009.1014

Tang, X., Snowball, J. M., Xu, Y., Na, C. L., Weaver, T. E., Clair, G., et al. (2017). EMC3 coordinates surfactant protein and lipid homeostasis required for respiration. J. Clin. Invest. 127, 4314–4325. doi: 10.1172/jci94152

Temte, J. L. (1996). Elevation of serum cholesterol at high altitude and its relationship to hematocrit. Wilder Environ. Med. 7, 216–224. doi: 10.1580/1080-6032(1996)007

Thomae, A. V., Koch, T., Panse, C., Wunderli-Allenspach, H., and Kramer, S. D. (2007). Comparing the lipid membrane affinity and permeation of drug-like acids: the intriguing effects of cholesterol and charged lipids. Pharm. Res. 24, 1457–1472. doi: 10.1007/s11095-007-9263-y

Trane, A. E., Pavlov, D., Sharma, A., Saqib, U., Lau, K., Van Petegem, F., et al. (2014). Deciphering the binding of caveolin-1 to client protein endothelial nitric-oxide synthase (eNOS): scaffolding subdomain identification, interaction modeling, and biological significance. J. Biol. Chem. 289, 13273–13283. doi: 10.1074/jbc.m113.528695

Tsuchiya, M., Hosaka, M., Moriguchi, T., Zhang, S., Suda, M., Yokota-Hashimoto, H., et al. (2010). Cholesterol biosynthesis pathway intermediates and inhibitors regulate glucose-stimulated insulin secretion and secretory granule formation in pancreatic beta-cells. Endocrinology 151, 4705–4716. doi: 10.1210/en.2010-0623

Van Meer, G., Voelker, D. R., and Feigenson, G. W. (2008). Membrane lipids: where they are and how they behave. Nat. Rev. Mol. Cell Biol. 9, 112–124. doi: 10.1038/nrm2330

Veluthakal, R., Arora, D. K., Goalstone, M. L., Kowluru, R. A., and Kowluru, A. (2016). Metabolic stress induces caspase-3 mediated degradation and inactivation of farnesyl and geranylgeranyl transferase activities in pancreatic beta-cells. Cell Physiol. Biochem. 39, 2110–2120. doi: 10.1159/000447907

Volkov, A., Paula, S., and Deamer, D. (1997). Two mechanisms of permeation of small neutral molecules and hydrated ions across phospholipid bilayers. Bioelectrochem. Bioenerg. 42, 153–160. doi: 10.1016/s0302-4598(96)05097-0

Wang, Y., Cohen, J., Boron, W. F., Schulten, K., and Tajkhorshid, E. (2007). Exploring gas permeability of cellular membranes and membrane channels with molecular dynamics. J. Struct. Biol. 157, 534–544. doi: 10.1016/j.jsb.2006.11.008

Wang, Y., Shaikh, S. A., and Tajkhorshid, E. (2010). Exploring transmembrane diffusion pathways with molecular dynamics. Physiology 25, 142–154. doi: 10.1152/physiol.00046.2009

Wei, Z., Al-Mehdi, A. B., and Fisher, A. B. (2001). Signaling pathway for nitric oxide generation with simulated ischemia in flow-adapted endothelial cells. Am. J. Physiol. Heart Circ. Physiol. 281, H2226–H2232.

Wennberg, C. L., Van Der Spoel, D., and Hub, J. S. (2012). Large influence of cholesterol on solute partitioning into lipid membranes. J. Am. Chem. Soc. 134, 5351–5361. doi: 10.1021/ja211929h

Widomska, J., Raguz, M., and Subczynski, W. K. (2007). Oxygen permeability of the lipid bilayer membrane made of calf lens lipids. Biochim. Biophys. Acta 1768, 2635–2645. doi: 10.1016/j.bbamem.2007.06.018

Widomska, J., Subczynski, W. K., Mainali, L., and Raguz, M. (2017). Cholesterol bilayer domains in the eye lens health: a review. Cell Biochem. Biophys. 75, 387–398. doi: 10.1007/s12013-017-0812-7

Williams, M. C. (2003). Alveolar type I cells: molecular phenotype and development. Annu. Rev. Physiol. 65, 669–695. doi: 10.1146/annurev.physiol.65.092101.142446

Windrem, D. A., and Plachy, W. Z. (1980). The diffusion-solubility of oxygen in lipid bilayers. Biochim. Biophys. Acta 600, 655–665. doi: 10.1016/0005-2736(80)90469-1

Xie, L., Xue, X., Taylor, M., Ramakrishnan, S. K., Nagaoka, K., Hao, C., et al. (2014). Hypoxia-inducible factor/MAZ-dependent induction of caveolin-1 regulates colon permeability through suppression of occludin, leading to hypoxia-induced inflammation. Mol. Cell. Biol. 34, 3013–3023. doi: 10.1128/mcb.00324-14

Yang, L., and Scarlata, S. (2017). Super-resolution visualization of caveola deformation in response to osmotic stress. J. Biol. Chem. 292, 3779–3788. doi: 10.1074/jbc.m116.768499

Yang, S. T., Kreutzberger, A. J. B., Lee, J., Kiessling, V., and Tamm, L. K. (2016). The role of cholesterol in membrane fusion. Chem. Phys. Lipids 199, 136–143. doi: 10.1016/j.chemphyslip.2016.05.003

Yang, Y., Lu, X., Rong, X., Jiang, W., Lai, D., Ma, Y., et al. (2015). Inhibition of the mevalonate pathway ameliorates anoxia-induced down-regulation of FKBP12.6 and intracellular calcium handling dysfunction in H9c2 cells. J. Mol. Cell Cardiol. 80, 166–174. doi: 10.1016/j.yjmcc.2015.01.010

Yao, Y., Hong, S., Zhou, H., Yuan, T., Zeng, R., and Liao, K. (2009). The differential protein and lipid compositions of noncaveolar lipid microdomains and caveolae. Cell Res. 19, 497–506. doi: 10.1038/cr.2009.27

Zhang, B., Naik, J. S., Jernigan, N. L., Walker, B. R., and Resta, T. C. (2017). Reduced membrane cholesterol limits pulmonary endothelial Ca(2+) entry after chronic hypoxia. Am. J. Physiol. Heart Circ. Physiol. 312, H1176-h1184.

Zhang, B., Naik, J. S., Jernigan, N. L., Walker, B. R., and Resta, T. C. (2018). Reduced membrane cholesterol after chronic hypoxia limits orai1-mediated pulmonary endothelial Ca(2+) entry. Am. J. Physiol. Heart Circ. Physiol. 314, H359–H369.

Zhang, X., Cao, S., Barila, G., Edreira, M. M., Hong, K., Wankhede, M., et al. (2018). Cyclase-associated protein 1 (CAP1) is a prenyl-binding partner of Rap1 GTPase. J. Biol. Chem. 293, 7659–7673. doi: 10.1074/jbc.ra118.001779

Zocher, F., Van Der Spoel, D., Pohl, P., and Hub, J. S. (2013). Local partition coefficients govern solute permeability of cholesterol-containing membranes. Biophys. J. 105, 2760–2770. doi: 10.1016/j.bpj.2013.11.003

Zuniga-Hertz, J. P., Rebelato, E., Kassan, A., Khalifa, A. M., Ali, S. S., Patel, H. H., et al. (2015). Distinct pathways of cholesterol biosynthesis impact on insulin secretion. J. Endocrinol. 224, 75–84. doi: 10.1530/joe-14-0348

Zuo, Y. Y., Veldhuizen, R. A., Neumann, A. W., Petersen, N. O., and Possmayer, F. (2008). Current perspectives in pulmonary surfactant–inhibition, enhancement and evaluation. Biochim. Biophys. Acta 1778, 1947–1977. doi: 10.1016/j.bbamem.2008.03.021

Conflict of Interest: HP has equity as a founder in CavoGene Life Sciences Holdings, LLC.

The remaining author declares 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 © 2019 Zuniga-Hertz and Patel. 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.

OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Evolution of Cholesterol-Rich Membrane in Oxygen Adaption: The Respiratory System as a Model



		INTRODUCTION



		STEROLS IN MEMBRANES DURING EVOLUTION: OXYGEN AS THE EVOLUTIVE DRIVING FORCE IN THE DEVELOPMENT OF CHOLESTEROL SYNTHESIS PROTEINS AND MEMBRANE STEROLS/CHOLESTEROL ENRICHMENT



		Oxygen Rise and Lipid Membrane Evolution



		Membrane Permeability



		Oxygen Diffusion Through Lipid Membranes



		Cholesterol Decreases Free Volume Pockets in Membranes Reducing the Oxygen Diffusion/Partition Coefficient







		OXYGEN-DEPENDENT CHOLESTEROL DISTRIBUTION IN MEMBRANES: FROM LUNGS TO RED BLOOD CELLS AND TISSUE OXYGENATION



		Cholesterol as a Cornerstone for Oxygen Adaption, and Its Relation to Cell Physiology



		Cholesterol Distribution in Cell Types: From Lungs to Red Blood Cells



		Caveolae as Oxygen Sensors



		Other Proteins as Oxygen Sensors and CRAC Domains







		CHOLESTEROL AND CAVEOLAE ADAPTIONS TO HYPOXIA



		Membrane Cholesterol Adaptions Under Low Oxygen Availability



		Caveolae-Dependent Tissue Specific Oxygen Distribution and Caveolae Role as an Oxygen Sensor







		OPEN QUESTIONS AND CONCLUDING REMARKS



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/cover.jpg
frontiers
in Physiology

The Evolution
of Cholesterol-Rich Membrane
in Oxygen Adaption:
The Respiratory System as
a Model









OPS/images/logo.jpg
, frontiers
in Physiology





OPS/images/fphys-10-01340-g003.jpg
Transmembrane AQP1-mediated
0, diffusion 0, diffusion?

S m
[¢] N
== N

Channeling?

............................................................

CX [wembrans cnomestarol
&P|incroase to rostrain
subsequent O;dlffusion?






OPS/images/fphys-10-01340-g004.jpg
Alveolar Space

AQP1 membrane
translocation?

I
1Alveolar capillary dilation

Blood flow/erythrocytes oxygenation

O, O, Alveolar Space

Caveolin-1

Cav1 translocation
to non-caveolar
membrane

to non-caveolar
membrane

LR

fi -Alveolar cells, endothelial cells

and capillary muscle cells

(ITERRTR IR0
938183388

Hypobaric hypoxia-induced
pulmonary edema

?
-Pulmonary hypertension

-Pulmonary edema





OPS/images/fphys-10-01340-g001.jpg
||||||||||||||||||||||||||||||||||

Cell

D))

/" |Endothelial

ISl
(PSSl —
F=E AT
RS A ==

,%._Twﬁa ===

174
= [ —
© = - s> 58
7] [~} =
Mw g2 lo%mhh
& o Mm.h 53
=S¢
w g





OPS/images/fphys-10-01340-g002.jpg
Atmospheric Pg,
(%PAL)

E B
& o
w |
o Subtle changes in cholesterol
= content between sea level
e and highland habitants?
5 ©
g %
o o Squalene monooxydase and
> -] oxidosqualene cyclase
S 3 appearance (circa 1.75Gyr)
Sterols appearance
(circa 2.7Gyr)
T I ! T T PR PSS (" Po—
3.0 20 16 1.0 I 02 o2
2.5 0.5
Archean Proterozoic Phanerozoic

~ Evowtion

Years (Ga)






OPS/images/fphys-10-01340-e000.jpg
1/Py=—(AQ)/) =7 + /dx/K(z)D(z) +7





