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Abstract

Oxygen delivery to tissue mitochondria relies on simple diffusion in the target cells and tissues. As
such, intracellular availability of O, in tissue depends on its solubility and diffusivity in complex
and heterogeneous macromolecular environments. The path of oxygen diffusion is key to its rate
of transfer, especially where pathways of differing favorability are present. Most commonly,
aqueous media, such as interstitial fluid and cytoplasm, are assumed to provide the dominant
diffusion path. Here, the “hydrophobic channeling’ hypothesis is revisited, and several lines of
evidence pointing toward lipid-accelerated oxygen diffusion pathways are discussed. The
implications of hydrophobic channeling are considered in light of extended membrane networks in
cells and tissues.

1 Oxygen Diffusion and Availability

The availability of oxygen (O,) within cells and tissues has significant biomedical
implications. Indeed, cellular oxygenation is a critical parameter in tumor therapy [1, 2],
anesthesia [3], wound healing [4], reperfusion injury [5], adipose tissue dysfunction [6], as
well as brain function [7] and possibly neuronal hypometabolism [8]. Tissue-level hypoxia
may select tumor cells resistant to apoptosis [9], and hypoxic cycling may favor tumor
aggression and resistance to therapy [10]. Moreover, hypoxia is a major barrier to progress
in tissue engineering, as 3D-printed cells toward the center of engineered constructs tend to
languish and die because of poor diffusional oxygen delivery [11].

While it is widely known that O, plays a crucial role in cellular energy metabolism, the
mechanism of its delivery to tissue mitochondria is only partially understood. Existing
physiological models provide reasonable estimates of the amount of O, leaving the lungs in
the form of oxygenated hemoglobin within red blood cells, and hemoglobin O, release
mechanisms are well studied. Physiological control of microvessel diameter in response to
local oxygen demand is also fairly well understood. Yet, preceding uptake by red blood cells
and following release in capillaries, O, transit occurs through simple diffusion [3].

With respect to oxygen diffusion rate, the inhomogeneity of cells and tissues has been
largely neglected by the medical and scientific communities, although its importance was
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previously noted [12]. Tissues vary widely in macromolecular composition and physical
properties. Such properties are well known to vary for diseased and aging tissues. For
example, variations in lipid composition occur in breast tissues affected by cancer [13].
Moreover, tumor tissue commonly has a greater fraction of interstitium, compared with
normal tissue of the same type [14]. Aging eye lens fiber cells have increased membrane
cholesterol content [15], which is associated with increased rigidity and reduced oxygen
permeability [16-18]. In patients with hypercholesterolemia, membrane cholesterol levels
are elevated in red blood cells and possibly also in other cells [19], such as those forming the
capillary endothelium. Consequent reduction in the rate of red blood cell O, unloading may
decrease the amount of oxygen supplied to heart tissue under stress conditions [19]. These
examples illustrate that tissues may be expected to have different levels of oxygen metabolic
availability, depending on physical characteristics of the tissue and of the cells involved in
oxygen diffusional delivery.

Metabolic availability is a dynamic parameter, reflecting a balance between metabolic
demand and oxygen supply. Differences in tissue function and associated metabolic
requirements give a wide range of ‘normal’ tissue oxygen levels [7]. Still, the supply to a
particular tissue or portion of tissue depends not only on the amount of oxygen released in
the capillaries (or culture media) but also on the rate of oxygen diffusion within the tissue,
itself. As such, even tissue-specific O, measurements provide an incomplete picture of the
amount of oxygen metabolically available to mitochondria. Accurate estimation of the
kinetics of oxygen transit from air to red blood cells and from capillaries or media to tissue
mitochondria will be key to understanding, predicting, and modulating tissue oxygenation.

Here, cellular- and tissue-level oxygen diffusional efficiency is addressed, with a focus on
diffusion path and its impact on timely metabolic availability. Widely accepted theoretical
aspects of oxygen diffusional flux are first discussed, followed by revisiting the
‘hydrophobic channeling’ hypothesis of lipid-mediated oxygen diffusion. Evidence in
support of hydrophobic channeling is considered, especially in the context of interconnected
membrane networks prevalent in cells and tissues.

2 Path of Least Resistance

The speed of a molecule’s transit through complex surroundings depends on its path of
travel. Where multiple paths are available, the molecule will move primarily along the path
of least resistance. In energetic terms, the most favorable path will be that with the lowest
free energy. Metabolite molecules such as O, are understood to diffuse via Brownian
motion, exhibiting ‘random walk’ behavior. The overall direction of metabolite flux will be
determined by the location of metabolic demand and the resulting concentration gradient.

The rate of metabolite transfer is affected both by the magnitude of the concentration
gradient and by the permeability of the medium. Namely, the diffusional flux, J is directly
proportional to the permeability, 2, and to the metabolite’s concentration gradient, AC, as
described by the equation J= —PAC, derived from Fick’s first law of diffusion [20].
Consistent with intuition, this equation predicts that higher-permeability environments will
give rise to greater fluxes. The equation also implies that the impact of permeability on flux
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will be magnified under conditions of greater metabolic demand, where the magnitude of AC
is greater.

The solubility—diffusion model relates the permeability of a given environment to the
solubility and diffusivity (diffusion coefficient) of a molecule traveling by Brownian motion.
Most often used to characterize molecular diffusion across a cell membrane, the solubility—
diffusion model can be expressed as P= (KpD)/h[20]. This relation is also known as
Overton’s rule. In it, Kpis the membrane/water partition coefficient, Dis the diffusivity, and
his the thickness of the membrane. The partition coefficient describes the relative solubility
of the molecule in the membrane, compared to adjacent bulk water.

Although quantitative application of Overton’s rule may not be meaningful outside the
context of membranes, the relation is conceptually valuable for predicting the preferred path
of oxygen diffusion in the heterogeneous milieu of tissue. Where two regions of differing
permeability are found next to one another, we can expect that oxygen will ‘choose’ a
diffusion path through the higher permeability region because its relative solubility and/or
diffusivity is greater there. That is, oxygen will diffuse preferentially within the portions of
cells and tissues where it is most abundant and able to diffuse most readily. Further, because
diffusional flux depends on permeability, we can expect the rate of oxygen transfer to be
greatest along such preferential diffusion pathways.

3 Hydrophobic Channeling via Networked Lipids

Given the high water content of tissue, oxygen has been assumed to diffuse primarily via
aqueous pathways. To the author’s knowledge, this assumption is not supported by specific
evidence but rather by the intuition that aqueous compartments would provide the most
direct diffusional paths. It is especially easy to accept this view if one perceives cells as
having a primarily aqueous interior and interstitial fluid as ‘mostly water’. Yet, current
knowledge of the complex and crowded macromolecular environment of cytoplasm [21] and
interstitial fluid [22] poses a challenge. Several researchers have suggested that lipids may
provide more favorable pathways and, thus, facilitate rapid oxygen delivery. The related
hypothesis has sometimes been called ‘hydrophobic channeling’ [16, 23].

Given its nonpolar nature, O, is widely known to have substantially greater solubility in
lipids versus water, by a factor of at least 3 or 4 [24, 25]. Further, the diffusivity of O, in
lipids is comparable to that in water, although this finding was initially unexpected, given the
much higher viscosity of lipids versuswater [26, 27]. Taken together with Overton’s rule,
the higher solubility and comparable diffusivity in lipids point to enhanced O, permeability
for lipids compared with water. The enhanced permeability would correspond with
diffusional flux enhancement, encouraging rapid oxygen transfer within lipids and
suggesting that cellular lipids may offer preferential diffusion pathways.

Consistent with these fundamental observations, Longmuir suggested in 1981 that oxygen
transit from blood to mitochondria occurs via “channels of high solubility” comprised of
lipids [28]. Skulachev later suggested that “extended membranous systems”, especially
mitochondrial membrane networks, may function as passageways for oxygen [27]. He
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proposed “lateral transfer” of oxygen by diffusion within the core of membranes, parallel to
the membrane plane. He implied that lateral transfer may occur both within cells via
mitochondrial networks and at longer range, within the muscle cell mitochondrial reticulum
and through series of cells interconnected by gap junctions.

Skulachev additionally noted the presence of fat droplets in very close proximity to
mitochondria, seeming to suggest that lipid droplets may also aid in oxygen diffusion [27].
This view was later supported by Sidell and colleagues, who found that fish adapted to cold
water temperature (5°C) develop high lipid droplet content in their skeletal muscle [29, 30].
The high lipid content is associated with enhanced oxygen solubility, predicting high oxygen
permeability relative to aqueous cytoplasm, which is expected to be highly viscous at low
temperature [30]. Skulachev’s view of mitochondrial membranes as passageways for oxygen
diffusion is supported by the finding by Sidell and colleagues that mitochondria, themselves,
also proliferate in cold-adapted fish [30].

Dutta and Popel further developed the idea of hydrophobic channeling and reviewed a good
deal of supportive experimental evidence [12]. Subczynski and colleagues also found
support for such a model in their electron spin resonance (ESR) oximetry work, using spin-
label probes placed at various depths within model lipid bilayers. The ESR measurements
produce profiles of the ‘oxygen transport parameter,” which reflects the product of O,
solubility and diffusivity. This parameter varies according to the bilayer depth of the spin-
label probes, and the resulting profiles indicate that O, solubility—diffusion is greater in the
nonpolar center of the membrane versus the polar headgroup regions. Oxygen concentration
and diffusivity curves derived from nuclear magnetic resonance (NMR) experiments [31, 32]
and molecular simulation studies [17, 31, 33, 34] support this observation. Simulation data
additionally suggest that low molecular packing density promotes O, solubility and
diffusion in the interleaflet region [17, 31].

Both ESR and simulations indicate that the membrane lipid composition substantially
influences O, diffusion patterns [16—18, 35]. In particular, inclusion of membrane
cholesterol modestly reduces oxygen permeability across a lipid bilayer but also enhances
oxygen channeling toward the bilayer center [17]. Fig. 1 provides a schematic illustration of
the channeling effect, based on molecular dynamics simulation data for a bilayer
incorporating cholesterol.

Molecular simulation studies by Ghysels and coworkers demonstrated that the radial
diffusivity of O, parallel to the plane of phospholipid bilayers is greater than the transverse
diffusivity perpendicular to the bilayer plane [34]. Moreover, O, molecules travel laterally in
the interleaflet region across distances 3 to 10 times the bilayer thickness, prior to exiting
into an adjacent aqueous layer and rapidly reentering a bilayer [36]. These findings indicate
that oxygen diffuses more readily inside the core of a lipid bilayer, between the leaflets, than
it does across a bilayer. Thus, travel within membranes is favored both by the enhanced
concentration of oxygen in that region, compared with water, and by the enhanced radial
diffusivity of oxygen in the membrane core.
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Skulachev pointed out that high density of membrane proteins may attenuate lateral
transport within membranous systems [27]. A recent simulation study partially addresses
this issue [37]. A major finding of the study is that the apparent diffusivity of oxygen within
a lipid bilayer is reduced by the presence of a potassium channel protein. This effect may
stem from slow rotational dynamics of the protein side chains, relative to the lipid tail
motions. Additionally, the presence of membrane proteins decreases the effective solubility
of oxygen in the membrane because the portion of the membrane occupied by protein is not
available to solvate O, [37]. With respect to oxygen permeability, the simulation study
agrees with prior experimental work in bilayers incorporating bacteriorhodopsin protein
[38]. Both methods indicate that the oxygen permeability is reduced, but the degree of
change cannot be predicted solely by the physical presence of protein [17, 38]. Rather, the
apparent permeability of the lipid surrounding the protein is also reduced [16, 37, 38], but
this effect has not been satisfactorily explained.

It is important to note that the solubility of oxygen in the cytosol is expected to be lower
than in pure water [27, 28]. First, the presence of salts can substantially reduce oxygen
solubility [39]. Furthermore, water molecules surrounding other cytosolic solutes—proteins,
cytoskeletal structures, and membrane polar groups— become tied up in solvent shells and
are, thus, less available to solvate O, [27]. Macromolecular crowding in the cytosol is likely
to reduce the effective diffusivity of O, as well, because collisions with proteins and other
macromolecules would tend to obscure the diffusional path.

Recent experimental work with lung surfactant has characterized the lung lipids as a network
of interlinked lipid bilayers, thought to facilitate rapid O, uptake via diffusion from bilayer
to bilayer along the network [40]. In that work, protein-mediated connection points among
the bilayers are suggested to provide a roughly continuous hydrophobic conduit for oxygen
diffusion. Absence of the lung surfactant protein fraction reduced the rate of oxygen
movement by about 60% [40], suggesting that the protein contacts facilitate hydrophobic
channeling.

In the milieu of cells and tissues, networked membranes are a common occurrence. Protein-
mediated junctions such as gap junctions and organelle contact sites [41] place membranes
in very close proximity. Relatively rapid exit from the membranes, due to low free energy
barriers [17], should enable rapid supply of O, where needed, as well as diversion of O, to
high-flux pathways affected by large O, concentration gradients.

4 Conclusion

The common assumption that oxygen diffuses primarily by way of aqueous pathways is
challenged by contemporary understanding of cells and tissues as complex and crowded
macromolecular environments. Rather, evidence to date supports a model of lipid-
accelerated oxygen diffusion within membranes and lipid droplets held in close proximity by
protein contacts. Further work is needed to account for the effects of macromolecules in
cytoplasm/interstitium as well as in cellular membranes. Work is also needed to evaluate the
potential role of lipid droplets as accelerants for oxygen diffusion, under various
physiological and pathophysiological conditions. Clarifying the mechanism of oxygen
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diffusional delivery may reveal strategies for alleviating hypoxia in tumors, adipose tissue,
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Fig 1.

H)?drophobic channeling is facilitated by high O, solubility and low free energy in the
interleaflet region. Schematic representation showing a free energy curve juxtaposed with a
molecular dynamics simulation image of a mixed phospholipid/cholesterol bilayer (1:1
ratio). O, shown as red spheres, phospholipids as gray lines and blue headgroup surface,
cholesterol as white lines, and water molecules as cyan dots. H atoms omitted for clarity.
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