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the Price We Pay
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Aerobic organisms use molecular oxygen (dioxygen; O,) to
generate chemical energy in the form of adenine triphosphate
(ATP). Energy transforms cellular structure to function, a de-
fining property of life. Due to its favorable thermodynamic
properties, O, appears to have been selected during biological
evolution to serve as the terminal electron acceptor in the
reduction of carbon-based fuels to generate ATP by oxidative
phosphorylation. That O, is essential to sustain human life is
perhaps best illustrated during an acute cardiopulmonary
arrest—commonly referred to as “code blue” on the medical
wards. Indeed, the “A-B-Cs” of basic life support is to ensure
gas-exchange via the lungs and O, delivery to internal organs:
“A” for airway, “B” for breathing, and “C” for circulation. A
less well appreciated role of O, is in the evolution of organismal
size, multicellularity, and biological complexity. An understand-
ing of the key role of O, in the evolution of complex life and
mammalian physiology may provide novel insights of O,, and its
metabolites (reactive oxygen species), in the pathophysiology of
diseases that affect the lung.

O, AND METAZOAN EVOLUTION

Multiple lines of evidence from evolutionary biology (1, 2),
geochemistry (3), and systems biology (4) build a compelling
case for a central role of O, in the evolution of complex
multicellular life on earth (5, 6). The oldest life forms are
estimated to have been present over 3.7 billion years (Gyr) ago
(7). In the relative absence of O, and under the strong reducing
conditions that existed on the primordial earth’s surface, early
unicellular life forms relied on metabolic pathways that used
electron acceptors such as CO, and SO,4. Between about 2.5 and
2.2 Gyr ago, however, the earth’s atmospheric concentration of
O, rose significantly (3). This rise in atmospheric O, is thought
to have been due to biological and geological factors that led to
an increase in O, production relative to its consumption. Bio-
logical processes, most notably the emergence of cyanobacteria
capable of oxygenic photosynthesis (8), were an important
source of O, production during this early period. Geological
events such as the burial of organic carbon (9) and a shift from
submarine to subaerial volcanism (10) accounted for decreased
O, consumption.

The availability of O, was a major coup for early life forms,
since it allowed for the use of energy-efficient metabolic path-
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ways. O, is well suited to serve as an electron acceptor in the
oxidation of carbon-based fuels for several reasons. First, the
reduction of O, provides the largest free energy release per
electron transfer, with the exception of fluorine. Second, unlike
fluorine, ground state triplet O, is a diradical with its outer
electrons in parallel spin, allowing for its greater stability and
consequent accumulation in the earth’s atmosphere. Third,
aerobic metabolism yields at least 4-fold more energy per
molecule of glucose oxidized than the most efficient anaerobic
pathways. Fourth, ability of O, to diffuse across biological
membranes and to bind heme moieties in proteins (e.g.,
hemoglobin and cytochromes) facilitates O, delivery to sys-
temic organs and mitochondrial electron transfer functions.
Finally, the biochemical symmetry of oxygenic photosynthesis
and aerobic respiration (HO — O, — H,O cycle) maintains
homeostasis within our planetary biosphere.

Increasing complexity in metazoan evolution has been linked
to rising atmospheric O, levels and the ability to use O, to
generate energy more efficiently (11). The evolution of the lung
and circulatory system would have been critical for the trans-
port of O, to internal tissues/organs in larger, more complex
metazoans, otherwise limited by the diffusibility of O, across
multiple cell layers. Complexity in organismal structure and
function has been linked with the number of differentiated cell
types and overall size of adult organisms (12). Estimates of the
maximum number of cell types of common ancestors, combined
with divergence times, showed an increase from 2 to approxi-
mately 10 cell types between 2.5 and 2.0 Gyr ago, and from 10 to
50 cell types between 1.5 and 1.0 Gyr ago (11) (Figure 1). The
most prolific increase in speciation, however, occurred during
the “Cambrian explosion,” approximately 540 million years
ago. A second major rise in O, concentration is thought to have
been a critical factor (13), among other events such as mass
extinctions (14), that created the “perfect storm” for this evo-
lutionary diversification. A larger increase in O, concentration
occurred just before ~ 300 million years ago, and this period
was associated with the emergence of reptile and insect
gigantism; the subsequent drop in O, concentration during the
Permian-Triassic period (~ 260-245 million years ago) appears
to have led to their extinction (15). The rise of O, levels from
approximately 10% (205 million years ago) to the current
approximately 21% corresponds with vertebrate evolution and
emergence of its key features: endothermy, placentation, and
body size (humans are estimated to have > 200 different “cell

types”) (1) (Figure 1).

O, IN CELLULAR PHYSIOLOGY: MORE
THAN AEROBIC METABOLISM

The physiologic role of O, in metazoan species is not limited to
mitochondrial respiration. Recent biochemical networks analy-
sis demonstrate that O, is among the most-used compounds in
a myriad of metabolic and biosynthetic pathways, superseding
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even adenosine triphosphate (ATP) and nicotinamide adenine
dinucleotide (NAD™) (4). In this analysis, O, was predicted to be
involved in more that 10° metabolic reactions not found in
anaerobes (4, 5). O, is involved in a large number of biosynthetic
pathways. Aerobes appear to have adopted O,-dependent mech-
anisms for synthesis of monounsaturated fatty acids, tyrosine,
and nicotinic acid, biomolecules that are also found in more
archaic anaerobes; and in a number of macromolecules that
carry out more specialized cell functions found exclusively in
aerobic metazoans (16). The O,-dependent synthesis of sterols
and polyunsaturated fatty acids (16), key components of cell
membranes, may have allowed for the biogenesis of intracellu-
lar organelles essential for cellular compartmentalization. O, is
also required for a number of biosynthetic reactions for
specialized cell functions, such as formation of the connective
tissue proteins, hydroxyproline and hydroxylysine (17, 18),
synthesis of the visual pigment, retinal from B-carotene (19),
and histone demethylation reactions that regulate chromatin
remodeling (20).

ROS GENERATION FROM O, METABOLISM:
A DOUBLE-EDGED SWORD

Although O,-dependent biosynthetic reactions and aerobic
respiration have significant advantages, the use of O, in these
biological processes represents a double-edged sword. The
generation of ROS, either as by-products of O, metabolism
(unintended) or by specialized enzymes (intended), has the
potential to cause damage to cellular macromolecules such as
proteins, lipid, and DNA. ROS that are capable of such damage
include, but are not limited to, superoxide anion (O, ™),
hydrogen peroxide (H,O,), and hydroxyl radical (OH-). To
counteract toxicity from ROS, all aerobic species possess
conserved cellular defense strategies such as that afforded by
antioxidant enzymes (e.g., superoxide dismutase, catalase, per-
oxiredoxins, and glutathione peroxidase) (21). A relative in-
crease in ROS production over antioxidant capacity is often
referred to as a state of “oxidative stress” and is implicated in
aging and age-associated diseases (22, 23). A causal role of ROS
in these processes is not incontrovertible; nevertheless, the
oxidative stress theory of aging remains as viable as any other
to explain this complex phenomenon (24). ROS may contribute
to age-associated pathologies by their cumulative injurious
effects on cells/tissues in an indiscriminate and stochastic
manner (Figure 2).

ROS IN CELLULAR PHYSIOLOGY: MORE THAN
MEDIATORS OF CELLULAR INJURY

In addition to its recognized toxic effects, the concept that ROS
serve “useful purposes” in normal physiologic processes has
gained significant attention in recent years. An example of such
a role is the ROS-generating NADPH oxidase (NOX) enzyme,
gp91rhox (NOX?2), which serves host defense against invading
microbes (25). In addition, a role for ROS in the transmission of
biochemical signals from cell surface receptor-ligand interac-
tions has been increasingly recognized (26, 27). The precise
mechanisms of signal transduction are not known; however, one
plausible and well-studied mechanism involves the reversible
oxidization of cysteine residues on protein tyrosine phospha-
tases (28, 29). In addition to cellular signaling, there are
a number of diverse biological contexts in which extracellular
H,0,, via peroxidase-catalyzed reactions, mediates tyrosine
crosslinking of extracellular matrix (ECM) proteins; examples
include the pathogen-evoked hypersensitivity response to re-
strict spread of pathogens in plants (30), protection of the

freshly fertilized egg from polyspermy in sea urchins (31, 32),
stabilization of cuticular extracellular matrix (ECM) in Caeno-
rhabditis elegans (33), and the conferring of “resilient” mechan-
ical properties to resilin found in joints and tendons of insects
(34). In mammals, the biosynthesis of thyroxine involves the
activity of an H,O,-generating enzyme, a member of the NOX/
DUOX gene family (35). The ability of the pro-fibrotic cyto-
kine, transforming growth factor-1 (TGF-B1), to induce cross-
linking of (myo)fibroblast-derived extracellular matrix proteins
is dependent on H,O; in the presence of an extracellular heme
peroxidase (36); the specific mammalian peroxidase(s) that me-
diate such reactions in physiologic/pathophysiologic contexts
in vivo requires further study.

EVOLUTION OF THE ROS-GENERATING
NOX GENE FAMILY

Just as the unique chemical/thermodynamic properties of O,
were harnessed for aerobic respiration and biosynthesis during
biological evolution, it appears that the chemistry and reactivity
of ROS may have also been adopted for purposes of cell
signaling/regulation (Figure 2). This is best exemplified by the
NOX enzymes, whose primary function is the regulated and
compartmentalized generation of ROS (37). Intriguingly, the
molecular evolution of NOX family enzymes appears to have
increased in number and diversity with increasing complexity
during metazoan evolution (38, 39). NOX enzymes are ex-
pressed in all multicellular eukaryotes, including fungi, plants,
and animals, but not in prokaryotes (39). Most mammalian
species, in particular humans, express seven NOX homologs
(NOX1-5 and DUOX1-2), while C. elegans and Drosophila
melanogaster each express two members of this gene family (39,
40). The diversification of NOX gene family with metazoan
evolution suggests adaptive roles for these ROS-generating
enzymes in more specialized organismal functions. For example,
the newest member of this family, NOX3, is found in reptiles,
birds, and mammals (39); it is highly expressed in the inner ear,
and is required for vestibular sensory function and for percep-
tion of gravitational motion and balance (41). Such specialized
functions may have been essential (or, at least beneficial) to the
adaptation of these species to land. NOX4 appears to be present
in all chordates, but not in other metazoans (39). NOX4 is
required for the differentiation and activation of myofibroblasts
(42, 43), key cellular mediators of wound repair responses and
fibrosis. This raises the possibility that NOX4 may have
emerged as an early adaptation of chordates to tissue injury
and host repair responses (Figure 2).

NOX ENZYMES AND ANTAGONISTIC PLEIOTROPY

The use of O, and ROS in normal physiologic processes presents
an apparent paradox for the fitness and survival of mammalian
species (44). While the use of O, and generation of ROS have
“useful,” physiologic purposes, they may also play a role in aging
and age-associated degenerative diseases. One explanation for
this paradox is the concept of antagonistic pleiotropy, which
posits that genes selected because of their beneficial effects
during early/reproductive life may also mediate deleterious ef-
fects in later life, a theory that was originally proposed to explain
cellular senescence (45,46). NOX2, an enzyme that was present in
early multicellular eukaryotes as a critical component of the
innate immune response and conserved in mammals, may also
play a role in chronic inflammatory conditions in mature adults.
The more recently identified NOX4 homolog and its function in
myofibroblast differentiation/activation supports the possibility
that this gene may also function in an “antagonistically pleiotro-
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Figure 2. The “oxygen paradox” of fitness/survival during early life of
complex metazoans followed by aging and age-associated diseases in
later life. The unique biochemical properties of O, and ROS were
exploited and selected during the evolution of complex multicellular
life, based on their utility for aerobic respiration, biosynthesis of macro-
molecules, signal transduction, innate immunity/host defense, and tissue
repair. However, the generation of O,/ROS may also exert “undesired”
consequences in the aging adult organism by at least two different
mechanisms. First, by the selection of genes that, while serving useful
purposes in early reproductive life, exert pathobiologic effects in the
elderly—a concept akin to the “theory of antagonisitic pleiotropy.”
Second, ROS generation by mitochondrial and/or other enzymatic
cellular sources mediate nonspecific, irreversible damage to tissues,
including cellular and matrix components, that result in progressive
organ dysfunction in a stochastic but nevertheless cumulative manner—a
concept analogous to the “disposable soma theory.” While the former is
perhaps a better explanation for specific age-associated disorders, the
latter is a plausible theory for the more generalized aging process.

pic” manner. While NOX4 and myofibroblasts may regulate
wound repair responses in early life, this regulatory pathway
may prove to be detrimental by promoting tissue fibrosis and
organ dysfunction in later life (Figure 2). Myofibroblasts are key
mediators of fibrogenesis in anumber of human fibrotic disorders,
including idiopathic pulmonary fibrosis, a disease typically asso-
ciated with aging. One wonders if aging and age-associated
diseases are the “price we pay” for the evolutionary conservation
and diversification of O,/ROS-using metabolic pathways to pro-
duce more energy-efficient, larger, and more complex species. On
the other hand, life on our planet would look very different
without having had the availability of O, in our biosphere. An
understanding of the evolutionary selection and the (difficult)
choices made during evolution of complex metazoans has the
potential to provide novel insights into disease pathogenesis and
innovative strategies for treatment of age-associated human
maladies.
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