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The Goldilocks Oxygen Principle: not too

littleand not too much
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Nature has evolved creative ways to maintain
oxygen homeostasis, but what happens when
these adaptations are insufficient? Here we
discuss biochemical failure points across the
oxygen spectrum from ‘too little’ to ‘too much’
oxygen and their potential contributions to
cardiovascular disease.

Joseph Priestly (the scientist) and Robert Southey (the children’s
author) walk into a bar. The bartender asks, “Good sirs, how much
oxygen would you like today?” They reply in unison, “not too little
and not too much.” And so was born the Goldilocks Oxygen Princi-
ple. Priestly discovered oxygen in the late 1700s and quickly realized
that it was both vital and toxic for life. He claimed, “I have procured
air [oxygenl]... between five and six times as good as the best common
airthatl have ever met,” touting the benefits of oxygen for life. He also
warned of the toxicities of excess oxygen, saying: “As a candle burns
out much faster in dephlogisticated [oxygenated] air, so we might,
as may be said, live out too fast...in this pure kind of air.” Priestly’s
observations have largely been substantiated over the last 250 years,
confirming that deviations from ‘just the right’amount of oxygen can
be catastrophic for human health. Here, we set out to contextualize
this framework through recent advances in oxygen biology research,
together with a broader discussion of its relevance to cardiovascular
disease.

The Goldilocks Oxygen Principle holds true in nearly every sys-
tem tested — in vitro and in vivo. Immortalized cells proliferate more
slowly when cultured in extreme hypoxia or hyperoxia. Interestingly,
the optimallocal oxygen tension, hereafter termed O,°", varies across
systems. For example, cancer cell lines that have evolved in normoxic
laboratory environments will have different 0,°"" values thanstem cells
or primary cells that are directly removed from endogenous micro-
environments in the body (where O, ranges from ~13% in lung alveoli
to<1%in parts of the brain and bone marrow"). It will be interesting to
investigate how evolution has determined 0,°*" for different tissues
and celltypes, and the underlying genetic and epigenetic modifications
that establish this value. Notably, the same concepts hold true at the
tissue and whole-body level. Extreme hypoxia or anoxia is toxic to all
metazoans studied. As discussed below, the exact cause of damage is
stillincompletely understood. Nonetheless, some organisms are more
anoxiatolerant than others —for example, naked mole rats can survive
nearly 30 minutes of anoxia whereas closely related mice can only
survive for 1-2 minutes®. At the other extreme, 100% O, is toxic within
days to nearly every organism tested, primarily due to pulmonary or
central nervous system toxicity’. Of note, survival in both hyperoxia
and hypoxia can be extended by prior preconditioning in equivalent

oxygen tensions. More extensive comparative physiology will be
required to mechanistically understand different 0,°"" values at the
whole-organism level.

The Goldilocks Oxygen Principle is particularly relevant to the
pathologies and care of cardiovascular diseases. During a myocardial
infarction (MI) or stroke, the tissue is initially faced with ischemic
stress — oxygen and nutrient deprivation (Fig. 1a). Of note, ischemic
and hypoxic stress likely result in overlapping and distinct molecular
defects that remain to be disentangled at the biochemical level. In
thesesituations, the tissue is exposed to oxygen tensions below 0,°P".
However, the same organ is then acutely reperfused as the primary
form of clinical management, resulting in an abrupt burst of oxygen
and nutrients. If the organ has already adapted to consume less oxygen
during the ischemic phase, reperfusion will result in relative hyper-
oxia (that is, relative to what the organ has adapted to). The resulting
ischemia-reperfusion injury is estimated to account for up to 50%
of tissue damage following MI*. Thus, in the same disease state, both
hypoxia and hyperoxia contribute to negative patient outcomes. As
another example, states of respiratory dysfunction (chronic obstruc-
tive pulmonary disease, acute respiratory distress syndrome, COVID-19,
etc.) result in whole-body hypoxia due to impaired pulmonary gas
exchange. Chronic hypoxia as a result of lung disease or exposure
to high altitude is designated by the World Health Organization as a
Group 3 cause of pulmonary hypertension, which, if left untreated,
canleadtoright heart failure and death. Inthese settings, supplemen-
tal oxygen is the mainstay of treatment. Yet, although supplemental
oxygen has shown clinical benefit in patients with pulmonary hyper-
tension and hypoxemia (REVEAL trial®), recent prospective studies
indicate that excess supplemental oxygen worsens outcomes follow-
ing MI (AVOID trial®). Thus, several cardiovascular disease states and
treatments straddle the line between oxygen deprivation and excess.
By better considering this balance of oxygen supply and demand,
perhaps we can better titrate our therapies to achieve 0,°" for
eachindividual.

Oxygen-sensitive reactions fail at different oxygen tensions
Tounderstand the toxicities associated with variations in oxygen levels,
itis useful to consider the wide range of oxygen-dependent reactions
(Fig.1b). Oxygenisinvolved in 200+ enzymatic reactions, making it the
most widely used enzyme substrate. Perhaps the best-studied oxygen-
dependent reaction is the electron transport chain, which uses oxy-
gen as the terminal electron acceptor to maintain the mitochondrial
membrane potential and power aerobic ATP production. This reaction
is especially relevant to cardiovascular disease because the heartis a
highly oxidative organ, deriving 60-90% of its energy from fatty acid
oxidation’. Essential cellular processes such as fatty acid desatura-
tion, heme® and ceramide’ synthesis, and disulfide bond formation™
all also require oxygen and have been shown to be sensitive to physi-
ological hypoxia. Additionally, there are over 60 a-ketoglutarate
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Fig.1| Oxygen-sensitive reactions fail as a function of local tissue PO,.

a, Myocardial infarction and ischemic stroke resultin a gradient of oxygenand
nutrient deprivation across the tissue. b, Key cellular reactions fail at different
oxygen tensions across the tissue, contributing to organinjury. Reactions on

the left fail in hypoxia, whereas reactions on the right fail in hyperoxia. Many
0,-sensitive reactions remain to be discovered. ETC, electron transport chain; ROS,
reactive oxygenspecies; TET, demethylation enzyme (‘ten-eleven translocation’).

(aKG)-dependent dioxygenase enzymes that use oxygen, aKG and
iron as substrates. These enzymes have diverse functions, including
collagen maturation, histone/nucleotide demethylation (achieved
by TET enzymes"), ribosome hydroxylation, tRNA modifications and
carnitine synthesis.

Tobetter treat states of ischemia and hypoxia, we must firstunder-
stand: what goes wrong when there is too little oxygen? Much of the
researchinthefield has focused onthe ATP crisis and subsequention-
channeldisturbancesthat occur duringischemia. Thoughimportant,
this is likely to be only part of the story. In fact, the K, for oxygen for
cytochrome oxidase (of the electron transport chain) is extremely
low, estimated at 0.1% O, (ref. ). Thus, oxygen is only limiting for
these functions in near anoxia. However, ischemic pathologies are
characterized by abroad range of oxygen tensions. At the primary site

of ablood vessel occlusion, there may be complete anoxia. However,
radiating outward from the anoxic core is a gradient of oxygen and
nutrients. Thisregionis termed the ‘stroke penumbra’ or ‘border zone’
in the context of a stroke or MI, respectively. A similar gradient exists
in solid tumors that lack oxygen at the necrotic core but have better-
oxygenated regions at the periphery. It is likely that different oxygen-
dependentreactions fail as afunction of distance from the anoxic core.
If we can better understand the precise oxygen sensitivity (thatis, the
K., for oxygen) of these pathways, we can better design therapies to
bypass the most sensitive reactions, thereby salvaging most of the
infarcted organ.

To understand states of oxygen toxicity, we must first understand:
what goes wrong when there is excess oxygen? In this realm, the field
has primarily focused on the damaging effects of reactive oxygen spe-
cies. It is well known that superoxide production increases with local
oxygen tensions. However, it is still unclear which reactions fail as a
function of increasing oxygen levels. Moreover, it is likely that differ-
ent reactive oxygen species, as well as molecular oxygen itself, have
different targets. Interestingly, many oxygen-dependent enzymes
require metal cofactorssuchasironand copper thatthemselves are sus-
ceptible to oxidation. Thus, perhaps these enzymes and downstream
metabolic pathways also have an 0,°"": in states of oxygen deprivation,
these reactions are halted due to substrate deprivation; in states of
oxygen excess, the same reactions may be halted due to oxidation of
necessary cofactors (heme, iron, etc.). Additionally, the synthesis of
several amino acids is inhibited in hyperoxia®. It will be important to
dissect exactly which metabolic pathways fail as a function of excess
oxygen to create adjuvant therapies for oxygen supplementation
and ischemia-reperfusioninjury. Moreover, we recently showed that
states of mitochondrial dysfunction cause a mismatch between oxy-
gen supply and demand, resulting in pathological tissue hyperoxia™.
Thus, such lines of investigation will be relevant for a wide range of
clinical conditions.

Although the oxygen biology field has predominantly focused
on hypoxia and the primary hypoxia-sensing pathway (the HIF path-
way) inrecent times, much remainsto be understood through the full
spectrum of oxygen doses (anoxia to hyperoxia) and durations (acute
versus chronic). By approaching cardiovascular disease states with the
Goldilocks Oxygen Principle in mind, we can gradually uncover the
toxicities of too little and too much oxygen.
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	Fig. 1 Oxygen-sensitive reactions fail as a function of local tissue PO2.




