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Petra S. Hüppi, M.D.
European Chief Editor

Oxygen in Health and Disease: Regulation of Oxygen
Homeostasis–Clinical Implications

EMIN MALTEPE AND OLA DIDRIK SAUGSTAD

Department of Pediatrics �E.M.�, University of California, San Francisco, California 94143; Department of Pediatric Research �O.D.S.�,
Rikshospitalet Medical Center, 0027 Oslo, Norway

ABSTRACT: Oxygen is critical for multicellular existence. Its
reduction to water by the mitochondrial electron transport chain helps
supply the metabolic demands of human life. The incompletely
reduced, reactive oxygen byproducts of this reaction, however, can
be quite toxic. In this review, we explore the mechanisms responsible
for maintaining oxygen homeostasis and the consequences of their
dysfunction. With an eye toward defining clinical care guidelines for
the management of critically ill neonates, we present evidence
describing the role of physiologic hypoxia during development
and the adverse consequences of hyperoxia in-term as well as
preterm infants. (Pediatr Res 65: 261–268, 2009)

Oxygen is the second most abundant element in Earth’s
atmosphere. Although critical for aerobic respiration, it

also poses significant dangers to life. The reduction of molec-
ular oxygen to water by the mitochondrial electron transport
chain enables the conversion of ADP into ATP. A conse-
quence of this reaction, however, is the formation of toxic
reactive oxygen species (ROS) that can damage various classes
of biologic molecules. In the absence of oxygen, the electron
transport chain is inhibited and glucose metabolism is shunted
down glycolytic pathways. The resultant depression of cellular
metabolism is incompatible with life in higher organisms.
Metazoan cells are exposed to a wide range of oxygen

tensions. It is only under near anoxic conditions, however, that
the electron transport chain becomes inhibited. At a partial
pressure of �0.4 kPa (3 mm Hg) or �0.5% (as compared with
atmospheric oxygen, i.e. 21%), mitochondrial electron trans-
port of cultured cells is inhibited and apoptotic death is

initiated (1,2). Mitochondria, thus, have the capacity to main-
tain maximal ATP levels over a large range of physiologic
oxygen concentrations. In mouse embryonic fibroblasts, pro-
longed culture under “hypoxic” (3% O2) conditions even
prevents cell senescence (3). This “physiologic hypoxia” (1–
10% O2), as opposed to “pathologic hypoxia” (�1% O2)
during which metabolism becomes compromised, represents
the natural environment for most mammalian tissues.
All eukaryotic organisms must maintain oxygen homeosta-

sis. A number of defense and regulatory mechanisms have
been developed to protect the cell from low as well as high
oxygen levels. In this review, we will describe some of the
regulatory principles responsible for maintaining oxygen ho-
meostasis. Interestingly, both increases and decreases in cellular
O2 levels result in the generation of ROS. Further, some of the
adverse effects of hyperoxia and hypoxia will be described and
finally we will attempt to translate this information into a set of
clinical practice guidelines for the handling of newborn infants.

Evolutionary Aspects

Four billion years ago, the Earth’s atmosphere contained
approximately one part per million (ppm) of oxygen. The first
cells, thus, evolved in an oxygen-free environment generating
energy via oxygen-independent pathways. As a result of the
appearance of cyanobacteria that used photosynthesis as a
means of energy production some 2.7 billion years ago,
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atmospheric oxygen levels rose to approximately 1%. Con-
currently, the first eukaryotes began to appear in the geolog-
ical record. These cells made sterols for their membranes—a
sure sign of anoxic environment given the oxygen-dependence
of this reaction (4,5). In addition, many eukaryotes began to
acquire mitochondria as a result of an endosymbiotic relation-
ship with proteobacteria (6). Endowed with oxidative phos-
phorylation, these organisms were uniquely poised to take
advantage of the newly emerging oxygen-rich atmosphere.
As summarized by Lane (7) there has been significant

variation in the Earth’s oxygen environment over time. Ap-
proximately 2.2 billion years ago, the oxygen concentration of
the atmosphere rose sharply to 5–18%, with significant vari-
ations thereafter, until present day levels were finally reached.
Five hundred million years later, during the so-called Cam-
brian explosion, the oxygen level again rose to present levels.
Two hundred million years later, in the late Carboniferous and
early Permian period, oxygen may have reached levels as high
as 35%. Several smaller peaks, approximately 100 million
years ago, also occurred until the present level was once more
reached. The accumulation of free oxygen in the atmosphere
allowed the regeneration of water from free hydrogen, thus,
preventing the loss of hydrogen to space and preserving
Earth’s oceans. The injection of oxygen into the atmosphere
by photosynthesis may therefore have prevented the Earth
from becoming as sterile as Mars or Venus (7).

Historical Aspects

Oxygen was discovered as an element in the 1770’s by the
Swedish apothecary Carl Scheele and the English clergyman
and chemist Joseph Priestly. Priestly, who in 1774 produced
oxygen by focusing sunlight onto an oxide of mercury, pub-
lished his findings before Scheele. However, neither under-
stood the full significance of their discovery. It was the French
chemist, Antoine Lavoisier, who proved that oxygen was the
reactive constituent of air. Interestingly, alchemists had al-
ready appreciated the significance of oxygen well before that.
The Polish alchemist Michael Sendivogius suggested in 1604
that a so-called “aerial food of life” circulated between the air
and earth by way of nitre. When heated above 336°C nitre
decomposes to release oxygen, which Sendivogius considered
the Elixir of life, “without which no mortal can live” (7). In
1798, Thomas Beddoes in Bristol founded the Pneumatic
Institute using pure oxygen to treat diseases previously found
incurable (7). However, more than 10 years before that oxy-
gen had already been used to treat newborns.

Normoxia, Hypoxia, and Hyperoxia

By convention, normoxia has been defined as the level of
oxygen required for normal physiologic processes to occur.
Hypoxia implies an imbalance between oxygen supply and
demand. However, it can also simply indicate a change in the
oxygen environment that triggers a cascade of physiologic and
biochemical events that are compensated (or, physiologic,) or
noncompensated (or, pathologic). Although in the former
scenario cellular bioenergetic status is maintained, the latter
leads to specific cellular changes affecting enzyme activities,

mitochondrial function, cytoskeletal structure, membrane
transport, and antioxidant defenses.
During pathologic hypoxia, limited oxygen availability de-

creases oxidative phosphorylation resulting in a failure to
resynthesize energy-rich phosphates, including ATP and phos-
phocreatine. Membrane ATP-dependent Na�/K� pump is al-
tered favoring the influx of Na�, Ca��, and water into the cell
and thereby producing cytotoxic edema. Furthermore, adenine
nucleotide catabolism during ischemia results in the intracel-
lular accumulation of hypoxanthine (8). We found elevated
hypoxanthine in umbilical cord blood after birth asphyxia and
therefore understood hypoxanthine can be used as a sensitive
marker of intrauterine hypoxia (8). In the presence of xanthine
oxidase, hypoxanthine can generate toxic ROS with the rein-
troduction of molecular oxygen during newborn resuscitation
(9,10). Increased cytosolic calcium triggers numerous meta-
bolic pathways, including activation of phospholipases, re-
lease of prostaglandins, lipases, proteases, and endonucleases,
all of which injure various structural components of cells (11).
Additionally, a proinflammatory state is induced via the expres-
sion of certain proinflammatory gene products in the endothe-
lium, such as leukocyte adhesion molecules and cytokines, and
bioactive agents, such as endothelin and thromboxane A2 (12).
On the other hand gene products such as prostacyclin and nitric
oxide that may be protective are repressed (13).
Hyperoxia is generally thought to arise when elevated

oxygen levels result in the production of toxic ROS. However,
deviations from physiologic hypoxia that do not result in
direct ROS-dependent injury can also have adverse conse-
quences by inactivating physiologic hypoxia driven develop-
mental processes. It is also important to note that the levels of
oxygen that indicate hypoxia or hyperoxia may be context
dependent. Brain and muscle require different levels of oxy-
gen and physiologic as well as pathologic processes may
influence whether a given amount of oxygen constitutes nor-
moxia, hypoxia, or even hyperoxia (14).

Oxygen Toxicity and Free Radicals

It was already realized by Priestly that oxygen might be
toxic; however, it took 100 years until oxygen toxicity was
systematically described by Paul Bert. Some years later, the
Scottish pathologist, James Smith, showed that exposure to
75% oxygen induces inflammation in the lungs (7). In the
early 1950s, Gerschman et al. proposed that, similar to radi-
ation injury, oxygen is toxic because of its ability to generate
free radicals (15).
Oxygen has two unpaired electrons that help prevent it from

forming new chemical bonds. The spin of these two unpaired
electrons is magnetic, making them more resistant to react (7).
This may be overcome by feeding oxygen with one electron at
a time so that each of the unpaired electrons receives a partner,
thus, generating oxygen radicals including superoxide anions
(O2�, OH�), hydrogen peroxide (H2O2), and hydroxyl radicals
(OH�) (Fig. 1).

The main site of superoxide radical production occurs in
mitochondria through electron leakage from the electron
transport chain. It has been estimated that 1 to 2% of the total
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oxygen consumed by cells escape as oxygen-free radicals. A
cell produces around 50 hydroxyl radicals every second and a
grown up weighing 70 kg produces approximately 1.7 kg of
superoxide radicals every year (7). Other potential sources
include the hypoxanthine-xanthine oxidase system (8,16) and
activated phagocytes (17).
Reperfusion/reoxygenation of ischemic/hypoxic tissues re-

sults in the formation of toxic ROS, and reactive nitrogen
species (RNS), especially peroxynitrate (ONOO�). Normally,
excess hypoxanthine is oxidized by xanthine dehydrogenase
to xanthine and uric acid. However, during ischemia, xanthine
dehydrogenase is converted to xanthine oxidase (18) and leaks
into the circulation to be widely distributed (19). When oxy-
gen is reintroduced during reperfusion/reoxygenation, conver-
sion of excess hypoxanthine by xanthine oxidase results in the
formation of ROS. Our understanding of this phenomenon in
1980 (9) represented the basis of understanding the oxygen
paradox of hypoxia–reoxygenation injury (also called isch-
emia reperfusion injury). In the presence of nitric oxide, RNS
form as well (11). In the brain, activation of NMDA receptors
results in the influx of calcium and subsequent calmodulin-
mediated activation of neuronal NOS. Both neuronal and
inducible NOS are high in the developing brain. NO may lead
to the formation of peroxynitrite initiating lipid peroxidation.
On the other hand, NO also exhibits neuroprotective effects
by inducing vasodilatation, angiogenesis, inhibiting platelet
aggregation, leukocyte activation, and antiapoptotic effects
through its inhibition of cytochome C release from mito-
chondria.
ROS and RNS are potent oxidizing and reducing agents that

directly damage cellular structures. Most of them are free
radicals, which are defined as any atomic or molecular species
capable of independent existence that contain one or more
unpaired electrons in one of their molecular orbitals. Thus,
they are able to peroxidize membranes, structural proteins,
enzymes, and nucleic acids. A large number of enzymatic and
nonenzymatic antioxidants has evolved in biologic systems to
protect cellular structures against free radical damage. The
most important enzymes are superoxide dismutases, catalases,
glutathione peroxidases, and glucose 6-phosphate dehydroge-
nase. The major nonenzymatic intracellular antioxidant is
glutathione (GSH), which is able to reduce free radicals by
establishing a disulfur bond with another GSH molecule form-
ing oxidized glutathione (GSSG) and releasing one electron.
GSSG is reduced again to GSH by the intervention of gluta-
thione reductase.

Oxidative stress

Oxidative stress is defined as the imbalance of pro- and
antioxidants in a biologic system in favor of the former.

Different biomarkers of oxidative stress have been used in
biology and medicine. They may reflect direct damage to
different components of the cell; thus, for lipid peroxidation,
malondialdehyde and n-aldehydes or for nucleic acid peroxi-
dation, oxidated nucleotides such as 8-oxo-dihydroguanosine.
Isoprostanes are prostaglandin-like compounds produced in
vivo by noncyclooxygenase mechanism involving peroxida-
tion of polyunsaturated fatty acids. Oxidated amino acids,
such as �-tyrosine, are indicators of hydroxyl radical activity.
Increased activities of superoxide dismutases, catalases, glu-
tathione peroxidases, or glutathione redox cycle enzymes, and
increased concentration of GSSG or decreased GSH/GSSG
ratio, indirectly may reflect a prooxidant status (11,14).
Oxidative stress also induces inflammation. Tumor necrosis

factor (TNF)-� plays an important role in inflammatory re-
sponses causing apoptosis by signaling through death recep-
tors. On the other hand, TNF-� generates ROS by activating
NADPH oxidase enzymes that are crucial in endothelial death
(20). One important defense mechanism against TNF-� in-
duced endothelial death is heme oxygenase (HO). This en-
zyme metabolizes heme, a prooxidant, to biliverdin and bili-
rubin, both potent antioxidants. In addition, carbon monoxide
is split-off. CO is a gaseous messenger molecule that also is
protective against oxidative stress (12).
Although ROS are mainly known as harmful agents it is

also clear they have an important role in regulating normal
processes. It is almost 40 y since Babior et al. understood they
play an important role in immune function (17) and 20–25 y
since they were understood to be important regulators of
circulation (21). ROS activate cellular growth factors, elimi-
nate dysfunctional proteins by oxidation, and are essential for
the function of cellular organelles (For review see 14).

Developmental Aspects

Early investigators noted the optimum oxygen concentra-
tion for mammalian embryonic development to be approxi-
mately 3 to 5% (22–29). Exposure of early mammalian em-
bryos to atmospheric (21%) oxygen was consistently shown to
impair development. In agreement with these studies, direct
measurement of oxygen tension from the oviducts and uterine
horns of various mammals have consistently shown that these
structures provide preimplantation embryos with a hypoxic
environment (30–35). Similarly in humans, follicular fluid
aspirates exhibit oxygen tensions varying from �1 to 5.5%
(36). Amazingly, the first 10 to 12 wk of human pregnancy
transpires without significant maternal blood flow to the fetus.
Only after this point does the placental bed become perfused
with maternal blood in a pulsatile fashion (37,38). Thus, the
entire process of organogenesis unfolds under hypoxic condi-
tions. Even after access to the relatively oxygen-rich maternal
vasculature, the fetal circulation provides developing tissues
with hypoxic levels of oxygen. Even though fetal Hb has a
greater affinity for oxygen and, thus, is able to maintain near
adult levels of total blood oxygen content, direct measure-
ments of fetal blood oxygen partial pressure (pO2) after
establishment of the maternal-fetal circulation indicate a con-
tinued hypoxemia throughout the remainder of human gesta-

Figure 1. The production of reactive oxygen species by the stepwise
reduction of oxygen to water.
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tion. Although human maternal arterial pO2 is normally �12
kPa (90 mm Hg) and venous pO2 is �9.3 kPa (70 mm Hg)
(�13 to 10% O2), fetal arterial and venous pO2 values rarely
exceed �4 kPa (30 mm Hg) (�4% O2) (39). Thus, from
conception through parturition, mammalian development oc-
curs under a physiologic hypoxia.

Regulatory Aspects

Oxygen sensing occurs at many levels and is an important
process needed for normal fetal development, as well as for
adaptation to abnormal oxygen levels either as a response to
changes in ambient oxygen levels or because of disease
processes. The carotid body represents a global oxygen-
sensing mechanism in mammals. When the glomus cells in the
carotid body detect hypoxia, they are depolarized and send
signals to the respiratory centers in the medulla oblongata to
increase respiratory rate. At the cellular level, hypoxia is
quickly sensed by incompletely defined mechanisms. Mito-
chondria are the site of highest oxygen consumption and, thus,
represent a likely site of oxygen sensing (more on this below).
Additionally, molecules located close to high conductance
calcium and voltage-gated potassium channels have been
proposed to act in this capacity. NADPH oxidase and NO have
also been suggested as possible oxygen sensing and signaling
molecules.
Another factor affecting oxygen homeostasis is metabolism

itself. A high rate of oxygen consumption creates a gradient of
oxygen that promotes the influx of oxygen into the cell. Along
these lines, other factors affecting diffusion, such as the lipid
composition of cell membranes may play a critical role for
oxygen entry. For instance, an increase in the cholesterol
concentration of red blood cell membranes decreases the
transport of oxygen across the cell perhaps by decreasing cell
membrane fluidity and stiffening of the lipid bilayer (14).
Adaptation. Long standing moderate hypoxia may lead to

an adjustment of the normoxia set point so that cells perceive
hyperoxia under otherwise normal oxygen concentrations.
Activation of perceived hyperoxia-sensitive genes plays an
important role in remodeling and healing of cardiomyocytes
and fibroblasts after ischemia-reperfusion injury.
Several species, such as the turtle and brine shrimp, are

capable of surviving long periods of anoxia. Roth and cowork-
ers have discovered that anoxia in Caenorhabditis elegans and
zebrafish can induce a suspended animation-like state from
which full recovery can be achieved (40–42). Similarly,
Haddad et al. have discovered that the fruit fly Drosophila
melanogaster may survive and recover from several hours of
total oxygen deprivation. With long-term experimental selec-
tion over many generations, these scientists were able to
develop a D. melanogaster strain that can live in extremely
low, normally lethal, oxygen tensions. These strains show a
higher rate of O2 consumption in hypoxia, along with a
decreased body size and a larger trachea diameter perhaps to
enhance oxygen delivery. At the molecular level, it seems that
the glucose dimer trehalose is important for protection against
anoxic stress in Drosophila as well as in mammalian cells.
These authors cloned and transfected the gene for trehalose-6

phosphate synthase into mammalian cells. These cells had
higher trehalose concentration and were also more resistant to
hypoxia (14,43).

Hypoxia–Inducible Factor 1 and the Transcriptional
Response to Hypoxia

Investigations of cellular and the organism’s responses to
hypoxia led to the identification of hypoxia-inducible factor 1
(HIF-1) (44). Study of erythropoietin production under re-
duced oxygen tension resulted in the biochemical purification
of a protein complex that specifically bound the erythropoietin
gene in an oxygen-dependent fashion (45). A basic helix-loop-
helix PAS transcription factor composed of two subunits,
HIF-1� and HIF-1�/arylhydrocaron receptor nuclear translo-
cator (ARNT), (46) the range of functions covered by this
ubiquitous heterodimer includes the majority of cellular and
organismal responses to oxygen deprivation (47). In addition
to erythropoiesis, glucose uptake is increased, breathing is
enhanced, and angiogenesis is promoted. HIF-1 is an impor-
tant protein causing a shift from aerobic to anaerobic metab-
olism by inducing a variety of glycolytic enzymes and glucose
transporters (48). HIF-1 also reduces mitochondrial oxygen
consumption by inducing pyruvate dehydogenase kinase I and
thereby slowing flux through the citric acid cycle (49,50).
Under normoxic conditions, HIF-1� is constitutively tran-

scribed, translated and hydroxylated at multiple proline resi-
dues by a set of prolyl-4-hydroxylase (PHD) enzymes (51–
54). The hydroxylated prolines are then recognized by the Von
Hippel-Lindau (pVHL) E3 ubiquitin ligase complex, which
targets HIF-1� for proteasomal degradation. PHD or pVHL
deficiency results in constitutive HIF activity. This system is
exquisitely sensitive to oxygen, such that following as little as
5 minutes of reoxygenation, most stabilized HIF-1� is de-
graded. In contrast, nonhydroxylated HIF-1� translocates to
the nucleus, heterodimerizes with ARNT and activates hy-
poxia-induced genes.
A leading model of oxygen sensing (Fig. 2) proposes that

under hypoxic conditions, mitochondrially generated ROS
inhibit HIF-1� prolyl hydroxylation and degradation (55–59).
According to this model, ROS are generated at mitochondria
as a function of decreasing oxygen tension (56,60–62). Con-
sistent with this, free radical scavengers are able to inhibit
HIF-1� accumulation (63,64). Importantly, cells devoid of
mitochondrial DNA and, hence, mitochondrial electron trans-
port fail to induce HIF-1� under physiologic hypoxia (56).
Thus, it seems that the natural byproducts of oxidative phos-
phorylation have been incorporated as signaling molecules
conveying cellular oxygen availability.

HIF and Development

The first indication that hypoxia-induced gene expression
pathways are critical regulators of mammalian development
followed the genetic inactivation of the murine Arnt(Hif-1�)
locus (65,66). These animals died midway through gestation
because of impaired blood vessel formation. It was proposed
that the hypoxic environment of the developing embryo acti-
vated HIF-dependent Vegf expression and angiogenesis. Sim-
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ilar results were obtained with Hif-1�–null embryos (67,68).
pVHL and PHD-2-deficiency also resulted in embryonic le-
thality indicating that constitutively active HIF is just as
detrimental as its absence (69,70) and that the dynamic mod-
ulation of HIF activity is critical for embryonic development.
Stem cell function was also affected by the lack of a

transcriptional response to hypoxia. Hematopoietic stem cells
derived from Arnt-null embryos were impaired in their ability
to proliferate in response to physiologic hypoxia both in vitro
and in vivo (71). Consistent with the ability of oxygen tension
to regulate human placental development (72), the placentas
of Arnt-null mice were also severely defective (65,73). Deri-
vation of trophoblast stem cells from Arnt-null embryos indi-
cated that HIF activity determines not only stem cell numbers
but also stem cell fate decisions in the placenta (73,74). This
was largely due to the ability of the HIFs to interact with and
modulate cellular histone deacetylase activity.
Targeted inactivation of these factors in individual organ

systems has provided yet more evidence of the importance of
this pathway during embryogenesis. For example, inactivation
of Hif-1� gene expression in chondrocytes indicated that HIF
activity is necessary for proper chondrocyte Vegf production,
proliferation, extracellular matrix deposition and maturation
(75–78). Similarly, neuronal HIF-deficiency results in se-

verely diminished CNS vascularization because of diminished
Vegf production and impaired neural precursor cell prolifera-
tion (79,80). Importantly, hypoxic culture conditions have
been shown to be able to protect cultured sympathetic neurons
from growth factor withdrawal-induced cell death (81). Ad-
ditionally, hypoxic culture conditions promote the in vitro
maintenance of CNS precursors (82).
The related HIF-2� is also required for murine develop-

ment. HIF-2� deficient embryos died in utero because of
impaired catecholamine production and depressed cardiac out-
put (83) suggesting that hypoxia-induced dopamine produc-
tion helps regulate vascular tone. In an alternate genetic
background, half of the embryos died in utero, although a
significant fraction survived to term, only to succumb to a
condition highly reminiscent of respiratory distress syndrome
(84). In this case, impaired hypoxia-induced Vegf production
in the lung prevented proper maturation of the alveolar epi-
thelium, resulting in reduced surfactant production and sub-
sequent perinatal demise because of respiratory distress. Fi-
nally, a third group witnessed a requirement for HIF-2� early
postnatally because of impaired ROS scavenging abilities and
disrupted metabolism (85). HIF-2� function is thus critical for
a variety of developmental processes and its inhibition by
exogenous oxygen administration in premature neonates may
lie at the heart of many of the pathologies associated with
preterm existence in humans.
Protection against hyperoxia. These studies suggest that

oxygen should be considered a developmental morphogen.
Importantly, the biologic defenses against hyperoxia may not
be as robust as against hypoxia given that during evolution no
organisms would have been exposed to supraphysiological
oxygen tensions. Although in some periods oxygen in the
atmosphere exceeded the present 21%, it never was as high as
can be produced by man. Protection against hyperoxia must
therefore be left to the discretion of medicine itself, while
hypoxia is quickly sensed and preventive measures at the
cellular level are activated.
Still, the body does have some defense mechanisms against

hyperoxia. During hyperoxia, antioxidant enzymes are up-
regulated by mitogen-activated protein kinases. p38 Mitogen-
activated protein kinase and Sarcoma kinase have been shown
to regulate activation of NADP oxidase in endothelial cells
exposed to hyperoxia. A number of transcription factors have
also been shown to activate antioxidant protective mediators
(86). The process of childbirth is accompanied by an increase
in oxidative stress and this continues the first months of life
(87). Its role for development is unclear, but it is known that
ROS play a role in signal transduction and are essential for
development (88).

Oxygen Targets in Newborn Babies

We have provided important evidence for a careful recon-
sideration of oxygen therapy in-term and preterm neonates
(16,89). Based on considerations mentioned above as well as
clinical and experimental evidence it is clear that mammals
strictly regulate their oxygen environments. Unfortunately,
this has not been reflected into clinical practice in which high

Figure 2. The regulation of HIF stability by oxygen tension. During
normoxia, HIF-1� is rapidly degraded. Critical proline residues within HIF-
1�s oxygen-dependent degradation domain are hydroxylated by a family of
prolyl-4-hydroxylases (PHD) resulting in the formation of a recognition motif
for the von Hippel Lindau tumor suppressor (pVHL). As this protein is an E3
ubiquitin ligase, HIF-1� is poly-ubiquitylated and targeted for proteasomal
degradation. Under conditions of oxygen deprivation, mitochondria paradox-
ically increase their production of reactive oxygen species (ROS). Serving as
signaling molecules, these ROS inhibit the hydroxylation of HIF-1� and, thus,
preventing its proteasomal degradation. Stabilized HIF-1� is able to translo-
cate to the nucleus where it forms a heterodimeric complex with HIF-1�/
ARNT. This transcription factor complex activates the expression of scores of
genes, such as Epo and Vegf, to increase oxygen delivery and many others
including pyruvate dehydrogenase 1 (PDK1) to reduce oxygen consumption.
These factors secure oxygenation to the tissues. Further, glucose uptake is
increased and a shift to anaerobic metabolism occurs in an attempt to maintain
energy homeostasis.
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oxygen levels have been imposed on term and preterm infants.
Some of the negative consequences of these practices have
been known for almost 60 y and some have only been revealed
recently. It may seem that immediately after birth hyperoxia
may be more deleterious than later in life. Perhaps oxygen is
a programming factor acting via epigenetic mechanisms to
alter physiologic processes. Exposure to hyperoxia in sensitive
periods of development may thus have unforeseen long-term
consequences.
Oxygen for newborn resuscitation. It is known that oxygen

levels are low in fetal life with saturations as low as 50% or
even lower. After birth, arterial oxygen saturation (SaO2)
increases slowly and reaches 90% with a median time of 5
minutes in normal healthy babies. However, levels as low as
40% are reported in normal newborn babies during the first
3–4 min of life. This indicates that a newborn baby is not
supposed to be pink for several minutes. Recent meta-analyses
of studies investigating the effects of resuscitation of-term or
near-term newborns with either 21 or 100% O2 have consis-
tently found that 21% resuscitated infants have a lower neo-
natal mortality, higher heart rate at 90 s, a higher 5 min Apgar
score, and take their first breath approximately 30 s earlier
than those resuscitated with 100% O2 (90). The optimal FiO2

for newborn resuscitation may not be known, however, it
seems clear that the use of pure oxygen should be avoided or
limited to as brief a period as possible (91).
Oxygenation of extremely low birth weight infants. The

optimal oxygen saturation for extremely low birth weight
infants during the first weeks of life is still not defined.
However, a number of studies have recently indicated that a
high saturation, defined as higher than 93% or at least higher
than 95% is detrimental to these children when compared with
a lower saturation, defined as 88–93%, or even as low as 85%.
Consistently these studies have shown that a high saturation
leads to significantly more pulmonary problems. Most studies
also show significantly more severe retinopathy of prematurity
(ROP) in infants nursed with high saturations. Further, it
seems to be important to reduce fluctuations in SaO2. By
avoiding both high SaO2 and large fluctuations inSaO2 severe
ROP and thereby ROP treatment is almost completely eradi-
cated (92). Further, long-term follow-up does not show any
detrimental effects of a low saturation regime (93). On the
contrary, one study indicates that maintaining high oxygen
saturation targets in these infants results in a reduced mental
developmental index (94).
Today, there is, therefore, a trend worldwide to try to avoid

hyperoxic peaks both for newborn resuscitation and in the
maintenance care of extremely low birth weight infants. Still
the optimal upper and lower limits of oxygenation need to be
defined. Further, even if such limits should be described better
it is still a long way to identify the needs of each individual
infant. This may be especially challenging because these
needs may differ from individual to individual, from organ to
organ, and from situation to situation. Therefore, a more
thorough understanding of the regulatory mechanisms at the
cellular level for both hypoxia and hyperoxia are imperative.
If oxygen sensors were identified, such sensors could be used

to define the optimal oxygenation of each individual. Along
these lines, global analyses of cellular and organismal re-
sponses to oxygen exposure involving genetic, epigenetic,
proteomic, and metabolomic approaches should prove useful
in guiding clinical decision making. Given the difficulties
surrounding the institution of clinical trials designed to define
optimal oxygen concentrations for term and preterm neonates,
such studies should be highly prioritized to help improve
outcomes in the intensive care nursery.
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