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Biological effects of the oxygen molecule in
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Abstract

The medical use of oxygen has been widely and frequently proposed for patients, especially those under critical
care; however, its benefit and drawbacks remain controversial for certain conditions. The induction of oxygen
therapy is commonly considered for either treating or preventing hypoxia. Therefore, the concept of different types
of hypoxia should be understood, particularly in terms of their mechanism, as the effect of oxygen therapy
principally varies by the physiological characteristics of hypoxia. Oxygen molecules must be constantly delivered to
all cells throughout the human body and utilized effectively in the process of mitochondrial oxidative
phosphorylation, which is necessary for generating energy through the formation of adenosine triphosphate. If the
oxygen availability at the cellular level is inadequate for sustaining the metabolism, the condition of hypoxia which
is characterized as heterogeneity in tissue oxygen tension may develop, which is called dysoxia, a more
physiological concept that is related to hypoxia. In such hypoxic patients, repetitive measurements of the lactate
level in blood are generally recommended in order to select the adequate therapeutic strategy targeting a
reduction in lactate production. Excessive oxygen, however, may actually induce a hyperoxic condition which thus
can lead to harmful oxidative stress by increasing the production of reactive oxygen species, possibly resulting in
cellular dysfunction or death. In contrast, the human body has several oxygen-sensing mechanisms for preventing
both hypoxia and hyperoxia that are employed to ensure a proper balance between the oxygen supply and
demand and prevent organs and cells from suffering hyperoxia-induced oxidative stress. Thus, while the concept of
hyperoxia is known to have possible adverse effects on the lung, the heart, the brain, or other organs in various
pathological conditions of critically ill patients, and no obvious evidence has yet been proposed to totally support
liberal oxygen supplementation in any subset of critically ill patients, relatively conservative oxygen therapy with
cautious monitoring appears to be safe and may improve the outcome by preventing harmful oxidative stress
resulting from excessive oxygen administration. Given the biological effects of oxygen molecules, although the
optimal target levels remain controversial, unnecessary oxygen administration should be avoided, and exposure to
hyperoxemia should be minimized in critically ill patients.
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Introduction
Supplemental oxygen therapy has been long recognized
as a common treatment administered in the hospital set-
ting, both in the acute and chronic phases, and is widely
applied throughout treatment, from pre-hospital emer-
gency medical services to home oxygen therapy. It is ex-
tremely important to remember that oxygen is a
prescription drug with specific biochemical and physio-
logical actions, an adequate range of effective doses and
well-known adverse effects at excessively high doses [1].
The oxygen molecule was first detected early in the
1770s and was recognized as a chemical element by cor-
rectly characterizing its role in combustion and corro-
sion; it received the proper name ‘oxygen’ in 1777.
Interestingly, oxygen is the most abundant chemical
element by mass in the Earth’s biosphere, including the
air, sea, and land. In addition, oxygen gas is recognized
as the second-most common component of the Earth’s
atmosphere, accounting for 20.8% of its volume and
23.1% of its mass. Supplemental oxygen as a medical
treatment became common early in the twentieth cen-
tury for patients who suffered discomfort or difficulty
breathing, mainly helping them recover from a hypoxic
state and relieve dyspnea. When the indications for oxy-
gen therapy are considered, hypoxia, or hypoxemia is the
most important pathophysiological state which needs to
be appropriately treated and fully understood by medical
healthcare providers.

Hypoxia and hypoxemia

Hypoxia is generally defined as a condition in which the
whole body (systemic hypoxia) or a region of the body
(regional hypoxia) is deprived of adequate oxygen supply
at the tissue level, including disorder of oxygen
utilization, and differs from hypoxemia, which refers
specifically to a condition of low oxygen tension in arter-
ial blood. Hypoxia has been medically classified into five
different pathophysiological conditions: atmospheric
hypoxia, hypoxemic/hypoxic hypoxia, anemic hypoxia,
circulatory/hypoperfusion/ischemic hypoxia and toxic/
histotoxic hypoxia [2, 3]. A further classification from
the perspective of the causes of hypoxia is described as
follows:

1. Inadequate oxygenation of the blood in the lungs
due to extrinsic reasons, such as deficiency of
oxygen in the atmosphere (e.g., high altitude) or
hypoventilation caused by neuromuscular and/or
respiratory center disorders.

2. Pulmonary diseases that can lead to hypoventilation
caused by increased airway resistance or decreased
pulmonary compliance, an abnormal ventilation-
perfusion ratio or diminished respiratory membrane
diffusion.
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3. Venous-to-arterial shunts (right-to-left cardiac
shunts)

4. Inadequate oxygen transport to the tissues by the
blood due to anemia or abnormal hemoglobin (e.g.,
carboxyhemoglobin, methemoglobin), systemic
circulatory failure, localized circulatory failure, or
tissue edema.

5. Inadequate oxygen utilization in tissue caused by
poisoning of cellular oxidation enzymes or a
diminished cellular metabolic capacity for using
oxygen caused by toxicity (e.g., cyanide poisoning),
vitamin B; deficiency (e.g., beriberi), or other
factors.

It is important for clinicians and nurses to understand
the concept of different types of hypoxia, as the effects
of oxygen therapy vary by the physiologic characteristics
of each hypoxia type [3]. For example, oxygen therapy is
of much less value in cases of hypoxia caused by anemia
or abnormal hemoglobin, circulatory failure or physio-
logical shunt than in other situations because a normal
level of oxygen already exists and is available in the al-
veoli, with hypoxia rooted in other causes. However,
oxygen therapy can be extremely beneficial for treating
atmospheric hypoxia by correcting the depressed oxygen
level in the inspired gases and it is also markedly effect-
ive for treating hypoventilation hypoxia by facilitating
the inspiration of more oxygen into the alveoli on each
breath than with normal air. In cases of hypoventilation
hypoxia, however, oxygen therapy provides no beneficial
effects for resolving the simultaneous carbon dioxide re-
tention often caused by hypoventilation.

Oxygen sensing in hypoxia

Oxygen must be constantly supplied to all cells of the
human body for their survival and for use as the final
electron acceptor in the process of oxidative phosphoryl-
ation, which involves the oxidation of hydrogen through
a series of enzymatically catalyzed reactions in mito-
chondria and is necessary to release energy to form ad-
enosine triphosphate (ATP) (Fig. 1). Therefore, both
systemic and cellular oxygen-sensing systems based on
the mechanisms underlying oxygen homeostasis exist to
tightly regulate oxygen levels within cells and tissues of
the whole body in order to protect the human body
from hypoxia.

As is well known, the respiratory center is located in
the medulla oblongata and pons of the brain stem, which
plays an important physiological role in regulating the
respiratory drive. However, changes in the oxygen con-
centration have no direct effect on the respiratory center
itself, although they do have an indirect effect acting
through the peripheral chemoreceptors. These chemore-
ceptors, most of which are located in the carotid bodies
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Fig. 1 Chemiosmotic mechanism of oxidative phosphorylation in mitochondria to form adenosine triphosphate (ATP). ADP: adenosine
diphosphate, FeS: iron sulfide protein, FMN: flavin mononucleotide, NAD™: nicotinamide adenine dinucleotide, NADH: reduced nicotinamide
adenine dinucleotide, Q: ubiquinone. (Reuse from Guyton and Hall Textbook of Medical Physiology 14th ed. with permission from Elsevier B.V.)
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in the bilateral carotid arteries and a few in the aortic
bodies along the aortic arch, are especially important for
detecting changes in the oxygen concentration in the ar-
terial blood. Once the oxygen concentration in the arter-
ial blood falls below normal, the chemoreceptors
become strongly stimulated and act as a systemic
oxygen-sensing system, sending signals to the respiratory
center to promote the respiration function.
Hypoxia-inducible factors (HIFs), described as critical
for the survival of all metazoan species as master regula-
tors of oxygen homeostasis [4, 5], are heterodimeric pro-
teins consisting of an oxygen-regulated HIF-1a, HIF-2q,
or HIF-3a subunit and a HIF-1f subunit [6], which exist
in all nucleated cells. Depending on the context, both
HIF-1 and HIF-2, essential for sensing oxygen via the ca-
rotid bodies, activate the transcription of numerous tar-
get genes that mediate adaptive responses, including
erythropoiesis, vascularization (angiogenesis), metabolic
reprogramming and ventilatory acclimatization induced
by continuous hypoxia in order to regulate oxygen

delivery at the systemic level and to regulate oxygen
utilization at the cellular level [4, 7-11], functioning as a
cellular oxygen-sensing system. In addition to the vari-
ous adaptive responses, maladaptive (pathophysiological)
responses, including cardiovascular pathology, can be
evoked due to persistent oxidative stress induced by
chronic intermittent hypoxia associated with recurrent
apnea in sleep-disordered breathing; these responses are
reported to also be mediated by HIF-1 and HIF-2 in the
carotid bodies [4, 7-11].

Both these systemic and cellular oxygen-sensing mech-
anisms against hypoxia are employed to ensure a proper
balance between the oxygen supply and demand, re-
spectively. Dysregulation of these mechanisms results in
promoting disease pathology.

Dysoxia beyond hypoxia

Under critically ill conditions, such as sepsis, shock and
cardiac arrest/resuscitation, the signs of hypoxia and re-
duced oxygen extraction have been reported to persist
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despite the recovery of systemic oxygen delivery. Circu-
latory compromise resulting in an inability to maintain
adequate oxygen transport to peripheral cells has been
attributed not to systemic alterations but to the failure
of microcirculation and mitochondria to transport and
efficiently use oxygen [12]. The strategy of targeting
supra-normal levels of systemic oxygen delivery impres-
sively proposed by Shoemaker et al. [13] in the 1990s
based on the notion that a relative shortage of delivered
oxygen causes a deficit in tissue oxygenation was not
found to be a valid strategy based on the findings of sev-
eral clinical trials showing no marked differences in
mortality or morbidity in patients with sepsis compared
with that of targeting normal levels of systemic oxygen
delivery. As an underlying reason for this fact, the deficit
in oxygen extraction was thus proposed to not be caused
by insufficient systemic oxygen delivery, but rather by
pathological heterogeneity of microvascular perfusion,
thus resulting in the functional shunting of the microcir-
culation which clinically manifests as a reduction in oxy-
gen extraction [14, 15].

The heterogeneity in tissue oxygen pressures between
physiologically different compartments has become cen-
tral to heated debates, ultimately resulting in the new
definition of a more physiological concept related to
hypoxia, termed “dysoxia.” Dysoxia is a condition of hyp-
oxia wherein the oxygen availability at the cellular level
is inadequate to sustain enough oxidative phosphoryl-
ation to form ATP [15-17]. Oxygen transport and
utilization are thus considered to be highly dependent
on the functional morphology and metabolism of each
organ, underlying disease state, duration of disease, and
type of therapy administered [18].

Lactate production during hypoxia

Recently, the blood lactate concentration has been
widely measured in patients with sepsis, shock, post-
cardiac arrest, or a hypermetabolic state, as well as in
those with glucose catabolism (mostly diabetic patients).
However, lactate is not just a metabolic waste product
generated by anaerobic glycolysis after switching from
aerobic metabolism in a hypoxic state. Even under nor-
mal conditions, marked levels of lactate are produced in
the human body, at as high a rate as approximately 1.5
mol/day, and its role in the distribution of oxidative and
gluconeogenic substrates as well as cell signaling has
been highlighted [19, 20] and described as the “lactate
shuttle theory” [21].

Glycolysis metabolizes glucose to pyruvate, which then
proceeds to 1 of 2 routes for further metabolism: either
the aerobic pathway, which can effectively generate 38
ATP molecules with oxidative phosphorylation via the
citric acid cycle (i.e., Krebs cycle) from each molecule of
metabolized glucose, or the anaerobic pathway, which
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leads to massive lactate production due to bilateral ca-
talysis by lactate dehydrogenase with a normal lactate-
to-pyruvate ratio of approximately 10:1.

When sufficient oxygen cannot be utilized, i.e., hyp-
oxia, the citric acid cycle stops metabolizing pyruvate to
obtain ATP, instead progressively generating lactate. At
this point, one could ask how hypoxic state leads to
switching aerobic to anaerobic pathway. When the arter-
ial blood reaches the peripheral tissues, the partial pres-
sure of oxygen (PO,) in the capillaries is still around 95
mmHg. As shown in Fig. 2, the PO, in the interstitial
fluid that surrounds the tissue cells averages only 40
mmHg, and the intracellular PO, further decreases to an
average 23 mmHg, ranging between 5 and 40 mmHg by
diffusion of oxygen molecules into cells. Thus, there is a
large initial pressure difference that causes oxygen to dif-
fuse rapidly from the capillary blood into the tissues and
then gradually into the cells.

Interstitial fluid PO, is theoretically reduced by both
decreases in the blood flow in the capillary and increases
in the cellular oxygen consumption of the tissues (Fig.
3). In brief, tissue PO, is determined by a balance be-
tween the rate of oxygen transport to the tissues and the
rate at which the oxygen is used by the tissues. However,
the metabolic use of oxygen by cells to produce ATP
with oxidative phosphorylation will theoretically remain
constant until the intracellular PO, decreases to a level
of 1 mmHg (Fig. 4). Progressive lactate production
would thus not occur until extremely hypoxic conditions
(< 1 mmHg of PO,) appeared. Therefore, the disturb-
ance of the cellular normal function leading to hyperlac-
tatemia in critically ill patients cannot be attributed
solely to issues with oxygen transport.

However, hyperlactatemia can also occur under spe-
cific conditions independent of hypoxia. The entry of
pyruvate into the citric acid cycle can be limited by a de-
ficiency of thiamin (vitamin B;) which plays an import-
ant role and it is a coenzyme that is required for the
catalytic activity of several enzymes, including pyruvate
dehydrogenase, which converts lactate to pyruvate, and
thus diverts pyruvate production to lactate production.

In patients with sepsis and septic shock, an increase of
“glycolytic flux” exceeding the oxidative capacity of
mitochondria can occur and result in increased pyruvate
production and hence lactate production. Since hyper-
lactatemia is reported to be a powerful indicator with a
strong correlation with the severity of sepsis and is
caused more frequently by impaired tissue oxygen use
than by impaired oxygen transport [22], it is important
to select an adequate therapeutic strategy carefully tar-
geting a decrease in lactate production as a reliable
marker [23]. Interestingly, lactate production, possibly
via glycolytic flux, can be reduced by [B2-antagonists
such as esmolol in septic patients despite reduced
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Fig. 2 Diffusion of an oxygen molecule from the arterial end of a capillary to tissue cells. PO, in the interstitial fluid averaged 40 mmHg, and that in the cells
was 23 mmHg, ranging from 5 to 40 mmHg. (Reuse from Guyton and Hall Textbook of Medical Physiology 14th ed. with permission from Elsevier BV.)
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oxygen delivery [24] and by sodium-potassium-adeno-
sine triphosphatase inhibitors in microdialized fluid
obtained from the quadriceps muscles of septic pa-
tients [25] and in the animal skeletal muscle of in-
duced glycolysis by epinephrine [26, 27]. Thiamin is
also expected to exert some beneficial effects on sep-
tic patients and is thus considered a component of
combination treatment with hydrocortisone, ascorbic
acid (vitamin C), and thiamin (HAT therapy) [28].
However, a recent prospective randomized clinical
trial [29] evaluating the efficacy and safety of HAT
therapy for patients with sepsis and septic shock

unfortunately failed to show a significant reduction in
mortality and no marked improvement in any other
secondary outcomes, which is consistent with the re-
sults of the retrospective study by Litwak et al. [30].
The combined treatment of such components could
not fundamentally resolve cellular hypoxia in patients
with sepsis, probably because it is not just a simple
case of oxygen shortage.

Hyperoxia and hyperoxemia
Hyperoxia is basically an excess of oxygen in the body
tissues compared to normoxia and most commonly
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Fig. 3 Effect of the blood flow and rate of oxygen consumption on tissue PO,. An increase in blood flow to 400% from point A to B increases
the tissue PO, from 40 to 66 mmHg, limited to 95 mmHg, just as with the arterial PO,, even with maximal blood flow. Conversely, if the blood
flow decreases from point A to C, the tissue PO, also decreases. (Reuse from Guyton and Hall Textbook of Medical Physiology 14th ed. with
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occurs in patients breathing supplemental oxygen to
minimize tissue hypoxia. In subjects with a normal re-
spiratory function, the administration of any fraction of
inspired oxygen (F;O,) higher than 0.21 will lead to
hyperoxemia (i.e., arterial hyperoxia), a condition in
which the arterial PO, (PaO,) rises above the normal
range of 80-100 mmHg, which is generally used to de-
fine normoxemia in a subject breathing room air [31].
However, various criteria have been used in clinical
studies to define hyperoxemia, leading to highly incon-
sistent results [32]. In most observational studies, pa-
tients were categorized as either hyperoxemic or non-
hyperoxemic based on arbitrarily predetermined PaO,
cut-off values, ranging from as high as 300 mmHg to
less extreme as 200 or 120 mmHg [32, 33].

Oxygen sensing in hyperoxia

Sustained deviation over normoxia, which is defined as
the level of oxygen required for normal physiological
processes to occur, leads to the increased production of
reactive oxygen species (ROS) (Fig. 5), which can cause
the oxidation of lipids, proteins, and nucleic acids, pos-
sibly resulting in cellular dysfunction or death [34]. In
contrast to hypoxia, however, humans have not evolved
any specific adaptation to counter hyperoxia, so there

exists no systemic mechanism to elegantly handle un-
usual instances of hyperoxia. Despite this, cellular re-
sponses to hyperoxia have been reported to occur along
with signaling initiated by the patient’s underlying path-
ology [35].

Since the lungs are directly exposed by hyperoxia,
which can cause inflammatory lung injury and com-
promise the innate immunity, pulmonary oxygen toxicity
has been well studied, which has led to the definition of
hyperoxia-induced acute lung injury (HALI), character-
ized by inflammatory responses with leukocyte infiltra-
tion, injury, and death of epithelia, endothelia, and
macrophages. In addition to directly modifying macro-
molecules, exposure to hyperoxia involves the activation
of ROS, which mediates the direct and indirect modula-
tion of many hyperoxia-sensing molecules, such as
protein kinase (i.e., MAPK, PKC, PI3-kinase, Akt),
redox-sensing transcription factors (i.e., NF-E2, Nrf2,
NF-kB, AP-1, CREB), receptors (i.e., CXCR2, RAGE,
TRL), and pro-/anti-apoptotic factors [35]. Therefore, a
clearer understanding of hyperoxia-induced signal trans-
duction pathways that contribute to the pathophysio-
logical progress of HALI is crucial to facilitate the design
of successful therapeutic strategies as well as prevention
strategies [35].
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Harmful effects of hyperoxia and hyperoxemia

When the PaO, was analyzed as a continuous variable, a
linear relationship between increasing O, tension and
mortality was found, without a clear threshold for harm
[36, 37]. A recent cohort study showed that the inci-
dence of hyperoxemia in the intensive care unit (ICU),
as well as the strength of the association with a worse
outcome, varied markedly depending on the particular
metric applied, with metrics of central tendencies (mean
and median PaO,) showing the strongest relationship
with the outcome [38]. Although severe hyperoxemia
(PaO, > 200 mmHg) was more consistently associated
with an adverse outcome than the other risk factors,
mortality appeared to increase linearly with the exposure
time even in cases of mild hyperoxemia (PaO, of 120-
200 mmHg) [38].

While hyperoxia and hyperoxemia have been defined
in various manners [39], as also explained above, there
seems to be several potential adverse events commonly
seen in patients who receive supplemental oxygen (Table
1), summarized as physical effects, physiological effects,
biochemical and cellular effects [39, 40].

Physical effects include adverse events as drying and
cooling of the airway, especially when the oxygen is ad-
ministered at a relatively high flow rate, leading to not
only the patient’s discomfort but also adverse effects on
the respiratory mucous blanket and mucociliary clear-
ance of sputum and secretions from the trachea and
bronchus, which may lead to sudden airway obstruction

due to dried sputum in the worst case. Recently, in-
creased interest has been focused on nasal high-flow
therapy, which uses a 20—-60-L/min gas flow of a mixture
of oxygen, enabling the administered gas to be warmed
and humidified enough to prevent such adverse events
[41, 42].

The physiological effects induced by supplemental
oxygen include changes in the hemodynamics such as
vasoconstriction of the systemic circulation and vasodila-
tion of the pulmonary vasculature. However, these phe-
nomena would likely have little effect on the systemic
condition in critically ill patients except for patients who
have congenital heart disease complicated with intracar-
diac shunt or a postoperative status with Fontan circula-
tion, wherein the pulmonary blood flow is easily affected
by pulmonary vascular resistance. In addition to that, it
is important to elucidate how the oxygen levels may
affect to the inflammatory response. High oxygen con-
centrations may indirectly ameliorate the inflammatory
response by reducing the degree of tissue hypoxia and,
as a consequence, the levels of HIF [4-11], a key regula-
tory molecule of both hypoxia and the inflammatory re-
sponse [43]. More importantly in clinical situations, if
patients with chronic hypercapnia, such as moderate to
severe chronic obstructive pulmonary disease (COPD) or
neuromuscular disease with ventilatory failure, are given
uncontrolled excessive oxygen therapy, they may develop
worsening hypercapnic (type II) respiratory failure and
suffer severe respiratory acidosis, falling unconscious
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Table 1 Characteristics of the biological effects of oxygen
molecules

v Oxygenation

® Increase in arterial oxygen content and hence systemic oxygen
delivery

e Variable efficacy depending on the type of hypoxia
v Circulation
® Systemic vasoconstriction

® Increase in systemic vascular resistance and hence systemic
arterial pressure

® Decrease in cardiac stroke volume and cardiac output
® Possible decrease in tissue blood flow
® Pulmonary vasodilation in affected area by inhaled oxygen

® Decrease in pulmonary vascular resistance and hence pulmonary
arterial pressure

® Increase in pulmonary blood flow
® Decrease in right-to-left intracardiac shunt flow, if it exists
® Regional perfusion
® Decrease in coronary blood flow
® Aggravation of ischemic damage in myocardial infarction
v Cellular toxicity
e Inflammation: Induction of pro-inflammatory cytokines
® Production of reactive oxygen species
® Enhanced neurological damage after ischemia reperfusion
® Induced lung injury and possible dysfunction of other organs
v Others
e Occurrence of resorption atelectasis
® Impairment of mucociliary clearance in trachea/bronchus

e Compromised innate immunity

[44]. 1t should also be noted that resorption atelectasis
frequently occurs after breathing high oxygen concentra-
tions, even in normal subjects, by removing nitrogen
from the alveoli and thus causing the more rapid diffu-
sion of inspired oxygen into the blood, leading to alveo-
lar collapse [45-48].

Biochemical and cellular effects are prominently repre-
sented by oxygen toxicity, a condition that results from
the harmful effects of breathing oxygen at elevated par-
tial pressures. The mechanisms underlying oxygen tox-
icity can primarily be explained by the formation of ROS
including oxygen free radicals and biochemically based
on the effects of hyperoxia. Oxygen free radicals have
one or more unpaired electrons, which makes them very
unstable. The most biologically significant agents among
these ROS are hydroxyl radical (OH") and peroxynitrite
(ONOQ") (Fig. 5), both of which are oxygen free radi-
cals. Peroxynitrite, the product of the reaction between
superoxide anion (O, ") and nitric oxide (NO), interacts
with lipids, proteins, and nucleic acids directly through
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oxidative stress [34] or indirectly through radical-
mediated mechanisms [49]. These reactions trigger cel-
lular responses ranging from the subtle modulation of
cellular signaling to overwhelming oxidative stress that
can induce cells to undergo necrosis or apoptosis [49].
The understanding of the molecular mechanisms under-
lying both hypoxia and hyperoxia is still developing [35,
43, 49, 50].

Clinical implications of oxidative stress

Breathing with excess oxygen may induce oxidative
stress as an unavoidable consequence [51] by initiating
the production of oxygen free radicals, as previously
mentioned. Mitochondria have a variety of anti-oxidant
systems that promote the detoxification of ROS gener-
ated during aerobic metabolism [34, 52]. Superoxide dis-
mutase (SOD), a family of metalloenzymes, exerts an
anti-oxidant effect by enzymatically converting super-
oxide anion to hydrogen peroxide (H,O,) (Fig. 5). The
expression of SOD is further induced by oxidative stress
as hyperoxia in a process mediated by the oxidative acti-
vation of the nuclear transcription factor NFxB [34].
Since superoxide anion can be a precursor of both hy-
droxy radical via HyO, and peroxynitrite (Fig. 5), it is
important to keep its steady-state concentration at the
lowest possible level by utilizing such variable mecha-
nisms as different SOD isozymes, reduction of cyto-
chrome ¢, and lowering the pH [34]. Other anti-oxidant
agents that eliminate ROS include catalase and glutathi-
one peroxidase against H,O,, ubiquinol and coenzyme
Q (acting as a reducing agent), vitamin E (interfering
with free radical-mediated chain reaction), cytochrome c
oxidase (acting as a peroxidase) [34, 52], glutathione,
and bilirubin [52]. In addition to the anti-oxidant de-
fenses mentioned above, mitochondria have a variety of
DNA -repairing enzymes to correct errors resulting from
oxidative damage [34].

A critically ill status with systemic inflammation and
shock may provoke an overproduction of ROS that over-
whelms the anti-oxidant system of the human body. In
such situations, the administration of excess oxygen may
contribute to an undesirable phenomenon (Table 1) as-
sociated with the imbalance between pro- and anti-
oxidant agents and consequently aggravate oxidative
stress, damaging lipids, proteins and nucleic acids and
leading to potential cell death, apoptosis [49], and the
exacerbation of the inflammatory response [52].

Based on the concept that liberal use of oxygen leads
to unexpected hyperoxia, which may increase harmful
oxidative stress, thereby resulting in worse clinical out-
comes, some randomized controlled trials have been re-
cently conducted to compare conservative oxygen
therapy with usual oxygen therapy [53, 54]. The multi-
center, bi-national ICU-ROX (ICU randomized trial
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comparing two approaches to oxygen therapy) showed
that the use of conservative oxygen therapy did not sig-
nificantly affect the number of ventilator-free days (21.3
vs. 22.1 days) or the 90- and 180-day mortality (34.7%
vs. 32.5% and 35.7% vs. 34.5%) in adult patients who
were expected to undergo mechanical ventilation in the
ICU beyond the day after study recruitment [54]. In
addition, early exposure to a conservative oxygenation
strategy (target PaO, 55-70 mmHg) for 7 days did not
reduce the 28-day mortality, the ICU mortality and the
90-day mortality (34.3% vs. 26.5%, 36.4% vs. 26.5% and
44.4% vs. 30.4%) compared with liberal oxygen therapy
(target PaO, 90-105 mmHg) in mechanically ventilated
patients with acute respiratory distress syndrome [55].

Systemic responses

Enhanced oxidative stress may have also a systemic im-
pact on hyperoxia. In an animal model of sepsis, hyper-
oxemia for 24 h was associated with elevated serum
levels of ROS and inflammatory cytokines, an increased
spread of infection and worsening multiple organ dys-
function [56]. From a hemodynamic perspective, hyper-
oxia induces systemic vasoconstriction, which increases
systemic vascular resistance with consequent reductions
in the heart rate, stroke index, and cardiac index [57],
while the inspiration of high-concentration oxygen
causes pulmonary vasodilation, which directly decreases
pulmonary vascular resistance. The oxidative stress-
induced reduction in the bioavailability of NO, a crucial
intrinsic vasodilator, seems primarily responsible for sys-
temic vasoconstriction [58]. Furthermore, a recent study
using isolated microvascular endothelial cells also
showed a decrease in the cell viability and proliferation
under hyperoxic conditions [59]. Hyperoxia reportedly
impaired microvascular perfusion [60-62] and induced a
paradoxical reduction in regional oxygen delivery [63] in
various clinical situations, although other experimental
reports have suggested a beneficial role of hyperoxemia
in hemodynamic stabilization and the redistribution of
blood flow to important organs [64, 65].

Effects on the lung

When excessive oxygen is administered to patients, the
lung is the first organ involved. Exposure to 100% oxy-
gen was reported to cause oxidative stress and inflam-
mation in animal lungs, with an increase in pro-
inflammatory cytokines and the number of inflammatory
cells, such as macrophages and neutrophils—evidence of
histological tissue damage [66—68]. Although the highest
concentration of oxygen as F{O, 1.0 is definitely harmful,
an F;O, higher than 0.6 instead of 1.0 can cause various
degrees of lung injury in animal models [68]. A dose-
and time-dependent inflammatory pulmonary response
was found in mice exposed to several degrees of
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hyperoxia [69]. The NO pathway, through which in-
creasing NO can be produced in the presence of
inducible-NO synthase (i-NOS) in epithelial, endothelial
and immune cells, appears to play a key role in the de-
velopment of pulmonary inflammation. Exposure to
hyperoxia by enhancing oxidative stress may also induce
the important production of cytokines and ROS [69, 70],
such as peroxynitrite, a cytotoxic oxygen free radical
generated from the reaction between superoxide anion
and NO (Fig. 5). Hyperoxia-induced lung injury was also
shown in i-NOS knockout mice compared to wild-type
mice [71], indicating that other mechanisms of lung in-
jury aside from NO production by i-NOS exist. Hyper-
oxia in the lungs can induce both cell death by
modulating the expression of specific genes regulating
the cellular survival or death [72] and by cell apoptosis,
mediated by caspase families [73]. The inhalation of NO
as a therapeutic strategy for hyperoxic lung injury is still
controversial [74]. The surfactant system may also be
impaired by hyperoxia with the downregulation of
surfactant-associated protein [72, 75], alveolar instability
and a reduction in lung compliance, especially during
ventilation with high tidal volumes [76, 77].

In addition to the lung injury caused by oxidative
stress, excessive oxygen supply impairs the antimicrobial
capacity of immune cells as well as the mucociliary
clearance, and hyperoxia was reported to result in aggra-
vated lung injury and increased mortality in animal
models of pulmonary infection [78-81]. The number of
days suffering from hyperoxemia was also shown to be
an independent risk factor for ventilator-associated
pneumonia [82].

Effects on the heart

Hyperoxia has been reported to be associated with both
increased vascular resistance in the coronary artery,
leading to reductions in coronary blood flow [83], and
increased myocardial oxygen consumption [84]. Never-
theless, supplemental oxygen has been routinely used for
more than a century in the management of acute coron-
ary syndrome, with the rationale of increasing oxygen
supply to the ischemic myocardium. Increasing evidence
has shown that hyperoxemia may induce a reduction in
coronary blood flow [83, 84] with a paradoxical increase
in myocardial ischemia [85] and aggravated myocardial
ischemia reperfusion injury [86].

In patients with cardiac arrest, oxygen therapy at a
high concentration is often used during cardiopulmo-
nary resuscitation and in the post-resuscitation period to
increase oxygen availability at the tissue level. However,
the potential detrimental effects of hyperoxemia and
ROS toxicity have been demonstrated in cases of ische-
mia reperfusion syndrome [87]. In animal models, the
administration of 100% oxygen after resuscitation from
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cardiac arrest led to worse neurological outcomes than
the administration of lower oxygen concentrations [88].
A recent prospective multicenter cohort study showed
that early exposure to hyperoxia of more than 300
mmHg of PaO, within 6 h after resuscitation from car-
diac arrest was independently associated with a poor
neurological function at hospital discharge [89]. Further-
more, a meta-analysis including 16 observational studies
with adult post-cardiac arrest patients showed that intra-
arrest hyperoxia was associated with a lower mortality
rate, while post-arrest hyperoxia was associated with a
higher mortality rate [90].

Effects on the brain

Regarding the effects on the brain, promising results
were shown in preclinical studies with oxygen therapy in
stroke, demonstrating a reduction in infarct size, slower
damage to the blood brain barrier and a decreased risk
for secondary hemorrhaging after thrombolysis [91].
However, clinical studies have failed to demonstrate any
protective effect of oxygen therapy in patients with cere-
brovascular pathological events. A relationship between
hyperoxemia and adverse outcomes was observed in pa-
tients with stroke [92] and subarachnoid hemorrhaging
[93], with a higher PaO, found to be associated with a
greater risk of delayed cerebral ischemia. A meta-
analysis showed a minor trend toward benefits with oxy-
gen therapy in patients with stroke. However, contro-
versy persists since various results have been obtained in
different studies such as an improvement of the short-
term neurological score and a worsening of both the
physical function and mortality after more than 3
months [94].

Cobley et al. suggested reasons why the brain is sus-
ceptible to oxidative stress, including unsaturated lipid
enrichment, glucose, mitochondria, calcium, glutamate,
modest antioxidant defense, redox active transition
metals, neurotransmitter auto-oxidation, and RNA oxi-
dation. The brain may continuously control chemically
diverse reactive species in order to perform heteroge-
neous signaling functions [95].

Efficacy in cases of sepsis and septic shock

Excessive supplemental oxygen during sepsis treatment
may aggravate both oxidative stress and the inflamma-
tory response, leading to a worsening organ function
[56], as shown in an animal model. The results of pre-
clinical studies remain controversial, although the use of
100% oxygen was positively proposed by several authors
for its potential benefits [64, 65, 96]. In an ovine model
of septic shock, hyperoxia was found to improve the
hemodynamics and peripheral microvascular flow and to
preserve the cerebral metabolism, renal function, and
gas exchange [65]. Another similar study described the
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effects of hyperoxia on improving the organ function
and attenuating tissue apoptosis without affecting the
lung function and oxidative or nitrosative stress [64].
However, a recently published multicenter randomized
control trial that evaluated the effects of hyperoxemia
during the first 24 h and hypertonic saline infusion in
patients with septic shock was prematurely stopped after
442 patients were recruited and assigned to a treatment
group, as it was found that hyperoxemia was associated
with an increased mortality (43% vs. 35%) and serious
adverse events, such as ICU-acquired weakness and atel-
ectasis [97]. In contrast, a post hoc analysis of 250 pa-
tients with sepsis enrolled in ICU-ROX55) revealed that
conservative oxygen therapy did not result in a statisti-
cally significant reduction in mortality compared with
usual oxygen therapy (90-day mortality: 36.2% vs. 29.2%,
p = 0.35) [98].

Conclusions

We should bear in mind that while supplemental oxygen
can lead to a marginal increase in systemic oxygen deliv-
ery (although the degree of efficacy depends on the type
of hypoxia), it may also induce serious adverse effects on
inflammation, oxidative stress, the pulmonary function,
microvascular perfusion, and the coronary and cerebral
blood flow. Systemic and cellular oxygen-sensing sys-
tems based on the mechanisms underlying oxygen
homeostasis exist to ensure a proper balance between
the oxygen supply and demand. Various adaptive and
maladaptive responses mediated by HIF can be evoked
by hypoxia in the human body. Despite many clinical tri-
als having been performed, no obvious evidence has yet
been put forth to totally support a liberal oxygen supple-
mentation in any subset of critically ill patients. Rela-
tively conservative oxygen therapy with cautious
monitoring appears to be safe and may improve the out-
come by avoiding harmful oxidative stress resulting from
excessive oxygen administration. Given the biological ef-
fects of oxygen molecules, although the optimal target
levels still remain controversial, unnecessary oxygen ad-
ministration should be avoided, and exposure to hyper-
oxemia should be minimized in critically ill patients.
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