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ARTICLE INFO ABSTRACT

Keywords: Preterm birth is a global health issue that can induce lifelong medical sequela. Presently, at least one in ten

Reactive oxygen species newborns are born prematurely. At birth, preterm newborns exhibit higher levels of oxidative stress (OS) due to

Antioxidants the inability to face the oxygen rich environment in which they are born into. Moreover, their immature re-

Prematurity spiratory, digestive, immune and antioxidant defense systems, as well as the potential numerous medical in-

Physical exercise . . . N ..

H : terventions following a preterm birth, such as oxygen resuscitation, nutrition, phototherapy and blood trans-
ypoxia

fusion further contribute to high levels of OS. Although the acute effects seem well established, little is known
regarding the long-term effects of preterm birth on OS. This matter is especially important given that chronically
elevated OS levels may persist into adulthood and consequently contribute to the development of numerous non-
communicable diseases observed in people born preterm such as diabetes, hypertension or lung disorders. The
purpose of this review is to summarize the current knowledge regarding the consequences of preterm birth on OS
levels from newborn to adulthood. In addition, the effects of physical activity and hypoxia, both known to

disrupt redox balance, on OS modulation in preterm individuals are also explored.

1. Introduction

The global incidence rate of preterm birth (PTB) is more than one in
ten newborns [1] and PTB complications represent the leading cause of
neonatal death worldwide [2]. A PTB is defined as a birth occurring
before 37 weeks (259 days) of gestational age. PTB are generally clas-
sified into three types: medically induced (25% of all PTB), preterm
premature rupture of membranes (25% of all PTB) and spontaneous
preterm labor (50% of all PTB). There are also four degrees of pre-
maturity: extremely preterm (before 28 weeks), very preterm (28-31
weeks), mild preterm (32-33 weeks) and moderate preterm (34-36
weeks) [3].

PTB is extremely physically challenging for neonates, as they must
adapt to a new environment for which they are not sufficiently devel-
oped, especially in terms of oxygen consumption and use. Particularly,
in preterm neonates, an imbalance between oxidant and antioxidant

production can induce oxidative stress (OS) characterized by a high
concentration of reactive oxygen species (ROS), which can therefore
lead to oxidative damages. Oxygen resuscitation [4,5], preterm nutri-
tion [6], blood transfusions [7], phototherapy [8], inflammation and
infection [9], high metabolic rate [10] and an immature antioxidant
system [11] have been reported as potential causes for high OS in
preterm newborns.

Additionally, with the improvements in medical care within the last
three decades, the survival rate of neonates after a PTB has improved; in
an English cohort study, a survival rate after a PTB improvement from
40% in 1995 to 53% in 2006 [12] was noted, and research by Liu et al.
estimated a 2.1% reduction in PTB per year between 2000 and 2013
[2]. This improvement can therefore allow for a significant increase in
the population of those who were born preterm being able to reach
adulthood. Because of their higher susceptibility to OS, these adults
may be prone to developing OS-associated diseases such as
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oxidant capacity of vitamin C through the Fenton reaction when free
iron is available, as usually observed in preterm newborns as mentioned
earlier. Thus, the blood of preterm newborns has a lower total anti-
oxidant status (TAS), which may explain the higher OS observed when
compared to those born at term [11,16,17] (Table 1).

2.2. Causes of oxidative stress in PTB

Many physiological mechanisms can induce the higher OS levels
observed in preterm newborns. First of all, it is known that OS level in
mothers vary during the pregnancy [24,32] and might be due to an
increased OS in the placenta [24]. OS in the placenta is likely necessary
for its development by regulating the proliferation, the differentiation
and the invasion of trophoblasts, promoting placental angiogenesis and
regulating autophagy and apoptosis required for placentation [33].
However, a high level of systemic OS in mother has been shown to be
associated with PTB [14,34]. Consequently, high OS level in pregnant
women could cause placental dysfunctions or other damages leading to
PTB but could also be responsible for the high OS level observed in
preterm newborns by direct blood exchange in the placenta.

Detrimentally, preterm newborns have an immature antioxidant
system, as the last weeks of pregnancy corresponds to the maturation
and upregulation of the fetuses antioxidant system [17,27,28] and the
transfer of some antioxidants from the mother to the fetus [14,27,28].
This may explain why babies born early in their third trimester exhibit
lower concentration of antioxidants. Further, because of their immature
state, preterm newborns may require several medical interventions that
can also induce ROS generation. Indeed, preterm neonates can have an
immature digestive system and therefore cannot digest food in spite of
their urgent need of nutrients. In this context, since parenteral nutrition
contains peroxides, it can be a source OS damage [6,35]. Preterm
newborns usually require a formula feeding, since mothers have usually
more difficulty to produce milk after a PTB. In preterm newborns,
formula feeding induce higher OS than human milk feeding which is
known to improve endogenous antioxidant activities and have exo-
genous antioxidants and anti-inflammatories properties [10,23,36]. In
addition, the milk fortifiers used in the formula to improve the bone
mineralization of preterm newborns have been shown to increase OS
level [10].

The resuscitation with high fraction of inspired oxygen (= 0.9)
required for preterm newborns who exhibit immature lungs, surfactant
deficiency, an unstable thoracic cage and weak respiratory muscles
induced elevated OS mainly explained the hyperoxia effects on ROS
production [4,5,37].

To compensate their deficiencies in erythropoiesis inducing anemia,
preterm newborns need blood transfusions that increase ROS produc-
tion through an increase of free iron in blood [7].

A majority of preterm newborns suffer from hyperbilirubinemia and
therefore need UV phototherapy as treatment. However, phototherapy
increase ROS generation [8]. Moreover, preterm newborns are highly
susceptible to infections as they are born with an immature immune
system that may also contribute to increased OS [9]. As previously
mentioned, these preterm newborns are also prone to the development
of diseases such bronchopulmonary dysplasia, chronic lung disease,
periventricular leukomalacia, intraventricular hemorrhage, retinopathy
of prematurity and necrotizing enterocolitis that can increase ROS
production. Another source of ROS production could be due to the high
growth rate observed at birth in preterm newborns [38] and therefore
high mitochondrial activity, resulting in higher metabolic rates [10]
and positive association to mitochondrial ROS production. The higher
metabolic rate could even be enhanced by the lack of heat production
resulting from lower brown adipose tissue percentage in preterm
newborns. However, further investigations are needed to test this hy-
pothesis. Finally, term newborn infants with small for gestational age
(SGA) have higher OS level and lower antioxidant defenses at birth than
term newborn infants with normal weight for gestational age [26,39].
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Similarly, preterm newborns SGA exhibit higher OS level and lower
antioxidant defenses than preterm newborns with appropriate weight
(Table 1) [11,16]. This suggests that the low birth weight could con-
tribute, in part, to the higher OS level in preterm newborns.

As a result, lower antioxidant defenses associated with numerous
sources of ROS overgeneration can disrupt the redox balance and lead
to OS in preterm newborns.

2.3. Oxidative stress-associated diseases in preterm newborns

OS was suggested to be involved in several diseases associated with
PTB, such as bronchopulmonary dysplasia or chronic lung disease,
periventricular leukomalacia, intraventricular hemorrhage, retinopathy
of prematurity and necrotizing enterocolitis [37,40]. Indeed, although
the causes of these pathologies are multifactorial, the levels of some
antioxidants are lower in newborns developing bronchopulmonary
dysplasia [17,29], necrotizing enterocolitis and intraventricular he-
morrhage [17], while the levels of OS markers are higher in newborns
developing bronchopulmonary dysplasia [17,37,40], retinopathy of
prematurity [37,40], necrotizing enterocolitis, periventricular leuko-
malacia and intraventricular hemorrhage [40] than in newborns
without these diseases. Moreover, OS levels correlate with the pre-
valence of these OS-associated diseases [40]. Therefore, as preterm
newborns are exposed to high levels of OS and have impaired anti-
oxidant defenses, their organs, in particular the retinas (retinopathy of
prematurity), lungs (bronchopulmonary dysplasia), brain (periven-
tricular leukomalacia, intraventricular hemorrhage) and intestines
(necrotizing enterocolitis) are more exposed to OS damages. These high
levels of OS, capable of inflicting damage on immature organs without
sufficient antioxidant defenses, may contribute to the development of
these diseases (Fig. 1). However, this assumption should be interpreted
with caution, as the inflammation caused by these pathologies is also
known to overproduce ROS and therefore the OS observed in those
newborns developing diseases could also be a consequence of the dis-
eases themselves. Nevertheless, whether these pathologies occurring at
birth could have consequences during adulthood and may result in a
higher susceptibility to the development of some disorders in which OS
is involved are thus far unknown.

3. Effects of PTB on oxidative stress after birth
3.1. Oxidative stress markers in individuals born preterm

Very few studies to-date have investigated the post-birth effects of
PTB on OS and redox balance. A few days after birth, higher levels of OS
markers have been reported in preterm compared to full-term new-
borns; higher levels of hydroperoxide was associated with lower levels
of vitamin E as well as SOD and cytosolic GPx activity in the ery-
throcyte membrane at least 3 days post-birth [19], higher levels of MDA

Chronic lung disease
Bronchopulmonary dysplasia
Periventricular leukomalacia
Intraventricular hemorrhage
Retinopathy of prematurity

Hypertension
Diabetes

Metabolic syndrome
Lung disorders

Necrotizing enterocolitis 4
1
1
?
1
1
L
1
1
. A4
Evidence of
Birth Adulthood

Fig. 1. The chicken and egg paradigm of oxidative stress in preterm from birth
to adulthood. PTB increases the risk to develop of several diseases at birth up to
adulthood. The higher oxidative stress during the life of PTB could have a role
in the pathogenesis of these diseases but could be induced by these diseases.
PTB: preterm birth, ROS: reactive oxygen species.
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in cord blood at least 4 days post-birth [15] and higher levels of ad-
vanced oxidation protein products and total hydroperoxide in plasma at
least 7 days post-birth [41]. Additionally, urine 8-OHdG levels can be
elevated for up to 100 days after birth in preterm compared to full-term
babies. This is also associated with lower glutathione peroxidase and
SOD activity in erythrocytes of preterm babies [42]. Taken together
these data confirm that, for a short time after their birth, OS levels
remain higher in babies born preterm than in those born at term.
Moreover, a study showed that blood vitamin A and E level is higher in
preterm newborns at discharge than at birth [17]. Although there is
little information about precise discharge time (between 7 and 49 days
with a median of 20.5 days), the antioxidant system of preterm new-
borns is likely improved during the first days of life. This was confirmed
by higher SOD activity in blood of preterm newborns at the expected
date of delivery than at their PTB [26].

More interestingly, lipid peroxidation, measured by the levels of 8-
isoprostane in exhaled breath condensate, was higher in adolescents
(13-15 years) born very preterm (between 28 and 31 weeks of gesta-
tion) compared to those born at term, regardless of bronchopulmonary
dysplasia history in those born prematurely. This suggests that OS is
likely due to the PTB per se and not to the development of lung diseases
or long-term oxygen exposure during resuscitation and therapy fol-
lowing birth [43].

Since excessive ROS concentration can reduce telomere length
measuring changes in telomere length is another indirect way to assess
OS levels [44,45]. Telomere length was reported to be similar in the
cord blood of preterm and full-term newborns at birth and in the saliva
of adolescents born preterm and at term [44]. On the contrary, shorter
telomeres were reported in leukocytes of preterm born young adults
(18-24 years), when compared to their full-term born counterparts
[45]. In addition, telomere length and lung disorders correlate only in
extremely preterm born adolescents [44]. To date, this potential in-
volvement of ROS in the reduction of telomere length in children and
adults born prematurely is not fully elucidated.

3.2. Oxidative stress-associated pathologies in adults born preterm

Recent meta-analyses showed that adults born prematurely have
higher risks of developing some diseases such as hypertension [46,47]
and as a consequence heart attack or stroke, type I and II diabetes
[48,49], metabolic syndrome [46] or lung disorders [50]. Moreover,
although the causes of these diseases are multifactorial, OS is known to
play an important role in their pathogeneses. Indeed, OS, by modifying
DNA and proteins, can alter or change gene expression and proteins
functions leading to the development and/or exacerbation of the ma-
jority of these non-communicable chronic diseases. In fact, ROS alter
vascular development, mostly through the up-regulation of hypoxia-
inducible factor-1a, involved in the regulation of the expression of
genes (e.g. vascular endothelial growth factor). ROS can also cause
endothelial dysfunction, inflammation and vascular remodeling mainly
by inhibiting nitric oxide bioavailability. These pathological mechan-
isms alter vascular tone and disrupt the control of blood pressure by the
brain [47,51], leading to hypertension. ROS can also impair the pro-
liferation and the development of @ pancreatic cells [48] and induce
insulin resistance by causing mitochondrial dysfunction, decreasing
glucose transporter type 4 expression, disturbing components of the
insulin signaling pathway and inducing inflammation [52], which can
all result in the development of type II diabete. Diabetes associated with
cardiovascular diseases can contribute to metabolic syndrome devel-
opment. Furthermore, ROS can induce inflammation in the lungs, dis-
rupt proliferation and function of ciliated epithelial cells, enhance
mucus production, activate airway smooth muscle contraction and
damage lung extracellular matrix. These changes can lead to the de-
velopment of asthma, chronic obstructive pulmonary diseases and/or
acute lung injury [53].

Therefore, a large body of evidence indicates that adults born
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preterm are prone to develop some diseases in which OS is involved. It
may be hypothesized that chronically elevated OS levels in adults born
prematurely could increase the risk of developing these diseases.
However, as these diseases are known to induce ROS overgeneration,
the observed increases in OS may also be a result of the higher pre-
valence of these diseases in this population. Further investigations re-
garding the role of OS in the development of diseases in children,
adolescents and adults born prematurely are required to improve the
understanding of the relationship between PTB, OS and chronic dis-
eases.

4. Oxidative stress modulation by external factors in individuals
born preterm

4.1. Acute physical activity

While overall OS levels have been reported to be significantly higher
in both newborns and adults born prematurely via endogenous/in-
trinsic mechanisms/pathways, other stimuli may also affect OS levels,
particularly physical activity and hypoxia.

Indeed, acute physical activity is known to increase OS levels and
antioxidant enzymatic activity in healthy populations [54,55]. While
the mechanisms involved in increased OS following exercise are mul-
tifactorial, the key factors include ROS overproduction within the mi-
tochondria due to an increase in oxidative phosphorylation [56,57]
catecholamine release and ischemic reperfusion-induced activation of
xanthine oxidase [58]. One may hypothesize that PTB could exacerbate
the OS response to exercise compared to those born full-term. On the
contrary, a PTB could also lead to a decreased OS response to exercise
due to a long-term PTB preconditioning effect, thereby increasing the
antioxidant defense to cellular redox disturbances. Currently, no study
to-date has examined the effects of acute exercise on OS modulation in
preterm born individuals. However, it has been recently suggested that
exercise capacity is reduced in those born preterm throughout their
lifetime as compared to full-term born individuals [59-61]. Therefore,
the same absolute intensity exercise might induce higher relative in-
tensities in preterm than born term individuals and thus potentially
increase OS [54-57]. Nevertheless, the effects of dietary habits and the
use of medicaments during pregnancy and lactation, in respect to the
health status of mothers and preterm newborns, that may modulate this
exercise capacity, have not been investigated. Given the above, it seems
integral to better understand the effects of acute physical activity on OS
modulation in preterm individuals in taking into account the clinical
and historical parameters of PTB (see paragraph “Causes of oxidative
stress in PTB”). More specifically, it is important, in this population, to
assess the methods in which physical exercise therapy can alleviate OS
levels, as it has been shown to do under other pathologic conditions
[62,63].

4.2. Hypoxia

Hypoxia is another stimulus that can modulate OS levels [64-70]
(see Table 2). Environmental hypoxia, resulting from a reduction of the
barometric pressure (hypobaric hypoxia) or a reduction of the fraction
of inspired oxygen (normobaric hypoxia), leads to a reduction of
oxygen partial pressure in the ambient air, provokes ROS production
and thereby increases OS [65,66]. It is known that OS is regulated
differently in hypobaric and normobaric hypoxia, the former leading to
lower levels of stimulation [67,71]. Hypoxia is known to activate
xanthine oxidase pathway [72], to increase catecholamine production
[73] and to increase the rate of electron leakage within the mi-
tochondria [74]. All of these factors subsequently induce ROS over-
production and thereby modulate redox homeostasis increasing OS in
general population [65,66]. Currently, the effects of hypoxia exposure
on OS in adults born preterm population has not been investigated. In
addition to high altitude sojourns, preterm born individuals can also be
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Table 2
Studies investigating the acute and prolonged effects of environmental hypoxia on oxidative stress and antioxidant markers in humans.
Reference Study design Oxidative stress Antioxidant markers Summary
markers

[64] 13-day HH @ 4300 m 1 LPO 1 a-tocopherol Prolonged HH exposure augments oxidative stress.
Healthy active individuals (N = 18) | 8-OHdG 1 B-carotene

[65] 4-h HH @ 5500 m 1 GSSG (%) | TGSH Acute HH exposure augments oxidative stress.
Healthy active individuals (N=6) 1 TBARS

[66] 10-min exercise in NH @ 4800m & 1 MDA | FRAP (3000 m test only) Even high antioxidant capacity of elite athletes does not counteract
3-hour NH @ 3000 m acute NH-induced oxidative stress.
Elite athletes (N=41) 1 AOPP | a-tocopherol

[67]1 24-h NH & HH @ 3000 m 1 AOPP (higher in HH) 1 SOD (only in HH) HH induces higher oxidative stress level as compared to NH.
Healthy trained individuals (N=10)

[68] 10-day NH @ 4000 m TAOPP 1 GPx NH per se augments oxidative stress.
Healthy active individuals (N=6) 1 Nitrotyrosine

[69] 10-h NH & HH @ 3450 m 1 AOPP 1 GPx (HH only) HH provokes greater prooxidant/antioxidant imbalance than NH.
Healthy trained individuals (N=16) 1 SOD (HH only)

| FRAP
| UA

[70] 10-day NH exposure @ 4000 m 1 AOPP 1 Catalase NH exposure augments inactivity-related oxidative stress.

during bed rest | GPx

Healthy active females (N=12)

HH: Hypobaric hypoxia; NH: Normobaric hypoxia; |: significantly decreased; 1: significantly increased; LPO: Lipid hydroperoxides; 8-OHdG: 8-hydro-
xydeoxyguanosine; GSSG (%): oxidized glutathione percentage, TBARS: Thiobarbituric acid reactive substances, TGSH: total glutathione content; MDA: mal-
ondialdehyde; AOPP: advanced oxidation protein products; FRAP: ferric-reducing antioxidant power; SOD: superoxide dismutase; GPx: glutathione peroxidase; UA:

Uric acid.

exposed to hypoxia due to various respiratory and cardiorespiratory
insufficiencies, pathologic condition commonly observed in both new-
born and adult preterm cohorts [50,75]. As mentioned above for the OS
response to exercise, we can hypothesize that hypoxia exposure could
exacerbate the redox balance and increase OS in preterm born in-
dividuals. Meanwhile PTB adults may have lower OS responses, as
preterm individuals have been exposed to hypoxia early in life, they
could be “preconditioned” and have developed some mechanisms to
limit ROS overproduction in response to hypoxia. This potential lower
OS may play a role in the lower tolerance to acute mountain sickness of
preterm born individuals. Indeed, OS is known to stimulate ventilatory
chemosensitivity to hypoxia [76] and a lower hypoxic ventilatory re-
sponse is one of the risk factor of acute mountain sickness. Regardless of
the over or under stimulating mechanism, further studies are required
to know the vulnerability of PTB individuals to acute mountain sickness
and the underlying role of OS in this response.

Moreover, the investigations regarding the additive or combined
effects of hypoxia and exercise on OS modulation in born preterm in-
dividuals are lacking. Only one previous study has shown that exercise
capacity was similar under hypoxia between adults born at term and
those born preterm while exercise capacity is reduced in adults born
preterm under normoxia [61]. The authors of this study hypothesized
that cardiac or muscular adaptions in response to a PTB could pre-
condition preterm individuals to hypoxic environment. Therefore, fu-
ture well-controlled studies are warranted to assess both the detri-
mental or beneficial effects of environmental hypoxia on redox balance
modulation in preterm population.

5. Conclusion

PTB is a global problem, however due to development and pro-
gression of the medical world, there are an increasing number of pre-
term newborns reaching adulthood. Since preterm newborns are too
immature to withstand the environmental stress, they experience
higher OS levels. This is mostly underlined by the fact that preterm
newborns have immature defense systems against ROS, immature or-
gans and need medical treatments that increase ROS production.
However, little is known regarding the long-term effects of enhanced
OS in preterm born individuals. It was shown that OS persists after a
PTB and that subsequent redox imbalance could result in a
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“preconditioned” state. These adaptations could be involved in the
pathogenesis of several non-communicable chronic diseases during the
adulthood. Targeting OS in people born preterm early in their life,
administrating antioxidants or introducing regular physical exercise for
instance could be a strategy to limit the development of these diseases.
However, since ROS are essential to maintain cellular function, artifi-
cial manipulation of ROS levels could also lead to adverse outcomes.
This raises the question of specific OS-mediated responses to exercise
and hypoxia in preterm born individuals. However, further studies are
required to better understand the underlying mechanisms leading to
this persistent OS and its involvement in response to exercise and hy-
poxia exposures.
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