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Acute pulmonary injury, or acute respiratory distress syndrome, has a high incidence in elderly individuals and
high mortality in its most severe degree, becoming a challenge to public health due to pathophysiological
complications and increased economic burden. Acute pulmonary injury can develop from sepsis, septic shock,
and pancreatitis causing reduction of alveolar airspace due to hyperinflammatory response. Oxidative stress acts
directly on the maintenance of inflammation, resulting in tissue injury, as well as inducing DNA damages. Once
the DNA is damaged, enzymatic DNA repair mechanisms act on lesions in order to maintain genomic stability

and, consequently, contribute to cell viability and homeostasis. Although palliative treatment based on me-
chanical ventilation and antibiotic using have a kind of efficacy, therapies based on modulation of DNA repair
and genomic stability could be effective for improving repair and recovery of lung tissue in patients with acute

pulmonary injury.

1. Introduction

At least 2 billion people in the world are exposed to some toxic
component in the air, such as particles, chemicals and infectious mi-
croorganisms, making lungs vulnerable to injuries, causing respiratory
incapacity and/or death [1].

Acute lung injury (ALI), described in 1967 by David R. Ashbaugh as
a complex syndrome, is a syndrome that presents small variations in
severity when compared to those from acute respiratory distress syn-
drome (ARDS) [2].Therefore, ALI causes respiratory insufficiency not
fully explained by heart failure or fluid overload also bilateral opacities
not fully explained by spills, pulmonary collapse or nodules. This syn-
drome is characterized by increased permeability, as reflected in al-
veolar edema, due to epithelial and endothelial cell damage and neu-
trophil infiltration [3].

Epidemiology of ALI presents variations considering the difficulty
for obtaining a precise diagnosis, omission in the notification of cases
and regions where these cases occur in different countries [4]. How-
ever, in the United States, there is an average of 79 cases per 100,000
individuals per year [4,5] with clear seasonal variations and mostly in
winter. The increase in age, in range of 75-84 years, generates highest
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incidences reaching about 300 individuals per 100,000 per year [5],
achieving 190 thousand patients hospitalized annually, which causes
high costs for the health system in USA [6,7].

Inflammatory processes increase production of free radicals in lungs
and defense cells, which could establish oxidative stress and, in con-
sequence, DNA damages [8]. Free radicals generate direct damage in
DNA molecule, or as second messengers, which alter gene expression at
specific pathways in cellular signaling [9].

The integrity of genome is achieved after impact of different types of
free radicals [10], by enzymatic DNA repair mechanism of the three
excision repair pathways, base excision repair, nucleotide excision re-
pair and mismatch repair.

2. Pathophysiology of acute lung injury

ALI and ARDS are spectra of same potentially fatal disease char-
acterized by uncontrolled hyperinflammatory responses in lungs [11],
as defined by Berlin Conference in 2012, as shown in Table 1, their
categories and mortalities. Some parameters used for definition of this
disease were described by American-European Consensus Conference as
a syndrome of acute respiratory failure. These parameters were
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Table 1
Berlin categories and mortality for ALI/ARDS.

Biomedicine & Pharmacotherapy 119 (2019) 109412

Categories Oxygenation Mortality (%)
Mild 200 mmHg < PaO,/FIO, =300 mmHg with PEEP or CPAP = 5cm H,0 27
Moderate 100 mmHg < PaO,/FIO, <200 mmHg with PEEP or CPAP = 5cm H,0 32
Severe Pa0,/FIO, <100 mmHg with PEEP = 5 cm H,0 45

Abbreviations: PEEP - positive end-expiratory pressure; CPAP - continuous positive airway pressure; PaO, _ partial pressure of arterial oxygen;

FIO, . fraction of inspired oxygen.

characterized by bilateral pulmonary infiltrate on chest radiography,
compatible with pulmonary edema, occurrence of severe hypoxemia,
even as proportion of arterial oxygen to inspired oxygen fraction
(Pa0,/Fi0,) < 300 mmHg, regardless of final positive end-expiratory
pressure (PEEP), pulmonary artery occlusion pressure < 18 mmHg and
absence of clinical or echocardiographic signs of left atrial hypertension
[2,12].

The ALI/ARDS risk factors were classified as direct and indirect.
Direct risk factors, or direct lung injury, include pneumonia, aspiration
of contents, inhalation injury, lung contusion, pulmonary vasculitis,
non-pulmonary sepsis, multiple trauma, pancreatitis, non-cardiogenic
shock, drug overdose and the risk factor for indirect lung injury, to
acute lung injury associated with transfusion [13].

Pathogenesis at cellular and molecular levels can occur in alveolar
epithelium or in microvascular endothelium [14], the first one char-
acterizing alveolar ALI and the second one for extrapulmonary, being
the most common, which could occur after sepsis, pancreatitis and/or
septic shock [15]. However, the development of disease is relatively
uniform with diffuse inflammation in lung tissue [14].

The inflammatory process leads to formation of alveolar and inter-
stitial edema, which can progress to pulmonary fibrosis [14,15]. In-
flammatory cells, especially neutrophils, persist with secretion of
mediators, which prevent the resolution of inflammation [16]. These
are the main cause of death in patients with ALI [16,17].

In sepsis conditions, inflammatory response is initiated by re-
cognition of microbial antigens by specific receptors located on surface
of macrophages, such as TLR2 and TLR4 receptors (toll-like receptor
types 2 and 4, respectively) [18]. Among these microbial antigens,
bacterial cell walls components such as lipopolysaccharide (LPS) of
gram-negative bacteria [19]. Endothelial cells from alveolar capillaries
and type I pneumocytes (alveolar epithelial cells) are impaired [16]
and, with loss of normally rigid alveolar barrier, these are exposed to
fluids and macromolecules, alveolar epithelium, capillary endothelium,
extracellular matrix (ECM) and other cells, such as alveolar macro-
phages and fibroblasts [20].

Cell-matrix interaction influences a number of cellular processes,
including survival, migration, proliferation and differentiation [21]. In
interstitial and alveolar space occurs accumulation of a rich protein
liquid, cytokines (IL-1, IL-8 and TNF-a) as well as lipid mediators, such
as leukotrienes B4, which are present in lung at onset of disease pro-
gression [22]. These proinflammatory proteins and mediators cause
leukocytes, mainly neutrophils, to migrate into the interstitium and
pulmonary alveoli [23], whereby exposure to microorganisms, an in-
flammatory process is established, neutrophils are activated, which
migrate from the vessels to alveoli (Fig. 1). The extracellular matrix is
remodeled and there is extravasation of red blood cells. Within the
alveoli, intense production of proinflammatory cytokines, production of
free radicals and proteases. Fibroblasts produce metalloproteinases
degrading the matrix, and the pneumocytes begin to undergo apoptosis,
which is associated with production and release by leukocytes. This
matrix remodeling process causes reduction of alveolar airspace.

Condensed plasma proteins aggregate in air spaces with cellular
debris and dysfunctional pulmonary surfactant to form hyaline mem-
brane spirals [24]. In addition, pulmonary vascular injury occurs at the
beginning of ALIL causing a vascular obstruction and fibrocellular

proliferation [23].

Alveolar edema involves portions of lung leading to decreased
aeration and atelectasis [22,24]. Consequently, hypoxemia develops
and respiratory difficulty increases leading to dyspnea as well as ex-
acerbation of pathophysiological changes in alveolar spaces, which are
caused by microvascular occlusion, reducing pulmonary blood flow, in
addition to severe hypoxemia, hypercapnia secondary to increased lung
space also become prominent in ALI [25].

The progression of ALI is characterized into three sequential phases:
exudative, proliferative and fibrotic. In the exudative phase, which
occurs between the first and the seventh day after exposure to a risk
factor, the individuals have respiratory symptoms, such as dyspnea
[24]. Chest radiography images usually reveal alveolar and interstitial
opacities [22]. In differential diagnosis of ALI, the most common dis-
orders are cardiogenic pulmonary edema, diffuse pneumonia and al-
veolar hemorrhage [24]. In proliferative phase, comprising seventh up
to twenty-first day, most individuals recover and mechanical ventila-
tion is discontinued, despite that many individuals present dyspnea and
hypoxemia yet [16]. In fact, some of these can develop progressive lung
injury and early changes in pulmonary fibrosis during this phase [23].
Histologically, repair of lung tissue begins and there is a composition of
alveolar exudates and change from pulmonary infiltrate of neutrophils
to lymphocyte infiltrate [22]. There is a proliferation of type II pneu-
mocytes and synthesis of new pulmonary surfactants [22]. In addition,
there is presence of type III alveolar procollagen peptide, a marker of
pulmonary fibrosis, associated with a prolonged clinical course and
increased mortality [16]. While some individuals present lung function
recovering within a period of three to four weeks after initial lung in-
jury, others will enter the third phase, the fibrotic, requiring support by
mechanical ventilation and/or supplemental oxygen [23,24]. Presence
of extensive alveolar ducts and interstitial fibrosis are characteristic of
this proliferative phase as well as alterations in the acinar architecture
of the alveolar ducts, leading to changes similar to those seen in em-
physema with large blisters [24]. There is progressive vascular occlu-
sion and pulmonary hypertension, including risk of pneumothorax and
lung space alterations with consequence in diseases and mortality in-
crease [24].

Although there are palliative treatments, such as mechanical ven-
tilation and antibiotic use, several host factors can influence the ALI
pathogenesis, such as immunodeficiencies, genetic susceptibility, in-
fections and environmental factors [26].

3. Animal models

Pulmonary parenchymal injury induced by an insult as sepsis results
in ALI or ARDS, causing respiratory failure which can lead to death
[27]. ALI pathogenesis is complex and takes days or weeks to resolve.
Despite a lot of research, there is only one current therapy based on low
tidal volume ventilation [28].

Animal models could be used to simulate patients with development
of ALI. However, due to great difficulty for obtaining a relation of ALI
characteristics in experimental animal models, even with clinical cri-
teria established in humans that can be translated into laboratory ani-
mals [29,30], some of procedures are technically complicated and
specialized equipment is required.
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Fig. 1. Schematic representation of factors during progression of acute lung injury and theirconsequences. Dotted lines determine a tendency toward, while dashed

lines determine a consequence.

The experimental models based on primates are closer to complexity
of ALL, but these require specialized and expensive installations [27], so
the main models are still rodents, as mice and rats. Rodents are ac-
cessible, can be genetically manipulated and ALI can be induced by
direct or indirect techniques [31]. In human ALI or ARDS can develop
from pneumonia and sepsis, for example. These conditions are used in
mice and rats models by inoculation of gram-negative bacterial en-
dotoxin or lipopolysaccharide (LPS) [32]. These can be administered
directly in lungs by intratracheal injection or inhalation [33] or in-
traperitoneal via [34], to mimic a systemic inflammation, such that
induced by sepsis. Dejager and coworkers [35] reported that LPS ad-
ministration is considered a highly controllable and simple experi-
mental model that induces an acute response. However, LPS-mediated
signaling is strictly TLR4-dependent, which could not reflect all com-
plex human physiological responses.

Another experimental model proposed is based on lung injury in-
duced by mechanical ventilation [36]. This experimental model corre-
lates with lung injury induced by human ventilator of an additional
stimulus or extremely high tidal volumes, but this model does not in-
duce substantial lung injury in mice [37].

A widely experimental model used to simulate sepsis condition
culminating in acute lung injury is based on cecal ligation and puncture
[38]. It is considered a simple procedure, with presence of infectious
focus, because it is continuous polymicrobial sepsis, which recreates the
precession of human sepsis with hemodynamic and metabolic phases
[35].

Wan and coworkers [39] have demonstrated that lung injury caused
by cobalt nanoparticles generates oxidative stress, resulting in damage
and mutations in the DNA molecule. Studies discuss several animal
models of ALI with objective of assisting in choosing the most suitable
experimental model for specific scientific questions, as reported by
Matute-Bello and coworkers [31].

However, there is no reliable experimental model that present all
human ALI features. In fact, human ALI is not based on a single event
[40] and differences between human ALI and experimental models
could arise from variability of interspecies innate immunity [31].

Table 2 shows the advantages and disadvantages of three of these
experimental models for ALI induction according to Ballard-Croft and
coworkers [41] and Sipahi & Ataly [42]. Despite these limitations, the
use of experimental models is essential to study a number of human
diseases, as there is no substitute for testing therapeutic interventions in
individuals affected by these diseases.

4. Oxidative stress in acute lung injury

Inflammation is a natural defense mechanism, in response to
harmful factors, such as infections, resulting in tissue repair [43]. ALI
and other acute diseases are related to increased free radical produc-
tion, which could cause oxidation of lipids, proteins and nucleic acids
and these are recognized as inflammatory signals [44].

Atoms and molecules containing unpaired electrons in their last
electron layer are highly reactive and termed free radicals [45]. They
are produced as by-products during metabolism, exposure to sunlight
(ultraviolet light), ionizing radiation and toxic chemicals [45]. Among
free radicals, there are reactive species of oxygen (ROS) and nitrogen
(RNS) [45].

It suggests that inflammation can worsen clinical aspects due to
increased oxidative stress by release of proteins oxidized from macro-
phages, such as peroxiredoxin 2 (PRDX2), which triggers TNF-a pro-
duction in extracellular environment, indicating that these mechanisms
depend on redox in oxidative cascades and can induce inflammation
[44], making oxidative stress and inflammation a vicious circle.

Infectious conditions that cause lung injury due to development of
sepsis, which manifests as ALI or ARDS, increase free radical levels in
lung cells [16,46]. These free radicals cause oxidative stress altering the
mitochondrial DNA, by generation of bulky adducts and oxidized bases,
alteration of protein structure [47] and lipid peroxidation in cell
membranes, as plasmatic membrane, endoplasmic reticulum and Golgi
complex [48].

ROS and RNS act on NF-kB activation (nuclear kappa factor B) and
AP-1 (activating protein 1) promoting cell proliferation and survival
[49,50] and they are related to stabilization of HIF-la (hypoxia in-
duced factor 1 alpha), culminating in transcription of several genes
involved in metabolism, survival and cell death, angiogenesis, invasion
and metastasis [51] and in regulation of activated protein kinase by
AMP serine/threonine (AMPK), which contributes to energy metabo-
lism [52].

In conditions of increased inflammatory response, as those that
occur in ALL neutrophils and macrophages are the main cells for pro-
ducing ROS [53,54]. However, there is also increased ROS production
in endothelial and epithelial cells from the lung tissue [8,55].

In addition, high ROS levels in hypercapnia, acidosis and pulmonary
hypertension increase oxidative stress and risk of cell death [11,16] in
patients with septicemia leads to reduction of plasma volume and re-
duction of total antioxidant capacity [56].
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Table 2
Summary of advantages and disadvantages of three models of acute lung injury induction.
Model Advantage Disadvantage
LPS Good model of sepsis. Lung injury does not mimic human ALI/ARDS (minimal intra-alveolar neutrophilic infiltrates and
protein-rich alveolar edema).
Hyperoxia Good model of hemorrhagic injury.  Less intra-alveolar neutrophilic infiltrates than in human ARDS.

Mesenteric ischemia reperfusion Good models of sepsis.

Injury is localized primarily to the vascular and interstitial compartments of the lung.

Other studies also indicate that glutathione peroxidase (GPx) is an
important marker for oxidative stress in ALI, correlates with PaO,/FiO,
and oxidation index initially and in disease progression correlates with
PEEP (positive expiratory pressure final) used for treatment of in-
flammatory lung diseases [57]. Sarkele and coworkers [58] reported
that patients with ALI have higher concentrations of GSSG (the oxidized
form of glutathione) compared to control group, despite high levels of
F2-isoprostane (a marker of lipid peroxidation), which indicates oxi-
dative stress in patients with ALI [58].

Lee and coworkers [59] suggested that there is evidence pointing to
oxidative mitochondrial damage in lung injury models and this could be
considered a molecular sentinel in context of oxidative stress. These
authors showed that there is an association between mitochondrial
DNA damage and cell death by ROS. In another study was reported that
molecular patterns associated with pro-inflammatory mitochondrial
damage (TMDs), including mitochondrial deoxyribonucleic acid
(mtDNA) fragments and mtDNA-associated proteins, are released into
the circulation of severely diseased patients by inflammatory diseases,
which could occur in acute lung injury [60]. In addition, it was showed
that large numbers of mtDNA damage-associated molecular patterns
(DAMPs) in blood transfusions could predict the development of ALI/
ARDS [59]. Other authors have demonstrated in culture animal cells,
organs and animals that mtDNA DAMPs cause endothelial injury and
pulmonary edema [61,62]. Also, Ruchko and coworkers [63] demon-
strated that extent of mtDNA damage determines whether endothelial
cells from the pulmonary artery survive or activate an apoptotic death
pathway, and this refers to mechanism by which mtDNA damage in-
itiates an apoptotic cascade.

Under oxidative stress conditions, free radicals could act as second
messengers in specific pathways of cellular signaling, immune function
and signal transduction, affecting cellular homeostasis [64]. On the
other hand, these free radicals can react directly with the DNA mole-
cule, causing alterations in the nitrogenous bases, oxidizing them [65].
However, after damage, the DNA molecule can be repaired by enzy-
matic mechanisms [66], which is crucial for the maintenance of
genome integrity [67]. Table 3 summarizes some studies that relate
ALI, DNA damage and DNA repair mechanisms.

5. Maintenance of genome after DNA damage

Since there is damage in DNA molecule, different repair pathways
can be activated, one of them is specific for oxidative damages, but the
other could also act on these DNA damages. Described in the 1960’s,
excision repair can be divided into two: base excision repair and nu-
cleotide excision repair [68,69]. The base excision repair pathway has a
strong relation with the mismatch DNA repair pathway, which could
act on oxidized bases, besides acting in recognition and repair of base
numerical alterations [70].

5.1. Base excision repair (BER)

Oxidative damages in the DNA molecule can be caused mainly by
ROS, generating damages in nitrogenous bases and simple chain breaks
[71]. The increase in basal level of oxidative damages in DNA is asso-
ciated with several age-related diseases, including cardiovascular dis-
eases [72], cancer [73] and neurodegenerative diseases [74]. The main

oxidized bases are 8-oxo-guanine (8-0xoG) and 5-hydroxycytosine,
which unpaired with adenine and thymine, respectively, are the most
commonly oxidized bases [75]. As previously described, ALI con-
tributes for increasing of free radicals, causing oxidative stress, which in
turn could damage the DNA molecule and, consequently, activate BER
mechanism [76], which acts on single strand breaks, oxidized bases,
and on relatively bulky adducts [77].

Evolutionarily conserved, BER has high functional sequence
homology from bacteria to mammals presenting two pathways: short
patch BER pathway to repair a single damaged base and long patch BER
pathway, which is capable of removing two to eight damaged bases
[76] (Fig. 2).

Excision of a damaged base is carried out by a DNA glycosylase,
which marks the beginning of this mechanism of DNA repair. One of
these active glycosylases is 8-oxoguanine (OGG1), which is able to re-
cognize the damage, promote the hydrolysis of the N-glycosyl bond and
exhibits lyase activity [78]. The action of glycosylases produces an
abasic site, which is recognized by an apurinic/apyrimidinic en-
donuclease, such as APE 1 and APE 2 (apurinic/apyrimidinic en-
donuclease 1 and 2, respectively), which in turn produces breaks in the
5’ and 3’ phosphodiester linkage at the abasic site [78].

PARP1 (Poly [ADP-ribose] polymerase 1) modifies the polarity of
DNA strand for recruitment of other proteins required for DNA repair
[79]. Rapamycin, Torin 1 and PARP1 interact with XRCC1 (X-ray repair
cross-complementing group 1) in order to stimulate APE1 for cleavage
of phosphate skeleton so that DNA polymerase 3 (POLf) can insert a
new nucleotide [80]. In addition, POLB exhibits phosphodiesterase
activity, which hydrolyzes the 5" unmodified ends [81], permitting the
subsequent connection of the new nucleotide to DNA sequence by ac-
tion of the DNA ligase III, which finish the DNA repair [82].

This mechanism is considered generic and flexible, capable of re-
cognizing and repairing a large number of damages, thus becoming
fundamental for cells [80]. In addition, the choice of long or short
pathways is attributed to the number of damages and the availability of
ATP in the abasic site environment [83].

Sergio and coworkers [84] reported that in an experimental model
for ALI, by LPS administration, there are reduced relative levels of
mRNA from OGGI gene, suggesting that this could be part of cellular
response to sepsis. Lee and coauthors [59] show the association be-
tween mitochondrial DNA damages and ROS cell death is inversely
related to the efficiency of a mitochondrial DNA repair, mediated by
OGG1. They also reinforce that overexpression of OGG1 could have
effects on nuclear DNA repair, thereby reducing sensitivity to oxidative
damage and cytotoxicity accordingly. In knockout rats, there are per-
sistent damages in the mitochondrial genome culminating in increased
apoptosis.

5.2. Nucleotide excision repair (NER)

BER acts on specific oxidative damage, but in development of ALI,
oxidative stress could damage the DNA molecule in lung and immune
cells and consequently activate BER and NER, which effectively con-
tributes for DNA repair [85].

NER recognizes double strand distortion damages, such as cyclo-
butane pyrimidine dimers, 6-4 pyrimidine-pyrimidone chemical ad-
ducts and certain types of cross-links between the two strands of DNA
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Summary of studies on the relationship between acute lung injury and DNA damage/DNA repair mechanisms.

First author Title

Reference

Observations and Conclusion

Fu H 2017 Calcitonin gene-related peptide protects type II alveolar epithelial
cells from hyperoxia-induced DNA damage and cell death

Barker GF 2006  DNA damage induced by hyperoxia: quantitation and correlation
with lung injury

Wan R 2017 Cobalt nanoparticles induce lung injury, DNA damage and

mutations in mice

Simmons JD Potential contribution of mitochondrial DNA damage associated

2017 molecular patterns in transfusion products to the development of
acute respiratory distress syndrome after multiple transfusions
Lee YL 2017 Mitochondrial DNA Damage Initiates Acute Lung Injury and
Multi-Organ System Failure Evoked in Rats by Intra-Tracheal
Pseudomonas Aeruginosa
Sergio LPS Low-power laser alters mRNA levels from DNA repair genes in
2019 acute lung injury induced by sepsis in Wistar rats.

Exp Ther Med 13 (4)
1279-1284

Am J Respir Cell Mol
Biol 35 (3) 77-288

Part Fibre Toxicol 14

(1) 38

J Trauma Acute Care
Surg 82 (6) 1023-
1029

Shock 48 (1) 54-60

Lasers Med Sci. 34 (1)
157-168

Exposure to 60% oxygen for 24 h predisposes to oxidative damage
in cells of the alveolar epithelium, including DNA damage and
apoptosis; however, the peptide related to the exogenous
calcitonin gene attenuated the hyperoxic lesion and exerted a
cytoprotective effect, suggesting that the positive regulation of
expression may represent an alternative for the prevention of
hyperoxia-induced lung injury.

Exposure to oxygen caused damage to the DNA base of lung cells
as a primary effect of the attack of reactive oxygen species on
DNA, which implies the ability of inhaled oxidants to alter the
lung genome. Prolonged exposure led to DNA tape breaks
suggesting that a side effect of activated nucleases during cell
death is likely and correlated with lung disease progression,
suggesting that cell injury plays a key role in oxygen pulmonary
toxicity.

Exposure to cobalt nanoparticles caused oxidative stress,
inflammation and lung injury and cell proliferation, which
resulted in DNA damage and DNA mutation with great frequency,
especially in the G:C to T:A transversion, which can be explained
by the greater formation of 8-OHdG induced by the nanoparticles.
Fresh frozen plasma and platelets contain large amounts of
extracellular mitochondrial DNA (mtDNA) that the amount of
mAMD:s associated with mtDNA administered during transfusion
may be a contributor to serum mtDNA DAMP levels, and that
serum levels of mtDNA DAMPs after multiple transfusions may
predict the development of ARDS. Therefore, serum measurements
of mtDNA DAMP may be predictive biomarkers for the evolution
of ARDS.

mt-targeted Oggl suppresses bacterial-induced lung tissue mtDNA
damage and ALI accompanied by attenuation of multiple organ
failure and lethality is strong evidence that mitochondrial genomic
integrity is a critical step driving injury propagation.

Acute lung injury alters the mRNA levels of DNA repair genes,
understanding that it would be part of the cellular response to
sepsis, and after treatment with low-power infrared laser, mRNA
levels of DNA repair genes are modulated in lung injury acute.
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Fig. 2. Schematic representation of base excision repair and its main proteins.
Short path (for a damaged base) and long path (for up to eight damaged bases).

[86], removing from 22 up to 30 nucleotides [87]. However, Melis and
coworkers [88] reported that NER could act on oxidized bases, and the
results presented by Berra and coworkers [89] showed the interaction
of NER proteins with other DNA repair pathways that act on DNA da-
mages induced by oxidative stress. This mechanism involves more than
30 enzymes in two pathways, global genome repair (GGR) and tran-
scription-coupled repair (TCR) [69] (Fig. 3). Fig. 3 represents a sche-
matic view of NER, where the major proteins are showed: PCNA
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(proliferating cell nuclear antigen), Lig (ligase), XP (xeroderma pig-
mentosum) protein, ERCC1 (excision repair cross-complementing 1),
RPA (replication protein A) and lig3 (ligase III), POLK (DNA polymerase
Kappa), DNA polymerase III, POL 8 (DNA polymerase 8) and RFC (re-
plication factor c). The former removes the damage in non-transcribed
regions, while latter acts on transcribed genes. Another difference be-
tween GGR and TCR is proteins that initiate the repair process by
identification of lesions.
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Fig. 4. Schematic representation of mismatch DNA repair pathway and its main proteins.

XPC/HR23B complex carries out the primary recognition of da-
mages and recruits other proteins [90], such as CSA and CSB ("Cock-
ayne Syndrome" A and B), which act removing RNAPII (RNA poly-
merase II) in damaged DNA, enabling DNA repair [91].

XPE (xeroderma pigmentosum complementation group E) complex
recognizes other damages not identified by XPC complex (xeroderma
pigmentosum complementation group C) [89]. TFIIH (transcription
factor of RNA polymerase II) is composed of ATP-dependent subunits
(p62, p52, p44, p34, cdk?, cyclin H and MAT1), in addition to these
subunits, 2 helicases, called XPB and XPD (xeroderma pigmentosum
group B and D, respectively). TFIIH is recruited to damage site, and
performs search 5’ to 3’ for a short distance before anchoring on DNA
damages in cooperation with other protein components, by catalytic
activity, unfolds the DNA molecule [92], allowing the assembly of other
proteins.

ATP-dependent 5’-3’ helicase (XPD/ERCC2) is essential for NER to
maintain the stability of entire complex formed through the interaction
of C-terminal portion with p44 subunit [93]. After RPA (replication
protein A), XPA and XPG (xeroderma pigmentosum group A and G,
respectively) perform pre-incision and repair synthesis. The incision is
performed by a heterodimer among XPF (xeroderma pigmentosum
complementation group F), ERCC1 and XPG, occurring in nucleotide
sequences with about 15-24 nucleotides on the 5’ side and about 2-8
nucleotides on side 3’ of the damage [94].

During 3’ cleavage, synthesis of new DNA fragment is initiated prior
to 5" incision by XPG [91], meanwhile, SIRT1 (sirtuin nuclear protein 1)
plays a dual role in promoting NER by stimulating the recognition of
damages by promoting the expression of XPC protein [88]. Also, SIRT1
stimulates the excision of damages, promoting the assembly of NER
endonuclease in sites damaged by deacetylation of XPA protein [93].
RPA, RFC, PCNA and polymerases 0/¢ perform DNA synthesis and DNA
ligases (LIG1 or LIG3) binds the new fragment to DNA strand [69].

The reduction of relative levels of ERCC2 and ERCC1 gene mes-
senger RNA in ALI model by LPS administration suggests that these

proteins are part of cellular response to sepsis, demonstrating the im-
portance of DNA repair mechanisms in ALI [84].

5.3. Mismatch repair pathway (MMR)

The DNA mismatch (MMR) repair pathway was initially described
in Escherichia coli [95] as a system for recognizing and repairing erro-
neous insertions, base deletions and/or incorrect incorporations of
these, which may occur during the process [96], being divided into
three stages: recognition, excision and DNA synthesis of failure com-
pletion. MMR in eukaryotic cells is less understood, and more complex
than in prokaryotic cells, but the steps are highly evolutionarily con-
served [97]. The recognition of helix distortion by the MutSa or MutSb,
next the MutL (heterodimer of MLH1 and PMS2) is recruited and form a
tetrametic complex on the DNA lesions (Fig. 4). Next PCNA and re-
plication factor C (RFC) is recruited and the DNA is nicked. PCNA assist
in the localization of with MSH2 and MLH1, and plays a key role in
DNA initiation and resynthesis in MMR [98]. Also, PCNA assists in the
localization of MutSa or MutSp in replicate DNA errors by interaction
with MSH6 and MSH3 [99]. Excision occurs at the time PCNA is di-
rected in the 3’ direction, while EXO1 (exonuclease 1) is directed in the
5’ direction, due to its role as exonuclease, where this complex performs
the excision of the incompatible base [100].

After that, the DNA molecule needs to be remade, so the third phase
of MMR (DNA synthesis) should be accurate. Furthermore, RPA is
phosphorylated after POL § is recruited to the gapped DNA substrate.
RPA facilitates MMR-associated DNA resynthesis more efficiently than
unphosphorylated RPA [101]. These results are consistent with the fact
that RPA-DNA complex might be required to protect nascent single
strand DNA and to displace DNA-bound MutSa/MutLa [102], while a
lower affinity of RPA-DNA complex might facilitate DNA resynthesis by
POL 3§, completing the third phase of this DNA repair pathway [101]. In
addition, RPA protein has different actions in MMR: binding to het-
eroduplex DNA before MutSa and MutLa, stimulation of mismatch-



L.P. da Silva Sergio, et al.

provoked excision, protection of single strand DNA gapped regions
during excision, facilitation of DNA resynthesis as well as it is phos-
phorylated after POL § is recruited to the gap DNA substrate [102].

The erroneous pairing of DNA, and many other pairs of non-cano-
nical DNA bases, tends to cause variations in the conformation of DNA
strands [103], these alterations are subject to repair by the MutS pro-
tein, which negatively influences the efficiency of DNA repair [104].

It was suggested that MutSa cooperates, or slightly overlaps, func-
tionality with BER pathway [107]. In fact, murine embryonic stem cells
deficient in MSH2 present repair efficiency of 8-oxodG markedly lower
than in wild-type control cells [105]. Also, it was demonstrated that
MutSa reduces the frequency of transversions from G:C to A:T trans-
versions resulting from A/8-oxodG mispairs in yeast [106]. However,
Repmann and co-authors [108] reported that MMR proteins do not
stimulate the repair of 8-0xoG in newly synthesized DNA.

In E. coli, defects in MutS or MutL proteins confer sensitivity to ul-
traviolet radiation and specifically inhibit transcription-coupled nu-
cleotide excision repair (NER) [109]. Bertrand and co-authors [109]
reported that MSH2 interacts with NER proteins, and that changes in
MMR increase the sensitivity to ultraviolet in NER-deficient cells, such
as MMR could play a secondary role in NER [110].

Also, MSH2 deficiency leads to hypersensitization to interstrand
crosslink by ultraviolet sensitizing agents [111], and many proteins that
participate in the repair of these DNA damages play important roles in
NER and other DNA repair pathways [112]. In fact, the presence of
DNA strand damage was determined by NER [112]. Zhao and co-au-
thors [113] reported that MutSp interacts directly with XPA-RPA and
XPC-RAD23B, forming a higher order complex that could participate in
interstrand crosslink repair.

Although evidence suggests that the MMR could be active during
ALI development being associated with oxidative stress, there are no
studies correlating ALI/ARDS with this DNA repair pathway. However,
it is possible this DNA repair pathway plays an important role in cor-
recting DNA damage in lung cells from ALI/ARDS patients.

6. Maintenance of mitochondrial genome after DNA damage

Mitochondria are essential eukaryotic energy-producing organelles
that present their own circular genome (mtDNA), which encodes elec-
tron transport chain subunits as well as transfer and ribosomal RNAs
[114,115].

Unrecognized mitochondrial DNA damaged could be harmful to
mammalian cells [116], but the underlying cause is not understood yet,
because the cell contains 50 up to 100 mitochondria and each mi-
tochondrion contains 10 copies of mtDNA. It is clear that increase of
free radical generation, with consequent establishment of oxidative
stress, leads to activation of mtDNA repair. Lacks in repair of these DNA
damages are related to aging [117] and cancer progression [118].

Since oxidative damage in mitochondria alters redox balance,
causing their functional decline, cells on high demand for mitochond-
rially generated energy are more affected by mtDNA damage [119].
Several human pathologies have been associated with increase of free
radical damage, damage in mtDNA and subsequent mitochondrial
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dysfunction. In fact, neurodegenerative diseases, such as Alzheimer's,
Parkinson's Disease, Friedreich's Ataxia and Huntington's disease, but
also diabetes mellitus, liver diseases and cardiovascular disease
(atherosclerosis) could be related to mtDNA damages [120].

During inflammation, the persistent release of cytokines, chemo-
kines, nitric oxide and ROS by resident cells attracts circulating immune
cells, which in turn respond by inducing a systemic response through
the activation of mtDNA-induced inflammatory pathways [121]. The
release of these, can cause more mitochondrial damage, developing a
vicious cycle, which reinforces the cycle leading to perpetuation of
inflammation [122]. Pro-inflammatory mediators, as well as ROS pro-
duced during sepsis, directly damage the mitochondrial respiratory
chain, causing damage to lipids, proteins, mtDNA and depletion of ATP,
compromising mitochondrial function [122].

Mitochondria have components of BER pathway, which act on ad-
ducts produced by the oxidation of DNA bases by free radicals, mainly
ROS [123]. As seen for the genomic DNA, the repair of mtDNA and its
components are well known. The sequence is initiated by monofunc-
tional glycosylases, which recognizes the damages, hydrolyzes the
glycosidic linkage resulting in the formation of apurinic or apyrimidinic
sites, among these glycosylases, UNG1 (uracil DNA glycosylase 1) and
MUTYH or mutY DNA glycosylase [124]. UNG1 removes uracil formed
by cytosine deamination [125], while MUTYH excises adenine error
inserted during replication into the second DNA strand opposite to 8-
oxodG, guanine, or cytosine [126]. After formation of apurinic/apir-
imidic site, AP endonucleases, such as APE1 cleaves the DNA strand,
generating a single break [127], allowing mitochondrial DNA poly-
merase y to remove phosphate deoxyribose due to its 5 — 3’ deoxyr-
ibose phosphate and insert a new nucleotide in the region [128].

Another class of glycosylases is bifunctional, capable of recognizing
lesions in the DNA and have additional enzymatic activity [129]. In
mitochondria, glycosylase (as 8-oxoguanine DNA glycosylase, OGG1,
and thymine glycol glycosylase, NTH1) were identified by the -elim-
ination of oxidized bases as well as enzymes able to catalyze successive
B and 8 deletions after removal of polynucleotide kinase 3’-phosphatase
(PNKP). The final stage of mitochondrial BER is the binding of the ends
catalyzed by DNA ligase 3 [123] (Fig. 5).

Studies have shown that some enzymes involved in repair of mtDNA
are actively translocated to mitochondria from cytoplasm in response to
mtDNA damages, and this is typical for double-locus (nuclear and mi-
tochondrial) enzymes, as human OGG1 and NTH1 [130]. This process
occurs under oxidative stress conditions, suggesting a specific signaling
initiation in the mitochondria and associated with mtDNA damages
[131]. Some mtDNA repair proteins with double localization can be
found in mitochondria only under conditions of oxidative stress. In fact,
this was shown for APE1 [132] and Cockayne's syndrome type A and B
protein (CSA and CSB) [133]. Supposedly, a signal induced by mtDNA
damages moves initially from mitochondria to cytosol and, in response
to this signal, the mtDNA repair proteins are translocated to mi-
tochondria.

Since both mtDNA and nuclear DNA are often damaged at the same
time, there must be regulatory pathways coordinating mitochondrial
and nuclear DNA repair processes, especially since some DNA repair
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Fig. 5. Schematic representation of mitochondrial DNA repair pathway.
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Fig. 6. Schematic representation of intervention in DNA repair as an alternative treatment for acute lung injury.

enzymes operate in both compartments [134]. Mitochondrial isoforms pathogenesis of supportive treatment with protective pulmonary me-
of BER glycosylases are produced by alternative splicing, which opens chanical ventilation strategy remains the only treatment with survival
the possibility for regulation at the post-transcriptional level for these perspective. Most clinical trials in ALI targets on mechanically venti-
glycosylases [135]. Oxidative stress causes the translocation of the p53 lated patients. Therefore, new therapies are necessary, with the search
protein to mitochondria [136]. It is known that p53 participates in for therapeutic targets, as new antibiotics for treatment of sepsis.
nuclear DNA repair, but also this protein removes 3’-end containing 8- Therapies that modulate DNA repair mechanisms could contribute to
oxodG due to 3’-exonuclease activity in the presence of the single- improving patients with acute lung injury or acute respiratory distress
stranded DNA binding protein (SSB) [137]. It is commonly believed syndrome.
that p53 interacts with DNA polymerase y and regulates its activity in In an experimental model of ALI induced by intraperitoneal ad-
BER [138]. p53 was found to facilitate the removal of oxidized bases ministration of lipopolysaccharide, pulmonary parenchyma is severely
from mtDNA through interactions with OGG1 and APE1 [139]. In ad- affected, with reduction of pulmonary alveoli and thickening of the
dition, p53 regulates gene transcription encoding OGG1 [140]. interalveolar septa. However, Sergio and coworkers [145] show that
Two ERCC (ERCC6) and ERCC8 (CSA - Cockayne's syndrome type A after exposure to low power infrared laser (AsGaAl, 808 nm, 10 and
protein) proteins related to NER were detected in mammalian mi- 20 J/cm?) as an alternative and non-invasive treatment, it was observed
tochondria at extremely low levels, being markedly increased in cells reduction of septum thickening, increase in alveolar airspace, reduction
under oxidative stress [131]. Also, CSB and CSA proteins are imported in area and number of cells inflammatory infiltrate. In another study,
into mitochondria only during oxidative stress, where they bind to exposure to low power laser at low fluences was able to alter mRNA
mtDNA and to some proteins involved in BER such as OGG1 and SSB levels from genes related to apoptosis, such as Caspase-3 and Bcl-2,
[141]. However, since nuclear NER requires the involvement of other preventing cell apoptosis and reducing DNA fragmentation in lung cells
enzymes, which are not found in the mitochondria, it is possible that as well as increasing DNA fragmentation only in cells present in in-
NER in the mitochondria differs from the that in cell nucleus or that in flammatory infiltrate [146].
the mitochondria, the CSB and the CSA perform other functions, as DNA Lee and coworkers [59] demonstrated the key role of OGG1 protein
repair and transcription, similarly to their role in cell nucleus [135]. on suppression of mitochondrial DNA damages in lung tissue injured by
On the other hand, MMR in the mitochondria is under study yet, Pseudomonas aeruginosa. Also, Ye and coworkers [147] reported the role
because only some of the essential factors involved in this DNA repair in of OGG1 in pulmonary hyperoxide conditions in innate immunity.
the cell nucleus have been identified into mitochondria so far [123], but Under these conditions, increased DNA fragmentation was found by
removal of non-complementary G:T and G:G pairs has been demon- comet assay and OGG-1 deficient animals had impaired immune func-
strated in vitro in mammalian mitochondrial lysates. Interestingly, tions, resulting in high infiltration of polymorphonuclear cells in lung
MMR was observed in mitochondrial extracts without MSH2, indicating and an exacerbated inflammatory response. OGG-1, in this model, in-
that the MMR in mitochondria differs from that in cell nucleus, where teracts with genes related to autophagy by molecular binding, which
MSH2 acts as a key factor [142]. controls NF-kB nuclear translocation, leading to high levels of ROS and
The YB1 protein is another nuclear MMR factor being, different proinflammatory cytokines, thus suggesting as a new target for clinical
from other MMR proteins in the nucleus, partially located in mi- interventions.
tochondria. When expression of YB1 is negatively regulated by knock- Similarly, other studies have demonstrated possibilities in the
down with interfering RNA (siRNA), MMR activity in mitochondrial modulation of other DNA repair genes in different experimental models.
extracts decreases [143]. Therefore, YB1 could be involved in mtDNA It was observed alteration on mRNA ERCC1 and ERCC2 (excision repair
repair, although other nuclear MMR participant has not been detected cross-complementation group 1 and 2, respectively) levels after low
in mitochondria, as suggested by Zinovkina [135]. power lasers exposure [148]. Also, these lasers were able to modulate

ATM (ataxia-telangiectasia mutated) and p53 [149,150] and APE1l
mRNA levels [150].

Exposure to oxygen (hyperoxia) could cause damages in ni-
trogenous bases in lung cells and this is consistent with primary effects
of ROS, demonstrating that inhaled oxidants have ability to alter

7. Therapeutic targets

ALI or ARDS continues to be a cause of morbidity and mortality in
critically ill patients. Despite a better understanding of ALI
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pulmonary genome [151]. These authors also reported DNA strand
breaks in a small proportion of lung cells with prolonged oxygen ex-
posure as well as effects of IL-6 expression on DNA damages, which
modulates cell death pathways and prevents short-term tissue damage.

OGG1, ERCC1 and ERCC2 were also one of targets of studies by
Sergio and coworkers [84], being suggested that DNA repair is part of
cellular response to sepsis observed in an experimental model of ALI by
LPS due to exposure to low power infrared laser modulates mRNA le-
vels from BER and NER. These studies indicate that new strategies for
treatment of ALI/ARDS are feasible and assessments of DNA repair
mechanisms could contribute to improving clinical status in the de-
velopment of ALI/ARDS (Fig. 6). However, studies are necessary to
evaluate the eficacy of modulation of these DNA repair pathways on
ALI/ARDS.

8. Conclusion

In the development of ALI/ARDS, the inflammatory process is in-
tense, resulting in oxidative stress mediated by free radicals in lung and
immune cells, which cause damages in DNA molecule. Despite few
studies have focused on oxidative damages in ALI/ARDS, DNA repair
plays a crucial role for adaptation to harmful conditions, cell responses
and tissue repair. In fact, BER, NER and MMR pathways are important
for enabling lung or adjacent cells to survive in oxidative stress by ef-
fective repair of nuclear and mtDNA damages. Also, these pathways are
closely connected, such as regulatory connections among them and
genes encoding proteins involved in DNA repair could be ther-
apeutically modulated. Thus, repair pathways involved in DNA in-
tegrity and genomic stability could be considered as targets for devel-
opment of new therapies for reducing morbidity and mortality of ALI/
ARDS patients.
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