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Abstract: N-acetylcysteine (NAC) can take part in the treatment of chronic respiratory
diseases because of the potent mucolytic, antioxidant, and anti-inflammatory effects of
NAC. However, less is known about its use in the treatment of acute lung injury. Nowadays,
an increasing number of studies indicates that early administration of NAC may reduce
markers of oxidative stress and alleviate inflammation in animal models of acute lung
injury (ALI) and in patients suffering from distinct forms of acute respiratory distress
syndrome (ARDS) or pulmonary infections including community-acquired pneumonia or
Coronavirus Disease (COVID)-19. Besides low costs, easy accessibility, low toxicity, and
rare side effects, NAC can also be combined with other drugs. This article provides a review
of knowledge on the mechanisms of inflammation and oxidative stress in various forms of
ALI/ARDS and critically discusses experience with the use of NAC in these disorders. For
preparing the review, articles published in the English language from the PubMed database
were used.
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1. Introduction

NAC is a widely used therapeutic agent because of its potent antioxidant and mu-
colytic action. In addition, NAC is useful as an antidote for acetaminophen (paracetamol)
intoxication. However, NAC also possesses numerous anti-inflammatory, anti-fibrotic,
and cytoprotective effects which favor its use in the treatment of various inflammatory
disorders including pulmonary diseases.

There is an increasing body of evidence indicating that early administration of NAC
may reduce oxidative stress and mitigate inflammation in both animal models of ALI and in
patients suffering from distinct forms of ARDS including community-acquired pneumonia
or COVID-19. The advantages of using NAC are mainly its low cost, wide availability,
low toxicity, and rare side effects. Moreover, animal studies showed that NAC can also be
easily combined with other drugs with anti-inflammatory effects such as corticosteroids
and statins, or with exogenous surfactant.

This article provides a review of knowledge on the mechanisms of inflammation and
oxidative stress in various forms of ALI/ARDS and critically discusses experience with the
use of NAC in these disorders. For preparing the review, articles published in English from
the PubMed database were used.
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2. ALI and ARDS
2.1. Definitions of ALI and ARDS

Acute respiratory distress with the typical clinical picture of tachypnea, severe cyanosis
unresponsive to oxygen administration, decreased lung compliance, and the presence of
diffuse alveolar infiltrates on chest X-ray was first described in 1967 by Ashbaugh et al. [1].
Later, the American—-European Consensus Conference in 1994 defined the following criteria:
(a) acute onset of symptoms after a known risk factor with a maximum within a week;
(b) severe hypoxemia resistant to oxygen therapy, with a more severe form of respiratory
insufficiency defined by a ratio between arterial partial pressure of oxygen and fraction of
inspired oxygen (PaO,/FiO;) < 200 mmHg (26.7 kPa) named “Acute Respiratory Distress
Syndrome (ARDS)”, and a milder form of this syndrome with PaO, /FiO, 200-300 mmHg
(40 kPa) named “acute lung injury (ALI)”; (c) diffuse bilateral infiltrates on chest X-ray;
(d) absence of cardiogenic pulmonary edema verified by wedge pressure in the pulmonary
artery < 18 mmHg or absence of clinical symptoms of hypertension of the left ventri-
cle [2]. More recently, the so-called Berlin Classification in 2012 defined three degrees
of ARDS according to hypoxemia at a level of positive end-expiratory pressure (PEEP)
of >5 cmH,0O (0.5 kPa): (a) mild ARDS with PaO,/FiO, between 200 and 300 mmHg,
(b) moderate ARDS with PaO,/FiO; between 100 and 200 mmHg, and (c) severe ARDS
with PaO, /FiO, < 100 mmHg. The term “acute lung injury” was omitted from the Berlin
definition and nowadays it has been used as a general term describing acute lung damage or
for experimental models where the clinical criteria of the definition cannot be fulfilled [2—4].

2.2. Epidemiology and Mortality of ARDS

The incidence of ARDS varies due to regional genetic variability, differences in health
care systems, and different diagnostic criteria for ARDS [5]. The multicenter prospective
study carried out in 459 intensive care units in 50 countries in 5 continents revealed that
ARDS represented 10.4% of total admissions to ICU and 23.4% of all patients requiring
mechanical ventilation. The prevalence was 30.0% for mild ARDS, 46.6% for moderate
ARDS, and 23.4% for severe ARDS, and overall, unadjusted ICU and hospital mortality was
35-45%, in relation to ARDS severity [6]. These findings agree with the Berlin definition, in
which the estimation of mortality based on increasing severity resulted in 27% mortality
in mild ARDS, 32% mortality in moderate ARDS, and 45% mortality in severe ARDS [3].
The ARDS mortality may be attributable to the respiratory failure itself, or to sepsis and
multiple organ failure [7]. The recent COVID-19 pandemic has substantially increased the
prevalence of ARDS and highlighted challenges linked with this syndrome, including its
high mortality and lack of effective pharmacotherapy [8].

Most ARDS survivors may recover to normal or near-normal lung functions. How-
ever, many of them remain burdened by functional limitations because of marked and
persistent muscle weakness, polyneuropathy, sensorineural hearing loss, etc., or because of
mental disorders such as depression, anxiety, post-traumatic stress disorder, or cognitive
impairment [9,10].

2.3. Causes and Risk Factors of ARDS

ARDS may develop due to direct (pulmonary) or indirect (extrapulmonary) insults.
The most common causes of direct ARDS are pneumonia (mainly of bacterial or viral
origin), aspiration of gastric contents, near-drowning, inhalation of toxic gases or smoke,
etc. The indirect ARDS may origin due to non-pulmonary sepsis, severe trauma with
shock, pancreatitis drug abuse, burns, etc. [11]. However, other factors increasing the
risk of ARDS have been recognized such as genetic factors determining susceptibility or
resistance to ARDS, virulence of the pathogen, environmental factors (cigarette smoke
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exposure and environmental pollution), older age (>65 years), race, sex, chronic alcohol
abuse, concomitant chronic diseases, etc., [12,13].

2.4. Major Pathomechanisms of ARDS

The underlying pathomechanisms of ARDS have been previously discussed in numer-
ous excellent reviews [8,11,12,14]. Therefore, this article brings only the basal information
that is necessary to understand the issues of inflammation-related oxidative stress in ARDS
as a rationale for the use of antioxidants, including NAC, in the treatment of this syndrome.

ARDS usually develops in two phases: the acute (or exudative) phase which occurs
within the first 7 days after initiating insult and the resolution (or proliferative) phase which
follows the initial phase [14]. In half of the patients, the exudative phase may be linked with
diffuse alveolar damage leading to severe interstitial and alveolar edema, associated with
higher mortality [15]. Acute alveolar injury results from the alteration of both epithelial
and endothelial cells. Epithelial cell destruction, cell necrosis/apoptosis, and denudation
of the alveolar basement membrane are responsible for edema and alveolar hemorrhage.
In addition, injured epithelial cells may enhance the production of procoagulant factors
and the deposition of intra-alveolar fibrin [14].

The alteration of endothelial cells includes a functional breakdown in endothelial junc-
tions and activation of the cells by inflammatory signals from microbes (toxins), damaged
cells (endogenous danger-associated molecular patterns), or activated immune cells (e.g., tu-
mor necrosis factor (TNF)«, interleukin (IL)-1f as a product of the inflammasome activation,
angiopoietin 2, vascular endothelial growth factor (VEGF), platelet-activating factor (PAF),
etc.) [12]. Activated endothelial cells generate various bioactive substances (e.g., angiopoi-
etin 2) and stimulate the accumulation of leukocytes, eventually forming neutrophil-platelet
aggregates, in the lungs, increasing vascular permeability for proteins [12].

An additional burden is linked with the excessive recruitment and activation of
immune cells, particularly neutrophils. These cells release huge amounts of proteolytic en-
zymes (such as neutrophil elastase) and reactive oxygen species (ROS) and form neutrophil
extracellular traps (NETs), which contribute to endothelial and epithelial damage [12].
The activation of neutrophils is often associated with platelets, important not only in trig-
gering NETs but also in thrombogenic activity. In addition to neutrophils, intra-alveolar
macrophages generate potent chemotactic factors such as IL-8 and monocyte chemoat-
tractant protein (MCP)-1 attracting additional neutrophils and monocytes from the blood
into the lungs. Despite being more resistant to injury than the endothelium, the extent of
epithelial injury in the early phase of ARDS is an important determinant of the severity of
ARDS [14].

Clinical recovery is strongly dependent on the repair of injured epithelium during the
proliferative phase of ARDS which may last several days up to several weeks. Epithelial
repair is based on the proliferation of alveolar cells type II and their trans-differentiation to
type I cells under the complex influence of growth factors and co-operating cells (fibroblasts,
endothelial cells, and epithelial cells) [16]. Once the alveolar epithelium is restored, pro-
resolving macrophages remove the dead cells and debris and alveolar epithelial cells
reabsorb the edematous fluid. Unfortunately, in some cases, the repair process does not
lead to complete healing as dysregulated fibroblasts produce excessive amounts of growth
factors and deposit collagen, leading to interstitial fibrosis [14].

Summarizing, the severity of epithelial and endothelial injury is a major determinant
of clinical outcome in ARDS. Some authors speculate that the direct (i.e., pulmonary) and
indirect (i.e., non-pulmonary) causes of ARDS may be pathologically distinct. Supporting
this hypothesis, higher plasma levels of biomarkers of lung epithelial injury such as receptor
for advanced glycation end products (RAGE) and surfactant protein D were found in the
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patients with direct lung injury, whereas higher plasma biomarkers of endothelial injury and
inflammation were detected in the patients with indirect lung injury (including angiopoietin
2) [17]. An alternative approach has differentiated a hyperinflammatory subphenotype
in about 30% of the patients which was typical with high plasma levels of inflammatory
biomarkers (IL-6, IL-8, and soluble TNF receptor 1), low protein C, high prevalence of shock
and metabolic acidosis, and higher mortality, and a hypoinflammatory subphenotype in
about 70% of the patients which was characterized by lower levels of the inflammatory
biomarkers and lower occurrence of acidosis and vasopressor-dependent shock [18-20].
In addition, these subphenotypes responded differently to PEEP, fluid management, and
simvastatin therapy [20]. The mentioned data suggest that further research is needed to
identify specific patterns that may help to segregate pathways of lung and systemic injury
or direct and indirect ARDS, respectively [14].

2.5. ARDS Due to Severe Viral Diseases and COVID-19

As previously mentioned, oxidative stress is strongly involved in the pathogenesis of
ARDS. One of the direct pulmonary ARDS is pneumonia resulting from respiratory viral
disease, e.g., Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV-)2 infection. In
general, respiratory viral infections are linked with the activation of pro-inflammatory and
pro-oxidative pathways including nuclear factor (NF)-«B signaling, and the inhibition of
anti-inflammatory and anti-oxidative pathways including nuclear factor erythroid-derived
2-like (Nrf)2 signaling may lead to uncontrolled inflammation and redox imbalance [21].
The overproduction of ROS and deprivation of antioxidant mechanisms contribute not only
to viral replication [22], but are also implicated in inflammation, lung epithelial disruption,
tissue damage, and cell death resulting in macrophage activation. Moreover, oxidative
stress triggers an antiviral immune response, which in case of excessive activation may
lead to a “cytokine storm” and severe inflammation [21]. As the depletion of glutathione
(GSH) has been recognized as a key mechanism of redox imbalance in viral infections that
favors viral replication, the substitution of GSH via the administration of NAC seems to be
a reasonable approach [23].

Pathophysiology of COVID-19

Statistics have shown that infection with the SARS-CoV2 virus caused no symptoms
or mild COVID-19 disease in most patients, while 14% of the patients suffered from a
severe course of the disease, and a critical condition developed in 5% of the patients, which
in up to 50% of them ended fatally [24]. The majority of patients with severe COVID-19
disease had some associated comorbidities, such as diabetes mellitus, obesity, or cardiovas-
cular and immunosuppressive diseases. These are linked with chronic inflammation and
higher basal levels of ROS leading to dysfunction of endothelial and epithelial glycocalyx,
which contributed to a worse course and increased mortality from COVID-19 in these
patients [21,25].

While the pathophysiology of COVID-19 has some peculiarities, those specifics that
are essential for understanding the rest of the text are explained in this section. After the
SARS-CoV-2 virus enters the body, mechanisms of innate non-specific immunity, such as
physiological barriers, neutrophils, monocytes/macrophages, and dendritic and mast cells,
are involved in the initial response. Later, the mechanisms of specific immunity become
also engaged, with the activation of B- and T-lymphocytes, formation of antibodies, and
production of cells that are able to destroy the virus-infected cells [26].

For entry into the cell, SARS-CoV-2 binds to the host receptors, i.e., angiotensin-
converting enzyme (ACE)2 and transmembrane protease serine (TMPRSS)2. Because of
the highest ACE2 receptor distribution, the lungs are primarily affected, followed by the
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digestive tract, heart, kidneys, and brain [27]. After entering the cell, the virus releases its
RNA in the cytoplasm, which is recognized by receptors for pathogen-associated molecular
patterns (PAMPs). These receptors activate NF-kB which subsequently translocates to the
nucleus, where it induces the transcription of pro-inflammatory cytokines and chemokines
including interferon (IFN) I [26]. Interferons play a key role in the initiation of the inflam-
matory response. During active viral replication, elevated levels of IFN I inhibit the viral
replication and act as a chemoattractant for immune cells. SARS-CoV-2 causes a slowdown
in IFN I secretion, especially in elderly patients and patients with comorbidities, which
reduces chemotaxis and leads to a weaker immune response [28]. It also triggers faster viral
replication and overactivation of Th1 cells with higher IEN II (or IFNy) production. As a
result, activated macrophages generate high amounts of IL-1, IL-6, IL-8, and transforming
growth factor (TGF)-$3, also stimulating Th17 cells producing IL-17.

Together, these changes lead to the so-called “cytokine storm”, which is associated
with enormous oxidative stress and the depletion of the antioxidant system [29]. High
levels of oxidants damage the cell membrane and thereby reduce the functionality of
CD4+ T-lymphocytes and NK-cells, which also suppresses the antiviral activity of CD8+
T-lymphocytes and lowers the neutralizing capacity of antibodies [30]. Moreover, excessive
oxidative stress induces the activation of NF-«B in T-lymphocytes and macrophages, which
stimulates the production of pro-inflammatory cytokines, especially TNFo and IL-6 [26].
The activation of NF-«B, elevation of angiotensin II, and oxidative stress in COVID-19 also
stimulate the intracellular NLR family pyrin domain containing 3 (NLRP3) inflammasome.
This cytosolic multiprotein complex is able to turn on the inflammatory response via
activation of caspase-1 and conversion of IL-13 and IL-18 from their precursors and to
induce pyroptosis, a special type of cell death associated with intense inflammation [31,32].

Although the clinical picture of COVID-19 is mainly represented by the pulmonary
symptoms, the vascular damage and increased formation of thrombi are crucial factors in
the development of a severe disease. Endothelial dysfunction in COVID-19 is attributable to
multiple factors [33]. SARS-CoV-2 prevents the conversion of angiotensin II to angiotensin
1-7, which may counterbalance the detrimental effects of angiotensin I, generated by ACE2.
This leads to increased production of superoxide, nitric oxide (NO), and peroxynitrite in
various cells via the activation of nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase and NO synthase [34]. All together, the previously mentioned factors result in
endothelial dysfunction and local tissue damage. Furthermore, the SARS-CoV-2 virus spike
protein itself directly induces mitochondrial fusion and reduces endothelial NO synthase
(eNOS) activity, thereby contributing to damage of endothelial cells in various organs [35].
Endothelial injury, platelet activation, and release of coagulation factors leading to a pro-
thrombotic state enhance the release of pro-inflammatory cytokines, generating a vicious
cycle [36].

The above-mentioned inflammatory and oxidative changes including inflammasome
activation result in multiorgan damage with not only respiratory but also cardiovascular
and neurological manifestations which may persist for a long time [37,38]. The neurological
symptoms of COVID-19 likely originate from SARS-CoV-2 infection of the olfactory epithe-
lium expressing ACE2 receptor that leads to anosmia, as well as from the virus-induced
neuroinflammation and oxidative stress damaging biomolecules in the cells including
neurons that cause headaches, depression, cognitive impairments, or “brain fog” [39].

The elucidation of the prominent role of oxidative stress in the pathogenesis of COVID-
19 has suggested the perspective of implementing various antioxidative strategies including
NAC in the prevention and treatment of COVID-19.
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2.6. Standard Treatment of ARDS

Lung-protective ventilation with PEEP matching the fraction of inspired oxygen [40,41]
remains a fundamental approach in the management of ARDS. Although it does not
cure ARDS, its use provides a time window for recovery from respiratory failure and
supplies appropriate oxygenation and carbon dioxide removal [8]. Prone positioning is
another approach potentially improving oxygenation thanks to the mitigation of regional
heterogeneity in the distribution of ventilation [42,43]. In an attempt to control oxygen
consumption, additional approaches such as reducing body temperature [44], sedation [45],
and neuromuscular blockade [46] may be used. Standard therapy of ARDS also includes
supportive care in terms of fluid-conservative management [47], caloric supplementation,
and management of pain [8].

On the other hand, numerous trials testing the efficacy of various pharmacotherapies
have failed [48-50]. These inconsistent results are likely a consequence of the significant
heterogeneity of ARDS, clearly evident in its various causes, manifestations, and response
to therapy [4,18,20], challenging clinicians and researchers to discover new therapies that
may be potentially beneficial [8]. For instance, the use of antioxidants is supported by
the finding of inflammation-related oxidative stress in ARDS. However, the data from
large trials were rather inconsistent and did not demonstrate any positive response to the
administration of vitamin D [51,52] or vitamin C [53,54]. Thus, the goal of this article was
to review the efficacy of another antioxidant, NAC, in various animal models of ALI as
well as in clinical ARDS including COVID-19.

3. Pharmacological Effects of NAC Potentially Beneficial in ARDS

In respiratory diseases, NAC may be of benefit through different mechanisms of
action [55]. Other favorable effects of NAC have been discovered when it was used in
COVID-19 (Figures 1 and 2).

NAC is an N-acetyl derivative of the amino acid L-cysteine, which is a precursor of the
highly potent antioxidant GSH. NAC administration increases GSH levels by providing cys-
teine for GSH synthesis in the liver, and this action contributes to redox equilibrium [56,57].
In addition, NAC also acts as a direct antioxidant, due to the content of the -SH group,
which reacts with some oxidants, especially with nitrogen dioxide and hypohalous acids,
and less with hydrogen peroxide and superoxide [58].

NAC likely enhances the proliferation of lymphocytes, prolongs the longevity of CD8 +
cells, and decreases the production of cytokines, thereby restoring an appropriate inflamma-
tory response in a close relation between oxidative stress and inflammation [59]. NAC also
stimulates the expression of Nrf2, a transcription factor regulating antioxidant and cytopro-
tective enzymes [60], and via the stimulation of N1f2, NAC suppresses inflammation and
stimulates anti-inflammatory mechanisms [61]. NAC also reduces the activation of NLRP3
inflammasome, which is one of the first mechanisms of the innate immune response to viral
infection [62]. Additional anti-inflammatory effects of NAC result from the suppression of
oxidative stress-induced NF-kB activation [57] and also from modulation of cyclooxygenase
(COX)-2, matrix metalloproteinases (MMP), mitogen-activated protein kinases (MAPK), or
intercellular adhesion molecule (ICAM)-1 [63].
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Figure 1. Major actions of NAC useful in ARDS. Abbreviations: ACE: angiotensin-converting
enzyme; COX-2: cyclooxygenase; DNA: deoxyribonucleic acid; EMT: epithelial-mesenchymal transi-
tion; GSH: glutathione; HyO,: hydrogen peroxide; HOX: hypohalous acids; ICAM-1: intercellular
adhesion molecule; MAPK: mitogen-activated protein kinases; MMP: matrix metalloproteinases;
NF-«B: nuclear factor kappa B; NLRP3: NLR family pyrin domain containing 3; NO,: nitrogen
dioxide; Nrf2: nuclear factor erythroid-derived 2-like 2; O, ~: superoxide anion; PAI-1: plasmino-
gen activator inhibitor; RNA: ribonucleic acid; SARS-CoV-2: Severe Acute Respiratory Syndrome
Coronavirus-2; SMA: smooth muscle actin; VSMC: vascular smooth muscle cell; vWF: von Willebrand
factor; T: increase; |: decrease.

Moreover, the anticoagulant and thrombolytic effects of NAC could be beneficial.
NAC inhibits the production of some coagulation factors (f. II, VII, IX, and X) and causes
fragmentation in large von Willebrand factor (vWF) multimers by reducing disulfide
bridges of sulthydryl groups [64,65]. NAC can also reduce the activation of the coagulation
cascade in severe COVID-19 [66]. Likely due to the ability of NAC to break disulfide bonds,
NAC may also disrupt the aggregation of platelets and may break the bond between the
blood cells and the clotting factor, thereby maintaining blood fluidity [67]. In addition,
NAC has the potential to preserve endothelial function and mitigate micro-thrombosis in
severe forms of COVID-19 [66]. NAC may reduce thrombotic complications by inhibiting
the activity of plasminogen activator inhibitor (PAI)-1 [68], a procoagulant that positively
correlated with severe cases of COVID-19 [69].

NAC protects against the harmful effects of angiotensin II, the product of ACE activity
leading to vasoconstriction, inflammation, apoptosis, and generation of ROS, by inhibit-
ing ACE activity [70,71]. The NAC-induced restoration of ACE/ACE2 balance thereby
represents a valuable approach in the treatment of COVID-19.

In addition, NAC exerts its antiviral effects via activating TLR7 response to IFN-I,
which is able to inhibit the replication of RNA viruses including SARS-CoV-2 [72]. NAC
may also modulate the binding affinity of the SARS-CoV-2 virus to the ACE2 receptor, thus,
the binding affinity is decreased when the disulfide bonds of ACE2 and SARS-CoV-2 spike
proteins are reduced to sulfthydryl groups [73].
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Figure 2. Scheme of NAC action in ARDS or COVID-19, respectively. For more details, see the
text below.

4. NAC in Animal Models of ALI
4.1. Characteristics of Animal Models of Direct and Indirect ALI

In the preclinical testing, various animal models of ALI primarily targeting the alveolar
epithelium, capillary endothelium, or both alveolar epithelium and capillary endothelium
can be elicited to mimic direct or indirect ARDS [74,75]. Models of direct ALI generate
injury to the alveolar epithelial cells with local inflammation; elevated concentrations of
cytokines (TNFe, IL-1§3, IL-6, and IL-8) in the lung tissue or in the bronchoalveolar lavage
fluid (BALF); alveolar edema formation; changes in surfactant proteins (SPs), particularly
in SP-D, indicating damage to the type II cells; and increase in soluble RAGE (sRAGE)
indicating damage to the type I cells [4,76]. These changes may be induced by, e.g., the
intratracheal (i.t.) instillation of live bacteria, i.t. instillation of bacterial lipopolysaccharide
(LPS), inappropriate mechanical ventilation, inhalation of toxic gases, i.t. instillation of
neonatal meconium, lung contusion, or lung ischemia/reperfusion [74,75].

Models of indirect ALI cause systemic inflammation and damage to the capillary
endothelium, with interstitial edema, increased plasma cytokines (IL-6 and IL-8), and
vWEF and angiopoietin-2 indicating endothelial damage. These changes can be elicited,
e.g., by the intravenous (i.v.) or intraperitoneal (i.p.) administration of LPS, ligation, and
perforation of the cecum (CLP); induction of hemorrhagic shock; ischemia/reperfusion in
distant organs; i.v. instillation of oleic acid (OA); or induction of acute pancreatitis [74,75].

Epithelial /endothelial damage is also linked with a release of components of extracel-
lular matrix (e.g., MMP) and by the activation of coagulation proven by increased PAI-1
and decreased protein C. In addition, the apoptosis of epithelial cells is increased and
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apoptosis of neutrophils is delayed, leading to a longer persistence of activated neutrophils
at a site of injury resulting in more serious damage to the tissue [4,74,76].

4.2. NAC in Animal Models of Direct ALI
4.2.1. NAC in a Model of Bacterial Pneumonia-Induced ALI

In the model of bacterial pneumonia, the instillation of live bacteria into the lung via the
i.t. route generates pneumonia within several days. In the study by Xu et al., pretreatment
with NAC (150 mg/kg/day, i.p., for 7 days) in rats before the i.t. injection of bacteria
Pseudomonas aeruginosa mitigated lung injury and elevated eNOS protein expression, but
decreased inducible NOS (iNOS) expression and did not change the bacterial loads [77].

4.2.2. NAC in Models of i.t. LPS-Induced ALI

The direct airway administration of LPS by i.t. or nasal instillation or inhalation of
aerosolized LPS is a common way to prepare a model of pulmonary inflammation and
ALL Depending on the used LPS dosage, robust inflammatory reaction with leukocyte
infiltration, elevation of pro-inflammatory cytokines, and disruption of the alveolo-capillary
barrier are induced within hours to days [74,78]. Pretreatment with NAC before i.t. LPS
instillation was evaluated in several studies. For instance, Demiralay et al. compared
the effects of pretreatment with different NAC doses (10, 150, 300, and 500 mg/kg) in i.t.
LPS-challenged rats. While NAC at a dose of 10 mg/kg had no protective effect on the
lung injury, the higher doses of NAC decreased the severity of the lung damage. However,
pretreatment with NAC up to a dose of 500 mg/kg did not show any significant effect
on apoptosis regulation or the local production of TNF« [79]. Pretreatment with NAC
(40 mg/kg or 100 mg/kg) given by gavage 1 h before i.t LPS instillation in mice protected
the lungs from oxidative stress in the first 12 h, but later no protection exerted by NAC
was observed. NAC also decreased the number of inflammatory cells in the lungs and
inhibited the transcription of NF-«B, IL-6, TNF«, and COX-2 induced by LPS [80]. In a
more recent study, pretreatment with NAC (600 mg/kg i.g.) for 3 consecutive days with the
last dose given 2 h before LPS i.t. instillation in mice significantly decreased the markers
of inflammation and lung injury such as relative protein concentration, total cells, and
neutrophils in the BALF; levels of IL-6, IL-8, TNF«, and IL-1§3; myeloperoxidase (MPO)
activity; lung injury score; and inflammatory-related gene expressions while ameliorating
LPS-induced changes in antioxidative genes [81]. However, NAC may also be of benefit
when given after i.t. LPS instillation. In our study, NAC administered in two different doses
(10 mg/kg or 20 mg/kg i.v.) enhanced ventilatory parameters and oxygenation, decreased
lung edema and leukocyte migration, and alleviated oxidative stress and inflammation, as
the higher dose of NAC was more effective in reducing the oxidation of lipids and proteins,
and inflammation [82].

4.2.3. NAC in a Model of Ventilator-Induced ALI

Models of ventilator-induced lung injury (VILI) are produced by mechanical venti-
lation with high volumes and/or high pressures which trigger lung edema and inflam-
mation [83]. In a rat model of VILI evoked by high-volume (20 mL/kg) vs. low-volume
ventilation (7 mL/kg), pretreatment with NAC (140 mg/kg i.v.) given before 2 h lasting
overventilation inhibited a collagen accumulation in the lungs [84].

4.2.4. NAC in Models of Phosgene-Induced ALI

Exposure to toxic gases including phosgene may initially cause coughing, chest tight-
ness, and wheezing. However, the situation may worsen within several hours to dyspnea,
pulmonary edema, ARDS, or even death in severe cases [85]. Treatment with NAC (50, 100,
or 200 mg/kg i.p.) after the phosgene exposure in animals alleviated lung edema and de-



Int. J. Mol. Sci. 2025, 26, 2657

10 of 29

creased oxidative markers, reversed the GSH antioxidant system, and elevated expression
of Nrf2, a transcriptional factor involved in the regulation of oxidative stress, suggesting
protection against oxidative stress via Nrf2/glutathione reductase/GSH pathway [60].
Contrary, treatment with NAC (approximately 350 mg given by nebulization) at 0.5, 2, 4, 6,
8,10, and 12 h post-exposure in juvenile pigs showed no benefit for survival, improvement
in oxygenation, acid-base balance, shunt fraction, lung edema, or histological score [86].

4.2.5. NAC in a Model of Meconium-Induced ALI

Model of meconium aspiration syndrome is a special model mimicking neonatal
ARDS due to aspiration of fetal stools (meconium). Aspirated meconium may obstruct the
airways and cause dysfunction of pulmonary surfactant, triggering the generation of pul-
monary edema, inflammation, oxidative stress, and vasoconstriction [83]. In experiments
performed by our research group, the treatment of meconium-instilled rabbits suffering
from respiratory insufficiency by NAC (10 mg/kg i.v.) significantly improved oxygenation
and ventilatory parameters, decreased right-to-left pulmonary shunts, reduced lung edema,
decreased total counts of cells and percentages of neutrophils and eosinophils in the BALF,
diminished markers of lipid and protein oxidation in the lung homogenates and in the
isolated lung mitochondria, enhanced antioxidant status, decreased eosinophil cationic
protein, and decreased airway hyperreactivity [87,88]. Additional analysis showed that the
NAC treatment of meconium-injured rabbits lowered plasma aldosterone, a non-specific
marker of stress and injury. However, NAC i.v. delivery was associated with short-term
increases in blood pressure and in several parameters of heart rate variability [89].

4.2.6. NAC in Models of Lung Contusion-Induced ALI

Lung contusion is an injury to the lung parenchyma that occurs in patients with
chest trauma or explosion injuries. The resulting damage to lung alveoli, capillaries, and
parenchyma causes alveolar hemorrhage and parenchymal destruction [90]. In rats with
moderate lung contusion, pretreatment with NAC (500 mg/kg i.v.) resulted in a slight
improvement in oxygenation and a decrease in malondialdehyde (MDA) [91]. In another
study, treatment with NAC (100 mg/kg i.p.) 30, 60 min, and 24 h after the damage reduced
the infiltration of neutrophils and inhibited blast-induced inflammatory response [92].

4.2.7. NAC in Models of Lung Ischemia/Reperfusion-Induced ALI

Ischemia followed by reperfusion, e.g., after lung transplantation may cause non-
cardiogenic lung edema, inflammation, and hypoxia [74]. In a rat model of lung is-
chemia/reperfusion injury after the lung transplantation, NAC (150 mg/kg i.p.) was
given to both donor and recipient animals 15 min before the harvest, and recipient animals
were treated again before reperfusion. After 2 h of reperfusion, the NAC-treated animals
showed significantly improved oxygenation, decreased lipid peroxidation, and higher
levels of reduced GSH in comparison to non-treated controls [93]. In another study, NAC
(50 mg/kg i.v.) treatment was given to rats before or after lung ischemia/reperfusion
injury. The NAC delivery decreased nitrotyrosine (NT), cleaved caspase-3, NF-kB, TNF«,
and IL-1§3 levels, whereas NAC given after the reperfusion potentiated the protective
effects [94].

Studies demonstrating the effects of NAC in models of direct ALI are listed in Table 1.
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Table 1. Models of direct ALI with NAC as a post-exposure treatment (more details are provided in

the text).
Triggering Factor Species NAC Dose/Way of Delivery Major Findings Ref.
NAC(10mggor20mi | vy parames nd
Lt. LPS Wistar rats i.v.) after elicitation of y&er / & ! [82]
respiratory insufficiency oxidative stress, |
inflammation
. . NAC (50, 100, or 200 mg/kg J lung edema, | markers of
Phosgene inhalation  SD rats i.p.) after exposure to phosgene oxidative stress, T Nrf2 [60]
NAC (ca somggen by SO il
Phosgene inhalation  Juvenile pigs nebulization 0.5, 2, 4, 6, 8, 10, & 8¢ ’ [86]
lung edema, or
and 12 h post-exposure . -
histological score
1 oxygenation, | right-to-left
Meconium NAC (10 mg/kg i.v.) 30 min pulmonary shunts, | lung
e 1n . Rabbits after the induction of edema, | oxidative stress, | [87,88]
instillation . . - . .
respiratory insufficiency inflammation, and | AW
hyperreactivity
NAC (100 mg/kg i.p.) 30, J neutrophil infiltration of
Lung contusion SD rats 60 min, and 24 h after the lungs and | blast-induced [92]
blast damage inflammatory response
. . . | nitrotyrosine, cleaved
Lung ischemia/ Wistar rats NAC (50 mg/kg i.v.) treatment caspase-3, NF-kB, TNFa, and [94]

reperfusion

before or after the insult

IL-1p levels

Abbreviations: ALI: acute lung injury; AW: airway; IL: interleukin; i.p.: intraperitoneal administration; i.t.:
intratracheal administration; i.v.: intravenous administration; LPS: lipopolysaccharide; NAC: N-acetylcysteine;
NF-«B: nuclear factor-kappa B; Nrf2: nuclear factor erythroid 2-related factor 2; SD rats: Sprague Dawley rats;
TNF«: tumor necrosis factor-alpha; 1: increase; |: decrease.

4.3. NAC in Animal Models of Indirect ALI
4.3.1. NAC in Models of i.p. or i.v. LPS-Induced ALI

Lp. oriv. administration of LPS causes changes resembling sepsis, with leukopenia,
lower cardiac output, arterial blood pressure, increased pulmonary artery pressure, and
hypoxemia [74]. Pretreatment with NAC given as i.v. infusion (150 mg/kg/h) starting
10 min before i.v. LPS prevented LPS-induced hypotension and leukocytopenia, decreased
lung damage, and lowered nitrate/nitrite, methylguanidine, TNF«, and IL-1f3 [95]. In
another study, NAC treatment (given i.t. by nebulization or systemically by i.p. injection)
was administered in mice 1 h or 22 h after i.p. LPS attenuated the hypoxic pulmonary
vasoconstriction, whereas i.t. NAC given 1 h after LPS challenge was equally effective but
required lower doses than systemic treatment. On the other hand, the administration of
NAC 22 h after the LPS challenge did not restore the pulmonary vasoconstriction, indicating
that early therapy with NAC given i.t. or i.p. may help to preserve hypoxic pulmonary
vasoconstriction in sepsis-associated ALI [96]. In rats exposed to i.p. LPS, NAC (150 mg/kg)
decreased the epithelial cell apoptosis and reduced the production of TNFoc and VEGF, and
epithelial MPO activity [97]. In another model, NAC (20 mg/kg i.p.) injected 3, 6, and 12 h
after LPS i.v. injection in rats decreased lipid peroxidation in the lungs, the activity of MPO,
and the concentration of NF-kB and decreased the extent of lung injury [98].

4.3.2. NAC in Models of CLP-Sepsis-Induced ALI

CLP-induced peritonitis causes leukopenia, neutrophilic inflammation, interstitial
and alveolar edema, hypoxemia, and pulmonary hypertension within several days [74].
In a rat model of CLP-associated ALI, the administration of NAC (4.8 g/L in drinking
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water) which started 2 days before sepsis induction attenuated sepsis-associated renal
injury and alterations in respiratory mechanics, decreased lung edema and oxidative stress,
and improved survival [99]. In another model, pretreatment with NAC (2 x 104 U/ kg
i.v.) injected 1 h before CLP and repeated 24 h later reduced the mortality of septic rats;
mitigated lung damage; reduced TNF«, IL-1§3, IL-6, IL-8, and MDA increased activity
of superoxide dismutase (SOD), GSH peroxidase, and catalase; and decreased apoptosis
markers in the lungs [100]. In another study, treatment with intramuscular (i.m.) NAC
(150 mg/kg/day) which started 6 h after the operation and lasted for 1 week prevented
increases in MPO activity and MDA, improved histopathological findings, and decreased
markers of lung apoptosis [101]. In a two-hit trauma model (30% scalding burn followed
by CLP 72 h later), rats were treated with NAC (150 mg/kg/day i.p.) for 72 h following
CLP or were treated with NAC (150 mg/kg/day i.p.) for 6 days following thermal injury.
Both treatment schemes decreased MDA levels in the liver and ileum. In addition, NAC
(150 mg/kg/day i.p.) for 72 h following CLP increased GSH and decreased lung injury
scores [102].

4.3.3. NAC in Models of Hemorrhagic Shock-Induced ALI

Hemorrhagic shock in trauma may be modeled by the pressure-controlled withdrawal
of the blood followed by transfusion of the removed blood and lactate Ringer solution [103].
In rats with hemorrhagic shock, pretreatment with NAC (0.5 mg of NAC/dL of drink water)
did not lead to any obvious differences in lipid peroxidation markers or GSH levels in the
lungs or serum [104]. In another study, treatment with NAC (150 mg/kg/h i.v.) starting
15 min after the insult improved histopathologic scores in both lungs and kidneys, lowered
lung and kidney MDA levels, serum nitrite/nitrate and IL-6, and decreased NF-«B p65
DNA binding activity [105]. The addition of NAC (150 mg/kg) in resuscitation Ringer’s
lactate decreased cell counts in the BALF, infiltration of lungs, and MDA [106].

4.3.4. NAC in a Model of Renal Ischemia/Reperfusion-Induced ALI

Ischemia followed by reperfusion even in distant vascular beds can result in lung
injury [74]. In a rat model of ALI associated with acute kidney injury (AKI) due to renal
ischemia/reperfusion, pretreatment with NAC (150 mg/kg or 500 mg/kg i.p.) for 3 days
started 2 h before induction of AKI. NAC (150 mg/kg) decreased the serum creatinine;
however, NAC did not improve kidney damage. On the other hand, this dose of NAC
diminished lung injury score, although no differences were observed in the lung edema,
endothelial permeability, or serum levels of MDA and nitrite [107].

4.3.5. NAC in Models of OA-Induced ALI

The model of OA-induced lung injury mimics pulmonary lipid embolism in patients
with long bone trauma. Lv. delivery of OA causes fast damage to endothelial cells followed
by a lung epithelial injury and edema with serious ventilation/perfusion mismatch [74].
In OA-induced ALI, pretreatment with NAC (150 mg/kg i.v.) was given to rats 15 min
before i.v. OA infusion or 2 h after OA infusion reduced tissue MPO, MDA, and 3-NT
levels compared to non-treated animals [108]. In another study, pretreatment with NAC
(163 mg/kg i.p.) before i.v. OA instillation enhanced respiratory and cardiac performance
and prolonged survival; however, failed to prevent the development of lung edema [109].

4.3.6. NAC in a Model of Acute Pancreatitis-Induced ALI

ARDS is a common systemic complication of acute pancreatitis. Released inflamma-
tory mediators damage not only the local peripancreatic tissue but may cause a systemic
inflammatory response and multiple organ dysfunction syndrome [110]. In the study by
Yubero et al. [111], rats received NAC (50 mg/kg i.p.) 1 h before inducing pancreatitis fol-
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lowed by a new injection 1 h afterward. Although NAC treatment reduced the production

of inflammatory mediators in the lungs, it did not prevent leukocyte infiltration [111].

Studies demonstrating the effects of NAC in models of indirect ALI are listed in

Table 2.
Table 2. Models of indirect ALI with NAC as a post-exposure treatment (more details are provided in
the text).
Triggering Factor Species NAC Dose/Way of Delivery Major Findings Ref.
%éfnfgS/()l?gT%/g‘? ;go(s)cr)l) Early delivery of i.p. or i.t.
Lp. LPS SV129/B6F1 mice given 1 h and 22 h after i.p. NAC | hypo>.<1c pulmonary [96]
vasoconstriction
LPS challenge
1 apoptosis of epithelial lung
Lp. LPS Wistar rats gﬁcw(ilr?o imgﬁ()%P-O-) cells and | TNF«, VEGE, [97]
OWIng 1-p- and MPO
. . 1} lipid peroxidation in the
Lv. LPS SD rats NAC (20mg/kg Lp.) given3, 6, 10" MPO activity, | NF-kB,  [98]
and 12 h after LPS i.v. injection L
and | extent of lung injury
NAC (150 mg/kg/day i.m.) 4 MPO activity, | MDA in lung,
CLP sepsis Wistar rats initiated 6 h after operations, improved histopathology, and  [101]
for 1 week | apoptosis
. . J MDA in liver and ileum, 1
Two-hit (burn + CLP) . NAC (150 mg/kg/day i.p.),
insult Wistar rats 72 h after CLP %u.ng GSH, and | lung [102]
injury score
J MDA, | nitrite/nitrate, |
. NAC (150 mg/kg/hi.v.) IL-6, | NF-«B p65 DNA
Hemorrhagic shock  SDrats initiated 15 min after the insult activity, and improved [105]
histopathology
Addition of NAC (150 mg/kg) .
Hemorrhagic shock ~ Wistar rats in resuscitation Ringer’s + cell counts in BALF, } MDA, [106]

lactate solution and | inflammatory infiltration

Abbreviations: ALI: acute lung injury; BALF: bronchoalveolar lavage fluid; CLP: cecal ligature and puncture; DNA:
deoxyribonucleic acid; GSH: glutathione; IL: interleukin; i.m.: intramuscular administration; i.p.: intraperitoneal
administration; i.t.: intratracheal administration; i.v.: intravenous administration; LPS: lipopolysaccharide; MDA:
malondialdehyde; MPO: myeloperoxidase; NAC: N-acetylcysteine; NF-kB: nuclear factor-kappa B; p.o.: (per)oral
administration; SD rats: Sprague Dawley rats; TNFo: tumor necrosis factor-alpha; VEGF: vascular endothelial
growth factor; 1: increase; |: decrease.

5. NAC in Patients with ARDS

NAC has been used in numerous clinical trials as well. For instance, treatment with
NAC (40 mg/kg/d i.v.,, n = 32) or placebo instead of NAC in controls (n = 29) was given for
3 days in mechanically ventilated patients presenting with mild-to-moderate ARDS due to
various underlying diseases. NAC treatment significantly improved systemic oxygenation
during 3 days, caused a regression of lung injury score (LIS) during the first 10 days of
treatment, and reduced the need for ventilatory support. In addition, no NAC-associated
adverse effects were observed [112].

In the randomized, double-blind, placebo-controlled, prospective clinical trial, patients
with ARDS requiring mechanical ventilation were given standard care for ARDS and i.v.
infusion of NAC (70 mg/kg, n = 14), or procysteine (L-2-oxothiazolidine-4-carboxylate,
OTZ, 63 mg/kg, n = 17), or placebo (n = 15) every 8 h for 10 days. Treatment with both
antioxidants repleted the GSH levels in red blood cells over the treatment period. Although
there was no difference in mortality among groups, both treatments resulted in a lower
number of days with ARDS and a higher cardiac index [113].
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In a randomized, double-blind, placebo-controlled clinical study by Dominghetti et al.,
patients with an established ARDS subsequent to a variety of underlying diseases were
treated with either NAC (190 mg/kg/day, n = 22) or placebo (n = 20) as a continuous
i.v. infusion over the first 3 days of their clinical course. Except for decreased LIS, NAC
treatment during 72 h neither improved systemic oxygenation nor reduced the need for
ventilatory support [114].

In a randomized controlled trial by Soltan-Sharifi et al., 17 ARDS patients received
NAC (150 mg/kg i.v. on the first day followed by 50 mg/kg/day for 3 days) and 10 patients
obtained the standard therapy without NAC. Treatment with NAC increased extracellular
total antioxidant power, total thiol molecules, and intracellular GSH which were associated
with improved outcomes for the patients [115].

In a randomized controlled trial by Zhang et al., patients with community-acquired
pneumonia received conventional treatment (n = 24 of NAC-nontreated group) or conven-
tional treatment plus NAC (600 mg tablets, a dose of 1200 mg/d p.o., for 10 days, n = 37).
NAC treatment led to a significant decrease in plasma MDA and TNF« and an increase in
total antioxidant capacity compared to the NAC-nontreated group, while no NAC-related
adverse effects were observed. However, the addition of NAC into a treatment protocol
did not influence plasma SOD activity or computer tomography score [116].

In another randomized controlled trial, NAC was evaluated as a tool for the prevention
of ventilator-associated pneumonia (VAP). In mechanically ventilated patients hospitalized
in ICU at high risk of developing VAP (n = 30), NAC (600 mg) was given twice daily via
nasogastric tube in addition to routine care. NAC pretreatment was associated with a lower
likelihood of developing clinically confirmed VAP compared with patients treated with
placebo, more patients reached complete recovery and the NAC-treated patients spent less
time in ICU than the patients receiving placebo [117].

In a recent randomized clinical trial, mechanically ventilated patients with ARDS were
treated with NAC (150 mg/kg on the first day of admission and then 50 mg/kg up to the
fourth day of admission, n = 30), while patients in the control group (n = 30) received routine
care without NAC. There were no significant differences in the duration of hospitalization
in the ICU, time required for mechanical ventilation, or mortality rate of the patients in the
NAC-treated vs. control groups. The authors found no between-group differences in mean
arterial blood pressure, heart rate, respiratory rate, oxygen saturation, APACHE II score,
or pulmonary capacity in the first four days after the intervention. However, there was
a significant difference in the level of consciousness, PaO, /FiO, index, and PEEP of the
NAC-treated patients vs. controls within 3 to 4 days after the intervention [118].

Studies demonstrating the effects of NAC in clinical trials of ARDS are listed in Table 3.

Table 3. Clinical studies demonstrating effects of NAC in ARDS. For more details, see the text.

Subtype of ARDS

No. of Patients

NAC Dose/Way of

Delivery Major Findings/Outcomes  Ref.

Mild-to-moderate

NAC n = 32, placebo

1 oxygenation, regression of

NAC (40mg/kg/d i, or lung injury score, | need for

ARDS n=29 placebo in controls, given ventilation, and no [112]
for 3 days
adverse effects
ARDS requirin hﬁf ggi:l(%/% er Repletion of GSH in red
.q & NACn=14,0TZn=17, procy / blood cells, 1 cardiac index,
mechanical 63 mg/kg), or placebo [113]
s placebon =15 . 7 . and | number of days
ventilation given by i.v. infusion every

8 h for 10 days

with ARDS
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Subtype of ARDS No. of Patients gg;?r;se/Way of Major Findings/Outcomes  Ref.
J lung injury score, no
ARDS requiring NAC n = 22, placebo NAC (190 mg/ kg/ d? or improvement in
mechanical n =20 placebo, continuous i.v. oxygenation, and no [114]
ventilation B infusion, for the first 3 days reduction in the need
for ventilation
NAC (150 mg/kg i.v. on the
ARDS requiring first day followed by T e>.<tra.cellular total
mechanical NACn=17, 50 mg kg /day for 3 days) antioxidant power, 1 total [115]
. NAC-nontreated n = 10 &/ X8 yro y thiols, 1 GSH, and
ventilation and controls obtained the .
standard therapy improved outcome
NAC (600 mg tablets, a
dose of 1200 mg/d p.o., for | plasma MDA and TNF«,
Community- NACn =37, 10 days) + conventional 71 total antioxidant capacity, [116]
acquired pneumonia NAC-nontreated n =24  therapy and controls no effect on SOD, and no
treated by improvement in CT
conventional therapy
| development of clinically
Ventilator-associated NAC n =30, NAC @00 mg) stven tw1c§ confirmed pneumonia,
. daily via nasogastric tube in  shorter stay in ICU, and [117]
pneumonia NAC-nontreated n = 30 - : . .
addition to routine care more patients with
complete recovery
NAC (150 mg/kg on the
.. day 1 of admission, then Improved level of
ARDS requiring . .
mechanical NAC n = 30, 50 mg/kg up to day 4 of consciousness, oxygenation, [118]
ventilation NAC-nontreatedn =30  admission) and control and PEEP within 3-4 days

group given routine care of intervention

without NAC

Abbreviations: ARDS: acute respiratory distress syndrome; CT: computer tomography; GSH: glutathione; ICU:
intensive care unit; i.v.: intravenous administration; MDA: malondialdehyde; NAC: N-acetylcysteine; OTZ:
L-2-oxothiazolidine-4-carboxylate; PEEP: positive end-expiratory pressure; p.o.: (per)oral administration; SOD:
superoxide dismutase; TNF«: tumor necrosis factor-alpha; 1: increase; |: decrease.

6. NAC in Patients with COVID-19

During the COVID-19 pandemic and in the period after its end, several articles pro-
vided information on the experience with NAC treatment in the treatment of this dis-
ease [59,67,119-122]. Several clinical studies showed an improvement in the health status
of the NAC-treated patients and a reduction in markers of inflammation and oxidative
stress, with a more pronounced effect observed in patients with a more severe course of the
disease. For example, Ibrahim et al. reported an improved condition in 10 mechanically
ventilated patients with COVID-19, including one patient with glucose-6-phosphate de-
hydrogenase (G6PD) deficiency treated with hydroxychloroquine whose treatment with
NAC lasted from 2 to 9 days. The administration of NAC (30,000 mg i.v. in 2 days) allevi-
ated hemolysis and decreased COVID-19-associated increases in liver enzymes, C-reactive
protein (CRP), and ferritin in the G6PD-deficient patient. In the additional 9 patients,
NAC treatment (20,000 mg given in 2 days in one patient, 600 mg given every 12 h in
an additional 8 patients) improved the clinical status and reduced inflammatory markers
(CRP and ferritin). Finally, 8 patients were discharged from the hospital, and the remaining
2 patients showed significant clinical improvement [123].

In a single-center, double-blind, randomized, placebo-controlled trial conducted in
Brazil, n = 135 patients with severe COVID-19 were given NAC in a single dose of 21 g



Int. J. Mol. Sci. 2025, 26, 2657

16 of 29

(300 mg/kg) for 20 h. Treatment with a high-dose NAC did not affect the course of the
disease and no differences were observed in mortality, duration of mechanical ventilation,
or need for ICU admission compared to the control group [124].

Similarly, a study by Taher et al., where patients with mild to moderate COVID-19
(n=47) were given NAC (40 mg/kg/day i.v.) for 3 consecutive days in addition to standard
treatment, showed a slight improvement in the patients’ condition, but did not result in
significant differences in 28-day mortality, need for invasive ventilatory support, number
of days with ventilatory support, number of days spent in the ICU, or length of hospital
stay, nor differences in oxygenation or the Sequential Organ Failure Assessment (SOFA)
score compared to the control group [125].

In the large study by Faverio et al., patients with COVID-19 (n = 585) were treated
with NAC for at least 5 days, initially at a dose of 300 mg i.v. 3 times a day, which
was reduced to 600 mg p.o. twice a day after the patient’s condition stabilized. In the
surviving patients of the study (n = 102), data on the development of their health condition,
including lung function tests, X-rays, and performance tests, were recorded for 6 months
after discharge from the hospital. The authors found that patients treated with NAC
had shorter hospitalization periods than patients not treated with NAC. However, no
differences were observed in other parameters (ICU admission or in-hospital mortality)
between the NAC-treated and NAC-untreated patients [126].

Compared to the above-mentioned studies with a short administration period [124,125],
more favorable results were demonstrated with longer delivery of NAC. For instance, in the
study by Avdeev et al., patients with COVID-19 (n = 24) were treated with NAC at a daily
dose of 1200-1800 mg i.v. After 10 days, significant improvements in oxygenation, CRP,
and the National Early Warning Score (NEWS)2 were observed compared to the control
group. Other endpoints (transfer to ICU, need for non-invasive or invasive mechanical
ventilation, or 28-day mortality) did not change compared to the control group. The authors
did not observe any adverse events related to the administration or discontinuation of
NAC treatment [127].

In a retrospective study by Assimakopoulos et al., the addition of NAC (600 mg
p.-o. twice a day) to standard treatment for 14 days in patients with moderate to severe
COVID-19 (n = 42) slowed down the disease progression compared to the control group and
reduced the mortality after 14 and 28 days, especially in patients with severe disease. NAC
improved oxygenation, reduced the number of leukocytes in the blood, and reduced levels
of CRP, D-dimers, and lactate dehydrogenase. In addition, the NAC treatment reduced the
need for mechanical ventilation and mortality [128].

In a large observational retrospective cohort study of hospitalized COVID-19 patients
in Spain, NAC administered orally (600 mg every 8 h) was added to standard therapy
(in n = 2071 patients). NAC-treated COVID-19 patients were older, predominantly male,
and with more comorbidities when compared with those not treated with NAC. Despite
greater baseline risk, NAC administration was associated with significantly lower mortality
although there were no significant effects on the mean duration of hospitalization, ICU
admission, or use of invasive mechanical ventilation [129].

Chavarria et al. presented the results of a study where patients with COVID-19 were
treated with a combination of an antioxidant (vitamin C, D, or E; NAC; or melatonin)
with pentoxifylline. Oral administration of NAC (600 mg effervescent tablets twice daily)
for 5 days in combination with pentoxifylline reduced lipid peroxidation, IL-6, CRP, and
procalcitonin levels and increased total antioxidant capacity and plasma nitrite levels in
patients with both mild and severe COVID-19 more significantly than after the treatment
with the pentoxifylline-only [130].
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In a randomized controlled trial in n = 30 patients with COVID-19, Atefi et al. evaluated
the efficacy and safety of oral NAC treatment (600 mg) added to routinely administered
antivirals and hydroxychloroquine. The authors found that the groups with added NAC
had reduced mortality, decreased CRP, and higher oxygen saturation [131].

In the randomized controlled clinical trial study conducted on patients with COVID-19,
n = 250 patients were randomly allocated into the intervention group (routine treatment +
NAC inhaler spray, one puff per 12 h, for 7 days) or the control group in which the patients
received routine treatment without NAC. NAC treatment significantly decreased mortality
rate, white blood cell count, CRP, and aspartate aminotransferase, but this treatment had
no effect on length of hospital stay or need of ICU admission [132].

Studies demonstrating the effects of NAC in trials of COVID-19 are listed in Table 4.

Table 4. Clinical studies demonstrating effects of NAC in COVID-19. For more details, see the text.

No. of Patients

NAC Dose/Way of Delivery

Major Findings/Outcomes Ref.

One G6PD-deficient patient: 30,000 mg
i.v. NAC in 2 days, one patient:

| liver enzymes, CRP, and ferritin in
G6PD-deficient patient; improved clinical

n=10 20’0.0(.) e Ly NAC n 2 days, and. status; and | inflammatory markers (CRP [123]
additional eight patients: 600 mg i.v. and ferritin)
NAC every 12 h
. . No significant improvement in mortality,
n=135 g(?()cnin /aks 1;1%(1)3 g(()) ;e of 21 g duration of mechanical ventilation, or need [124]
8758 for ICU admission
NAC (40 mg/kg/day i.v.) for 3 Slight improvement in the patients’
n =47 consecutive days in addition to standard condition, but no differences in mortality, [125]
treatment need for ventilation, or hospital stay
NAC for at least 5 days, initially a dose
n =585 of 300 mg i.v. three times a day, then Shorter hospitalization period, but no [126]
a reduced to 600 mg p.o. twice a day after differences in mortality or ICU admission
the patient’s condition stabilized
Improvements in oxygenation, CRP, and
n =24 NAC i.v. at a daily dose of 1200-1800 mg 0 "vo2 Score, but no differences in [127]
mortality, need for ventilation or
ICU admission
NAC (600 mg p.o. twice a day) to a | disease progression, 1 oxygenation, |
n=42 & p-o- y blood leukocytes, | CRP, D-dimers, LDH, [128]
standard treatment for 14 days ; -
and | mortality and need for ventilation
| mortality, but no differences in need for
n=2071 NAC (600 mg p-o. every 8 h) added to ventilation, ICU admission, or duration [129]
standard therapy o
of hospitalization
. J mortality, | leukocyte count, | CRP, and |
n=125 NAC inhaler spray (one puff per 12 h, AST, but no differences in ICU admission or [132]

for 7 days) + routine treatment

duration of hospitalization

Abbreviations: AST: aspartate aminotransferase; CRP: C-reactive protein; G6PD: glucose-6-phosphate dehy-
drogenase; ICU: intensive care unit; i.v.: intravenous administration; LDH: lactate dehydrogenase; NAC: N-
acetylcysteine; NEWS2: the National Early Warning Score 2; p.o.: (per)oral administration; 1: increase; |: decrease.

In addition, there have been several randomized controlled trials performed which
investigated the use of NAC in COVID-19 [67]. For instance, the NCT04374461 trial has
included patients with severe COVID-19 infections who have received NAC 6 g/day i.v.
in addition to supportive and/or COVID-19-directed treatments at the discretion of the
treating physician. The primary outcome measures have included the number of patients
who were successfully extubated and/or transferred out of critical care due to clinical
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improvement and that of patients who were discharged from the hospital due to clinical
improvement (study completion has been estimated to 2025). The NCT04792021 trial has
evaluated the effect of NAC (600 mg orally) on oxidative stress and the occurrence of
complications in COVID-19 patients based on the change in TNFo. The other NCT04455243
trial is planned to evaluate the efficacy of oral/i.v. NAC therapy (150 mg/kg every 12 h for
14 days) in the management of adult patients with COVID-19 according to time to recovery
as the primary outcome measure. The NCT04419025 trial is planned to estimate the efficacy
of oral NAC in preventing COVID-19 from progressing to severe disease. However, no
data from these trials have been published up to now.

Summarizing their experience with the use of NAC in COVID-19, Shi and Puyo [133]
proposed the treatment options and dosages of NAC in COVID-19 based on clinical ob-
servation and evidence: as prevention for health care workers or people at high risk with
comorbidities—NAC 1200 mg/day; for a mild disease—to double up the dose; for moderate
to severe symptoms—NAC 100 mg/kg/day i.v. for 7 to 10 days upon hospital admission;
for severe to critically ill—NAC 150 mg/kg/day i.v. for 7 to 10 days upon hospital ad-
mission. The authors assumed that when a higher concentration of intravenous NAC is
given, better clinical outcomes could be expected because of the effective reduction in viral
replication and significant alleviation of pneumocyte damage, as well as the modulation of
immune responses and therefore prevention of a “cytokine storm” [133].

Positive response to NAC treatment in COVID-19 patients was also shown in several
case reports. For instance, significant improvement in health condition was observed in a
45-year-old patient with severe SARS-CoV-2 pneumonia and several serious comorbidities,
in whom the infusion of high-dose NAC (NAC 10 g in 500 mL of 5% dextrose solution
at 21 mL/h for 2 days) reduced levels of CRP and procalcitonin, and enabled to decrease
FiO, and PEEP. When the patient’s antibodies against SARS-CoV-2 remained negative, he
received a maintenance infusion treatment with NAC (NAC at 2.5 g in 250 mL 5% dextrose
solution infused over 4 h twice daily (100 mg/kg/day) for the next 3 weeks. Ten days later,
the patient was discharged home [134]. NAC was also effective in patients with cancer
who were affected by COVID-19. For instance, Liu et al. demonstrated that BALF by using
NAC inhalation solution significantly enhanced airway clearance and reduced refractory
hypercapnia in a 64-year-old patient with an anastomotic fistula after the radical treatment
of esophageal cancer and right-side encapsulated pyopneumothorax [135]. In a subset of
COVID-infected gynecological cancer patients, treatment with NAC (oral 600-1200 mg,
twice a day) in three patients vs. six patients as NAC-nontreated controls improved
subjective shortness of breath, brain fog, and fatigue, and normalized vWF levels [136]. In
another case study, Carothers et al. reported two cases of suspected remdesivir-associated
acute liver failure in which the liver failure was alleviated after continuous NAC infusion
and withdrawal of remdesivir. Remdesivir as a nucleoside RNA polymerase inhibitor used
in the treatment of COVID-19 pneumonia caused in both patients a significant increase in
transaminases which was accompanied by coagulopathy and encephalopathy. Continuous
infusion of NAC (150 mg/kg over 1 h, 50 mg/kg over 4 h, and 100 mg/kg over 16 h) within
12 h decreased levels of transaminases in both patients [137].

Nevertheless, a recent meta-analysis of five randomized controlled trials showed no
significant differences in mortality, length of hospital stay, need for ICU admission, length
of ICU stay, or use of invasive mechanical ventilation between the patients treated with
NAC and those NAC-nontreated [122].

7. Limitations and Future Challenges

Considering the previously mentioned findings, inconsistency in experience with NAC
between animal studies and clinical trials can be observed. The results from the animal
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studies are relatively homogenous because of keeping any standard methods including
delivery of the treatment that are obligatory for all animals included in the study. On the
other hand, clinical studies are largely heterogeneous because of diversity in numerous
factors, e.g., different dosages and ways of administration of NAC or eventually any co-
administered treatments; inclusion/exclusion criteria of the study; and composition of
the groups of patients according to their age, gender, subtype of ARDS, and dysfunction
of remote organs. These differences are likely responsible for the situation that although
several trials have shown an improvement in some indices, results of large clinical meta-
analyses are not able to undoubtedly show significantly reduced mortality or other benefits
such as a lower need for mechanical ventilation or shorter ICU stay [48,138,139].

In addition, proper administration of antioxidants including NAC faces several limi-
tations because of their biochemical, biophysical, and biological properties, such as low
permeability into the cells, low bioavailability linked with insolubility or instability, in-
teractions with barriers in the gastrointestinal system (low pH of gastric juice, interaction
with intestinal mucosal lining, selective permeability of enterocyte membranes, etc.), and
relatively fast metabolism [39,139,140].

Several possibilities have arisen to enhance the effectiveness of NAC treatment. Better
results could be observed if NAC is administered for a longer time, e.g., 7-10 days, as
demonstrated in several studies on NAC treatment in ARDS [113,116,117] or COVID-
19 [67,133]. The effect of NAC therapy could also be enhanced by the use of high doses
of the drug. However, excessive doses of antioxidants may bring no additional benefits
or may even be deleterious, as it was previously demonstrated, e.g., for high doses of
vitamin E or vitamin C [141]. Although the overproduction of ROS has various negative
effects on the body, free radicals actively participate in the immune responses including
the elimination of pathogenic microbes, and thus, excessive use of exogenous antioxidants
may be harmful because of inducing oxidation-antioxidant imbalance [128,142].

Rather high variation in plasma concentrations following the oral administration of
NAC [143] may be ameliorated by the inhalation route of administration [132,144,145].
However, multiple airway branching and unique pulmonary barriers cause the drug
delivery efficiency to the lungs to be relatively low and may be associated with undesired
side effects [146]. In addition, data on the effectiveness of nebulized or spray delivery of
NAC in ARDS patients are limited.

Other promising approach potentially increasing the effectiveness of NAC is a combi-
nation with other antioxidants or other drugs mitigating inflammation and lung damage.
For instance, the combination of two antioxidants, NAC and deferoxamine, improved
survival and effectively decreased neutrophil infiltration and oxidative stress in the organs
involved in septic response in a rat model of CLP-induced sepsis [147]. In the following
study on the i.t. LPS-induced rat model of ALI, this treatment combination significantly
reduced histopathologic alterations, lung edema, inflammation, and markers of oxidative
damage more effectively than these treatments given individually [148].

However, NAC may be easily combined with other drugs, as well. The results from
our research group show that the combined use of i.v. NAC with i.t. exogenous surfac-
tant significantly improved lung functions, alleviated lung inflammation and ventilation-
perfusion mismatch, and decreased oxidative stress markers and edema in a double-hit
rat model of ALI due to i.t. instillation of LPS followed by hyperoxia [149] as well as
in a rabbit model of meconium-induced ALI [150-152]. The combination of NAC with
corticosteroid dexamethasone potentiated a protective effect on AW hyperresponsiveness
and inflammation caused by chlorine inhalation-induced ALI in mice [153]. In a case
study by Martini et al., the combination of NAC with steroids also improved the clinical
outcome of the patient with COVID-19-induced autoimmune hepatitis [154]. In a rat model
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of pancreatitis, pretreatment with crotapotin, a phospholipase A, inhibitor, plus NAC
effectively prevented both pulmonary morphological and mechanical changes induced
by acute pancreatitis [155]. Similarly, pretreatment with NAC plus atorvastatin for 3 days
before mesenteric ischemia/reperfusion reduced the associated inflammation and lung
injury more effectively than their individual use [156]. Another very effective combination
was the use of NAC and dexmedetomidine, a sympatholytic drug acting as an agonist of
a2-adrenergic receptors. In a murine LPS-induced model of ALI, NAC and dexmedetomi-
dine attenuated the lung morphological damage, edema, cell infiltration, aberrant MPO
activity, and production of Th1/Th2/Th17 cytokines, with the most potent effect found for
NAC plus dexmedetomidine combination [157]. The favorable potential of the combination
of NAC with other drugs was also confirmed by several clinical case reports, as well. For
instance, the combination of nebulized NAC (20% NAC, 3 mL every 4 h) with nebulized
albuterol sulfate and aerosolized heparin significantly improved the pulmonary status of a
47-year-old patient with severe chlorine-induced ARDS [158]. Similarly, the concomitant
administration of three nebulized drugs, NAC (600 mg/3 mL, every 4 h), heparin, and
epoprostenol, effectively enhanced the lung functions in a 24-year-old patient with a smoke
inhalational injury and burn-associated ARDS [159]. More recently, a combination of nebu-
lized NAC (5 mL of 10% NAC every 6 h) and heparin significantly enhanced the clinical
status of a patient with inhalational injury and burn and prevented the development of
ARDS [160].

Moreover, the efficacy of NAC may be enhanced by novel drug-delivery ap-
proaches [139]. Nanocarriers may increase the stability of antioxidants upon encapsulation
and thereby improve the transport into the cells compared with free antioxidant com-
pounds [39]. For example, NAC loaded in a biocompatible porous silica Nano protected
against LPS-induced ALI through anti-oxidative and anti-inflammatory effects, which were
superior to those of NAC-only [161]. Similarly, pretreatment with liposomally entrapped
NAC more effectively prevented LPS-induced lung injuries than NAC-only [162,163]. An-
other perspective possibility of the use of NAC is its conjugation with S-allyl mercaptan, an
active ingredient of allicin, forming S-allylmercapto-N-acetylcysteine. This conjugate ex-
erted more potent inhibition of inflammation and oxidative stress in a murine LPS-induced
model of ALI than NAC-only [164].

8. Conclusions

Multiple mechanisms of action which cover scavenging ROS, replenishing intracel-
lular GSH, mitigating inflammation and coagulation, suppressing cytokine storm, and
suppressing SARS-CoV-2 replication propose the use of NAC in the treatment of various
forms of ARDS including COVID-19. In spite of favorable findings from animal studies,
the results of clinical trials are rather heterogeneous. While several studies have confirmed
an improvement in the condition of patients after NAC treatment, shortening the duration
of hospitalization, and a trend to reduced mortality, other studies failed to confirm this
effect. The discrepancy likely results from heterogeneity in dosage and the way of admin-
istration of NAC, inclusion/exclusion criteria of the trials, composition of the groups of
patients, subtype of ARDS, etc. From this reason, large-scale multicenter trials should be
conducted to obtain credible results. Additional future challenges deal with solving the
biological limitations of NAC which may be at least partially overcome by introducing
novel drug-delivery approaches or appropriate combinations of NAC with other drugs. In
conclusion, although NAC is relatively safe, cost-effective, widely available, and has been
FDA-approved, due to limited evidence currently available, it is premature to formulate
any general recommendations regarding the use of NAC in ARDS before the outcomes of
the ongoing clinical trials are published.
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Abbreviations

The following abbreviations are used in this manuscript:

ACE angiotensin-converting enzyme

AKI acute kidney injury

ALI acute lung injury

ARDS acute respiratory distress syndrome
BALF bronchoalveolar lavage fluid

CLP ligation and perforation of the cecum
COVID-19 Coronavirus disease 2019

COX-2 cyclooxygenase-2

CRP C-reactive protein

eNOS Endothelial nitric oxide synthase
FiO, fraction of inspired oxygen

G6PD glucose-6-phosphate dehydrogenase
GSH glutathione

im. intramuscular

ip. intraperitoneal

it intratracheal

iv. intravenous

ICAM-1 intercellular adhesion molecule-1
ICU intensive care unit

IFN interferon

IL interleukin

iNOS Inducible nitric oxide synthase

LIS lung injury score

LPS lipopolysaccharide

MAPK mitogen-activated protein kinase
MCP monocyte chemoattractant protein
MDA malondialdehyde

MMP matrix metalloproteinases

MPO myeloperoxidase

NAC N-acetylcysteine

NADPH nicotinamide adenine dinucleotide phosphate
NETs neutrophil extracellular traps

NF-«B nuclear factor-kappa B

NLRP3 NLR family pyrin domain containing 3
NO nitric oxide

Nrf2 nuclear factor erythroid-derived 2-like 2

NT nitrotyrosine
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OA oleic acid

oTZ L-2-oxothiazolidine-4-carboxylate

p.o. (per)oral

PAF platelet-activating factor

PAI-1 plasminogen activator inhibitor-1
PAMPs pathogen-associated molecular patterns
PaO, arterial partial pressure of oxygen
PEEP positive end-expiratory pressure

RAGE receptor for advanced glycation end products
RNA Ribonucleic acid

ROS reactive oxygen species

SARS-CoV-2  Severe Acute Respiratory Syndrome Coronavirus-2
SOD superoxide dismutase

SP surfactant protein

TGF-p transforming growth factor-beta

TLR Toll-like receptor

TMPRSS transmembrane protease serine

TNFo tumor necrosis factor-alpha

VAP ventilator-associated pneumonia

VEGF vascular endothelial growth factor

VILI ventilator-induced lung injury

vWE von Willebrand factor
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