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ABSTRACT

Ever since its emergence, the highly transmissible and debilitating coronavirus disease spread at an incredibly
fast rate, causing global devastation in a matter of months. SARS-CoV-2, the novel coronavirus responsible for
COVID-19, infects hosts after binding to ACE2 receptors present on cells from many structures pertaining to the
respiratory, cardiac, hematological, neurological, renal and gastrointestinal systems. COVID-19, however, appears
to trigger a severe cytokine storm syndrome in pulmonary structures, resulting in oxidative stress, exacerbated
inflammation and alveolar injury. Due to the recent nature of this disease no treatments have shown complete
efficacy and safety. More recently, however, researchers have begun to direct some attention towards GSH and
NAC. These natural antioxidants play an essential role in several biological processes in the body, especially the
maintenance of the redox equilibrium. In fact, many diseases appear to be strongly related to severe oxidative
stress and deficiency of endogenous GSH. The high ratios of ROS over GSH, in particular, appear to reflect severity
of symptoms and prolonged hospitalization of COVID-19 patients. This imbalance interferes with the body’s ability
to detoxify the cellular microenvironment, fold proteins, replenish antioxidant levels, maintain healthy immune
responses and even modulate apoptotic events. Oral administration of GSH and NAC is convenient and safe, but
they are susceptible to degradation in the digestive tract. Considering this drawback, nebulization of GSH and
NAC as an adjuvant therapy may therefore be a viable alternative for the management of the early stages of
COVID-19.
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Introduction

Since the emergence of SARS-Cov-2 and the novel coronavirus dis-
ease in December 2019, there have been approximately 16.2 million
confirmed cases and 3,364,178 deaths worldwide [1]. COVID-19 has
been characterized as a multi-organ disease that affects vital systems like
pulmonary, cardiac, gastrointestinal, hematological, neurological, and
renal structures. However, the most common manifestations are seen
in the lungs ranging from mild pneumonia to more severe presentation
associated with acute respiratory distress syndrome, shock, respiratory
failure [2,3]. The basic mechanism of tissue injury is attributed to viral
binding to angiotensin-converting enzyme 2 (ACE2) receptors located
on several different human cells. The ACE2 receptor is expressed on
the type II alveolar epithelial cells where the viral binding and repli-
cation results in alveolar injury and interstitial inflammation. The res-
piratory complications are attributed to a "cytokine storm syndrome"
[4,5] an exaggerated systemic immune inflammatory response with ox-
idative stress (Fig. 1) caused by increased levels of interleukin (IL)-6
and tumor necrosis factor « (TNF-a) along with decreased levels of inter-
feron a and interferon f (IFN-a, IFN-p) [6]. The elevated levels of proin-
flammatory cytokines and chemokines such as tumour necrosis factor
(TNF)-a, interleukin 14 (IL-1p), IL-6, IL-8 [2,7] and others indicate the
cytokine storm plays a central role in the immunopathology of COVID-
19, but the primary source or the exact virological mechanisms behind
it have not been identified yet [8]. Dendritic cells (DCs) and alveolar
macrophages phagocytose the virus-infected epithelial cells, followed
by an immunosuppressive response characterized by lymphopenia, low
CD4 and CD8 T cell counts and therefore an increased risk of bacterial in-
fection [9-11]. At the tissue level, formation of hyaline membranes and
alveolar wall oedema and thickening in addition to microvasculature
involvement with pulmonary vessel (intra and extra) hyaline thrombo-
sis, hemorrhage, vessel wall oedema, intravascular neutrophil trapping
and immune cell infiltration is appreciated [12,13]. Hypoxemia and mi-
crothrombi have been speculated to contribute to pulmonary infarction,
hemorrhage and pulmonary hypertension [14] leading further to diffuse
pulmonary intravascular coagulopathy (PIC) coupled with ARDS in ad-
vanced cases [15].

Recently, administration of glutathione (GSH) and even its precursor
molecule N-acetylceysteine (NAC) have been receiving some attention
and are worthy of consideration as potential adjuvant therapeutics for
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the management of COVID-19-related oxidative stress. These antioxi-
dant agents may prove to be a viable solution since they are known
to display multiple biological properties, some of which are well asso-
ciated with antiviral effects and immune responses with the ability to
balance the unbridled oxidative stress (Fraternale et al., 2006; Kwon
et al., 2019).

To the best of our knowledge, not many studies have been published
in this regard due to the recent nature of this infection, which is why no
treatment has been able to completely and effectively assure consistent
control of the inflammation or the disease process itself. Although in
most cases the disease can be resolved on its own, in severe cases pa-
tients may not resist the diffuse and massive alveolar damage associated
with disease progression and, ultimately, pass away. There is still a lack
of effective antiviral agents as well as fully elucidated or validated ther-
apeutic alternatives that can halt disease progression. This has urgently
prompted researchers and clinicians alike to propose new treatments in
attempts to delay the exacerbated inflammatory response and accelerate
the repair of functional lung tissue in the initial phases of COVID-19.

The objective of the present study is to review and discuss nebu-
lization of glutathione and its precursor N-acetylcysteine in attenuating
the exacerbated inflammatory and oxidative stress associated with the
"cytokine storm syndrome" in the onset of COVID-19, preventing aggra-
vation of disease progression and ICU hospitalization.

The respiratory tract and acute respiratory syndrome

The respiratory tract is known to be a complex structure containing
a wide variety of cell populations distributed in different regional mi-
croenvironments along its path. The trachea is composed of ducts and
submucosal glands, where different stem and progenitor cells are found.
In the bronchi, basal cells predominate in the intercartilaginous zones
due to their high proliferative rate. In this same structure, there is the
presence of clear cells, which are responsible for secretion and absorp-
tion of glycoproteins as well as the degradation of toxic substances. Type
1 and 2 alveolar cells are located in the alveoli and become responsi-
ble for the production of surfactant substances, which reduce the surface
tension at the interface between fluids present in the alveolar cavity and
the air [4].

The acute respiratory syndrome is a progressive inflammatory pro-
cess in the lungs, typically characterized by an alveolar lesion with dif-

Fig. 1. COVID-19 pathophysiology and lung
damage.
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fuse alveolar damage. The first cases of severe acute respiratory syn-
drome (SARS) (as seen in covid-19) were described long ago in patients
with symptoms of tachypnea, refractory hypoxemia and diffuse opacity
in the lung on radiographs [5].

Population estimates of SARS range from 10 to 86 cases per 100,000,
with the highest rates reported in Australia and the United States. Since
the diagnosis is based on imaging exams, SARS is likely to be under-
reported in low-income countries, where the resources to obtain chest
radiographs and measure arterial blood gases are limited [6].

SARS is known to develop within seven days after clinical recog-
nition of the known risk factor, most commonly pneumonia or sepsis.
These risk factors can be classified as direct ones, which include as-
piration of gastric contents, pulmonary contusion, inhalation injury or
drowning; and indirect ones, such as trauma or non-thoracic shock, pan-
creatitis, burns, overdose by illicit drugs, and the presence of edema
after lung transplantation [16].

“SARS mimics” should not be disregarded account because they com-
prise a large number of diseases or syndromes that may require spe-
cific treatments. Examples include interstitial lung disease, polymyosi-
tis, diffuse alveolar hemorrhage, cancer and lung diseases caused by
drug abuse [17]. Previous definitions excluded volume overload or heart
failure, but recent evidence suggests that these problems can coexist in
up to a third of patients with SARS.

Histologically, SARS can be interpreted as "diffuse alveolar lesion",
a term described by Katzenstein et al. The authors described the rapid
development of capillary congestion, atelectasis, hemorrhage and alve-
olar edema followed by formation of hyaline membrane, epithelial cell
hyperplasia and interstitial edema [18]. In fact, animal models of SARS
have been developed to recapitulate these findings; however, the Berlin
definition as well as the definition of the 1994 American-European Con-
sensus Conference [19] has little specificity for diffuse alveolar damage.
In cadaver exams, for instance, 40% to 58% of patients with a moderate
to severe clinical diagnosis of SARS have diffuse alveolar damage. Pul-
monary edema and pneumonia without hyaline membranes are other
common findings, although 14% of patients do not have lung injuries,
which may be attributed to atelectasis disguised as SARS [20,21].

Additionally, over 40 genes have been associated with the devel-
opment of SARS, including genes encoding the angiotensin converting
enzyme (ACE), interleukin 10 (IL-10), tumor necrosis factor (TNF) and
vascular endothelial growth factor ( VEGF), as well as SOD3, MYLK,
NFE2L2, NAMPT and SFTPB. In the only genome-wide association study
in SARS-associated trauma, no polymorphism was found to be signifi-
cant [22].

Elevated levels of plasma biomarkers, especially markers of systemic
inflammation (interleukin-6 and interleukin-8), epithelial injury (recep-
tor for advanced glycation end products and surfactant protein D) and
endothelial injury (angiopoietin 2), as well as dysregulated coagulation
markers (low levels of protein C and high levels of plasminogen acti-
vator inhibitor 1), have all been associated with adverse SARS results.
These molecules provide information on the pathogenesis of the disease
and can assist in monitoring the response to treatment [23].

Pathogenesis of SARS

Speaking of pathogenesis, SARS begins with the exudative phase,
characterized by a response mediated by innate immune cells of the
alveolar endothelial and epithelial barriers as well as the accumula-
tion of protein-rich fluids in the interstitium and alveolus. Activation
of the resident alveolar macrophages leads to the release of potent pro-
inflammatory mediators and chemokines that promote the accumula-
tion of neutrophils and monocytes. Once activated, neutrophils further
aggravate injury by releasing toxic mediators. This leads to loss of bar-
rier function and increased interstitial and intra-alveolar fluid build-up.
The mediated expression of TNF promotes the aggregation of platelets,
formation of microthrombi, intra-alveolar coagulation and the subse-
quent formation of a hyaline membrane. Endothelial activation and mi-
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crovascular injury also contribute to the rupture of the barrier in SARS
pathology and can be significantly aggravated by mechanical stretching
[23,24].

In the second phase, also known as the proliferative phase, there is
the initiation of repair processes which are essential in dictating survival
outcomes. It is during this phase where the objective is to restore tissue
homeostasis via the transient expansion of fibroblasts and the formation
of a temporary matrix, as well as the proliferation of airway progenitor
cells and type II alveolar epithelial cells (AECII), specifically envisaging
the differentiation of biologic precursors into type I alveolar epithelial
(AECI) cells [25].

The final phase is commonly referred to as the fibrotic phase. It
is strongly associated with mechanical ventilation and extensive dam-
age to the basement membrane, where inadequate or delayed re-
epithelialization can lead to the development of changes such as inter-
stitial fibrosis. Once the epithelial integrity is restored, resorption of the
alveolar edema and the provisional matrix can then progressively lead
to restoration of the alveolar architecture and function [23].

In the case of severe coronavirus-related respiratory syndrome
(COVID-19), the reported consequences are severe pneumonia and kid-
ney failure with an even higher mortality rate, reaching approximately
55% in documented cases [26]. The severity of the disease is strongly
associated with advanced age and other existing comorbidities in pa-
tients, such as metabolic syndrome, resulting in mortality rates above
50% in individuals over 65 years of age. Regarding the pathophysiologi-
cal mechanism of SARS-CoV there is an infection of type 2 pneumocytes.
These cells are responsible for the production of pulmonary surfactants
and also act as progenitor cells for type 1 pneumocytes [27]. In the acute
phase of SARS-CoV infection, there is erosion of the epithelial cells that
line the airways and accumulation of debris and particles that obstruct
the regular breathing pattern [28,29] There is also a risk of progression
to more severe complications such as acute lung injury (ALI) and the
subsequent Acute Respiratory Distress Syndrome (ARDS), which cover
alveolar damage [27].

Exacerbated inflammatory stress from such an infection can stim-
ulate an excess of secretions in the lung, including fibrin compounds
and proteinaceous materials, impeding the essential gas exchange for
the maintenance of vital organs [30]. If this secretion is not removed,
the pathophysiology progresses to the state of pulmonary fibrosis, es-
tablished by misplaced collagen deposition as well as the conversion of
mucus into fibrous tissue [30]. In this sense, acute injury and alveolar
damage can be linked to an exacerbated reaction in response to micro-
biological agent exposure, in this case, the SARS-CoV-2.

Genome sequencing and phylogenic analysis suggest that the coron-
avirus strain responsible for COVID-19 is a beta-coronavirus in the same
subgenus as the severe acute respiratory syndrome virus (SARS), but
now in a different clade. The structure of the receptor-binding genetic
region is very similar to that of the SARS coronavirus, and the new virus
also utilizes the same ACE2 (angiotensin-converting enzyme 2) receptor
to enter and infect host cells [31].

The Coronavirus Study Group of the International Virus Taxonomy
Committee has proposed that this virus be called severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2). The degrees of symptomatic
infection can vary from mild to critical. Most infections can in fact be
less severe. According to a study, no pneumonia was found in 81% of
cases; severe disease (with dyspnea, hypoxia or >50% of lung injury in
images within 24 to 48 hours) was reported in 14%; and critical illness
with respiratory failure, shock or multi-organ dysfunction was reported
in 5% [3].

In another study evaluating 201 patients hospitalized due to COVID-
19 in Wuhan, 41% of the individuals developed SARS; constraints such
as advanced age (65 and above), diabetes mellitus and hypertension
were strongly correlated with SARS [32].

Some patients experiencing severe COVID-19 symptoms have labora-
tory evidence of an exuberant inflammatory response, similar to the cy-
tokine release syndrome. Typical observations include persistent fever,
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elevated inflammatory markers (eg, D-dimer, ferritin) and elevated pro-
inflammatory cytokines, which have all been associated with critical
and fatal diseases. Initial plasma concentrations of IL-1B, IL-1RA, IL-7,
IL-8, IL-9, IL-10, basic FGF, GCSF, GMCSF, IFNy, IP10, MCP1, MIP1A,
MIP1B, PDGF, TNFa and VEGF were higher in ICU and non-ICU patients
than in healthy adults. Plasma levels of IL-5, IL12p70, IL-15, Eotaxin and
RANTES were similar between healthy adults and patients infected with
the novel 2019 coronavirus. The comparison between ICU and non-ICU
patients showed that plasma concentrations of IL-2, IL-7, IL-10, GCSF,
IP10, MCP1, MIP1A and TNFa were higher in ICU patients than in non-
ICU patients [33].

Other authors propose that the development of ALI and alveolar
damage can also occur in other types of respiratory infections, such
as the influenza virus HIN1 and the respiratory syncytial virus (RSV),
which also put the elderly population at greater risks [34-36]

Oxidative stress in COVID-19

Oxidative stress has been implicated in the manifestation of critical
illnesses, including ischemia and reperfusion injury and systemic inflam-
matory states. The state of oxidative stress is defined as an imbalance
between the presence of antioxidants and free radicals/pro-oxidants in a
biological system. Reactive oxygen species (ROS) and reactive nitrogen
species (RNS) are the two most common residual products of various
cellular processes, including aerobic metabolism [37]. When the redox
balance is disrupted, excessive production of free-radicals start to cause
significant damage as the body is left unable to counteract the over-
production of these oxidant agents. The unstable atoms in free-radicals
take away electrons from other biological structures, causing instability
and damage to cells and essential components such as DNA, proteins
and lipids from the membrane, which ultimately lead to inflammation
tissue injury [38].

The ACE2 is a protease that participates in the renin-angiotensin
system (RAS). Both ACE and ACE2 are present on cell membranes and
compete for the same substrates, angiotensin I and II. ACE2, however,
can neutralize ACE activity, influencing the amount of angiotensin-II
(ANGII) and increased ANG 1-7 peptide [39,40].

The downstream effects of the two enzymes are opposite as ACE ac-
tivity leads to vasoconstriction, oxidative stress, inflammation and apop-
tosis. ACE2 on the other hand causes vasodilation and angiogenesis,
and promotes anti-inflammatory, antioxidant and anti-apoptotic effects
[40]. The oxidative stress generated by ACE activity is linked to the ef-
fects of ANGII produced, which increases the production of ROS through
the activation of NADPH oxidase and the generation of peroxynitrite
anions. In contrast, the ANG 1-7 peptide synthesized by ACE2 activity
affect pro-oxidant pathways, preventing or attenuating cell damage in-
duced by oxidative stress.

Every individual has a unique ACE/ACE2 balance and may therefore
be more susceptible to inflammation if ACE prevails. In coronavirus-
related cases, SARS-CoV-2 infection negatively regulates the abundance
of ACE2 on cell surfaces, as suggested by evidence [41]. The result is
a toxic over-accumulation of ANGII, exacerbated inflammation and, fi-
nally, acute respiratory distress syndrome and fulminant myocarditis.

Suboptimal ratio of ACE to ACE2 may explain the heterogeneous
responses to the viral infection. The link between deregulation of the
RAS cascade and probability and severity of SARS-CoV-2 infection has
been discussed in recent investigations [42].

Studies suggest that a delicate disulfide-thiol balance is crucial for
viral entry and fusion in the host cell. It turns out that oxidative stress
generated by free radicals can negatively affect this balance [37]. Partic-
ular focus is shifted towards the impact of antioxidants, such as NADPH
and glutathione, and redox proteins, such as thioredoxin and protein
disulfide isomerase, which maintain the disulfide-thiol balance in the
cell [37]. The possible influence of these biomolecules on the binding
of the viral protein to the host cell’s ACE2 receptor protein is discussed,
as well as on the severity of COVID-19 infection [37]. Exacerbated ROS
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production and a disproportionate cellular antioxidant/oxidant balance
may play an important role in the pathogenesis of respiratory infec-
tions (Fig. 1), especially SARS-CoV infections. More recently, it has
been suggested that individuals with pre-existing comorbidities such as
metabolic syndrome and lung, heart and kidney disease are at a higher
risk of developing a serious infection. Additionally, pathologies like can-
cer, diabetes mellitus, cardiovascular diseases, and chronic kidney dis-
ease can cause an increase in oxidative stress.

Recent studies have also highlighted the importance of the disulfide-
thiol balance in the viral entry of the SARS-CoV and SARS-CoV-2 coro-
naviruses. Similar to the HIV gp120 protein, experimental data showed
that as the thiol content in SARS-CoV S1 (the receptor-binding subunit)
increased, its ability to bind to target cells decreased, suggesting that
both viruses require a specific thiol content for fusion and entry to oc-
cur [37].

Managing SARS-CoV infection

The accurate identification and immediate treatment of the under-
lying cause in patients with SARS is imperative. Supportive therapy for
SARS is focused on limiting more pulmonary actions through a com-
bination of pulmonary protection to prevent ventilator-associated lung
injuries and conservative fluid therapy to not only prevent but stimu-
late resorption of pulmonary edema. Currently, there are no ideal or
“gold standard” parameters for pulmonary protection. There may be no
safe level of tidal volume or airway pressure in patients with acute in-
jury. As the volume of aerated lung is reduced in patients with SARS,
even the normal volumes delivered with airway pressures surveyed for
the uninjured lung can cause volumetric trauma, further damaging the
epithelium and stimulating inflammation. The repetitive opening and
closing of the lung structures amplifies the regional pulmonary tension
and denatures the surfactant. Epithelial and endothelial damage, in turn,
causes translocation of pro-inflammatory mediators and bacterial prod-
ucts, worsening systemic inflammation [23,43].

At the moment, there are no well-known pharmacological therapies
for SARS proving to reduce mortality in the short or long term. Inhaled
nitric oxide may improve oxygenation and lung function in the long-
term among patients who survive. However it does not reduce mortality
and is often associated with acute kidney injury [44]. Surfactant sub-
stitution, neutrophil elastase inhibition and anticoagulation have not
yielded very optimistic results in clinical trials. The same is true for
NSAIDs (ketoconazole and lysophylline), statins and albuterol, for ex-
ample [45].

More recently, however, researchers have considered the potential
applications of specific antioxidants, more specifically NAC and GSH, to
assist in the management of these respiratory complications.

Biological effects of glutathione and N-acetylcysteine

As previously introduced, the immunoinflammatory mechanisms im-
plicated in the pathophysiology of SARS-Cov-2 have led scientists to be-
lieve that disulfide-thiol balance is critical for viral entry into the host
cell. Oxidative stress remains a key factor in this disease process, play-
ing a crucial role in the balance of homeostasis [37,46-48]. Therefore,
antioxidants like Glutathione (GSH) and its precursor, N-acteylcysteine
(NAC) have been considered in treatment of this condition given their
influence on binding of the viral protein on to the host cell ACE2 recep-
tor protein that is specifically implicated in the SARS-Cov-2 infection
[37,41,48].

GSH (y-L-Glutamyl-L-cysteine) is found in the cytosolic compartment
of most cells in the body [49]. This tripeptide is made up of three amino
acids: glycine, cysteine  and glutamate. GSH acts on several enzymatic
systems in the body that help eliminate free-radicals and detoxify fat-
soluble components [50]. It also exerts a metabolic role in various bio-
chemical processes, including amino acid transport, DNA synthesis and
immune system improvement [51]. In the epithelial lining fluid of the



J.F.S.D. Lana, A.V.S.D. Lana, Q.S. Rodrigues et al.

lower respiratory tract, GSH is the first line of defense against oxidative
stress [51]. The concentrations are 140 times higher than in serum, and
alterations in GSH metabolism in the lungs are considered central in the
context of inflammatory lung diseases [52-54]. NAC has been demon-
strated to improve the redox status especially under oxidative stress, a
key phenomenon in SARS-Cov-2 [6]. In fact, it has been previously sug-
gested that the deficiency of endogenous GSH as a whole is reflective
of a significant factor for the pathogenesis of various diseases through
mechanisms involving oxidative stress and inflammation. Also, the main
risk factors for the more aggressive forms and lethal manifestations of
COVID-19 appear exactly in the population that naturally presents a
natural or pathological depletion of GSH [48]. The glutathione precur-
sor also activates additional mechanisms that are beneficial in amelio-
rating the pathophysiological pathways of the viral attack and subse-
quent immunomodulatory inflammatory response. It may increase the
proliferative response of T cells, inhibit NLRP3 inflammatory pathway
(IL1B and IL18) and decrease plasma TNF [55] According to Zhou et al
[56] NAC decreases IBF-alpha, IL-1b, IL-6, IL-8, IL-10, IL-17 serum lev-
els in patients with sepsis, severe burns, acute liver failure, and may
also diminish the potency of the cytokine storm, thereby attenuating
the detrimental effects of SARS-Cov-2 on multi-system organ failure.

In addition to being a potent antioxidant and an anti-inflammatory
agent, NAC has demonstrated the potential to serve as a mucolytic agent,
further strengthening its role in pulmonary diseases [57]. Although ac-
knowledged in the guidelines of the American Thoracic Society and the
European Respiratory Society, more robust studies need to be conducted
to further elucidate its applicability [58]. Grandjean et al concluded
through their meta-analysis of eight trials that oral delivery of NAC at
doses ranging from 400 to 1200 mg per day to as little as 600 mg three
times per week proved to be superior to placebo in the treatment of
chronic bronchitis. They also noted decrease in the number of acute ex-
acerbations by 23% [59].

Repine et al reviewed the beneficial effects of NAC in chronic ob-
structive pulmonary disease via and learned that it was directly asso-
ciated with improvement of symptoms, decreasing the number of viral
infections and airway bacterial colonization [60].

Both NAC and GSH have attracted attention for their therapeutic
efficacy in a variety of conditions, given their multimodal mechanism
of action. NAC, best known in the past as an antidote for Acetaminophen
poisoning has since been appreciated as a potential therapeutic agent for
psychiatric, neurological, infectious, addictive and pulmonary diseases
[57].

In terms of mechanisms of action, studies have shown that there
is no change in the plasma concentration of GSH, except locally, with
more pronounced effects on the upper and lower respiratory tract. The
predominant mechanism is attributed to its antioxidant properties that
confer protection against oxidative damage, in an attempt to reestab-
lish equilibrium in the respiratory tract. Most studies were unable to
demonstrate changes in oxidation markers with the use of GSH. Addi-
tional explanations for the effects of GSH may include improved host
defenses such as increased cytotoxic lymphocytes and better oxygena-
tion. Interestingly, GSH inhalation produces clinically significant results
for most of the diseases studied. More specifically, GSH inhalation has
shown improvement in respiratory function markers that impact quality
of life and disease progression [61].

Administration routes

In inflammatory lung diseases, supplementation with exogenous
sources of GSH may help to reduce the oxidant content. Few clinical
studies have concluded that oral administration of GSH was ineffective
in increasing plasma levels of healthy controls [62], whereas the in-
travenous route increases its levels in the pulmonary epithelial lining
fluid, albeit for a short period of time [63]. Due to its versatility, NAC
dosing and route of administration has been varied. In the case of ac-
etaminophen poising, for example, which is by far the most traditional
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Fig. 2. Nebulization of N-acetylcysteine and Glutathione for the management
of initial COVID-19-related respiratory stress.

and time-tested application of NAC, it is often administered as an intra-
venous infusion of 100-150 mg/kg along in glucose or saline solutions
[64].

When used for pulmonary conditions, oral delivery [65] or nebu-
lization [66] with water or saline or in form of tablet or capsule may
be more suitable. Topical preparations are generally available as a 200
mg/ml preparation and are absorbed into the systemic circulation from
the site administered. The oral bioavailability of NAC is approximately
6-10%, due to extensive first-pass metabolism, with T max at 1-2 hours
after dosing [67]. He et al identified an amide derivative of NAC, N-
acetylcysteine amide (NACA) in murines as a promising precursor of
NAC that increases bioavailability to 67% and increases GSH replen-
ishing capacity by 3-4 fold [68]. Although the oral dosing seems to be
fairly well tolerated, mild gastroinstestinal symptoms such as nausea,
vomiting and diarrhea have been reported in a dose-dependent fashion.
For instance, Mardikian et al [69] reported the occurrence of some mild
side-effects between 1200, 2400 and 3600 mg/day oral doses of NAC,
lying in parallel with the findings of Berk et al [70,71] who evaluated a
daily dose of 2 g of NAC (1000 mg twice daily) and also perceived some
mild adverse effects.

Moreover, oral administration of GSH can be more expensive than
supplementation with cysteine  and glycine, and its systemic bioavail-
ability may be poor due to its natural degradation in the digestive tract.
Therefore, its suitability for use in a large population may be limited.
Interestingly, a case study showed that the repeated use of 2000 mg of
oral administration and intravenous delivery of glutathione was effec-
tive in alleviating the severe respiratory symptoms of COVID-19, illus-
trating for the first time the effectiveness of this antioxidant therapy for
COVID-19 [72].

In regards to NAC, there is still some limitation in regards to the com-
prehension of the exact pharmacokinetic profile due to limited studies
and early research using low doses and primitive analytical technolo-
gies. Most prior studies demonstrate extensive inter-subject variation
in plasma concentrations following oral administration of NAC [14,67]
which would put forward the inhalation route as a preferred method for
treatment of acute respiratory conditions.

We propose that nebulization of 3000 mg per day of NAC or GSH
may suffice in controlling the aggravation of oxidative stress and inflam-
mation arising from the severe cytokine storm in pulmonary structures
(Fig. 2). This alternative is quite convenient since it is relatively easy
and quick for patients to do at any time they wish to, without requiring
them to leave the comfort of their own home. Also, portable nebuliz-
ers may be even more convenient in this regard. Moreover, at least in
comparison to oral administration, for instance, nebulization may of-
fer more viability. This alternative route does not appear to cause any
discomfort and does not render the therapeutic agents susceptible to
rapid biodegradation as seen in oral ingestion [67], for example, where
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molecules may prematurely react with gastric juice. This would reduce
their efficacy and, in some cases, even generate mildly discomforting
sensations such as nausea, vomiting and diarrhea [69-71].

To elaborate, nebulized NAC, either alone or in combination with
other agents has demonstrated to be effective and well tolerated in a va-
riety of conditions. Han et al [73] studied the effect of NAC in lung can-
cer patients diagnosed with post radiation pneumonitis. The researchers
revealed that the mean patient-rated severity score associated with spu-
tum production was decreased in the NAC group between visits 1 and
4 (P=0.08) in comparison to the controls, and none of the patients had
to use any additional expectorant agents after receiving nebulization.
Similarly, Volgers et al [74] studied high dose nebulized NAC in COPD
patients and demonstrated that NAC exerts a strong bacteriostatic effect
in patients with airway conditions.

In contrast, Masoompour et al [75] conducted a randomized clinical
trial of 40 mechanically ventilated patients ages 15-90 years who re-
ceived NAC vs. normal saline via their nebulizers three times a day for
one day. It was noted that although nebulized NAC did not show supe-
rior results than normal saline in reducing density of mucus plugs in me-
chanically ventilated patients, mean secretion density was significantly
lower in the NAC group (P=0.006) and NAC increased O, saturation
significantly (P=0.014).

Based on the aforementioned information regarding pulmonary con-
ditions, it would appear that inhalation (Fig. 2) is one of the methods
that can significantly increase the levels of GSH in the pulmonary epithe-
lial lining fluid [61]. Previous studies on GSH inhalation have also re-
vealed positive results for an array of additional conditions such as cys-
tic fibrosis, chronic otitis, HIV positive patients, idiopathic pulmonary
fibrosis and chronic rhinitis [61]. Medical experts should, however, be-
ware of the dispersion of particles in patients undergoing nebulization,
which is why this route of administration is strongly recommended for
patients who do not respond well to other interventional strategies and
administration routes.

The respiratory tract of patients affected by COVID-19 ends up pre-
senting acute inflammation due to escalated immune responses and cy-
tokine production, which are responsible for injury, multiple organ fail-
ure and death. The early nebulization of GSH in suspected cases of acute
respiratory syndrome due to COVID-19 can help control pulmonary ep-
ithelial oxidants. Improvement in lung function is expected, with in-
creased oxygen saturation as well as control of pulmonary inflamma-
tion. Lower glutathione levels have been associated with increased cel-
lular oxidative stress as well as several disease states and immune dis-
orders that lead to greater susceptibility to viral infections, including
SARS-CoV-2 infection [72]. Uncontrolled viral replication leads to pro-
longed oxidative damage to the lungs, thus increasing the severity of
the infection [76]. Conversely, high levels of GSH may very well assist
in preventing the virus from replicating efficiently, producing lower vi-
ral loads and, therefore, attenuating symptoms if accurately diagnosed
and treated during the initial stages. For instance, an investigation con-
ducted at Kursk State Medical University evaluated the effects of GSH
levels on an individual’s ability to recover from COVID-19 infection and
concluded that high ratios of ROS over GSH appeared to be strongly
related to symptom severity and extended recovery times [76].

GSH deficiency can interfere with the body’s ability to detoxify the
cellular microenvironment, fold proteins, replenish antioxidants, main-
tain healthy immune responses and even modulate apoptotic events,
promoting suboptimal cellular function and development of diseases
[53].

Conclusion

COVID-19 has caused a major global impact ever since its emergence
in December 2019. This highly transmissible and debilitating disease
spread at an incredibly fast rate in a matter of months, causing the
infection and unfortunate death of millions of people. SARS-CoV-2 is
able to invade host cells in humans by binding to ACE2 receptors lo-
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cated in several cells throughout the body. It affects multiple organ sys-
tems including the respiratory, cardiac, hematological, neurological, re-
nal and gastrointestinal structures. The most significant manifestations
expressed by this disease can be attributed to the predominant cytokine
storm syndrome in the lungs, resulting in severe oxidative stress, ex-
acerbated inflammation and alveolar injury. This disease is still quite
recent and not fully understood, which may also explain why no treat-
ments have shown complete efficacy and safety. Therefore, individuals
still need to rely on other forms of protection and prevention, including
vaccination, but safety is still not fully ascertained. GSH and its precur-
sor, NAC, are two natural antioxidant compounds with demonstrated
ability to participate in several biological processes in the body, espe-
cially in the management of the redox equilibrium. Recent studies have
suggested that COVID-19 and even other diseases are strongly related to
oxidative stress and deficiency of endogenous GSH. The high ratios of
ROS over GSH, in particular, appear to reflect severity of symptoms and
prolonged hospitalization of patients. This imbalance interferes with the
body’s ability to detoxify the cellular microenvironment, fold proteins,
replenish antioxidants, maintain healthy immune responses and even
modulate apoptotic events, promoting suboptimal cellular function and
development of diseases. Although nebulization of GSH and NAC as an
adjuvant therapy could be beneficial in managing the early stages of
COVID-19, more studies are required.
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