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ARTICLE INFO ABSTRACT

Keywords: Clinical studies have shown a significant positive correlation between age and the likelihood of being infected
COVID-19 with SARS-CoV-2. This increased susceptibility is positively correlated with chronic inflammation and
Acute respiratory distress syndrome (ARDS) compromised neurocognitive functions. Postmortem analyses suggest that acute lung injury (ALI)/acute respi-
Is?iiﬁﬁii?; oxygen therapy ratory distress syndrome (ARDS), with systemic and lung hyperinflammation, can cause significant morbidity
Aging and mortality in COVID-19 patients. Supraphysiological supplemental oxygen, also known as hyperoxia, is
Mitochondria commonly used to treat decreased blood oxygen saturation in COVID-19 patients. However, prolonged exposure

to hyperoxia alone can cause oxygen toxicity, due to an excessive increase in the levels of reactive oxygen species
(ROS), which can overwhelm the cellular antioxidant capacity. Subsequently, this causes oxidative cellular
damage and increased levels of aging biomarkers, such as telomere shortening and inflammaging. The oxidative
stress in the lungs and brain can compromise innate immunity, resulting in an increased susceptibility to sec-
ondary lung infections, impaired neurocognitive functions, and dysregulated hyperinflammation, which can lead
to ALI/ARDS, and even death. Studies indicate that lung inflammation is regulated by the central nervous system,
notably, the cholinergic anti-inflammatory pathway (CAIP), which is innervated by the vagus nerve and o7
nicotinic acetylcholine receptors (¢7nAChRs) on lung cells, particularly lung macrophages. The activation of
o7nAChRs attenuates oxygen toxicity in the lungs and improves clinical outcomes by restoring hyperoxia-
compromised innate immunity. Mechanistically, «7nAChR agonist (e.g., GAT 107 and GTS-21) can regulate
redox signaling by 1) activating Nrf2, a master regulator of the antioxidant response and a cytoprotective defense
system, which can decrease cellular damage caused by ROS and 2) inhibiting the activation of the NF-kB-
mediated inflammatory response. Notably, GTS-21 has been shown to be safe and it improves neurocognitive
functions in humans. Therefore, targeting the a7nAChR may represent a viable therapeutic approach for
attenuating dysregulated hyperinflammation-mediated ARDS and sepsis in COVID-19 patients receiving pro-
longed oxygen therapy.

Cholinergic anti-inflammatory pathway
a7 nicotinic acetylcholine receptor

of redox biology and medicine in the areas of mitochondrial aging, the
triage theory of vitamins and micronutrients in longevity, and the role of
oxidative stress in the pathogenesis of human diseases. In addition, Dr.
Ames has provided insightful comments and interpretations about the

1. Introduction

It is our great honor to contribute to this special issue celebrating the
scientific achievements of Dr. Bruce Ames in the redox field. Although
we have not had the honor of collaborating with him, some of us have
attended talks/seminars given by Dr. Ames. His talks were always
scientifically enlightening and contained elements of his delightful
humor and wit. Dr. Ames has made significant contributions to the field

failure of many clinical trials using antioxidants, which opened new
vistas for scientists to conduct research in the field of redox medicine.
The profound love for his fellow citizens is indicated by his pioneering
work in areas that have positively impacted public health. His pursuit of
a new field every 10-15 years is indicative of his never-ending scientific
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Abbreviations

a7nAChR o7 nicotinic acetylcholine receptor

ACE2 angiotensin converting enzyme 2

ACh acetylcholine

AD Alzheimer’s disease

ALI acute lung injury

ALT alanine aminotransferase

ARDS acute respiratory distress syndrome
AST aspartate aminotransferase

BBB blood-brain barrier

CAIP cholinergic anti-inflammatory pathway
cCFR corrected case fatality ratio

CFR case fatality rate

cIFR corrected infection fatality ratio

CNS central nervous system

COPD  chronic obstructive pulmonary disease

COVID-19 Coronavirus disease 2019

CT computer-assisted tomography
CYP children and young people
ETC electron transport chain

FiO, fraction of inspired oxygen

GAT107 (+)-enantiomer of racemic 4-(4-bromophenyl)-3a,4,5,9b-
tetrahydro-3H-cyclopenta[c]quinoline-8-sulfonamide

GTS-21 DMXBA

H,0, hydrogen peroxide

HMGB1 high mobility group box protein 1

ICU intensive care units

IL: interleukins

LPS lipopolysaccharide

mtDNA  mitochondrial DNA

mtROS  mitochondrial reactive oxygen species

NF-«kB  nuclear factor kappa B

Nrf2 nuclear factor E2-related factor 2

(02 oxygen

O3 superoxide

PaO, arterial oxygen

PhenoAgeAccel PhenoAge acceleration

PNS peripheral nervous system

ROS reactive oxygen species

SARS-CoV-2 Severe acute respiratory syndrome coronavirus-2
SOD superoxide dismutase

TNF tumor necrosis factor

curiosity. We believe the redox community has benefited significantly
from many scientists, exemplified by Dr. Ames, who is brilliant,
insightful, visionary, and generous. We believe that Dr. Ames’ signifi-
cant contributions to the aging and redox research areas will no doubt
help us elucidate the pathogenesis underlying the susceptibility to SARS-
CoV-2 infection and the progression of COVID-19-induced disease.

The current coronavirus pandemic (COVID-19) is caused by the se-
vere acute respiratory syndrome coronavirus-2 (SARS-CoV-2), which is
an enveloped, positive-strand RNA virus [1,2]. Over the past 2 years, the
SARS-CoV-2 virus has spread globally and, consequently declared a
pandemic by the World Health Organization (WHO), on March 11,
2020. COVID-19 has caused more than 580 million infections and more
than 6.4 million deaths globally. Fortunately, as a result of unprece-
dented global collaborations among scientists, medical professionals
and public health workers, SARS-CoV-2 RNA was sequenced and vac-
cines for the SARS-CoV-2 were rapidly developed [3-7]. Despite this
great success, we are still facing unprecedented challenges as: 1) a sig-
nificant percentage of the world’s population is not vaccinated and 2)
the emergence of new variants of SARS-CoV-2, such as Omicron (notably
the BA.4 and BA.5 variants), which are more contagious than alpha and
delta, causing breakthrough infections, even in vaccinated individuals
and 3) an estimated 10-30% infected with SARS-CoV-2 develop the
post-acute sequelae of SARS-CoV-2 infection (also known as Long
COVID, among other designations), which greatly affects the health and
quality of life [8-11]. The significant impact of SARS-CoV-2 infection on
global health, economy and healthcare resources has created an urgent
need to identify 1) the risk factors associated with its prevalence and 2)
the underlying mechanisms that increase the incidence of severe and
fatal outcomes in order to develop efficacious treatments for patients
with COVID-19.

COVID-19 is diagnosed primarily based on clinical symptomatology,
computer-assisted tomography (CT) scans, and the detection of specific
SARS-CoV-2 antigens [1,12,13]. Data obtained by the United States
Center for Disease Control (CDC) indicates that 81% of COVID-19 pa-
tients experience mild-to-moderate symptoms, including cough, fatigue,
diarrhea, headache, muscle pain, shortness of breath, and mild forms of
pneumonia. However, 14% and 5% of patients diagnosed with
COVID-19 have severe to life-threatening symptoms, respectively,
which include fever, dyspnea, hypoxia, respiratory failure, and multiple
organ failure [1,14]. COVID-19 can produce acute and chronic
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dysfunctions in the lung, brain, renal, musculoskeletal and gastrointes-
tinal tissues [15,16].

During the early stages of the COVID-19 pandemic, clinical data
indicated that 14% of all hospitalized patients had bilateral ground-glass
opacities in the lung, and 75% were diagnosed with pneumonia [17].
The primary cause of death in patients with COVID-19 is the acute
respiratory distress syndrome (ARDS), a severe form of acute lung injury
(ALI), which is characterized by dysregulated hyperinflammation in the
lung and circulation [18-20]. The mortality rate reached 39-72% in the
critically severe COVID-19 patients admitted to intensive care units
(ICU), even though the ICU patients are routinely on mechanical
ventilation with supraphysiological concentrations of supplemental
oxygen (hyperoxia) [6,19,21]. This high mortality rate could be attrib-
uted to prolonged exposure to hyperoxia, which itself can produce ox-
ygen toxicity, causing ALI/ARDS [22].

Oxygen (O) is imperative for the survival of the vast majority of
organisms on earth [23]. Since its discovery in the atmosphere in 1771
by Carl Wilhelm Scheele and the recognition of its value in medical
practice in the 19th century by Antonie Lavoisier, O3 has been known as
an essential component in the medical management of certain diseases
because of the metabolic needs of aerobic organisms [24]. The appre-
ciation of the vital role of sufficient blood oxygen saturation in our
survival has become more apparent during this unprecedented
COVID-19 pandemic. The presentation of hypoxemic respiratory failure
is one of the most common problems in hospitalized COVID-19 patients
[25]. Mechanical ventilation with hyperoxia has been a vital tool for
maintaining adequate oxygenation in patients with severely impaired
lung functions, in order to sustain the life of patients diagnosed with
severe and critical cases of COVID-19 [25,26].

Although it is a life-saving intervention, hyperoxia, whether it is
given by noninvasive means or invasive mechanical ventilation, can be
deleterious as it can produce oxygen toxicity [25,27-33]. Upon pro-
longed exposure to hyperoxia, excessive and dysregulated inflammation
occurs in the lungs, increasing the incidence of secondary infections,
leading to ventilator-associated pneumonia, ALI/ARDS, sepsis and even
death [27,34,35]. Therefore, although oxygen therapy with supple-
mental oxygen is a critical part of the treatment of hypoxemia, the
exposure of patients to hyperoxia can induce oxygen toxicity after pro-
longed exposure [25,36].

There are thousands of ongoing clinical trials being conducted to
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identify efficacious treatments for SARS-CoV-2 infections. Currently, the
only FDA-approved treatment for COVID-19 in adults and children who
are 12 years of age or older is the antiviral drug, remdesivir, an inhibitor
of the enzyme, RNA-dependent RNA polymerase, which decreases
SARS-CoV-2 RNA synthesis [37]. Although remdesivir has been shown
to accelerate the recovery rate if administered during the early phases of
COVID-19, its overall efficacy is limited by the absence of a significant
survival benefit, particularly in the more severe cases of COVID-19 [37,
38]. Thus, novel therapeutic strategies that are safe and efficacious for
treating severe COVID-19 are urgently needed.

In this review, we will discuss the potential effects of oxygen toxicity
on the deleterious clinical outcome of patients with COVID and some
novel strategies, based on data indicating the important role that neu-
roimmunomodulation plays in modulating lung inflammation, to pre-
vent dysregulated hyperinflammation-induced ALI/ARDS. This review
highlights: 1) Aging as the primary risk factor in the susceptibility to
SARS-CoV-2 infection and mortality due to COVID-19; 2) The contri-
bution of oxygen toxicity to the pathogenesis of ALI/ARDS and to the
positive correlation of oxygen toxicity with aging biomarkers and 3)
Targeting alpha7-nicotinic cholinergic receptors («7nAChR), an essen-
tial component of the cholinergic anti-inflammatory pathway (CAIP)/
the inflammatory reflex, to attenuate or prevent dysregulated
hyperinflammation-mediated ALI/ARDS.

2. Aging is the primary risk factor in the susceptibility to SARS-
CoV-2 infection and COVID-19 mortality

Due to the high rate of SARS-CoV-2 infection and the resulting
morbidity and mortality, the identification of risk factors contributing to
the fatal outcome has been of great importance. Early epidemiological
data indicated that the COVID-19 pandemic affects people of different
ages at distinct rates, although SARS-CoV-2 can infect people of all ages
[39,40].

2.1. The elderly are significantly more susceptible to SARS-CoV-2
infection and have a higher risk of developing severe COVID-19, compared
to individuals that are young

Russell et al. [41] conducted one of the first studies to investigate the
correlation between age and the prevalence of COVID-19. They evalu-
ated the infection rate and case fatality rate of COVID-19, using data
obtained from passengers aboard the cruise ship, Diamond Princess
[41]. As reported by the National Institute of Infectious Diseases, by
February 20, 2020, there were 619 confirmed COVID-19-positive pas-
sengers aboard the Diamond Princess [42]. Of the 619 confirmed cases,
318 were asymptomatic and 301 were symptomatic [42]. A total of 3063
PCR tests were conducted, beginning with the elderly passengers and
then all others, descending by age [42]. The all-age corrected infection
fatality ratio (cIFR) on the cruise ship was estimated to be 1.3% (95% CI:
0.38-3.6), with an estimated corrected case fatality ratio (cCFR) of 2.6%
(95% CIL: 0.89-6.7) [41]. For individuals aged 70 and older, the
age-stratified estimates for cIFR and cCFR were 6.4% (95% CI: 2.6-13)
and 13% (95% CI: 5.2-26), respectively. The [41] investigation suggests
that age does contribute to the susceptibility to SARS-CoV-2 infection
and case fatality rates in COVID-19 [41].

The disparity in age-related vulnerability to SARS-CoV-2 infection
was also shown in a study by Davies et al. [43]. In this study, the age
disparity was evaluated by fitting an age-structured mathematical model
to data, obtained from China, Italy, Japan, Singapore, Canada, and
South Korea [43]. The investigations compared the susceptibility to
SARS-CoV-2 infection in individuals <20 years of age with that of people
>70 years old. Although the susceptibility to SARS-CoV-2 infection in
individuals <20 years of age is approximately half of that of adults >20
years of age, the prevalence of symptomatic COVID-19 was 21% (95%
credible interval: 12-31%) in 10-19 years old and increased to 69%
(57-82%) in people >70 years old. These results suggest that age was a
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factor in the susceptibility to SARS-CoV-2 infection and in the risk of
developing clinical symptoms. Furthermore, there was a significantly
greater risk of developing severe disease in older individuals [43]. These
clinical observations led to the hypothesis that the prevalence of
COVID-19 increases with age.

To further examine, quantify and analyze factors that may be
significantly correlated with COVID-19 mortality, Williamson et al. [44]
conducted a large cohort study (n = 17,278,392 subjects) in England in
April 2020 [44]. OpenSAFELY, a novel data analytics platform, was used
to determine factors significantly correlated with COVID-19-related
mortality. Of the 17,278,392 subjects enrolled in the study, 10,926
were linked to COVID-19. The overall incidence of COVID-19-associated
deaths within a 90-day period was <0.01% in 18-39 years old, whereas
the mortality rate in men or women, 80 years old or older, was 0.67%
and 0.44%, respectively. The Williamson et al. study provided an early
insight into factors that were significantly correlated with disease pro-
gression, suggesting that age is a major contributing cause to COVID
mortality [44].

Moreover, Verity et al. [40] sought to determine the case fatality rate
(CFR) that accounted for censoring and ascertainment biases [40]. This
was done retrospectively in 1023 patients who died from COVID-19 in
China in February of 2020. They analyzed the demographics and mor-
tality of patients at every 10-year age interval. The results indicate a
3-fold higher CFR for patients >60 years old (n = 151, CFR: 4.5%,
[1-8-11]), compared to patients <60 years old (n = 360, CFR: 1.4%,
[0-4-3-5]). In addition, the mortality rate increased at every 10-year age
interval. These results indicate that age is a risk factor for COVID-19
mortality.

Due to the limited information available on the presentation and
outcome of severe COVID-19 patients, Richardson et al. [39] conducted
a case study on sequentially hospitalized patients with confirmed
COVID-19 [39]. A total of 5700 confirmed COVID-19 patients (median
age = 63 years old), that were admitted to 12 Northwell Health System
hospitals between March 1 and April 4, 2020, were enrolled in this study
[39]. This study found that the mortality rate was 0% for both male and
female patients younger than 20 years old; however, the mortality rates
were higher in those older than 20 years old. Notably, this study found
that mechanical ventilation with hyperoxia augmented the mortality
rates. Specifically, the mortality rate for patients who received me-
chanical ventilation in the 18-65 years old group was 76.4%, whereas
those who received no mechanical ventilation in this group had a
mortality rate of 1.98%. Moreover, patients in the older than 65 group
who received mechanical ventilation had a mortality rate of 97.2%,
whereas the mortality rate of patients in this group that were not me-
chanically ventilated was 26.6% [39]. Furthermore, the readmission
rates for the discharged patients increased progressively in older pa-
tients, compared to the younger group of patients, as older patient
groups had higher readmission rates than that of younger groups. This
study further confirms the findings in the studies discussed above, which
indicating that there is a positive correlation between age and mortality
rate in COVID-19 patients and that mechanical ventilation increases the
mortality rate.

To obtain additional data on how SARS-CoV-2 infection affects
children and young people (CYP), who are <18 years old, Smith et al.
[45] conducted a clinical review using the Linked Mandatory Child
Death Reporting data and quantified the mortality risk of all deaths in
CYP in England following SARS-CoV-2 infection. The primary objective
of the study was to identify subjects where SARS-CoV-2 infection
contributed to mortality [45]. Data were obtained during the first
pandemic year from March 2020 to February 2021 to differentiate be-
tween those who died of SARS-CoV-2 infection and those who were
SARS-CoV-2 positive but died from other causes. The results indicated
that 3105 CYP died within the designated time interval, whereas 25 CYP
died directly due to SARS-CoV-2 infection. While the mortality rate was
0.0002% in children and young people, the mortality rate of those >18
years old was 3.2% during the same period of time in England [45]. In
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summary, these studies indicated that the elderly, compared to younger
age groups, are significantly more susceptible to SARS-CoV-2 infection
and there is a greater probability of more severe disease and mortality in
older compared to younger patients.

2.2. Medical co-morbidity significantly increases the likelihood of SARS-
CoV-2 infection and COVID-19 disease severity

Based on the discussion above, SARS-CoV-2 infection affects the
elderly at disproportionate rates, which increased probabilities of fatal
outcome. In contrast, children and young people are typically asymp-
tomatic or only experience mild symptoms following infection with
SARS-CoV-2 [46,47]. Thus, the elderly are significantly more vulnerable
to SARS-CoV-2 infection and are at a greater risk of developing severe
disease and mortality than young individuals. However, it remains to be
determined as to why some children became infected with SARS-CoV-2
and died from COVID-19.

To ascertain the underlying health conditions that may be contrib-
uting to COVID-19 mortality in addition to chronological age, Smith
et al. [45] analyzed the mortality data in children and young people who
died of COVID-19, collected in England between March 1st, 2020, and
February 28th, 2021 [45]. It was reported that 64% (n = 16) of the 25
children and young people who died of SARS-CoV-2 infection presented
with comorbidities in two or more organ systems, compared to 45% (n
= 1373) in children and young people (n = 3080), who died of other
causes [45]. Furthermore, neurological conditions were the most prev-
alent comorbidity in children and young people who died of COVID-19
(52%), compared with children and young people who died from all
other causes (40%). Overall, these data suggest that medical comor-
bidities, particularly neurological comorbidities, are a major risk factor
in the fatal outcomes in young patients infected with SARS-CoV-2.

To determine if preexisting chronic illness or medical comorbidity
also contributes to a higher incidence of COVID-19 mortality in elderly
patients, [48] evaluated the potential risk factors associated with fatal
outcomes due to COVID-19 in a retrospective study of a cohort of 1590
hospitalized subjects in China. The results indicated a greater incidence
of more severe cases and mortality in the elderly (>65 years old),
especially those >75 years old compared to patients <65 years old, a
finding consistent with the clinical studies discussed above. More
importantly, there was a greater rate of severe cases and mortality in
patients with preexisting comorbidities, including cardiovascular and
cerebrovascular diseases, such as hypertension and diabetes. This study
suggests that preexisting illness is an independent risk factor in
COVID-19-induced mortality in the elderly [49].

The identification of medical comorbidities as an independent risk
factor in the progression and mortality of COVID-19 is critical in
determining the underlying pathogenesis of the disease. The critical
contribution of medical comorbidity to COVID-19 was further confirmed
by Nandy et al. [50]; who conducted a meta-analysis of data derived
from 3994 patients. Based on data from 16 studies, this meta-analysis
indicated that the presence of chronic obstructive pulmonary disease
(COPD), chronic kidney disease, hypertension, diabetes, and cardio-
vascular disease, significantly increased the probability of COVID-19
disease progression. These results further confirmed that medical
comorbidities play a major role in COVID-19 prevalence and increase
the likelihood of developing severe COVID-19.

The investigations that were conducted to compare COVID-19
pathogenesis in the elderly with that in younger age groups suggest
that medical comorbidities produce a higher prevalence and greater
COVID-19 severity. Interestingly, age-related diseases are among the
most important medical comorbidities that contribute to the progression
of COVID-19. In a study of 5700 patients hospitalized with COVID-19 in
the New York City area, it was reported that hypertension (56.6%),
obesity (41.7%) and diabetes (33.8%) were the most prevalent comor-
bidities among these hospitalized COVID-19 patients [39]. These find-
ings were congruent with a study conducted by Williamson et al. [44];
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which reported that diabetes, severe respiratory disease, chronic heart
disease, liver disease, stroke, and dementia (all age-related diseases)
increased the risk of death from COVID-19 [44].

Furthermore, Santesmasses et al. [51] reported that although
COVID-19 mortality in people with no medical comorbidity increased
with age, COVID-19 mortality in patients with Alzheimer’s disease and
dementia increased exponentially with age, particularly in patients >60
years old [51]. The important role of neurocognitive impairment in
COVID-19 mortality was consistent with the findings reported by [45] in
children and young people with neurological comorbidities. Results
from this study indicate that young patients who died of COVID-19 had
complex neurological impairments due to a combination of underlying
genetic or metabolic conditions, hypoxic ischemic events or prematurity
[45]. It is noteworthy that chronic inflammation is often present in these
aforementioned preexisting medical comorbidities [52].

In summary, these studies suggest that the presence of inflammatory
comorbidity (such as age-related diseases) significantly contributes to
COVID-19 disease progression in both young and elderly patients
infected with SARS-CoV-2. Furthermore, neurocognitive impairment
due to chronic inflammation (discussed in later sections) may play a
critical role in the increased severity and probability of death in COVID-
19 patients. Therefore, studies on characterizing the contribution of
aging and medical comorbidities to the pathogenesis of COVID-19
indicate that inflammation and inflammation-induced downstream
events are risk factors to COVID-19 susceptibility and disease
progression.

2.3. Biological age as a predictor for COVID-19 severity and mortality

The identification of age and medical comorbidities as risk factors
that contribute to the prevalence and the progression of COVID-19 has
brought attention to the concept known as biological age. Chronological
age is defined as the amount of time that has passed from birth to a
specific date, whereas biological age considers several factors, including
the chronological age, diseases and other conditions, such as genetics,
nutrition, and lifestyle [53]. In June of 2020, Blagosklonny hypothe-
sized that chronological age and preexisting age-related medical con-
ditions are factors that affect biological age. Thus, biological age is
determined by an increase in chronological age and an increase in the
presence of age-related diseases, such as hypertension, cardiovascular
disease, arthritis, type II diabetes, atherosclerosis and cancer [53].
Furthermore, the vulnerability to SARS-CoV-2 infection and the clinical
manifestations of COVID-19 are positively correlated with biological
age, as opposed to chronological age.

To confirm if a patient’s biological age plays a significant role in the
severity of COVID-19, Kuo et al. [54] analyzed 6100 samples collected
between March 16, 2020, and May 31, 2020, from 445,875 participants
in England [54]. They used PhenoAge, a supervised machine learning
model that uses biomarkers (i.e., albumin, alkaline phosphatase, creat-
inine, log C-reactive protein, glucose, lymphocyte percentage, mean
corpuscular volume, red blood cell distribution width, and white blood
cell count), to predict all-cause mortality. Their results indicated that
1273 (20.9%) people were SARS-CoV-2 positive and survived the
infection, whereas 197 (3.2%) tested positive and died of COVID-19.
PhenoAge acceleration (PhenoAgeAccel) uses four logistical models to
predict COVID-19 severity outcomes by comparing individual’s chro-
nological age to their measured PhenoAge. A higher PhenoAgeAccel
value, an indicator of a higher biological age, was positively correlated
with COVID-19 severity [54]. The results from this study suggest that
people with lower/younger biological ages are less likely to have
age-related diseases and therefore, are less likely to develop more severe
cases of COVID-19.

The accelerated aging in elderly populations and those with preex-
isting conditions is most likely due to chronic inflammation. This is
based on the biomarker profiles and the shared correlation between
PhenoAge and multiple diseases with COVID-19 severity [54]. It is
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possible that the correlation of COVID-19 severity with certain preex-
isting diseases results from a dysregulation of specific immune-related
pathways [54]. For example, age-related diseases caused by mitochon-
drial dysfunction can increase disease progression and inflammation
[55]. The release of mitochondrial DNA (mtDNA) has been shown to
increase with age and the levels of proinflammatory cytokines [56].
Specifically, the levels of mtDNA are significantly increased in in-
dividuals >50 years old and this increase is positively correlated with
increased levels of proinflammatory cytokines [56]. Moreover, the
activation of inflammasomes can damage mitochondria, which can
release mitochondrial proteins and mtDNA from damaged mitochon-
dria, further increasing inflammasome activation [55]. Furthermore,
SARS-CoV-2 infection can increase the activation of inflammasomes,
which can exacerbate the risk of hyperinflammation, particularly in the
elderly [57].

Overall, these studies reported a significant positive correlation be-
tween the magnitude of preexisting chronic inflammation in biologically
aged individuals and the susceptibility to SARS-CoV-2 infection and the
progression of COVID-19 disease. Mechanistically, the preexisting
inflammation in the biologically elderly can be augmented by infection
with SARS-CoV-2 and exacerbated by oxygen toxicity due to prolonged
exposure to supplemental oxygen. This can result in unregulated
hyperinflammation in the lungs and the circulation, which may lead to
neuro-inflammation, ALI/ARDS, and the progression of severe COVID-
19 (Fig. 1). Thus, understanding the mechanisms underlying the dys-
regulated inflammatory homeostasis in the lung and the circulation may
provide important insight for developing therapeutic approaches to
decrease morbidity and mortality in COVID-19 patients and improve
clinical outcomes in these patients.

3. Supplemental oxygen-induced oxygen toxicity is
characterized by an increased inflammatory response, aging

biomarkers and acute lung injury

As previously discussed, low blood oxygen saturation and hypoxemic

Medical
Comorbidities

~

Inflammation

!

Oxidative Stress

!

Hyperinflammation

Age-related
Diseases

¥

ALI/ ARDS / COVID-19 Mortality

Free Radical Biology and Medicine 190 (2022) 247-263

respiratory failure are the most common problems in hospitalized
COVID-19 patients and supplemental oxygen is routinely used to treat
patients with COVID-19, specifically those with ALI/ARDS. However,
oxygen toxicity, produced by prolonged exposure to hyperoxia, may
contribute to the deleterious clinical outcome in patients diagnosed with
severe or critical cases of COVID-19. Prolonged exposure to hyperoxia
can produce a pronounced inflammatory response and an increase in
other aging biomarkers.

3.1. Oxygen toxicity produced by prolonged exposure to hyperoxia is
characterized by increased levels of reactive oxygen species (ROS), cellular
damage and acute inflammatory lung injury

Given the importance of maintaining sufficient Oy levels in circula-
tion and tissues, supplemental oxygen is frequently administered to
patients to treat tissue hypoxia and hypoxemia associated with various
acute and chronic diseases, including COVID-19, characterized by low
oxygen saturation [27,36,58-60]. Consequently, oxygen therapy with
supplemental oxygen, especially mechanical ventilation, has served as a
vital tool to sustain the life of patients diagnosed with ARDS, as in many
critical cases of COVID-19 [26]. During oxygen therapy, the patient is
administered supplemental oxygen at a concentration greater than 21%,
the concentration of oxygen in ambient air at sea level, producing
hyperoxia [23,27,36]. Hyperoxia can occur after the administration of
supplemental oxygen via “non-invasive” or “invasive” methods. For
example, nasal cannula, which delivers 24-50% fraction of inspired
oxygen (FiO»), are used in patients with both type I and II respiratory
failure [23]. An oxygen face mask can deliver variable concentrations of
O, (typically 35-60%) in patients with type I respiratory failure,
whereas a reservoir mask can deliver Oz (60-80% or higher) for a
defined period of time to critically ill patients [23]. Mechanical venti-
lation, an invasive tool and a life-sustaining therapy, is used to maintain
adequate oxygenation in patients with severely impaired lung function
and respiratory failure [25,61]. Despite the significant benefits of O, in
human health, “oxygen toxicity” is a foreign concept for the majority of

Fig. 1. Aging and age-related diseases are the
major risk factors that are correlated with the
susceptibility and severity of COVID-19. Exacer-
bated symptoms of COVID-19 in patients are corre-
lated with age and medical comorbidities, such as
pneumonia, dementia, COPD, diabetes, obesity, car-
diovascular diseases. Patients with increasingly se-
vere COVID-19 symptoms are significantly more
likely to have higher and sustained systemic and local
levels of pro-inflammatory mediators. This pro-
inflammatory phenotype increases the production of
reactive oxygen species (ROS), producing oxidative
stress, which contributes to chronic inflammation.
The treatment of COVID-19 patients with supra-
physiological supplemental oxygen therapy (>21%
0,) for prolonged periods of time induces oxidative
stress, which alters immune cell functions and the
inflammatory response that further exacerbates un-
resolved chronic inflammation. SARS-CoV-2-related
viral pathology and the presence of oxidative stress
associated with chronic inflammation make the bio-
logically elderly more susceptible to severe COVID-19
and mortality. The size of the box indicates the
magnitude of the inflammatory responses.

Supplemental

Oxygen
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the general public, especially given that “free radicals” is a popular
phrase because of their role in producing inflammation to neutralize
infections.

Oxygen toxicity, initially characterized by tracheobronchitis, was
first reported as the Lorrain Smith effect by J. Lorrain Smith more than a
century ago [62]. The pathological effects of hyperoxia are due to an
increase in oxygen tension [27]. The magnitude of oxygen toxicity is
time- and concentration-dependent, contingent upon the partial pres-
sures of arterial oxygen (PaOs,), the duration and the frequency of the
exposure to hyperoxia and the health status of the individual [34].
Prolonged exposure to hyperoxia can damage cells, including endothe-
lial cells, epithelial cells, alveolar macrophages, platelets, neurons and
neuroglia and cause cell death [25,29,35,63-65]. Subsequently, the
injury and the loss of these cells in the lung, the pulmonary microvas-
culature, and brain tissues can produce tissue damage, causing impair-
ment in gas exchange, surfactant production, and neurocognitive
dysfunction [25,27-29,31,35]. Animals exposed to hyperoxia are
frequently used as model systems to study the pathophysiology of
ALI/ARDS [29]. Hyperoxia-induced acute lung injury can produce a
significant inflammatory response, characterized by leukocyte infiltra-
tion and accumulation, pulmonary edema, microthrombi, impaired gas
exchange and ultimately respiratory failure [25,59,60,66,67]. Similar to
hyperoxia-induced ALI, ARDS is characterized by proteinaceous pul-
monary edema, a hyperinflammatory response, and an increase in the
permeability of the alveolar-capillary barrier [68,69].

3.2. Hyperoxia increases the levels of biomarkers indicative of aging

Published studies have addressed the question of whether prolonged
exposure to hyperoxia increases biomarkers correlated with the aging
phenotype, such as increased levels of reactive oxygen species (ROS),
loss of mitochondrial integrity, senescent cell and lipofuscin accumu-
lation, telomere shortening, and inflammation. The findings support the
concept that hyperoxia can increase several biomarkers correlated with
the aging phenotype. The persistent increase in the levels of these bio-
markers has been observed in cells or animals subjected to prolonged
exposure to hyperoxic conditions.

Hyperoxia-induced cell injury is initiated and mediated by increased
levels of reactive oxygen species (ROS), especially superoxide [70].
Under normal physiological conditions, oxygen is primarily consumed
by the complex IV of the electron transport chain (ETC) during oxidative
phosphorylation, producing ATP in mitochondria [71,72]. ROS are
produced as a byproduct of cellular respiration and approximately
0.2-2% of the electrons in the ETC leak and interact with oxygen to
produce superoxide, O3 [59,72]. Under hyperoxic conditions, increased
production of ROS was first reported in the 1980s. In 1981, Freeman and
Crapo reported that exposure to hyperoxia increased ROS production in
rat lungs [73]. In addition, the production of HoO3 and O3 by complexes
I and III of ETC can be increased as oxygen tension increases [74] and
increased levels of HyO, and Oy were present in mitochondria isolated
from the lungs of animals exposed to hyperoxia [74,75]. An increase in
mitochondrial ROS is positively correlated with the acceleration of the
loss of mitochondrial integrity, an age-associated phenotype [76,77].
The increased levels of ROS, especially mtROS, in lung cells exposed to
hyperoxia, can cause damage to mitochondria [78,79]. Notably, the
mitochondria in lung capillary endothelial cells exposed to hyperoxia
were reported larger than those remained in room air, and altered
cristae and inclusion bodies have been identified in these cells [74,80,
81]. Data indicating mitochondrial damage, as a consequence of
oxidative stress, can be identified in nearly every age-related disease
[82].

The biodegradation of mitochondria and their subsequent accumu-
lation is a known characteristic of the aging process [83]. Damage to
mitochondrial DNA and the loss of mitochondrial integrity and function,
such as decreased ATP formation, and mitochondrial swelling, was
identified in cells exposed to hyperoxia and was likely caused by
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oxidative stress [83-85]. In addition, lysosome clearance, mediated by
the autophagocytotic processes, is critical in the removal of degraded
mitochondria. Blocking lysosome clearance can increase the accumu-
lation of not only biodegraded and dysfunctional mitochondria, but also
the unbiodegradable molecule lipofuscin, another well-known
biomarker of aging, which is inversely related to longevity [84,86].
Due to the lack of biodegradation, lipofuscin can continue to accumulate
within lysosomes and further limit their autophagocytotic functions,
resulting in abnormal mitochondrial biodegradation, additional mito-
chondrial damage due to increased ROS production and decreased ATP
production [84].

Leonard Hayflick was the first scientist to report phenotypic changes
in cultured human diploid cells. It was observed that generation time,
waste accumulation, and cellular degeneration increased alongside a
decrease in mitotic activity, as the cultured cells multiplied and aged for
approximately one year [87]. These results reported by Hayflick estab-
lished that, despite alterations in the cell culturing procedure, cultured
cells are subjected to the innate characteristic of a finite lifetime due to
their expression of aging or senescence [87]. von Ziglinicki et al. [88]
analyzed the rate of senescence development in cells exposed to
hyperoxia. Biomarkers of aging, such as lipofuscin accumulation and
irreversible inhibition of proliferation, increased proportionally with
aging, based on the comparison between young and aging fibroblasts
[88]. Interestingly, the young hyperoxia-exposed cells exhibited the
same morphology and lipofuscin levels as in senescent cells [88].
Furthermore, fibroblasts exposed to long-term hyperoxia were also
irreversibly blocked from undergoing cell proliferation, similar to se-
nescent cells [88]. These results suggest that hyperoxia exposure pro-
duces an increase in the aging phenotype in young fibroblast cells to a
level comparable to aged, senescent cells.

Lipofuscin is commonly referred to as an “age-pigment” because its
content in cells is age-dependent and it accumulates within cells over
time at different rates, depending on different factors, such as species
type, type of cells and levels of oxidative stress [89]. The accumulation
of lipofuscin structures was reported to be greater and more complex at
12 days of age in vitro, compared to 8- or 3-day-old mouse cardiac
myocyte cell cultures, congruent with the previously reported
age-dependent accumulation of lipofuscin [90]. Under 40% hyperoxia,
lipofuscin levels were increased (89%) in cultured mouse cardiac myo-
cytes when the cells were allowed to age between 7 and 12 days in vitro
[90]. The accumulation of lipofuscin increased progressively in an ox-
ygen concentration-dependent manner, suggesting that the degree of
oxidative stress under varying hyperoxic conditions and the age of the
cell culture plays a critical role in the levels of accumulation of lip-
ofuscin [90]. The increased accumulation of lipofuscin in aged cells due
to hyperoxia produces adverse consequences, as previously mentioned.

Telomeres are part of the chromatin structure and are responsible for
capping and protecting the ends of the chromosomes from DNA damage
responses [91]. In mice and humans, telomeres begin to shorten and
deteriorate as age increases [92,93]. Allsopp et al. [92] reported that in
fibroblast cells obtained from various aged donors, the mean telomere
length throughout the lifespan of humans will decrease by approxi-
mately 1.5 kb [92]. Shorter telomere length has been shown to increase
the risk of humans developing certain diseases, such as idiopathic pul-
monary fibrosis [94]. To determine whether hyperoxia exposure alters
telomere length, von Zglinicki et al. [88] analyzed DNA samples from
human fibroblasts that were cultured in either room air or hyperoxia
[88]. Results from this study indicated a significant decrease in telomere
length in human fibroblast cells exposed to hyperoxia for two weeks,
compared to cells exposed to room air. The length of the telomeres in the
hyperoxia-exposed cells was similar or equal in length to the telomeres
in senescent cells [88], suggesting that hyperoxia exposure in fibroblast
cells can affect telomere length, until a senescent-like morphology is
induced.
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3.3. Exposure to hyperoxia increases the expression of the protein,
angiotensin converting enzyme 2 (ACE2)

The binding of the SARS-CoV-2 virus spike protein to Angiotensin
converting enzyme 2 (ACE2) is a point of entry of the SARS-CoV-2 virus
into human cells [95]. It has been hypothesized that the expression level
of ACE2 plays a critical role in the susceptibility to SARS-CoV-2 infection
[96]. ACE2, an enzyme that catalyzes the hydrolysis of angiotensin II to
angiotensin (1-7), is present in the lungs, heart, intestines, kidneys and
brain of humans [97,98].

Interestingly, the levels of ACE2 expression in airway epithelial cells
are age-dependent [99]. Yee et al. [99] compared the expression levels
of ACE2 in young (2 months old), middle aged (12 months old) and old
(24 months old) mice. They found that the levels of ACE2 in the lungs of
mice were lowest at 2 months of age, compared to that of both 12- or
24-month-old mice, and were significantly greater in 24-month-old
mice, compared to 12-month-old mice. These results, provided they
can be extrapolated to humans, suggest that ACE2 expression increases
with age and could explain, in part, the increased susceptibility of the
elderly to SARS-CoV-2 infection. Intriguingly, the expression of ACE2 in
the airway epithelial cells was increased in mice exposed to hyperoxia,
compared to mice exposed to room air [99]. These results suggest that
supplemental oxygen can increase the levels of ACE2 expression, which
may further facilitate the entry of SARS-CoV-2 to the airways, thereby
potentially increasing the aging phenotype.

3.4. Does hyperoxia contribute to inflammaging?

Inflammation is an integral part of the host defense of the innate
immunity and essential for protecting the host against inflections and
injuries [100]. Under normal conditions, inflammation is a local, tem-
porary response to eliminate the initial causes of cell injury and gets
resolved when the harmful stimuli is eliminated to restore physiological
homeostasis. While too little inflammation can lead to tissue damage by
the deleterious stimuli, excessive and/or chronic inflammation in the
absence of initial overt infection or other stimuli can be detrimental to
the host, leading to tissue damage and causing various inflammatory
diseases, observed in the severe and critical cases of COVID-19. Pro-
longed excessive chronic inflammation can contribute to inflammaging,
which is a chronic and low-grade inflammation developed with
advanced age [101]. The concept of inflammaging was derived from the
positive correlation between increased proinflammatory phenotypes
with aging in mammals [102].

The key initiator for inflammation is proinflammatory cytokines
which are produced and secreted mainly by immune cells especially
macrophages [103].

Due to its key role in the production of cytokines, transcription fac-
tor, NF-kB, has been a major topic of research in the area of aging pro-
gression [104]. Experimental data suggests that the activity of NF-kB is
age-specific and positively correlated with the expression of aging
phenotypes. Thus, it is designated as one of the biomarkers of cellular
aging [104,105]. Activation of NF-kB is often implicated as an essential
contributor to inflammatory tissue injury including ALI [106]. Exposure
of cultured macrophages to hyperoxia can activate NF-kB [107-110].
Interestingly, NF-kB inhibitors, such as BAY 11-7082, can restore
macrophage function compromised by hyperoxia [110] and decrease
levels of ROS, markers of senescence and cellular damage in mouse cells
subjected to aging [105]. Therefore, these results suggest that hyperoxia
augments the aging phenotype associated with NF-kB activation and
NF-kB inhibitors may represent a viable strategy to attenuate the con-
sequences produced by aging and oxygen toxicity in immune cells.

Other aging biomarkers discussed above may also contribute to
inflammaging. For example, increased levels of circulating mitochon-
drial DNA play a significant role in propagating this inflammatory
response, because it is associated with the increased levels of proin-
flammatory cytokines [56]. Furthermore, mitochondrial DNA not only
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increases with age after the fifth decade of life, but it also maintains the
proinflammatory phenotype reported in the elderly [56].

In summary, these studies suggest a positive correlation between an
increase in the levels of aging biomarkers, indicative of biological aging,
and the exposure to hyperoxia (Fig. 2). These biomarkers include an
increase in levels of ROS, lipofuscin accumulation, senescent cells, and a
decrease in mitochondrial integrity, exacerbated telomere shortening
and the “inflammaging” response. If mitochondrial degradation is dis-
rupted, cellular “waste” can accumulate, resulting in the increased
presence of cellular toxicants, such as lipofuscin, which then continues
this cycle, leading to inhibition of mitochondrial degradation. This in-
creases the accumulation of more lipofuscin and further increases ROS
production, until the cell becomes senescent or dies. The activation of
“inflammaging”, specifically in tandem with the NF-xB-mediated
downstream events, also facilitates the development of other age-related
phenotypes. Furthermore, hyperoxia increases the expression of the
ACE2 protein, facilitating the entry of SARS-CoV-2 into host cells, and
increasing the risk of SARS-CoV-2 infection. The persistent increase in
the levels of these aging biomarkers in cells exposed to hyperoxia can
eventually produce several deleterious effects. The acceleration of aging
appears to be positively correlated with an increase in the risk of
developing various types of disease and the exacerbation of symptoms in
preexisting medical conditions and an increase in the likelihood of
mortality. If the health problems caused by hyperoxia are not addressed
in a timely and decisive manner, the consequences of hyperoxia will
accumulate and ultimately lead to mortality. Assuming that these find-
ings may be applied to humans, targeting these mechanisms of aging
may prove to be a feasible mode of treatment to address issues associ-
ated with aging, specifically the increase in susceptibility to other dis-
eases. At least, if we can effectively attenuate the increase in aging
biomarkers produced under hyperoxic conditions, it may be possible to
develop strategies that can effectively improve hypoxemia with sup-
plemental oxygen, while minimizing the effects of oxygen toxicity and
thus, improve the overall clinical outcome.

4. Neural modulation of inflammatory responses by the
cholinergic anti-inflammatory pathway/the inflammatory reflex

As discussed above, chronic inflammation and excessive dysregu-
lated inflammatory responses in the lungs and the circulation are major
contributors to the susceptibility to SARS-CoV-2 infection and can
worsen the clinical outcome of patients with COVID-19 [102,111-113].
In the last two and a half years, significant efforts have been made to
identify effective treatments to dampen the unrestrained intemperate
inflammatory responses in COVID-19. Although inflammatory responses
initiated by innate immunity play an essential role in the clearance of
pathogens and injured cells/debris, failure to modulate the extent of
inflammation can result in unregulated robust production of proin-
flammatory cytokines, characteristics of excessive dysregulated and/or
chronic inflammation [114-116]. The cholinergic anti-inflammatory
pathway (CAIP), also known as the inflammatory reflex, was first
discovered by Dr. Kevin J Tracy [117]. The CAIP, a neurocircuit, can
modulate the magnitude of the inflammatory response in the visceral
organs and the circulation [117]. Under physiological conditions, an
excessive inflammatory response in the lungs or other visceral organs
can activate the CAIP, which can significantly decrease the production
of pro-inflammatory mediators [117]. The activation of the CAIP can
maintain the inflammatory homeostasis to prevent prolonged dysregu-
lated inflammation, which can produce tissues injury, such as
ALI/ARDS, systemic inflammation, sepsis, multiple organ failure and
death [33,118,119]. Numerous studies have shown that activation of the
CAIP can significantly tame the overproduction of proinflammatory
cytokines and attenuate lung injury in mouse models of
ALI/ARDS-induced by hyperoxia, pneumonia or sepsis [109,120-124].



M. Lin et al. Free Radical Biology and Medicine 190 (2022) 247-263
Hyperoxia
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, N
| ROS |
A A
Molecular \ 4 \ 4 Y Y Y
Level
Lung NF-kB Accumulation Telomere Accumulation of
? ACE2 ? Activation ? of Lipofuscin * Length Senescent Cells
A
””””””””””””” | 22 . Y -
Cellular SARS-CoV-2 Integrity of
Level Infection 41 Mitochondria
A
Y Y Y - T
f Neurological | < Lung
Injury ? Inflammation
\/ A
\ 4
i Lung Injury |«
e [ Lung iy |
Y
. Y
* Lung Function
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, T S e e C TR
Y Y
Systemic
Inflammation
: Y = Biomarker
Systemic - of aging
Level “Inflammaging” |—> Aging
o S f Phenotype =

!

Health
Span

Fig. 2. Hyperoxia exacerbates the production of aging biomarkers that increase inflammaging and decrease health span. Prolonged exposure to hyperoxia
(>21% Oy) increases the levels of reactive oxygen species (ROS). Subsequently, the increased ROS production can directly result in 1) increased expression of
angiotensin-converting enzyme-2 (ACE2); 2) increased activation of NF-kB; 3) inflammation of the lungs; 4) accumulation of lipofuscin; 5) decreased length of
telomeres; 6) accumulation of senescent cells, and 7) disrupted mitochondrial integrity. These effects can increase the susceptibility to other disease and disease
severity. For example, the increased expression of ACE2 in the lungs may result in an increased susceptibility to SARS-CoV-2 infection. If oxygen therapy needed,
neurological injury and lung inflammation can together contribute to systemic inflammation that triggers in a vicious cycle of inflammation and tissue injury, thereby
increasing lung and brain dysfunction. An increase in the aging phenotype negatively affects inflammaging and health span, a measure of the length of a life without

disease or injury, resulting in increased morbidity and mortality.

4.1. The cholinergic anti-inflammatory pathway modulates the lung
inflammatory response by activating a7 nicotinic acetylcholine receptors

Inflammation is an initial host defense response of the innate im-
munity to infections or injuries [100]. The release of pro-inflammatory
cytokines (including chemokines) from immune cells, notably the resi-
dential macrophages, is one of the early stages of the innate immune
response that initiates inflammation to prevent damage to tissues [125,
126]. However, the resulting infiltration and accumulation of leukocytes
in local tissues can further increase the levels of pro-inflammatory me-
diators and exacerbate the proinflammatory response, causing
inflammation-induced tissue injury if not properly modulated [33,117,
127,128]. Thus, the modulation/regulation of local inflammatory re-
sponses is critically important in maintaining the functions of the
visceral organs, including the lungs [117].

The CAIP is a cranial reflex, whereby the levels of proinflammatory
cytokines in local tissues can be detected by the autonomic nervous
system, which can activate significant responses to modulate local
inflammation [117]. By signaling between the tissue immune responses
and the brain, the CAIP plays a critical role in maintaining inflammatory
homeostasis in the visceral organs [117]. The CAIP involves the vagus
nerve, the 10th cranial nerve, which originates from the brainstem and
innervates the magnitude of the inflammatory response in the visceral
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organs. Once this neuronal anti-inflammatory reflex is activated, it helps
to maintain the physiological functions of these organs [117].

Similar to other reflexes, the CAIP is composed of the 1) afferent
vagus nerve, the sensory branch, which can be activated by cytokines,
such as HMGB1 and TNF-o, and 2) efferent vagus nerve, the motor
branch, which sends signals to the residential macrophages, to decrease
the excessive production of cytokines [116,117]. Specifically, in
response to inflammatory mediators produced upon exposure to
invading pathogens and tissue damage, the sensory/afferent fiber of the
vagus nerve transmits signals from the visceral organs to the nucleus
tractus solitaries in the medulla oblongata of the brainstem [129]. The
sensory signals received from the afferent vagus nerve are integrated in
the brainstem and then relayed by the motor/efferent vagal neurons in
the medulla oblongata to the lungs (Fig. 3), heart, liver, kidneys and
gastrointestinal tract [117]. The receptors that detect damage or
invading pathogens on chemosensory cells in the vagal paraganglia are
an integral part of the pathway, contributing to the transmission and the
activation of the CAIP [130,131]. In the respiratory system, the vagus
nerve innervates parasympathetic ganglia located within the airway
walls [132]. The terminal efferent vagus nerve in the airway releases the
neurotransmitter acetylcholine (ACh) to activate downstream signaling
pathways in residential macrophages, the target cells [133-136]. ACh
can also be released from pulmonary neuroendocrine and immune cells
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healthy subjects is at least partially modulated by the activation of the cholinergic anti-inflammatory pathway (CAIP). The CAIP aids in the homeostatic maintenance
of lung and brain inflammation, which influences healthy lung and cognitive functions. Under hyperoxic conditions and as a consequence of aging and neurode-
generative diseases, increased levels of reactive oxygen species (ROS) can impair macrophage functions in the lung and the neurons in the brain. ROS-induced
damage to the cells in the central nervous system (CNS), peripheral nervous system (PNS), and blood-brain barrier (BBB) can result in cognitive dysfunction,
which can cause impairment of the CAIP. The compromised CAIP can establish a pathological inflammatory cycle, resulting in dysregulated hyperinflammatory
responses in the lung and the development of the acute lung injury (ALI)/acute respiratory distress syndrome (ARDS). Increased levels of ROS in the lung also activate
NF-xB, which further increase the release of proinflammatory cytokines, exacerbating lung inflammation. Hyperinflammatory responses can then contribute to
systemic inflammation and neuroinflammation and produce a further deterioration in cognitive function, thus establishing a vicious cycle of compromised neuro-
immune modulation. o7 nicotinic acetylcholine receptor (a7nAChR) agonists, such as GTS-21 or GAT107, help re-establish the homeostatic inflammatory bal-
ance. The activation of a7nAChR by GTS-21 or GAT107 can down-regulate the excessive production/secretion of proinflammatory cytokines (including HMGB1),
which is correlated with the attenuation of hyperoxia-compromised innate immunity and neurocognitive function. Therefore, «7nAChR agonists may have a pro-
tective role in hyperoxia-induced neurocognitive dysfunction and inflammatory lung diseases.

from parasympathetic ganglia [137,138]. As an integral component of decreased the duration of inflammation resolution, by augmenting the
the CAIP, ACh can bind to the o7 nicotinic acetylcholine receptors levels of specific pro-resolving mediators, and the efferocytosis of infil-
(«7nAChRs) on different cells of the visceral organs to downregulate trated leukocytes [146]. Importantly, Koopman et al. [147] reported
hyperinflammatory responses [139]. The ligand-gated a7nAChRs are that vagal nerve stimulation can inhibit cytokine production, which
homo-pentameric ligand-gated ion channels and play a major role in the attenuated disease severity in patients with rheumatoid arthritis [147].
homeostasis of local and systemic inflammation and in neurocognitive However, when the CAIP-mediated immunomodulation is dysfunc-
functions [140,141]. The activation of the a7nAChRs in residential tional, the excessive levels of pro-inflammatory mediators are present in
macrophages, such as alveolar macrophages and microglia, can atten- the visceral organs such as the lungs, which can reflux back to circula-
uate the release of pro-inflammatory cytokines such as TNF-a, IL-1f and tion, causing exaggerated systemic inflammation, which can activate
IL-6 [117,131]. neuroinflammation, producing neurocognitive dysfunction and
The efficacy of CAIP activation has been reported in animals and inflammation-associated mortality [115,124,127,142,148]. Thus, under
patients with inflammatory disorders. For example, the activation of the pathophysiological conditions, such as sepsis and neurodegenerative
CAIP by a7nAChRs agonists can inhibit the excessive production of diseases, impaired vagus nerve innervation and function can disrupt the
proinflammatory cytokines and improve clinical outcomes in animal immunomodulation in the lungs, which is preceded by subsequent cell
models of sepsis and ALI/ARDS [109,115,121,123,142]. death and lung injury (Fig. 3) [115,142,149,150]. These studies indicate
Electronic-based interventions, such as vagus nerve stimulation and the importance of the CAIP in modulating the local inflammatory ho-
electro-acupuncture points, can also decrease the levels of both proin- meostasis to prevent tissue injuries caused by excessive inflammation.

flammatory cytokines, such as IL-4, IL-5, IL-6, IL-13, and inflammatory
cell infiltration as seen in animal models of inflammatory diseases/dis-
orders, including endotoxemia-induced ALI/sepsis [143-145]. More-
over, the vagus nerve stimulation facilitates the resolution of
inflammation. In a mouse model of peritonitis, vagus nerve stimulation
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4.2. Prolonged exposure to hyperoxia compromises innate immunity by
impairing macrophage functions, causing an excessive inflammatory
response and lung injury

As discussed above, functional CAIP is critical for pulmonary integ-
rity and its physiological functions. Thus, the activation of a7nAChR in
the CAIP is important, as this can decrease the levels of certain pro-
inflammatory cytokines, thereby maintaining inflammatory homeosta-
sis in the lungs [109,116,117,121,123,151]. The a7nAChRs are widely
expressed in lung cells, and have been identified in airway epithelial
cells, alveolar macrophages and epithelial cells [152], neutrophils
[152], and B- and T-lymphocytes [153,154].

Alveolar and interstitial macrophages, the resident phagocytes in the
lungs, are essential components of the innate immunity that maintain
the functions of the lungs in response to infections and injuries [100].
Under normoxic conditions, the response to pulmonary infections
and/or injuries by lung macrophages initiates an inflammatory response
by secreting proinflammatory cytokines, to induce the infiltration of
leukocytes, which phagocytose the invading pathogens, injured cells
and debris [155,156]. In addition to phagocytosing invading pathogens,
macrophages are critical in resolving inflammation by clearing cells that
have undergone apoptosis, particularly neutrophils, from the lungs by
efferocytosis, a process by which dying cells/debris are removed by
phagocytes [157,158]. Therefore, the integrity and function of lung
macrophages are essential in 1) the clearance of invading pathogens,
injured cells and molecules that activate inflammation and 2) commu-
nicating with the brain via the vagus nerve, to modulate the level of the
proinflammatory response by CAIP to prevent excessive inflammation
and subsequent lung injury [157-159].

Following prolonged exposure to hyperoxia, however, lung macro-
phages are damaged and undergo cell death, which can lead to
compromised innate immunity in the clearance of invading pathogens
and injured cells and the removal of molecules or stimuli that activate
inflammation [30,65,159,160]. Subsequently, the compromised mac-
rophages cannot effectively activate CAIP, leading to excessive dysre-
gulated inflammatory responses [161,162]. Interestingly, unpublished
data from our laboratory indicates that the expression of a7nAChR in
macrophages exposed to hyperoxia (95% oxygen for 24 h) was signifi-
cantly decreased, compared to macrophages exposed to normoxia. The
failure to achieve normal CAIP activation under hyperoxic conditions
may result in an excessive, dysregulated hyperinflammatory response,
which can subsequently augment leukocyte infiltration and accumula-
tion in the lungs, damaging the parenchyma cells in the lung [35,107].
This could explain data obtained from experiments in hyperoxic ani-
mals, where excessive levels of proinflammatory cytokines and leuko-
cytes in the lungs increased alveolar permeability, which further
increased leukocyte infiltration, producing acute lung injury [30,159,
163-165].

Mechanistically, the excessive dysregulated inflammation can
further increase hyperoxia-induced ROS production and cause mito-
chondrial damage to cells in the lungs and the vasculature, which can
produce systemic inflammation [27,35]. Indeed, hyperoxia-induced
macrophage dysfunction is positively correlated with an increase in
the levels of ROS in the macrophages and mitochondrial lysates, which
can be attenuated by antioxidants, such as superoxide dismutase (SOD)
and vitamin C [30,108,159,160](Gauthier et al., unpublished data). The
clearance or removal of invading pathogens, infected cells and apoptotic
cells/debris requires a sustained and uncompromised phag-
ocytic/efferocytotic activity in the macrophages that is dependent on
the mitochondrial ATP production [166]. The disruption of mitochon-
drial integrity and function in macrophages can further compromise
both innate and acquired immunity [167]. Therefore, oxidative stress
due to increased ROS production in macrophages exposed to hyperoxia
can compromise the ability of macrophages to clear invading pathogens
and dying cells, and to activate the CAIP [30,110,159,160].

HMGB]1, a nuclear damage-associated molecular pattern protein, is a
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proinflammatory cytokine following its release into the extracellular
milieu [33,168,169]. In mice and cultured macrophages, hyperoxia can
induce the release of nuclear HMGBI into the airways and circulation
via activating NF-xB [33,109,110,123,159,164]. Furthermore, extra-
cellular HMGB1 can directly compromise macrophage phagocytosis,
which compromises innate immunity by decreasing bacterial clearance
and the removal of neutrophils from the lungs, causing severe inflam-
mation in the lungs [33,111,159,164,170]. High levels of extracellular
HMGBI in the airways and circulation affects mitochondrial respiration
and ATP synthesis, causing cell injury and loss of cellular functions
[171-173]. The accumulation of extracellular HMGB1 in the airway and
circulation can contribute to acute lung injury, which can further cause
systemic inflammation and the subsequent neuroinflammation reported
in patients diagnosed with sepsis [109,111,123,164,168,169]. Using
mouse models of ALI-induced by hyperoxia alone or in combinaition
with bacterial infections, we have reported that hyperoxia causes an
HMGB1-mediated hyperinflammatory response and ALI [159,164,170].

Remarkably, similar to ALI-induced by proinflammatory responses
under hyperoxic conditions, macrophages, NF-kB activation, and high
levels of extracellular HMGB1 have been hypothesized to be involved in
the pathogenesis of COVID-19. For example, macrophages have been
purported to play a key role in causing severe disease in patients with
COVID-19 by producing excessive systemic and lung inflammation,
causing ARDS and pneumonia [174]. In addition, the spike protein of
SARS-CoV can activate the NF-kB-mediated innate immune response in
cultured human monocytes/macrophages [175]. Interestingly, HMGB1
can increase the expression of ACE2 (a protein involved in the cellular
entry of SARS-CoV-2 in host cells) in cultured human lung epithelial
cells, liver cells, intestine cells, and urinary bladder cells [176].
Furthermore, patients with severe COVID-19 have significantly higher
serum levels of HMGB1, compared to patients diagnosed with mild cases
[17,33,177-179]. Importantly, increased serum levels of HMGB1 are
positively correlated with COVID-GRAM risk scores in hospitalized pa-
tients [48], and with the levels of cys-leukotrienes, D-dimer, AST and
ALT [179]. HMGBI levels greater than 125.4 ng/mL have been reported
to be the cut off level that distinguishes patients that are at a high risk of
death [179]. The serum levels of HMGBI at the early inflammatory
phase of the disease can have a predictive value for the pathogenic
outcome, including the occurrence of the increased levels of cytokines
and chemokines and the increased probability of death in these patients
[179]. Notably, all patients in this study received some form of sup-
plemental oxygen [179]. Thus, the serum level of HMGB1 may represent
a prognostic biomarker for the risk of death in severe COVID-19, and a
novel target for the treatment of patients diagnosed with severe
COVID-19.

These observations suggest that patients diagnosed with severe or
critical COVID-19 may suffer from a compromised CAIP response and
prolonged exposure to supplemental oxygen may be involved. Thus, it
has been hypothesized that the exogenous activation of CAIP could be a
novel strategy in the treatment of ARDS with hyperinflammation in
COVID-19 patients [151,180,181].

4.3. Agonists of the a7nAChR decrease inflammatory lung injury in
models of hyperoxia-induced ALI/ARDS by attenuating the excessive
inflammatory response and improving macrophage function

To test the hypothesis that hyperoxia-compromised CAIP can be
restored by a7nAChR agonists, we treated mice subjected to prolonged
exposure to hyperoxia with GTS-21, a selective partial ®7nAChR agonist
of a7nAChR [182,183]. The i. p. administration of 4 mg/kg of GTS-21
significantly reduced hyperoxia-induced acute inflammatory lung
injury and the infiltration of inflammatory monocytes/macrophages and
neutrophils into the lung tissue and airways [109,123]. In addition,
GTS-21 can restore hyperoxia-impaired phagocytic activity in macro-
phages by inhibiting NF-kB-mediated HMGB1 release into the airways
and the circulation [109,123]. Hyperoxia-induced ALI and secondary
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bacterial pneumonia can also be attenuated following the i. p. admin-
istration of 4 mg/kg GTS-21 [109,123]. GAT107, the (+)-enantiomer of
racemic 4-(4-bromophenyl)-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]qui-
noline-8-sulfonamide, is a positive allosteric modulator and direct
allosteric activator that augments/potentiates the response to orthos-
teric site ligands and activates the a7nAChR ion channel by binding to
an allosteric site [184-188]. The a7nAChR can be rapidly desensitized
by ACh, whereas in vitro, the combination of GAT107 with ACh pro-
duces a significant decrease in the ACh-induced desensitization of the
receptor [185,187]. GAT107 (3.3 mg/kg i.p.) can restore the
hyperoxia-induced impairment of bacterial clearance in mice by
enhancing the phagocytic function of cultured murine macrophages
[121] and increasing the activity and protein levels of the antioxidant
enzyme, superoxide dismutase (SOD1). In addition to SOD1, GAT107
also increased the activation of transcription factor Nrf2 and its down-
stream effector, heme oxygenase-1 in cultured macrophages [121].
Thus, a7nAChR agonists can effectively maintain CAIP regulation of
macrophage-mediated inflammatory responses and the integrity of the
function of the innate immunity under hyperoxic conditions [109,121,
123,127]. Together, we and others have shown that activation of
a7nAChRs of the CAIP by a7nAChR agonists can enhance macrophage
function and lung innate immunity and improve mortality outcomes in
animal models of ALI, sepsis and ventilator-associated pneumonia [109,
121,123,182,183,189].

4.4. The efficacy of a7nAChR agonists in increasing cognitive function of
age-related disease

Aging has been shown to be a potential confounding factor for
hyperoxia-induced oxygen toxicity [190,191]. For example, patients
undergoing abdominal surgery were significantly more likely to die if
they were treated with 80% oxygen supply, compared to patients
randomly assigned to receive 30% oxygen [191]. Thus, the risk of
perioperative hyperoxia may outweigh the benefits of supplemental
oxygen in specific age groups [190,191]. It is possible that
age-dependent vulnerability to oxygen toxicity may help to explain why
the elderly are more likely to develop severe COVID-19 compared to
younger patients. Consequently, by attenuating oxygen toxicity,
a7nAChR agonists could provide clinical benefits to patients receiving
supplemental oxygen.

The brain maintains a high level of metabolic function that accounts
for 20% of the total oxygen consumption in the body [49,192]. To
maintain normal mammalian brain function, oxygen pressure must be
maintained at a level that sustains homeostasis [193]. Oxygen toxicity
caused by prolonged exposure to hyperoxia may cause damage and
death of neurons and various neuroglia cells, leading to the loss of
integrity and function in aged brains [31,190]. Consequently, oxygen
toxicity-induced injury and the death of neurons and neuroglial cells can
result in a disruption of the structure and neurocognitive functions of the
brain, producing neuro-degenerative disorders in aged brain [31,190].
Notably, this oxygen toxicity-induced neurocognitive decline is even
more pronounced in mice with Alzheimer’s disease (AD), compared to
normal mice [194]. In these AD mice, prolonged exposure to hyperoxia
caused a significant impairment in learning and memory, which was
correlated with increased lipid peroxidation in the hippocampus and
entorhinal cortex [194].

Remarkably, patients with age-related neurodegenerative diseases,
such as AD, Parkinson’s disease and multiple sclerosis, have been re-
ported to have compromised vagus nerve function and unregulated
neuroinflammation [195-197]. Interestingly, a7nAChRs are also highly
expressed in the CNS and the PNS, including parasympathetic and
sympathetic ganglia [198]. Furthermore, these receptors play a critical
role in normal neurocognitive functions and the homeostasis of neuro
and systemic inflammation [140,141]. In the brain, a7nAChRs are
expressed in the hippocampus, the thalamic reticular nucleus and the
lateral and medial geniculate nuclei [180]. In addition, a7ZnAChRs are
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also expressed by neuroglial cells, such as microglia and astrocytes
[199]. These cells are involved in mediating neuroinflammation [200,
201]. The a7nAChRs in murine-derived microglial cells are activated by
ACh or nicotine, which can inhibit LPS-induced TNF-a release from
cultured neuroglial cells [202], suggesting the inflammatory reflex plays
a pivotal role in maintaining brain integrity and function. Clinical data
indicates that patients with AD have a decreased rate of learning during
conditioned responses [203], primarily due to their decreased cognitive
abilities. The progression of AD is characterized, in part, by a decrease in
the expression of cholinergic receptors in areas of the cerebral cortex
and the hippocampus [195]. A histological examination of post-mortem
brain tissues of patients with AD indicated a significant decrease in
binding sites for ACh and nicotine, compared to the normal control
group, suggesting presynaptic cholinergic damage in these patients
[197]. The loss of cholinergic receptors supports the hypothesis that the
loss of cholinergic neurons in certain brain areas is positively correlated
with a decrease in overall cognitive function. Interestingly, cerebellar
Purkinje cell loss, hippocampal cholinergic dysfunction and pyramidal
cell loss increase with age and are significantly greater in AD patients
compared to those without AD [204-207]. In addition, ACh, which ac-
tivates nicotinic cholinergic receptors [139], could also affect cognitive
functions [208].

The importance of CAIP in normal cognitive function is further
illustrated in patients treated with drugs that can enhance CAIP acti-
vation. Galantamine is a reversible, competitive cholinesterase inhibitor
and a positive allosteric modulator of the nicotinic receptor, which can
activate the CAIP. In a two year, multicenter, randomized, placebo-
controlled study of 2045 elderly AD patients, it was reported that the
mortality and the decline in cognition were significantly decreased in
the patient group (1,024) treated with galantamine (8-24 mg/day oral
extended-release capsules for 12 weeks), compared to patients treated
with placebo [209]. Furthermore, the trial had to be stopped before its
completion, because of the benefit of increased survival in the patients
treated with galantamine. The results of this clinical trial further support
the importance of CAIP activation in improving clinical outcomes in
age-related neurodegenerative diseases.

Numerous studies have also tested the hypothesis that the activation
of the a7nAChRs could represent a treatment for AD [210,211]. In the
Woodruff-Pak et al. [212] study, the effects of DMXBA, also known as
GTS-21, on improving neurocognitive functions were assessed using the
eye-blink classical conditioning test in aged rabbits. In this study, rabbits
were injected with varying doses of GTS-21 or saline 15 min before an
850-ms, 85 dB, 1-kHz tone that was used as the conditioned stimulus. A
100-ms, 3-psi corneal air puff, the unconditioned stimulus, was pre-
sented to the left eye approximately 750-ms after the conditioned
stimulus, which produced a reflexive blink, the unconditioned response
[212]. The investigators examined if the rabbits developed a condi-
tioned response within nine consecutive trials. The density of nicotinic
receptors in the older rabbits was determined three days after testing
[212]. The older rabbits treated with 0.5 or 1.0 mg/kg s. c. of GTS-21
had faster rates of acquisition, assessed by measuring the interval be-
tween the conditioned stimulus and the unconditioned stimulus. When
the training sessions were repeated in a group of untreated younger
rabbits, the level of function achieved with the older group was not
significantly different from that of the younger rabbits [212]. The 0.5
and 1.0 mg/kg doses of GTS-21 also activated a7nAChRs and decreased
the acquisition rate in the older rabbits. Overall, these results indicated
that GTS-21 increases overall cognitive function in aged rabbits. One
property that makes GTS-21 a favorable drug candidate for the treat-
ment of AD is that it readily crosses the blood-brain barrier and has a
rapid onset of action. More recent studies have shown that a7nAChRs
agonists, GTS-21 and GAT107, can decrease the level of
pro-inflammatory mediators in cultured astrocytes and ameliorate
cognitive impairment in a mouse model of Alzheimer’s disease [213,
214].

GTS-21 has been shown in humans to be safe and efficacious in
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improving cognitive functions [215,216]. Thus, these a7nAChR agonists
could represent a viable treatment option for AD patients as they can
increase overall cognitive function to improve activation of CAIP in the
brain by activating a7nAChRs and decreasing neuronal inflammation
(Fig. 3). Given the importance of «7nAChR activation in CAIP, neuro-
inflammation and cognitive function, a7nAChR may present a thera-
peutic target in maintaining the innate immunity against infections and
cognitive functions in patients with COVID-19.

5. Conclusions

In conclusion, we have discussed studies suggesting that aging is a
major contributing factor that increases susceptibility to SARS CoV-2
infection, due to impaired signaling between the brain and the lung
that is required to maintain immune homeostasis in the lungs. The
likelihood of developing severe COVID-19 disease is significantly greater
in the elderly and in individuals with certain underlying co-morbidities,
who were likely to have received prolonged therapy with supplemental
oxygen. Although supplemental oxygen can be lifesaving, it can produce
oxygen toxicity, which can cause lung injury and compromise neuro-
cognitive functions, producing the impairment of CAIP neuro-
immunomodulation of lung inflammation, resulting in excessive
dysregulated inflammation with impaired innate immunity in the lungs
and circulation. This could result in ARDS and sepsis in COVID-19 pa-
tients. Neurocognitive/neuropsychiatric disorders affect the lives of
millions worldwide in a variety of ways, particularly in patients that
have been diagnosed with the post-COVD-19 syndrome (also known as
post-acute sequelae of SARS CoV-2 infection (PASC)). One prominent
recurring problem in PASC is neurocognitive dysfunction. Data from
preclinical studies, provided they can be translated to humans, suggest
that compounds that activate a7nAChR, such as GTS-21 and GAT107,
could improve cognitive functions and hyperoxia-induced inflammatory
lung injury. However, appropriate clinical trials must be conducted to
determine if a7nAChR agonists will be efficacious in improving/
restoring the CAIP neuroimmunomodulation of the lung inflammatory
homeostasis in the biologically elderly, to decrease the dysregulated
inflammation that produces ALI/ARDS. Overall, we hypothesize that,
just like “location, location, location”, are the three things that matter
the most in real estate, “communication, communication, communica-
tion”, should be the phrase that is paramount regarding the development
of treatments to improve our health span, with or without COVID-19.
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