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1 | INTRODUCTION

| Steven Dayan MD? | Sabrina G. Fabi MD**

Abstract

As of June 2020, the COVID-19 pandemic has totaled over 9 000 000 cases and
470 000 deaths globally (ref. 1). Emerging data from COVID-19 patients have sug-
gested a clear role for oxidative stress in the pathogenesis of SARS-CoV-2, the patho-
genic agent of COVID-19. Several comorbidities, including hypertension, diabetes,
obesity, and aging, have been associated with an increase in baseline oxidative stress,
likely explaining why such individuals at risk for poor outcomes with SARS-CoV-2
infection. Similarly, the concept of oxidative stress remains one of the best supported
theories to explain the mechanism behind aging. Oxidative stress through both en-
dogenous and exogenous sources has known deleterious effects in both aging and
SARS-CoV-2 infection. Herein, we will review the role of oxidative stress as a key
player in both aging and COVID-19 and highlight why some individuals may have
better or poorer outcomes because of this. Additionally, we will discuss potential
therapeutic pathways for effectively anti-aging as we take away from our learnings
on COVID-19.
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complications, as well as effects on osteocytes, skeletal muscle, and

adipocytes.S’9

As of June 2020, the COVID-19 pandemic has totaled over 9000000
cases and 470 000 deaths globally, including over 2 290 000 and
120 000 cases and deaths, respectively, in the United States of
Infection with SARS-CoV-2, the pathogenic agent of

COVID-19, has been observed to cause significant oxidative stress

America.!

and elevation of cytokines in the blood, with the resulting pro-in-
flammatory environment predisposing individuals to severe tissue
damage and poor outcomes.??

Similarly, aging has been shown to be an oxidative process re-
sulting in receptor-initiated signaling, mitochondrial damage, pro-
tein oxidation, and telomere-based DNA damage responses.* Both
intrinsic (genetic make-up somatic capacity, and composition) and
extrinsic (nutrition, exercise, hormones, dental hygiene, stress, and
environmental influences) factors contribute to the aging process.’
The effects of oxidative stress in aging extend beyond the skin

and have been linked with cancer, cardiovascular disease, diabetic

Herein, we will review the role of oxidative stress as a key player
in both aging and COVID-19 and highlight why some individuals may
have better or poorer outcomes because of this. Additionally, we will
discuss potential therapeutic pathways for effectively anti-aging as

we take away from our learnings on COVID-19.

2 | OXIDATIVE STRESS IN AGING

The concept of oxidative stress remains one of the best supported
theories to explain the mechanism behind aging. A significant com-
ponent of oxidative stress is that of free radicals and reactive oxygen
and nitrogen species (RONS) produced during aerobic metabolism.
As far back as 1956, Harman proposed that free radicals, highly re-
active atoms or molecules with one or more unpaired electron(s) in

their outermost shell, may play a crucial role in aging.'%'! RONS are
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comprised of both free radicals and non-free radical intermediates
involving oxygen and nitrogen, respectively. RONS have important
physiologic roles in extraction of energy from organic molecules, im-
mune defense, and intracellular signaling, as well as pathologic roles
in aging and degenerative diseases.'>*® The tissue damage caused
by most RONS occurs at a slow steady-state and is counterbalanced
by antioxidant enzymes and antioxidant molecules (see below).}?**
Over time, there is progressive imbalance favoring oxidative stress,
resulting in progressive loss of tissue and organ function that char-
acterizes the aging process.'?'® Oxidative stress is thought to lead to
cell injury through lipid peroxidation of membranes, oxidative modi-
fication of proteins, and DNA damage.6

Endogenous sources of RONS include nicotinamide adenine di-
nucleotide phosphate (NADPH) oxidase, myeloperoxidase (MPO), li-
poxygenase (LOX), and angiotensin-I| (ANG2).71? Exogenous sources
of RONS can include air and water pollution, tobacco, alcohol, heavy
or transition metals, drugs, industrial solvents, cooking practices
(smoked meat, waste oil, and fat), and radiation.”*? The impact of
genetic predisposition suggests that some individuals will inherently
age better than others (“Super Agers”), while the extrinsic influences
highlight the importance of a holistic approach toward anti-aging.>

In aging, oxidative stress production is increased while antiox-
idant enzyme activity and adaptive responses are reduced.'® This
may be attributable to age-related decline in nuclear factor E2-
related factor 2 (Nrf2), which binds to the antioxidant response
element (ARE) to regulate the basal and inducible expression of
hundreds of antioxidant enzymes, including superoxide dismutase
(SOD), catalase, peroxiredoxins, and glutathione peroxidases.“"17
Age-related and/or oxidative stress-induced DNA damage can in-
volve both genomic and mitochondrial DNA, and can result in DNA
mutations and genomic instability.® Damaged mitochondrial DNA
can also enhance oxidant production and increase oxidative stress.®
This oxidative stress causes progressive damage to mitochondrial
DNA, creating an endless cycle.®*®

Oxidative stress affects virtually all human cells during the aging
process. The skin shows progressive age-related breakdown of the
collagen and elastin network, manifesting as xerosis, loss of elastic-
ity, atrophy, dyschromia, and rhytides.® Skeletal muscle shows pro-
gressive, age-related atrophy starting around 40 years of age, with
roughly 8% loss in muscle mass per decade until 70 years of age,
after which this increases to 15%.'® Monickaraj and colleagues®®
conducted an in vitro study showing that adipocytes subjected to
oxidative stress showed greater ROS production, DNA damage,
and telomere shortening. Similarly, it has been shown that oxidative
stress can negatively affect bone homeostasis through reducing
bone formation and increasing bone resorption.>*?

Oxidative stress can also play a role in inflammatory, degenera-
tive, and neoplastic conditions. Oxidative damage and mitochondrial
dysfunction can ultimately lead to age-related neurodegenerative
disorders (ex. Alzheimer's and Parkinson's diseases) and tumorigen-
esis.® There is evidence suggesting NAPDH-oxidase-mediated ROS
signaling pathways are involved in age-associated vascular changes

and cardiovascular diseases.”?° MPO and LOX have similarly been

implicated in atherogenesis.8 Type 2 diabetes mellitus (T2DM), hy-
pertension, atrial fibrillation, peripheral artery disease, obesity, dys-
lipidemia, and metabolic syndrome have all been associated with
increased ROS production and oxidative stress.® Hyperglycemia-
induced oxidative stress has been shown to play a pivotal role in the
developmental of both microvascular and macrovascular diabetic
complications; furthermore, increased expression of SOD and use
of antioxidant compounds in animal models were found to delay or
prevent diabetic retinopathy, nephropathy, and cardiomyopathy.’”
Together, these findings support a role for oxidative stress in both

normal aging and pathologic age-related disease.

3 | OXIDATIVE STRESS IN SEVERE
ACUTE RESPIRATORY SYNDROME
CORONAVIRUS-2 (SARS-COV-2) INFECTION

Overproduction of ROS, through enzymes such as NADPH oxidase
and xanthine oxidase, and a concurrent decrease in antioxidant
mechanisms are crucial for the pathogenesis of respiratory viral in-
fections.2® Increased levels of ROS and oxidized metabolites cor-
related with poorer outcomes in the setting of chronic viral hepatitis
B and C infection, including increased severity of liver damage and
elevated risks of fibrosis and hepatocellular carcinoma.'®?° ROSE
production typically results in activation of Nrf2 and antioxidant
responses, but respiratory viral infections have been shown to sup-
press Nrf2 pathways.?

To date (June 2020), the COVID-19 pandemic has totaled
over 9 000 000 cases and 470 000 deaths globally, including over
2290000 and 120 000 cases and deaths, respectively, in the United
States of America.! SARS-CoV-2 infection, the pathogenic agent of
COVID-19, is known to cause significant oxidative stress and eleva-
tion of cytokines.z'3 This increase in cytokines such as IL-1, IL-6,
and IFN-y establishes a pro-inflammatory environment associated
with tissue damage and poorer outcomes with extensive pulmonary
inflammation and damage.3 It has been suggested that SARS-CoV in-
fection also induces oxidative stress through activation of transcrip-
tion factors (ex. nuclear factor-kB; NF-kB) and toll-like receptors
(TLR; mainly TLR-4), further amplifying the pro-inflammatory state.?
Lin et al?* showed that the viral protease SARS-CoV 3CLP™ activated
NF-kB signaling and increased ROS production in HL-CZ cells. Shao
et al?? found that genes encoded by mitochondrial DNA and some
oxidative stress-sensitive genes were upregulated in peripheral
blood mononuclear cells of convalescent SARS-CoV patients.

SARS-CoV-2 enters cells through binding of the spike (S) viral
protein to the ubiquitous ACE2 (Angiotensin-converting enzyme-2)
receptors, which can be found in the heart, vessels, gut, lung, kidney,
testis, and brain.?® Zhao et al?* found that 83% of ACE2-expressing
cells are alveolar epithelial type Il cells, which may provide insight into
why the lungs can be particularly susceptible to SARS-CoV-2 infec-
tion. ACE2 receptors degrade ANG2 (a vasoconstrictor and inducer
of inflammation) to angiotensin 1 and 7 (ANG1 and ANG?7); through
the latter, ACE2 counter-balances the effects of ANG2-induced
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oxidative stress.?>?> ANG2 can enhance production of superoxide
(O,) and other ROS directly, as well as indirectly through enhanc-
ing NADPH oxidase activity.?® Binding of SARS-CoV-2 leads to
down-regulation of ACE2 receptors, resulting in increased ANG2
and NADPH oxidase-induced inflammation.?® Despite ACE2 being
the cellular receptor for SARS-CoV-2 invasion, it is unlikely that
ACE2 deficiency would prevent viral invasion given the intrinsically
high affinity of the virus for ACE2.2® Together, this evidence sug-

gests a clear role for oxidative stress in SARS-CoV-2 pathogenesis.

4 | ACE2 DEFICIENCY AND INCREASED
OXIDATIVE STRESS: WORSE OUTCOMES
WITH COVID-19?

It seems reasonable to propose that individuals with elevated base-
line oxidative stress may be prone to worse outcomes with SARS-
CoV-2 infection. A review of 72 314 cases of SARS-CoV-2 in China
revealed older age, cardiovascular disease, diabetes, and hyperten-
sion, among other comorbidities, to be associated with an increased
overall case-fatality rate.?” Similarly, a meta-analysis of seven stud-
ies including 1576 SARS-CoV-2-infected patients found that those
with severe disease were more likely to have comorbidities such as
hypertension, respiratory disease, and cardiovascular disease.?® The
comorbidities and patient factors that appear to be associated with
more severe SARS-CoV-2 infection share some degree of ACE2 defi-
ciency (and thus, oxidative stress) at baseline.?®

It has been shown that ACE2 confers endothelial protection and
slows atherosclerosis and atherothrombosis in an ANG1/ANG7-
dependent fashion.? Conversely, ACE2 deficiency, and resulting de-
creased ANG1/ANG?7 levels, has been linked with hypertension and
heart failure. 2221 Diabetes mellitus has also been associated with
reduced ACE2 expression, possibly due to glycosylation.?>*? Animal
studies have shown ACE2-induced upregulation of ANG1/ANG7 to
improve insulin secretion, possibly through increased release of nitric
oxide.?%33 Obesity, which is strongly correlated with these metabolic
comorbidities, has also been linked to ACE2 deficiency in animal stud-
ies.?>%* Animal studies have similarly shown that ACE2 expression in
lung tissue decreases significantly with age, with a more precipitous
decrease in ACE2 expression in older males.% Future study is needed
to examine whether the elevated baseline oxidative stress in these

comorbid individuals also results in poorer aging outcomes.

5 | COUNTERBALANCING OXIDATIVE
STRESS AND ANTI-AGING EFFECTIVELY

Oxidative stress has critical roles in both aging and SARS-CoV-2
pathogenesis (Figure 1).%¢ Counterbalancing oxidative stress may
have therapeutic potential in improving both aging and SARS-CoV-2
infection outcomes.

Both endogenous and exogenous antioxidant defenses con-

fer protection from free radical toxicity. Key antioxidant enzymes
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FIGURE 1 Oxidative stress. Oxidative stress is thought to

play a role in both aging and COVID-19 pathogenesis. There are
both endogenous and exogenous sources of oxidative stress; one
of the former is believed to be ANG2. ACE2 degrades ANG2 (a
vasoconstrictor and inducer of inflammation) to ANG1/7, which
helps counterbalance the effects of ANG2-induced oxidative
stress. SARS-CoV 2, the pathogenic agent of COVID-19, enters

cells through binding and subsequently downregulating ACE2,
resulting in increased ANG2-induced inflammation. Aging and
several comorbidities that have been linked to more severe cases of
COVID-19 are also thought to represent states of ACE2 deficiency
(and increased ANG2 levels). ACE2, Angiotensin-converting enzyme
2; ANG2, Angiotensin 2; ANG1/7, Angiotensin 1 and Angiotensin

7; HTN, Hypertension; CVD; Cardiovascular disease; DM,

Diabetes mellitus; ROS, Reactive oxygen species; NADPH oxidase,
nicotinamide adenine dinucleotide phosphate oxidase; MPO,
myeloperoxidase; LOX, lipoxygenase. Note: Figure adapted from
figure in Ref 39

include SOD, catalase (CAT), glutathione peroxidase (GSH-Px), gluta-
thione-S-transferase, and glucose-6-phosphate dehydrogena\se.iz*37
Bilirubin, a-tocopherol (Vitamin E), p-carotene, proteins (ferritin,
transferrin, ceruloplasmin, albumin), and low molecular weight scav-
engers, like uric acid, coenzyme Q, and lipoic acid are examples of
endogenous non-enzymatic antioxidants that terminate free radical
chain reactions.*?%738 Examples of exogenous antioxidants include
ascorbic acid (Vitamin C), a-tocopherol (Vitamin E), and phenolic an-
tioxidants, which include stilbene derivatives (resveratrol, phenolic
acids, and flavonoids), oil lecitinas, selenium, zinc, and drugs includ-
ing acetylcysteine.'?

Evidence surrounding supplementation to counterbalance oxi-
dative stress through systemic antioxidants remains somewhat con-
troversial. A randomized double-blind trial by Kiokias and Gordon®’
found that patients who took a carotenoid mixture (f-catotene,
a-carotene, lycopene, bixin, lutein, and paprika carotenoids) had re-
duced DNA damage and oxidative stress. Carotenoids, found in many
fruits and vegetables, are thought to exert these effects through

inhibiting inflammatory cytokine production through the NF-kB.*°
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Vitamins C and E have antioxidant effects associated with increased
and decreased activity of SOD and NADPH oxidase, respectively,
in animal models.*! Vitamin C is also thought to serve as a defense
against MPO-mediated low density lipoprotein (LDL)-oxidation.*?
Pumpkin skin extracts have been found to scavenge free radicals
and inhibit lipid peroxidation catalyzed by LOX.*® Vitamin E and
omegal(n)-3 fatty acids are thought to play a role in preventing lipid
peroxidation in mice.** n-3 fatty acid consumption also reduced lipid
peroxidation in type-2 diabetic patients, which animal models sug-
gest may occur through increased SOD2 activity.*>*¢ Conversely,
excessive n-6 fatty acid intake is thought to stimulate inflamma-
tion.*”8 Additionally, telomere length was found to increase with
decreasing n-6:n-3 fatty acid ratios; short telomeres represent cellu-
lar aging and predict earlier disease.*’

These antioxidative effects of n-3 fatty acids were found to be
protective for the olfactory system in patients following endoscopic
sellar and parasellar tumor resection.’® There has been speculation
of similar therapeutic benefit with post-viral anosmia with SARS-
CoV-2 infection, though this has not been formally tested.>! Other
potential antioxidants, including Vitamin C, Vitamin E melatonin, and
N-acetylcysteine have been proposed as possible therapeutics for
SARS-CoV-2 patients, but evidence is currently lacking.’>>* A clin-
ical trial is investigating the use of vitamin C infusion for COVID-
19 patients.s5 Specific recommendations regarding use of synthetic
exogenous antioxidants to reduce oxidative stress remain contro-

versial.%®

We must also consider that inappropriate overuse of exog-
enous synthetic antioxidants can result in unregulated neutralization
of radicals, including those with a beneficial physiological role.®
Several extrinsic factors can augment intrinsic oxidative stress;
likely the most impactful of these is cumulative sun exposure.
Exposure to ultraviolet radiation (UVR), visible light, infrared radia-
tion (IR) and heat causes skin damage through enhanced production
of reactive molecule species.’® Despite the focus on UVR, visible
and IR light account for approximately 50% of radical formation with
respect to the complete spectrum.’® An ideal sunscreen should be
cosmetically pleasing and contain organic UV filters, physical fil-
ters, and antioxidants to ensure protection across the entire solar
spectrum.®’” Pollution can also accelerate skin aging, and certain pol-
lutants such as benzopyrene may worsen oxidative stress synergis-
tically with UVA.>8 In a study of the impact of air pollution on skin
aging, an increase in soot and particles from traffic was associated
with increased pigmented spots on the forehead and cheeks.” It
is recommend that patients avoid air pollutants as much as possi-
ble, use protective clothing (scarf, hats), implement a skin cleansing
routine to remove particulate matter, and consider use of topical
(Vitamins C and E, and ferulic acid) and systemic (see below) anti-
oxidants.” The smoke from a single cigarette contains close to 108
reactive molecule species, and smoking cessation should always be
addressed in the anti-aging consultation.>® Maintaining good oral hy-
giene, managing stress, and obtaining adequate sleep and exercise
can help optimize the aging process.’
Diet is thought to play a role in oxidative stress, although spe-

cific recommendations remain controversial.*’ The current evidence

suggests high-glucose, animal-based protein diets, and excessive
fat consumption may promote oxidative stress.”’ Conversely, the
Mediterranean and Okinawan diets, as well as the consumption of
whole grains, nuts, fruits, vegetables, fish, and legumes, appear to
decrease oxidative stress.*”*° Recommendations to patients may in-
clude replacing refined carbohydrates with whole grains, increasing
consumption of fruits and vegetables, decreasing consumption of
total and saturated fat (and replacing with unsaturated fatty acids),
and consuming an overall moderate amount of calories.*’

Hormone levels have also been found to play a role in oxida-
tive stress. Estrogen has been found to help counteract oxidative
stress-induced damage to the central nervous and cardiovascular
systems.®? Bottai et al®? noted that human fibroblasts were pro-
tected from oxidative damage by the presence of 173-estradiol, and
proposed that lower estrogen levels during menopause could pre-
dispose to skin damage. Progesterone has been found to reduce ox-
idative stress leading to a neuroprotective effect in rat models.*%%4
It has additionally been proposed that some physiologic hormones
(estrogen, progesterone, testosterone, cholesterol) may interfere
with SARS-CoV-2 attachment to cells.®® A clinical trial is investigat-
ing the safety and efficacy of progesterone (100mg subcutaneous
twice daily) for treatment of COVID-19 among hospitalized men.%¢
For aging, the evidence linking hormone replacement (both sys-
temic and topical) to improved skin quality has been controversial
to date.”

6 | CONCLUSION

Learning from the physiologic processes that affect one disease
to help understand other present and future conditions has been
a mainstay of medicine. Identifying links between various disease
states can result in therapeutic developments that mitigate or
minimize complications. Oxidative stress has known deleterious ef-
fects in both aging and SARS-CoV-2 infection and has been linked
to comorbidities that appear to predispose to poor outcomes with
SARS-CoV-2 infection. By reducing oxidative stress, not only will
aging likely be slowed, but the comorbidities placing individuals at
high risk of poor outcomes from SARS-CoV-2 may also be reduced.
More research is required to discover novel ways to reduce oxidative
stress and unlock both the secrets of anti-aging and ways to reduce
the morbidity and mortality of COVID-19.
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