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Abstract

SARS-CoV-2 is a novel betacoronavirus that has caused the global health crisis known as
COVID-19. The implications of mitochondrial dysfunction with COVID-19 are discussed as well
as deregulated mitochondria and inter-organelle functions as a posited comorbidity enhancing
detrimental outcomes. Many environmental chemicals and endocrine-disrupting chemicals can

do damage to mitochondria and cause mitochondrial dysfunction. During infection, SARS-

CoV-2 via its binding target ACE2 and TMPRSS2 can disrupt mitochondrial function. Viral
genomic RNA and structural proteins may also affect the normal function of mitochondria-
endoplasmic reticulum-Golgi apparatus. Drugs considered for treatment of COVID-19 should
consider effects on organelles including mitochondria functions. Mitochondria self-balance and
clearance via mitophagy are important in SARS-CoV-2 infection, which indicate monitoring

and protection of mitochondria against SARS-CoV-2 are important. Mitochondrial metabolomic
analysis may provide new indicators of COVID-19 prognosis. A better understanding of the role of
mitochondria during SARS-CoV-2 infection may help to improve intervention therapies and better
protect mitochondrial disease patients from pathogens as well as people living with poor nutrition
and elevated levels of socioeconomic stress and environmental chemicals.
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Introduction

The newly arrived novel betacoronavirus (B-CoV) named SARS-CoV-2, which causes
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COVID-19, is creating a more global pandemic than its -CoV relatives that caused Severe
Acute Respiratory Syndrome (SARS-CoV) in 2012 and Middle East Respiratory Syndrome

(MERS-CoV) in 2002-2004.[1] Unlike SARS-CoV and MERS-CoV, SARS-CoV-2 is

causing more deaths with a high incidence of acute respiratory distress syndrome (ARDS),

clotting blood, and systemic dysfunctions, including organ failures, because of sepsis.

Considering the dramatic increased number of infections and deaths worldwide, COVID-19
has been a global health crisis and is currently a public health challenge to humans, which

requires better understanding of susceptibility and the responsible mechanisms. People
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living in polluted areas may be more easily infected with SARS-CoV-2 and environmental
stressors, including crowded housing, socioeconomic stress and exposure to pollutants,

and inadequate supply of nutrients may be conditions making COVID-19 symptoms more
severe. We speculate that mitochondrial dysfunction due to the attack of environmental
chemicals (ECs), such as heavy metals, endocrine-disrupting chemicals (EDCs), some drugs,
and socioeconomic stress is a key factor for the higher susceptibility to SARS-CoV-2 in
some populations. The hazards of environmental stresses on mitochondria and cellular
coping with stress were reviewed. [2] Environmental stresses may exacerbate mitochondrial
dysfunction, which is associated with inflammaging processes.[3] Environmental toxicants
and psychological stress can promote chronic inflammation.[4] Older individuals, who

are more susceptible to COVID-19, often have inflammaging and accumulation of
senescent cells, and beside environmental stresses, senescence of the immune system
(immunosenescence) causes ‘inflammaging’.l8] Sirtuins, a family of deacetylases, which
require NAD™ as a cofactor, generally decline with age affecting mitochondrial biogenesis,
stress resistance, and cellular senescence.[6] SIRT1 of the sirtuins is implicated in
mitochondrial biogenesis and mitophagy, which likely are dependent on tissue differences,
exposome, and physiological conditions.[]

Mitochondrial disease (MtD) occurs due to mutations of mitochondrial DNA (mtDNA)
and/or nuclear DNA (nDNA) that affect a heterogeneous group of disorders. MtD is
generally thought to occur from inherited genetic defects. MtD manifestation may begin
early or be expressed at different times throughout life. Variations in the clinical appearances
of an MtD, its severity, and the different organs that may be affected have made diagnosis
and treatment difficult.[8 91 A delay in clinical symptoms has suggested involvement of toxic
events from environmental pollutants such as cigarette smoke, which may evoke or enhance
MtD.[10.11] Children of white and non-Hispanic ancestry with higher median income have
been reported to have higher prevalence of MtD;[12] however, the phenotypes and genetic
abnormalities of MtD have been increasing since earlier investigations in 1988,[131 which
has raised the question of environmental influences.[4]

Mitochondria provide energy as adenosine triphosphate (ATP) to living cells and are vital
for all cell activities, including immune cell trafficking, activities to kill infected cells and
produce antibodies to aid capture and neutralize virus. ATP is mainly generated from the
tricarboxylic acid cycle (Krebs cycle) and oxidative phosphorylation in mitochondria. When
there’s a shift toward glycolysis (the “Warburg effect”) as occurs with viral infections,
immune system dysregulation, sepsis and cancer,[1%:16] we posit that mitochondria play

a critical role either in aiding or hindering SARS-CoV-2 infection. Differential effects

from mitochondria are suggested to be dependent on a person’s genetics, “exposome”,[17]
and biology. During COVID-19’s pathophysiological effects, mitochondria-rich organs like
brain, muscles, lung, heart, kidney, liver and the gastrointestinal system in need of more
energy are vulnerable,[18] and mitochondrial dysfunction in one or more of these organs may
be at high risk for severe COVID-19 outcomes from combinations of multiple environmental
stressors.

Mitochondrial dysfunction results from loss of mitochondrial morphology and function
and is recognized as a major pathogenic event. Mitochondria dysfunction includes
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inhibited mitochondrial biogenesis, which is needed for increased energy demand, loss of
mitochondrial membrane potential (MMP or AY'm), inhibition of oxidative phosphorylation
(OXPHOS), and release of free oxygen radicals. In this review, the attacks of environmental
stressors and SARS-CoV-2 on mitochondrial structures and functions during prognosis

of COVID-19, impacts of drugs used to mitigate COVID-19, and meaningfulness of
monitoring and protecting mitochondria against SARS-CoV-2 are presented, including
involvement of inflammaging and cellular senescence. A better understanding of the role

of mitochondria and inter-organelle functions during a SARS-CoV-2 infection might help to
improve intervention therapies and better protect patients with MtD [19.20] from pathogens.
It is important to consider use of different drugs since some might exacerbate MtD.[21]

Due to the importance of mitochondria in many pathophysiological conditions, means to
target compounds to mitochondria with attachment of lipophilic cations for diagnostic and
therapeutic purposes are being investigated.[2]

Effects of ECs on mitochondria

Benzene

ECs have access to the human body from polluted air, water, food, soil, dust, and personal
care and other manufactured products. There are ECs and their metabolites in blood, urine,
tissues and breast milk of many humans. As a chemical messenger system, hormones of the
endocrine system target many organs throughout the body. EDCs include a wide range of
natural or artificial substances that mimic and interfere with the function of the endocrine
system producing adverse effects on normal physiological functions including neurological,
cardiovascular and immunologic activities. Adipose tissue is considered an endocrine organ,
[23] and many persistent organic pollutants (POPs) are housed in adipose tissue creating
increased inflammation. White and brown adipose tissue (WAT and BAT) are affected by
POPs.[24-26] Many of the ECs are included in industrial pollutions, wastewater, fertilizers,
detergents, cosmetics, pesticides, and antibiotic residues that can directly or indirectly via
the food chain from trace accumulation be taken into the human body. Here, we briefly
mention the effects of some common ECs on mitochondria. EC induce an accumulation of
mutations, which increase with age, that affect mitochondrial functions.[27:28]

White blood cell (WBC) and platelet counts are reduced in benzene-exposed workers,
especially in those with high exposure. Benzene exposure caused increased mitochondrial
mass and mtDNA copy number in response to the oxidative stress induced by benzene.

An increase in mtDNA, with exposed workers was inversely correlated with WBC counts.
[29] Thus, these mitochondrial changes can be useful biomarkers of benzene toxicity in
hematopoietic tissues and may relate to development of a leukemia.[3%] Benzene metabolites
through induction of oxidative stress or aryl hydrocarbon receptor (AhR) dysregulation
inhibit immunosurveillance, which increases susceptibility to infection as well as cancers,
especially leukemias.[3] The major mechanism of benzene metabolites on leukemogenesis
is due to chromosomal alterations [32] likely related to generation of oxidative stress.[33]
Mitochondrial cytochrome ¢ oxidase subunit | variants at T6392C, G6962A and C7196A
in platelet mtDNA occurred with chronic benzene poisoning.[34! /n vitro analysis of
mitochondria demonstrated bioactivation of benzene to toxic metabolites, which bound to
DNA causing an inability of mitochondrial RNA polymerase to transcribe the genome with
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subsequent inhibition of translation.[3%] Benzene can also inhibit mitochondrial translation
most probably because transcription is inhibited, resulting in a lack of mMRNA and a
subsequent disaggregation of polysomes.

Formaldehyde (FAL)

FAL induces cytogenetic and immunologic effects and cytotoxicity;[36-3% it exerts G2/M
arrest, and reduction in the time spent in S phase as well as induction of oxidative stress.
[40] FAL can greatly reduce cellular ATP levels and MMP in a dose-dependent manner,
together with the inhibition of the mitochondrial electron transport chain (ETC) involving
complex | (NADH dehydrogenase) and complex IV (cytochrome ¢ oxidase), oxidative
stress-sensitive aconitase and activation of mitophagy. FAL or its products can also increase
the nuclear fragmentation and the activities of the apoptosis family of caspase-9, caspase-3,
caspase-7 in apoptosis and necrosis progression.[4] Increased DNA double-strand breaks
(DSBs) in mitochondria associated with mitochondrial structural rearrangements were also
observed after exposure to FAL. Exposure to FAL causes immune-mediated inflammation
via Nuclear factor of activated T cells (NFAT), T-cell receptor calcium (TCR-calcium),
Hypoxia-inducible factor 1 alpha (HIF-1), AP-1 and p38MAPK.[42]

Bisphenol A (BPA)

As one of the EDCs, BPA is widely used for production of polycarbonate plastics. It can
induce oxidative stress, apoptosis and inflammation via interference with mitochondrial
functions. Exposure to BPA will decrease the activities of mitochondrial ETC complexes,
reduced glutathione level and the activity of superoxide dismutase; it also increases lipid
peroxidation (LPO), protein oxidation, and mitochondrial superoxide generation due to its
enhancement of oxidative stress.[43] An jn vivo study reported dietary BPA uptake could
increase the levels of oxidative stress indicators such as reactive oxygen species (ROS) and
reactive nitrogen species (RNS) in mouse serum, colon and liver tissues.[44] Antioxidant
indicators and total antioxidant capacity (T-AOC), as well as proinflammatory cytokines
(IL-1pB, IL-6, IL-8 and TNF-a) were also significantly reduced in the serum, colon, and liver
tissues in the BPA group. Mitochondria-encoded genes like the Cox family and ND family,
and mtDNA copies, mitochondrial respiratory chain complex activity and ATP content were
significantly reduced in the colon and liver tissues of the BPA mice. In contract, gene
expression and enzyme activity of caspase-3, -8, =9 and —10 were increased.[*4] An jn

vitro study indicated that BPA triggered dysfunction and apoptosis of rat insulinoma (INS-1)
cells via mitochondrial defects in B cells, with ATP depletion, cytochrome c release, loss of
mitochondrial mass and membrane potential, and abnormal expression of Tfam, Nd4l, Atp6,
citrate synthase, Ucp2 and Ogdh, which are involved in normal mitochondrial function and
metabolism.[45]

Toxic metals

Toxic metals are widely distributed in the environment with high toxicity. Most common
toxic metals threatening the public health are As, Cd, Cr, Pb, and Hg with dose-dependent
and accumulation toxicity.[46] They can directly inhibit the mitochondrial functions such
as metabolic processes, activity of antioxidants and free radical scavengers, increase the
free radicals and Ca%* overload, release cytochrome ¢ (CytC) and cleaved caspase 3,
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damage mitochondrial structure and functions. [47] Mitochondrial electron transport chain
(MtETC) is also affected in heavy-metal-induced neurotoxicity.[48] During the process

of mitochondrial dysfunction, toxic metals usually promote inflammation, such as Pb,
which can promote inflammatory response and secretion of proinflammatory cytokines, and
increase B-cell activation/proliferation and skew T-cell help (Th) cells to Th2 cells. [49.50]
Mitochondrial control of the cytosolic Ca?* level may be upset by toxic heavy metals. [51]
The thirteen genes of mitochondria affect the cellular proteasome; therefore, metal-induced
epigenetic modifications may have profound effects on health,[52] in part, by disrupting the
metals needed for proper mitochondrial function.

Diesel Exhaust Particles (DEPs)

DEPs are a major contributor toward air pollution and ill health, especially for people
living near highways and areas with truck traffic. Experimental aerosol exposure of

mice demonstrated reduced respiration and increased hydrogen peroxide production by
pulmonary macrophages. [5354 The particle itself induces oxidative stress, e.g., silica
nanoparticles without any adherent chemicals induces oxidative stress /n vitro with human
peripheral blood mononuclear cells, 551 and DEPs usually are accompanied by metals (Cr,
Cu, Fe, Pb, Zn) and volatile organics, 561 which can further enhance oxidative stress and
inflammation.

Many different types of ECs and other environmental stressors can pervert mitochondrial
functions and disrupt inter-organelle activities including the nuclear membrane and nuclear
functions. [57.58]

Socioeconomic stress (SES)

Early in life SES can lead to physical and psychological outcomes enhancing imbalance
between the nervous and immune systems, %] which may result in health disparities
including inflammatory disorders such as respiratory distress, autoimmune diseases and
cardiovascular disorders.[60.61] These adverse childhood conditions can influence health as
adults including physiological processes affecting mitochondrial functions.[62 631 Severe
socioeconomic deprivation may lead to adverse childhood experiences and separately or
together can adversely affect mitochondrial structure, function, mtDNA copy number and
transcription. [63]

Age and mitochondrial dysfunction

Aging is one of the highest risks associated with a severe COVID-19 outcome. Increased
age is often accompanied with activation of the innate immune system possessing

higher inflammatory mediators and producing elevated levels of cytokines.[84] NLRP3
inflammasome and caspase-1 activation are found in age-related conditions such as
metabolic disease and can cause mitochondrial damage. [6°] Mitochondrial mutations are
increased with age and can in turn drive mammalian aging.[6¢] Mitochondrial functions such
as mitochondrial respiratory capacity, ATP generation and mitophagy decline occur in older
people due to increased age-dependent mitochondrial dysfunction and damage. [67]
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SARS-CoV-2 pathogenesis, mitochondria, and inter-organelle associations

A human promonocyte HL-CZ cell line transfected with SARS-CoV 3C-like protease
(3CLpro) was suggested to develop “mitochondrial-induced apoptosis”;[68] proteomic
analysis indicated that 3CLpro caused up-regulation of 73 proteins and down regulation

of 21 proteins with 36% of the up-regulated proteins and 19% of down-regulated

proteins being mitochondrial proteins;[68] the SARS protease was concluded to affect
mitochondrial apoptosis signaling, ETC, and ATP synthesis. Another /n vitro study reported
downregulation of mitochondrial organization, respiration processes and mitochondrial
translation in SARS-CoV-2 infected A549 adenocarcinomic human alveolar basal epithelial
cells.[6%1 Given SARS-CoV-2 is a novel SARS-CoV, there are few other direct reports
regarding the effects of SARS-CoV-2 on mitochondria. However, viral infections may
affect mitochondria biogenesis and mitophagy with detriments to immune responses,
neuroendocrine immune network[%2.70] and immunosenescence,[’X] which would create
more severe COVID-19 outcomes. Mitochondrial dysfunction has been posited to affect
organ failure from sepsis,[72] endothelial changes leading to cardiovascular disease,[3]

and alveolar epithelial cells damage in mice with S. aureus pneumonia.[’4l Absence of
MKKS3 kinase in mice lessened LPS-induced lung damage and presence of ROS with
concomitant increase in mitochondrial biogenesis and mitophagy due to activiation of
Sirt1, Pink1, and Parkin.[7] The involvement of mitochondrial dysfunction and ROS in the
induction of organ damage is supported by thioredoxin-1 aiding Sepsis-induced myocardial
dysfunction with attenuating mitochondrial dysfunction.[”®] Patients with MtD are known
to be more susceptible to many stressors,[77] which likely further alter mitochondrial
functions. SARS-CoV-2 has four main structural proteins: spike (S) glycoprotein, small
envelope (E) glycoprotein, membrane (M) glycoprotein, and nucleocapsid (N) protein,

and several accessory proteins.[78.79] Cell entry of SARS-CoV-2 depends on targeted

cells expressing angiotensin-converting enzyme 2 (ACE2) and transmembrane serine
protease 2 (TMPRSS2). The S-protein of SARA-CoV-2 binds to ACE2 on cell surfaces,
and in concert with TMPRSS? is translocated into ACE2* cells.[8%] ACE2 is express

on the surfaces of many cells in mitochondria-rich organs including lung, kidney, and
gastrointestinal epithelia and cardiovascular endothelia. A study reported that during SARS-
CoV infection ACE? is endocytosed together with SARS-CoV, resulting in the reduction
of ACE2 on the plasma membrane.[81] As a plasma membrane Zn metalloproteinase
ectoenzyme, ACE2 can improve endothelial homeostasis by attenuation of NADPHox-
induced production of reactive oxygen species (ROS) in mitochondria.[82] ACE2 loss

by SARS-CoV will increase ROS generation due to enhanced NADPHox and lessening
mitochondrial homeostasis. ACE2 also improves lipid metabolism via the IKKB/NFxB/
IRS-1 pathway in the co-regulation of endoplasmic reticulum and mitochondria.[83] ACE2
normally cleaves angiotensin 2 (Angll) to generate Ang-(1-7). Angll and its peptide
hormonally act on the central nervous system (CNS) to regulate the activity of renal
sympathetic nerve and renal function to maintain normal blood pressure.[84] Loss of ACE2
and the subsequent increase of serum Angll have been associated with hypertension

and cardiac and renal damage.[85:86] AnglI and its receptor, angiotensin receptor type

1 (AT1R) (Angll-AT1R) pathway, which is located in the signal downstream of ACE2,
may lead to cytokine release syndrome (CRS) mainly via IL-6-STAT3 axis in COVID-19
severe patients.[87] Angll can also induce production of mitochondrial reactive oxygen
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species (MtROS), resulting in cardiovascular diseases.[88] Mitochondria help to localize and
regulate transmembrane serine protease and apoptosis-related protease activation during cell
bioenergetics.[89] Unbalanced mitochondrial homeostasis may result in incorrect secretion
and localization of TMPRSS2, which affects the viral entry in turn. After entry into host
cells, viral RNA is released and viral polyproteins are translated. Viruses are well known

to hijack targeted cells’ intracellular organelles for its purposes.[9-931 Numerous viral

and host cell proteins may interact to control viral protein replication as well as the host
cell’s proliferative stage[®¥l and immune mechanisms against the virus.[9%] Interestingly,

the c-terminal KxHxx domain of SARS-CoV and SARS-CoV-2 (KLHYT) enhance its
entrance into endoplasmic reticulum (ER) and increase glycosylation of exocytosis of
virions.[9] Many of the inter-organelle (mitochondria, lysosome, peroxisome, ER and golgi)
interactions may be dysregulated affecting intracellular metabolism.[95.97.981 Once more

is learned about inter-organelle interactions,[9% the manner by which viruses upset the
mechanisms can be further explored. For example, lysosome intracellular distribution and
function is affected by bi-direction interactions with mitochondria,[10%] and peroxisome

and mitochondria interactions affect lipid metabolism.[101] Mitochondrial antiviral signaling
protein (MAVS), located on the outer mitochondrial membrane, can promote inflammasome
activation and thus enhance the inflammation.[102] Based on the infection pathway of SARS-
CoV-2, mitochondrial structure and function likely are key targets causing some severe
results compromising patients’ defenses leading to greater morbidity and mortality.

SARS-CoV-2 genomic RNA encodes nonstructural proteins (NSPs) for viral RNA synthesis
and structural proteins for virion assembly. Coronavirus genomic RNA replication is
regulated by RNA replicase-transcriptase complex (RdRp); CoV RdRp involves nsp12.[103]
Structural proteins are translated in ribosomes then bound to the endoplasmic reticulum
(ER) and presented on the surface for virion assembly. Viral genomic RNA and structural
proteins are fused together from the ER through the Golgi Apparatus and transported to
infected host cell surface via small vesicles, then released as exocytosis with a repeat

the infection of next host cell.[14] Mitochondrial dysfunction and endoplasmic reticulum
stress, Golgi Apparatus (GA) dysfunction are often found together with proinflammatory
activities, indicating the mitochondria, ER, and GA tight connections both physically and
physiologically. ER and GA are affected by SARS-CoV-2 during infection,[78] making the
mitochondria function worse. Viruses are known modulators of mitochondria.[105] High
susceptibility to SARS-CoV-2 in polluted areas makes COVID-19 symptoms worsening of
are partly due to the worse mitochondrial dysfunction under the double attacks of both the
SARS-CoV-2 as main reason and with assistance from ECs.

Impacts of current drugs used in COVID-19 treatment on mitochondria

There are no licensed drugs and vaccines specific for treating or preventing SARS-CoV-2
and its COVID-19 events. Current symptomatic treatment of COVID-19 is supportive.
However, the U.S. Food & Drug Administration (FDA) issues some drugs as an emergency
use authorization (EUA) in critical health condition. Some drugs used below have shown
some benefits and might be a potential treatment. All these drugs have side effects on
mitochondria or other constituents, but the extent of detrimental influences vary.
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Remdesivir (RDV, formally known as GS-5734) is an anti-viral nucleotide analog and a
phosphoramidate prodrug of a 1”-cyano-substitued adenosine analogue. RDV has been used
for ebolavirus (EBOV) treatment and currently is showing some benefit by shortening
COVID-19 patients recovery time. Currently, this is the only drug with no direct reported
toxicity on mitochondria.. However, the active triphosphate form of Remdesivir (RDV-TP)
has high selectivity over incorporation of its natural nucleotide counterpart ATP [106]

and thus might change the cytosolic ATP/ADP ratio, which may affect the mitochondria
function. RDV treatment has shown some increase in circulating liver enzymes suggestive of
some liver damage; it also may cause some nausea and like all drugs and toxicants dose and
dosage is critical.[1971 RDV is currently showing some benefit by shortening recovery time
for COVID-19 patients,[198.199] byt no drug is 100% safe for everyone.

Chloroquine and Hydroxychloroquine

Chloroquine causes toxicity on hepatic and neural mitochondria; it can cause an increase

of phospholipids and a decrease of cholesterol by rat hepatic mitochondria.[110] Activities
of enzymes located on the mitochondrial inner membrane (MIM), respiratory control ratio
and ATP generation are significantly reduced. Chloroquine can also inhibit mitochondrial
function and cause mtDNA damage in neurons, together with the altered key metabolism

of TCA cycle including citrate synthase and glutaminolysis.[111] Chloroquine can induce
mitochondrial cristae membrane damage and cause impaired ECT complexes, which affect
increased ROS in cancer cells in triple negative breast cancer treatment.[112] Chloroquine
and hydroxychloroquine has been useful in treatment of systemic lupus erythematosus

and rheumatoid arthritis but long-term treatment may lead to retinal toxicity especially if
dosage is not well controlled. Although early reports suggested some benefit for COVID-19,
more extensive evaluation has indicated they have minimal if any influence for treating
COVID-19.[113]1 Hydroxychloroquine or azithromycin alone or combined also demonstrated
no benefit.[124] Hydroxychloroquine provided no benefit difference from standard care and
adverse events were greater.[115] Clinical trials for COVID-19 have been stopped in UK

and USA. FDA revoked the Emergency Use Authorization (EUA) on hydroxychloroquine
and chloroquine for the treatment of COVID-19 on June 15, 2020 and issued a warning on
hydroxychloroquine or chloroquine taken outside of a hospital for COVID-19 due to risk of
heart rhythm problems on July 1, 2020. The NIH and WHO have also stopped the studies.

Lopinavir/Ritonavir.

Lopinavir/ritonavir is a combination antiretroviral medication for the HIV prevention and
treatment via inhibition of 3-chymotrypsin-like protease. Generally, they are safe with some
side effects and few severe side effects including pancreatitis, metabolism dysfunction.
Lopinavir/Ritonavir can induce oxidative stress and Caspase-independent apoptosis. An in
vivo study on BALB/c male mice indicated Lopinavir/Ritonavir could induce ER stress via
ROS-dependent JNK activation.[116] |t could also induce mitochondrial damage resulting

in increased ROS generation, followed by apoptosis in a neuronal cell line.[*17] Lopinavir/
Ritonavir can also increase serum LDL-cholesterol levels, inhibit the myocardial ubiquitin-
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proteasome system (UPS) and leads to elevated calcineurin and connexin 43, attenuating
mitochondrial function.[118]

Ribavirin.—Ribavirin, a guanine analogue, is an antiviral medication to treat RSV
infection, hepatitis C and some viral hemorrhagic fevers by inhibiting viral RNA-dependent
RNA polymerase. A few severe side effects include hematological and metabolism
dysfunctions and allergic reactions. Ribavirin can inhibit mitochondrial DNA replication
and cause mtDNA damage. It can also lead to increased intracellular and mitochondrial
concentrations of dideoxynucleotide ATP (ddATP).[119]

Monitor and protection on mitochondria against SARS-CoV-2

Environmental stressors, co-morbidities, COVID-19, and drugs may mutually contribute
toward making mitochondrial dysfunction worse. This means we need to pay much

more attention to mitochondrial functions and biomarkers of exposome influences during
COVID-19 pandemic, especially in high pollution area. There are many methods to monitor
mitochondrial integrity and function, such as mitochondria activity assay, mitochondria
mediated metabolism and related enzymes assays, ATP generation assays, cytochrome C
releasing assays, MMP assays, ADP/ATP ratio assays, mitochondrial apoptosis/autophagy
pathway assays, oxygen consumption assays and glycolysis assays. Many vitamins and
minerals are required to support and protect healthy mitochondrial functions. These include
but are not limit to: Vitamins as Biotin, Vitamin B family (B1, B2, B3, B5, B6), Vitamin

C, Vitamin E; Minerals as Fe, Mg, Mn, Se, S, Zn, Cu; Amino Acids as L-Carnitine; CoQ10
and a-Lipoic acid,[77120] and melatonin.[*2] Vitamin C can reduce intracellular ROS level
while Vitamin E can mitigate the toxicity arising from lipid peroxides. Melatonin drives
mitochondrial conversion of pyruvate to acetyl-coenzyme A (acetyl-CoA) via mitochondrial
melatonergic pathway and inhibits viral replication.[!21] These nutrients are available in
dietary foods for a healthy person but moderate increases may be required as additional
supplements to COVID-19 patients. Other healthy lifestyles like enough sleep, appropriate
exercise, body mass index (BMI) control and stress relax are also encouraged. Health is
dependent on an individual’s exposome, biology and behavior.[122]

Mitochondria dynamics and the regulated metabolomics as new indicator of COVID-19

prognosis

COVID-19 severe patients often have metabolic diseases. Metabolic abnormalities worsen
patients’health. Infection of SARS-CoV-2 can modify the metabolism of many immune
cells. Monocytes and macrophages, two enriched immune cells in the lungs, become highly
glycolytic after SARS-CoV-2 infection, which triggers mitochondrial ROS production

and hypoxia-inducible factor-1a (HIF-1a) activation, which promotes glycolysis. This
process can directly inhibit T cell responses and reduce epithelial cell survival. [123]
Patients who have suffered from the severe or critical conditions of COVID-19 usually
had higher proinflammatory cytokine levels of interleukin-6 (IL-6), which is suggested

to be a key promoter of COVID-19 mediated CRS [224] along with IL-1p, IL-2, IL-8,
IL-17, G-CSF, GM-CSF, IP10, MCP1, MIP1a (CCL3) and TNFa. Besides cytokines,
mitochondria dynamics in host cells are also important. Mitochondria dynamics refers to
mitochondria self- balance and clearance regulation. Mitochondrial fission and fusion play
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critical roles in maintaining functional mitochondria and both are needed to keep balance.
During infection, different viruses will shift host cell mitochondrial dynamics towards either
fission or fusion by interacting with related factors such as DRP1, MFN, and OPAL.
SARS-CoV ORF-9b protein can promote mitochondrial fusion by fission inhibition via
interacting with DRP1 and facilitating its proteasomal degradation.[125] However, fission

is required for new mitochondria generation. Disable mitochondrial fission will make the
total number of mitochondria decreased, making mitochondrial functions even worse in
mitochondrial disease patients. As a selective autophagy of mitochondria to eliminate
damaged mitochondria, mitophagy is critical for mitochondrial quality control. Generally,
mitochondrial fission/fragmentation will promote mitophagy, especially in early stage of
infection.[126] Mitochondria are response for generation of metabolites via TCA cycle
under physiological and pathological conditions.l*271 SARS-CoV-2 will usurp some of
these metabolites. Metabolomics would be useful to monitor and measure metabolites in
immune cells before and after activation in the presence and absence of SARA-Cov-2 and as
COVID-19 progresses to a more severe status to determine metabolite differences. Recently,
serum iron was suggested as an ideal indicator for severity of hypoxemic respiratory

failure in COVID-19 patients.[128] |ron is utilized in mitochondria as iron-sulfur clusters

or heme prosthetic groups required for heme synthesis. Mitochondria play a key role

in iron homeostasis including iron import, utilization, storage, and export. [129] A cell’s
gene expression and metabolic processes are diverted by both environmental stressors,
which includes pathogens. The term “exposome” was introduced to put environmental
exposures on par with a person’s genome affecting a person’s health.[130] It is now widely
accepted that genetics and environment affect many human diseases. The difficulty of fully
appreciating effects of environment on health may come from not completely connecting
the exposome to the biology of human health. A more current understanding of the
exposome describes it as where chemistry meets biology.[131] The term "idiosome” may

be a more appropriate than exposome, because it represents how each person’s genetics,
microbiota, lifetime of environmental exposures and behaviors, affect a person’s epigenome,
biology, and health. A person’s biomarkers in response to environmental exposures are
becoming a better individualistic means to assess health outcome (personalized medicine).
Biomarkers defining a person are the molecules analyzed by researching genomics,
lipidomics, metabonomics, proteomics, and transcriptomics. Further, it’s the overall pattern
of biomarkers that best define an idiosome and a person’s health status; usually, no one
biomarker is adequate.

In conclusion, mitochondria are potentially fragile organelles during any infection [132]

and may be especially compromised by SARS-CoV-2; mitochondria may need special
attention and care. Although mitochondria have high importance to many functions and

are emphasized herein all aspects of a cell’s biochemistry, ecology and structure impacts
physiology, which is modified by environmental stress from chemicals, biologicals, physical
and psychological stressors. Based on the suggested influences of environmental stressors
of many different forms affecting susceptibility to infections, it should be no surprise

that people living with more stresses are less able to deal with COVID-19. Age, sex,

and co-morbidities such as hypertension, diabetes and obesity are risk factors, and these
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parameters connect with inflammaging,[133] oxidative stress, [134] and mitochondria.[13°]
Health disparities due to life with socioeconomic stress, an inadequate supply of appropriate
nutrients, and exposure to ECs are suggested to be more susceptible to COVID-19 due

to dysfunctional mitochondria, which may be creating the greater susceptibility and less
improvement from interventions. However, the greater severity of COVID-19 amongst

men and Black, Asian and Minority Ethnic (BAME) individuals remains questionable.[13¢]
Additional evidence for cause to effect relies on molecular and biological investigation

of genetic and exposome influences and mitochondrial dysfunction as suggested herein.
These concerns have been linked with the reported incidence and morbidity from COVID-19
amongst African Americans. [137.138] Essential care and medication to protect mitochondria
is necessary for a healthier life. The recent differences in how we defend ourselves against
SARS-CoV-2 and cope with COVID-19 has re-emphasized the “omic” differences amongst
us, which need to be further explored and understood.
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